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Abstract 

 

 

 

 

Carbon nanotubes (CNTs) gain significant interest for the replacement of silicon as charge carrier in 

future electronic circuits because of their unique electric properties. The importance of the quality of 

metal contacts on CNTs has been barely investigated. Especially when contacts are scaled down to the 

dimensions of the CNT, contacts may have a large effect on the performance of CNT-based devices. 

Compatibility issues due to the use of resists and lift-off chemicals on the sensitive CNTs motivate the 

development of lithography-free additive deposition approaches for the manufacturing of CNT contacts. 

The main goal of this work was to develop an approach to contact CNTs by direct-write and/or area-

selective deposition techniques (i.e. additive processes). Three additive approaches for the deposition of 

nanopatterns were investigated, namely Pd electron beam induced deposition (EBID), area-selective 

atomic layer deposition (ALD) of Pt by using self-assembled monolayers (SAMs) as a resist, and 

combinatorial EBID-ALD of Pt. 

An optimization of the Pd EBID process resulted in a threefold increase of the purity with respect to 

literature. The resistivity of the Pd structures was however too large ((3±2)·10
5
 μΩcm) for Pd EBID to be 

applied for the fabrication of CNT contacts. Area-selective ALD based on SAMs was achieved by 

patterning the SAM locally by a focused ion beam. Pt nanostructures were fabricated by ALD growth on 

the patterned positions. However due to damaging of the CNTs by the FIB ions, this technique also 

cannot be used to manufacture CNT contacts.  

By combining the patterning of Pt EBID seed layers with area-selective Pt ALD growth, nanopatterns can 

be fabricated with control in both the lateral and thickness dimensions. When a thin seed layer is able to 

induce ALD growth, structures are created with the material quality of ALD. The purity (98 at.%) and 

conductivity (11±2 μΩcm) of these structures were investigated, which demonstrated that the quality of 

these structures is sufficient for contacting CNTs. To investigate the feasibility of the approach, a multi-

walled CNT was contacted by combinatorial EBID-ALD. It was shown that the Pt coverage on the carbon 

nanotube is excellent from which an optimal electric transport can be suggested. Electric 

characterization of both the CNT (0.45 kΩ) and the contact (0.5kΩ per contact) showed that the contact 

resistance is reduced to the same order of magnitude as the resistance of the CNT, which is a reduction 

of two orders of magnitude in comparison to literature results of EBID contacts. Therefore, it can be 

concluded that it the quality of the material deposited with combinatorial EBID-ALD of Pt is of sufficient 

quality to contact (multi-walled) CNTs.  
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Chapter 1           

   Introduction 
 

 

 

 

To deliver the demanding needs for the fabrication of ever smaller nanostructures in the semiconductor 

industry, there is a continuous need for newly developed device manufacturing, material development 

and deposition methods. As an example, the metal-oxide semiconductor field effect transistor (MOSFET) 

is continuously decreased in size. The resulting increase in transistor density and switching speed made 

today’s information age possible. Figure 1.1a shows the development of the transistor (in particular case 

the Intel transistors) over the last seven years during which not only the size of the MOSFET has 

decreased, also its architecture has been changed. However, eventually the size cannot be decreased 

any further due to various technological reasons (e.g. reaching minimal dimensions that can be achieved 

with optical lithography) and fundamental physical reasons (e.g. quantum tunneling between the gate 

and the channel or the power needed to switch the MOSFET) and scaling the process is reaching its 

limit
1,2

. Therefore, researchers are investigating the use of either alternative operating principles or 

different materials to build transistors. In Figure 1.1b an outlook to future development of the MOSFET is 

given. It is shown that the limit of the standard MOSFET now has been reached and the next step is to 

change the architecture of the MOSFET drastically. In a FinFet geometry for example, the gate is 

surrounding the channel instead of positioned on top of the channel, which increases the coupling 

between the gate and the channel, and reduces the power consumption
3
. 

 

Figure 1.1: (a) Graph of Intel illustrating the miniaturization of the transistor over the last seven years. (b) In order to improve 

the performance of the electronic circuits, eventually the size cannot be decreased any further and new architecture or new 

charge carrying materials need to be implemented (i.e. carbon based materials like CNTs and graphene instead of silicon). 
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An alternative approach is to use a different carrier material for the charge carriers. Nowadays, silicon is 

the main carrier material, but carbon based materials are promising candidates for replacing silicon. The 

two carbon based materials gaining most attention are carbon nanotubes (CNTs) and graphene
4,5

. Using 

either of these two materials as charge carrier material will give the devices unique properties, because 

of their unique mechanical and electric properties
6
. Graphene however does not have a bandgap, and 

therefore CNTs are the ideal candidate for future field effect transistors (FETs). When a semiconducting 

CNT is used as a (FET) channel the ability of the gate to control the potential in the channel is enhanced, 

due to the small diameter of the CNT
7
. A high conductivity can be achieved through the body of the CNT, 

because of the high mobility and low scattering of the electrons. Besides the use for FETs, CNTs can also 

be used as sensors or as electric transport medium in circuits replacing the current copper lines
8,9

.  

Even though already a lot of research has been done and many scientific breakthroughs are reached in 

the field of nanoscience, the implementation into technology and industry is still lacking due to the 

absence of methods and tools that enable manufacturing at the nanoscale
10

. A good example is the CNT-

FET; several nanoscience designs have been proposed which promise extremely small and fast 

transistors and outperform silicon-based transistors. These CNT-FETs can be fabricated and 

characterized, however no techniques are available yet to produce these devices on the scales and with 

the cost efficiency needed for industry. Here nanoprototyping plays an important role as the link 

between the laboratory, where new techniques and devices are developed, and industry, where these 

devices have to be implemented in integrated circuits on a large scale.  

One problem which receives significant interest in this thesis and for which nanomanufacturing is 

necessary, is the fabrication of the contact lines needed to wire the transistor devices together. With the 

current techniques and equipment available it is not yet possible for industry to reliably manufacture 

and wire these transistor devices
2
. Two techniques posing significant interest within the field of 

nanomanufacturing (as deposition or direct-write techniques) are atomic layer deposition (ALD) and 

electron beam induced deposition (EBID)
11,12

. Due to the sequential self-limiting surface reactions of ALD, 

ultrathin films can be fabricated with excellent thickness control. ALD can for example be used for the 

deposition of high-k dielectric layers between the metal gate and channel of a FET(Figure 1.1a)
13

. EBID as 

a direct-write technique poses major benefits with respect to resist-based lithography methods such as 

optical or electron beam lithography (EBL). Direct-write enables the deposition of structures directly on 

the substrate decreasing the number of process steps, which reduces the change of compatibility issues. 

Also problems with residual resist are prevented as well as the use of lift-off chemicals which can interact 

with the carbon based materials
14

.  

The main focus of this work is to investigate ALD, EBID or a combination of both techniques as a 

nanomanufacturing tools for the fabrication of contact lines in future CNT-based electronics. It is studied 

whether the techniques are able to manufacture metal contact lines of sufficient quality, i.e. low 

resistivity and high conformality. 

In this chapter, first the challenges of CNT based electronics are briefly discussed. Hereafter the ALD and 

EBID techniques used as nanoprototyping tools are explained. The possible application of EBID, ALD or a 

combination of both as techniques for the manufacturing of metal contact lines for CNT-based 

electronics is explored. At the end of this chapter the project goal is given together with the outline of 

this thesis. 
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1.1 Carbon nanotube device manufacturing 
For the fabrication of future CNT devices, first CNTs have to be placed on a substrate. The placement can 

be achieved in different ways and is in this thesis divided into two main categories. 

The first is by growth of the CNT on a substrate either in arrays of vertically or horizontally aligned 

CNTs
15,16

. CNT growth is done by CVD with CH4 or other carbon containing precursor gasses at catalytic 

metallic nanoparticles. The vertically aligned CNT will not be discussed further because they are not 

considered applicable in future transistors. After the directed growth of horizontally aligned CNTs, the 

CNTs have to be positioned directly over or transported to premade electrodes. The positioning over the 

circuit is difficult and many process steps are needed to transfer the CNTs (i.e. transfer of CNTs via PDMS 

stamps) which may yield compatibility issues. 

The second category of CNT positioning for nanoprototyping of nanodevices is by dispersion of 

prefabricated CNTs. The CNTs are dissolved into a carrier liquid and a droplet of the CNT containing 

solution is dosed onto the substrate. The liquid evaporates leaving dispersed CNTs. In this report this 

process will be called the saltshaker technique due to the similarity with the littering of salt. 

When the saltshaker technique is used to disperse CNTs on prefabricated circuits and it is expected that 

an electric contact is made, this dispersion technique will be called the lucky saltshaker technique in this 

report because a certain amount of luck is needed to make a CNT circuits (Figure 1.2b). The lucky 

saltshaker technique is commonly used in nanoprototyping but the yield (CNT in contact with metallic 

contacts per premade contact fabricated) of this type of circuit fabrication is very low and therefore 

cannot be used in future industrial applications. To increase the yield of the lucky saltshaker technique, 

several solutions are reported in literature, such as the use of an inhomogeneous electric field to steer 

the CNTs, or the use of an AFM to move the CNTs to the electrodes
8,17

. The yield of this type of circuit 

fabrication can approach 100% but it is time-consuming, and the use of such equipment is unsuitable for 

industry. 

Because CNTs can behave metallic or semiconducting (as will be thoroughly discussed in Chapter 6) and 

for CNT-FETs only semiconducting CNTs can be used, there must be a selection of the CNTs. A selection 

procedure is available by chemical functionalization of the CNTs, where after they are separated and 

selectively places on the substrate
18,19

. The placement of CNTs is still far from the accuracy and density 

needed for application in future generations logic devices. In addition, for this strategy the CNTs need to 

be functionalized during both the sorting and the placement step, which alters the electronic properties 

of the carbon nanotubes. A different approach is the direct growth of semiconducting CNTs
20

. In the 

research presented in this thesis only multi-walled CNTs were used. Which behave electrically like a 

metal, therefore no selection procedure was necessary. 

An important component of future CNT devices are the contacts that are needed to link the devices 

together or make the electric contact to the CNT. In Figure 1.2 a CNT circuit build over the CNT and a CNT 

circuit made with the lucky saltshaker technique
21

. The sizes of the contacts are large in comparison with 

the size of the CNT. A large contact size is not only a disadvantage for the total size of the circuit but also 

for the energy to switch the FET (which depends on the capacitance and the size of the contact). For 

large and/or low quality contacts, the properties of the total circuit depend to a large extent on the 

properties of the contact, cancelling out the excellent intrinsic properties of the CNT
2
. Therefore smaller 

and high quality contacts are required to let the device properties to be dependent on the properties of 

the CNT instead of those of the contacts. 
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Figure 1.2: (a) A CNT circuit build around a CNT. (b) CNT placed on top of two electrodes with the lucky saltshaker technique. 

The contact sizes are large in comparison to the size of the CNT.  

 

1.2 Atomic Layer Deposition 

ALD is a vapor phase deposition technique which is a special case of the more commonly used CVD 

technique
22

. The difference is that with ALD the precursor and reactant gases are introduced to the 

reactor chamber in pulses separated by pump or purge steps, called half cycles. With ALD it is possible to 

make conformal pin-hole free films for a variety of different materials
11

. A schematic representation of 

the ALD process is shown in Figure 1.3. 

 

Figure 1.3: Schematic representation of the metal ALD process. The process is split into a precursor step (1) which involves 

precursor adsorption and a reactant exposure step (3) which involves ligand elimination separated by purge steps (2 and 4). 

One cycle correspondents to one (sub)-monolayer of growth.  

During the precursor half cycle the (metal-organic) precursor reacts with surface groups resulting in a 

decomposition of this precursor and formation of new surface groups. These new surface groups are not 

reactive with either the precursor or the gas products resulting in self limiting growth. Subsequently, the 

chamber is evacuated or purged of all excessive precursor and gas products. In the second half cycle a 

reactant gas is dosed into the chamber. The reactant gas eliminates the remaining surface groups of the 

adsorbed precursor resulting in the formation of a single (sub)-monolayer of the desired metallic 

element, the formation of new surface groups and the release of volatile gas products. The second half-

a

b
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cycle surface reactions are also self-limiting because the reactant only reacts with the hydrocarbon 

precursor surface groups formed in the preceding half cycle. The surface groups formed in this half cycle 

are similar to the ones needed for the adsorption of the precursor in the first half cycle. After the second 

half cycle the chamber is pumped down once again and a new cycle can be carried out. Because of the 

self-limiting properties of the surface reactions of ALD, there is no dependence of the growth rate on the 

particle flux incident on the surface. Therefore it results in a constant growth across the whole surface of 

the sample, provided that depositions are performed under saturated conditions. Therefore ALD is 

considered as an ideal candidate for the fabrication of thin films with an ultimate control of the thickness 

at the atomic level
11,23

. When a plasma is used during the reactant half cycle, this will be called plasma-

assisted ALD. A plasma is more reactive then a reactant gas posing several benefits with respect to 

thermal ALD
24

. 

An example of one of the applications of ALD is the fabrication of trench-capacitors. A conformal film of 

equal thickness has to be deposited alongside the trench, as seen in Figure 1.4
25,26

. ALD is an ideal 

candidate for the deposition of these films due to its self-limiting growth character.  

 

Figure 1.4: High resolution scanning electron microscopy (SEM) images of 80 nm Al2O3 film deposited by remote plasma ALD 

in trenches
25

.  

1.2.1 Area-selective atomic layer deposition 

Because ALD is a thin film deposition technique, it has no intrinsic way of structuring in the lateral 

direction. Therefore ALD can (by itself) not be used to manufacture CNT contacts. However, lateral 

structuring can be achieved by post deposition lithography. After the deposition of material a resist is 

applied which is patterned by electrons or light. Then the deposited material is partly removed by 

etching and the resist is removed by a cleaning procedure to leave the nanopatterns on the surface. 

Because most of the material is removed, lithographic processes are referred to as subtractive processes. 

However with ALD it is also possible to functionalize the substrate before the deposition of material to 

allow the area-selective deposition of material, i.e. area-selective ALD. Area-selective ALD has the ability 

to perform direct patterned growth and is therefore an additive process. The additive process eliminates 

the need for etching and associated cleaning procedures, which simplifies the overall patterning and 

deposition process, reducing unintended damage to the substrate and devices. There are different 

methods for achieving area-selective ALD. These methods are separated in two different categories, 

namely area activation and area deactivation methods (see Figure 1.5). 
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Figure 1.5: Area activation involves local ALD growth stimulation while the rest of the substrate is not affected. Therefore ALD 

is only grown on top of the activation layer. Area deactivation involves in local deactivation of substrate surface sites 

preventing ALD growth at these surface sites. On the rest of the substrate an ALD film can be grown. 

Area deactivation methods make use of resists to locally deactivate the growth on the substrate surface. 

These resists either change the surface chemistry to prevent surface reactions with the precursor or the 

reactant or physically block the surface. Self-assembled monolayers are commonly used as a resist
27

. 

These SAMs change the reactive sites on a surface into non-reactive sites and thereby prevent the ALD 

growth on the protected areas and enable selective growth on the non-masked surfaces.  

Area activation relies on local activation of the growth. It is important that the precursor or reactant only 

reacts with the activated area and not with the rest of the surface. Area activation is advantageous 

above area deactivation because fewer process steps are involved. No resist film is needed, and no post-

deposition cleaning steps are necessary, reducing the number of compatibility issues that can occur. 

Only a patterning technique to initiate ALD growth is needed to make the 3-D structure. Other 

advantageous of area activation is that higher resolutions may be achieved compared to area 

deactivation. This is because resolution of the area activation process is only limited by the resolution of 

the patterning technique while the resolution of the area deactivation process is limited by the 

resolution of the mask, lithographic step and the cleaning processes. 

An example of an area-selective ALD process relying on area activation is that by carefully selecting the 

O2 pressure of the Pt ALD process, selective growth can be obtained on Pt seed layers. It has been shown 

that the deposition of Pt depends both on the substrate surface and the O2 pressure
28

. For low O2 

pressures Pt growth only occurs on Pt (seed) layers or other catalytic metals and not on an oxide surface 

such as Al2O3. In Chapter 5 a more extensive explanation is given of the selective growth of the Pt ALD 

process. 

 

Area activation Area de-activation

Mask specific 

regions by resist.

Selective ALD

Remove resist 

Process 
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1.3 Electron Beam Induced Deposition 

Electron beam induced deposition (EBID) is a direct-write deposition technique where an electron beam 

is used to define the patterning
12,29

. A schematic representation of the process can be found in 

Figure 1.6. The precursor gas is dosed near the substrate and the precursor molecules physisorb on the 

surface (and start to diffuse). The electrons from the incident electron beam interact with the adsorbed 

precursor resulting in a dissociation of adsorbed precursor molecules into volatile and non-volatile 

components. The volatile products are evacuated from the reactor while the non-volatile components 

adhere to the surface. In this way a 3-D structure can be fabricated.  

 

Figure 1.6: Schematic representation of the EBID process. Precursor molecules are adsorbed on the substrate. A focused 

electron beam is used to decompose the precursor molecules on the predefined positions, with the release of volatile 

byproducts.  

Due to the use of a focused electron beam, nanostructures can be deposited with sub-10 nm lateral 

dimensions
29

. Therefore EBID has the advantage that a higher lateral resolution can be achieved with 

respect to optical lithography. The drawbacks of EBID however are incomplete precursor decomposition 

resulting in low purity deposits and the low throughput. When performing metal EBID, usually by using 

metal-organic precursors, a purity of no more than 20 at.% can be achieved, resulting in poor 

conductivity
30

.  

Even though the diameter of the electron beam can be as small as a few nanometers, the lateral 

resolution is generally somewhat poorer and comparable with the interaction volume of the incident 

electron beam in the substrate
12

. The electrons from the incident electron beam interact with the 

surface via elastic and inelastic collisions, resulting in a cascade of primary, secondary and backscattered 

electrons, as can be seen in Figure 1.7a. The interaction of the electron beam with the substrate can be 

simulated using a Monte Carlo simulation
31

, which gives an estimate of the interaction volume (Figure 

1.7b). 
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Figure 1.7: (a) Schematic representation of the interaction between the electron beam and a deposit showing the different 

types of scattered electrons. Adopted from Utke et al.
12

. (b) A simulation of the electron trajectories in the substrate. 

Backscattered and secondary electrons (red colored) can cause decomposition of the precursor at positions where no electron 

beam patterning is used.  

 The total growth rate of the EBID process is dependent on the dissociation rate of the 

precursor
12,29

. The dissociation rate is proportional to the precursor density and electron flux on the 

deposition spot and the dissociation cross section. There are two process regimes that determine the 

overall yield: electron and molecule limited. Electron limited EBID occurs when the electrons are the 

limiting factor of the overall yield. This happens when there is an excess of precursor molecules 

adsorbed at the surface, more electrons would mean more decomposition increasing the yield. When 

the process is precursor limited there is not enough precursor adsorbed on the substrate. There is not 

enough time for the precursors to physisorb and/or diffuse over the surface to the area of the deposit 

due to fast decomposition by the incoming electron beam. This will result in inhomogeneous structures 

where the edges of the deposit are thicker. 

The purity of a Pt EBID structure is typically as low as 15 at.%
32

. The microstructure can be described as 

small Pt grains embedded in an amorphous carbon layer
33

. The electric transport is reported to be 

through tunneling of electrons between the individual Pt grains
34

. The resistivity of such a layer is 

~3·10
7
 μΩcm

32
, which is orders of magnitude too high as a contacting technique for CNT circuits. The 

purity of the EBID deposits can for example be improved by a post-deposition anneal procedure to 

(partly) remove the carbon in the deposit. An improvement of the electric conductivity by three orders of 

magnitude can be achieved this way (~1.4·10
4
 μΩcm)

32
. However, the resistivity is still orders of 

magnitude larger than bulk Pt and therefore the electric conductivity is poor. Therefore even with an 

anneal procedure the quality is insufficient for contacting CNTs. 

 

1.4 Combinatorial EBID-ALD 

Recent research showed that it is possible to fabricate Pt nanostructures of a high material purity 

(~100 at.% ) by the combination of EBID and ALD
35

. In Figure 1.8 a schematic overview of the 

combinatorial approach is given. Combinatorial EBID-ALD is a two step process where first a (carbon 

containing) Pt EBID seed layer is deposited which is thickened by ALD. The lateral dimensions are 

determined by the lateral dimension of the Pt EBID deposition while the thickness dimension is 

determined by the ALD process. Therefore an ultimate control of the deposit dimensions is obtained. In 

3
0

0
 n

m

300 nm

a b
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order to achieve area-selective growth on the Pt seed layers the Pt ALD process has to be tuned to 

selectively deposit on the Pt seed layers and not on the substrate. If only a thin seed layer is used, almost 

all the material is deposited with ALD. The material properties of the deposits fabricated with 

combinatorial EBID-ALD are therefore similar to the material deposited with ALD. Moreover, since the 

deposition time of EBID scales with the volume of the deposit and ALD only with thickness, the 

throughput of the combinatorial approach is higher compared to EBID when larger area structures need 

to be deposited. In Figure 1.8 the key features of combinatorial EBID-ALD are summarized. Combinatorial 

EBID-ALD basically combines the material quality of ALD with the patterning capabilities of EBID.  

 

Figure 1.8: Schematic overview of the combinatorial EBID-ALD approach. After the definition of the lateral structure by EBID, 

the deposit is thickened by ALD resulting in a pure deposit with both a control in the lateral dimension and a high material 

quality. 

 

1.5 Project goal & thesis outline 
In this research the focus will be on the possible use of either ALD, EBID or a combination of both 

techniques to make the high quality circuit wiring or contact lines needed for CNT devices. Eventually the 

general goal is to manufacture a CNT-FET, as shown in Figure 1.9, with only direct-write and area-

selective deposition techniques. However significant research has to be done before such devices can be 

fabricated (i.e. manufacturing of gate oxide and selection of CNT with the needed electric properties).  
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Figure 1.9: A graphical representation of a CNT-FET. In this research the focus is on the deposition of the contact lines (yellow) 

and their connection with the CNT. 

As mentioned before, smaller, high conductivity contacts are essential for future CNT devices. The best 

device properties reported thus far for single-walled CNT circuits are from Franklin et al. who made CNT-

FETs with Pd contacts and short channel lengths (the length between the source and drain)
20

. The 

contacts were fabricated using photolithography. Contact resistances between 7.5 kΩ for metallic and 11 

kΩ for a semiconducting CNT were measured of which a large part is contributed to the quantum contact 

resistance (6.5 kΩ) and the metal line resistance (1.1 kΩ). Using resists and masks on top of the CNT is 

however not desirable because it is difficult to remove these resists (which is usually done by lift-off 

chemicals) without contaminating or damaging the CNT.  

For CNT contacts where, after the dispersion or grow of the CNTs, no masks or resists are used to 

fabricate the contacts, device properties are far worse. Direct-write techniques are not applicable for the 

fabrication of the whole contact due to poor conductivity of the material deposited with direct-write 

techniques (such as EBID). Therefore the lucky saltshaker technique is used to position the CNTs over 

prefabricated contacts. Because the total CNT surface area touching the metal contact is relatively small, 

post carbon EBID has been investigated to improve the contact area between the CNT and the metal 

contact
36

. Other approaches also using prefabricated contacts are the use of metal nanoink
37

 or direct 

deposition of carbon-metal EBID lines from the CNT to a nearby metallic contact
8
. The resistances of 

these contacts are generally high compared to the intrinsic resistance of the CNT. Best values for the 

contact resistances of CNT contacts (partially) fabricated by EBID reported in literature are between 

30kΩ and 50 kΩ
8,36,38

. The intrinsic resistance of a CNT is only a few kΩ so the best contact resistances 

achieved until now for contacts using the lucky saltshaker technique and direct-write methods, are more 

than an order of magnitude larger than the intrinsic resistance of the CNT. The contact resistance has to 

be decreased to acceptable value before CNTs can be used in future applications. 

A novel approach of contacting CNTs is presented in this thesis. The contacts are directly deposited on 

top of CNTs dispersed with the saltshaker technique. Only direct-write and area-selective deposition 

Substrate

Nanotube

Gate oxide

Metal circuit wiring

Source 
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Top gate Drain contact
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techniques were used to fabricate the contacts, eliminating the need of lithographic steps, making this 

technique a reliable nanoprototyping tool. Due to the direct deposition of the metallic contact on top of 

the CNT, a high quality contact deposited around almost the whole circumference of the CNT is 

expected. 

 

Figure 1.10: Schematic overview of this thesis. Pd EBID, area-selective ALD using self-assembled monolayers and 

combinatorial EBID-ALD of Pt were investigated as possible techniques for the fabrication of CNT contacts, as is discussed in 

Chapters 3-5. Combinatorial EBID-ALD of Pt gave the highest quality contacts, hence combinatorial EBID-ALD of Pt was used 

to CNT contacts, as is discussed in Chapter 6.  

A graphical overview of this thesis is shown in Figure 1.10. The main goal is to manufacture contacts on 

CNTs. To try and achieve this goal EBID and ALD as additive deposition techniques were used. Three 

approaches were investigated using these additive deposition techniques, namely Pd EBID, area-

selective ALD of Pt by using self-assembled monolayers and combinatorial EBID-ALD of Pt. These 

approaches are separately discussed in Chapters 3-5. The additive deposition techniques used in this 

thesis are separated into two sub categories, namely direct-write and area-selective ALD. Pd EBID is used 

as a direct-write technique, while area-selective ALD of Pt is achieved using self-assembled monolayers 

as blocking agent. Combinatorial EBID-ALD combines the direct-write capabilities of EBID with area-

selective ALD and can thus be placed in both categories. In each of these chapters it was investigated 

whether the nanopatterns are of sufficient quality to be used for the manufacturing of CNT contact lines. 

Combinatorial EBID-ALD was found to be the best possible technique and therefore combinatorial EBID-

ALD of Pt was used to contact multi-walled CNTs, as is discussed in Chapter 6.  

A material extremely desirable as metallic contact lines for CNT devices is Pd
2
. Pd is known for its good 

wettability with CNTs, and low electric barrier when using semiconducting CNTs due to the matching 

work function of Pd (~5.12)
39

 with that of CNTs (~5.05)
40,41

. However only a preliminary characterization 

of the Pd EBID process has been performed until now
42

. Therefore, the Pd EBID process is optimized and 
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it is investigated whether the deposits are of sufficient quality for their use as contact lines. Results are 

presented in Chapter 3. 

Due to the high purity and good conductivity of Pt layers deposited with ALD, area-selective Pt ALD is an 

interesting technique to manufacture the contact lines needed in future CNT circuits. In Chapter 4 it is 

investigated whether it is possible to use self-assembled monolayers (SAMs) as a resist for the 

fabrication of contact lines for CNT devices. The blocking capabilities of the SAMs for different Pt ALD 

processes were investigated. It is shown how the nucleation of Pt starts on SAM functionalized surfaces 

(to determine the quality of the SAM needed to effectively block the deposition of Pt). A focused ion 

beam is used for patterning the SAM by breaking down the SAM locally and allow the Pt growth on the 

patterned positions.  

Due to the poor conductivity of Pt EBID, Pt EBID on its own it is not suitable for the use as a contacting 

technique for CNT circuits. In Chapter 5 the nanostructures grown using this combinatorial technique are 

further investigated and characterized to determine whether the quality of these structures is of 

sufficient quality for contacting CNTs. 

Due to the high purity contacts that can be fabricated using combinatorial EBID-ALD of Pt, this technique 

is used to contact a CNT. Even though Pd is the optimal material for contacting CNTs, there was no 

working Pd EBID (and ALD) process at the start of this research and therefore combinatorial EBID-ALD of 

Pd is not yet developed. In Chapter 6 the results of the first CNT contact deposited by combinatorial 

EBID-ALD of Pt are presented. The geometry of the contact is evaluated and it is shown that the 

conformality of the Pt layer is excellent and that an optimal contact area between the Pt contact and the 

CNT was achieved. The electric properties of the CNT were analyzed together with the contact resistance 

of the Pt contact. It is shown that the contact resistance is of the same order of magnitude as the 

intrinsic resistance of the CNT, which has not yet been reported in literature using direct-write 

techniques to fabricate the contacts. Because the contacts fabricated were not yet on the scale needed 

for future application, also a model is presented in Chapter 6 which is used to determine the total 

resistance of the contacts when the size of the contacts is reduced.  
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Chapter 2           

  Experimental setup 
 

 

 

 

In this chapter the deposition equipment that was used is discussed. First the ALD reactor is described 

and the different ALD cycles used for the deposition of Pt and Pd are explained. Hereafter the EBID 

reactor is described and standard EBID operating settings are given.  

2.1 ALD-I reactor 

The ALD experiments were performed in a home build ALD reactor designed for thermal and plasma-

assisted ALD. A schematic representation of this setup is shown in Figure 2.1. It consists of a stainless 

steel deposition chamber with several windows where diagnostic techniques can be attached. 

Connected to the deposition chamber are several precursor and gas dosing systems, a pump system and 

a plasma source, which are all separated from the main chamber by gate valves. The substrate holder 

inside the reaction chamber can be heated resistively to a temperature between room temperature and 

400°C. The temperature is controlled by a proportional-integral-derivative (PID) controller which 

regulates the power to the resistive substrate heater. The substrate holder temperature is measured by 

a thermocouple. The chamber walls, gate valves and the precursor supply lines are also heated. The 

pump system is a combination of a maglev turbo-molecular pump and a rotary pump, which is capable of 

pumping to a base pressure of <10
-5

 mbar.  

 

Figure 2.1: a schematic representation of the home build ALD-I reactor. The figure shows the main deposition chamber, the 

plasma source, the precursor dosage system, the pump unit and the in situ spectroscopic ellipsometer. 
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The inductively coupled plasma (ICP) source consists of a copper coil wrapped around a quartz tube 

connected to a power supply, and is capable of generating a radio frequency plasma with a power up to 

300W. The ICP source can be fed with several different gasses or gas mixtures to generate different 

plasmas.  

The pressure inside the chamber is monitored by two different pressure gauges connected to the ALD 

chamber. A gas independent pressure gauge with a range from 10
-4

 to 10
3
 was used to set the working 

pressure of the gasses. A Pfeiffer Cold cathode and Pirani combination pressure gauge with a range from 

5x10
-9

 to 10
3
 mbar was used to monitor the vacuum quality. 

The O2 gas dosing system is controlled via a mass flow controller to assure a constant and reproducible 

gas pressure.  

2.1.1 ALD cycles of Pt 

A standard Pt ALD cycle is shown in Figure 2.2. Argon was used as a carrier gas to dose the 

Methylcyclopentadienyl(trimethyl)Platinum(IV) (MeCpPtMe3) precursor. The bottom valve is kept open 

to ensure continuous evacuation of reaction products and other gasses from the ALD chamber. Different 

O2 doses were employed for different ALD processes. The different ALD process settings used are: (i) 

thermal ALD with an O2 reactant gas pressure below 0.1 mbar, (ii) thermal ALD with an O2 reactant gas 

pressure above 0.5 mbar and (ii) plasma-assisted ALD with an O2 plasma at a pressure of 0.03 mbar. 

Standard operating settings of the ALD processes can be found in Table 2.1.  

 

Figure 2.2: A standard thermal ALD cycle. The bottom valve is open continuously ensuring constant chamber evacuation. 

Before and after the 2 second precursor dosing the argon line is flushed. After 5 seconds of pumping O2 is dosed for 5 seconds. 

After the O2 dosing another 10 seconds is pumped. 
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O2 dosing
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Table 2.1:Standard operating settings for Pt deposition by the thermal and plasma-assisted ALD processes. 

Parameter Pt ALD Thermal ALD 

Low O2 pressure 

Thermal ALD 

High O2 pressure 

Plasma ALD 

O2 plasma 

Argon pre-purging of lines 2 s 2 s 2 s 

MeCpPtMe3 dosing time via argon bubbling 2 s 2 s 2 s 

Argon flush  3 s 3 s 3 s 

Intermediate pump down time 3 s 3 s 3 s 

O2 gas exposure time 5s 5s 1.5 s 

O2 plasma exposure time - - 0.5 s 

O2 pressure 0.03 mbar 1 mbar 1 mbar 

Intermediate pump down time 5s 5s 5s 

Deposition temperature 300 °C 300 °C 100 °C 

Wall temperature 80 °C 80 °C 80 °C 

Precursor bubbler temperature (bubbling) 30 °C 30 °C 30 °C 

Plasma power - - 100 W 

 

2.2 Dualbeam 
EBID experiments were performed in a FEI Nova 600 DualBeam system in which a focused ion beam (FIB) 

and a scanning electron microscope (SEM) are integrated. A schematic representation can be found in 

Figure 2.3. The MeCpPtMe3 and Pd(hfac)2 precursors were supplied to the sample using standard FEI gas 

injection systems (GIS). The precursor reservoir of the GIS was heated to the appropriate temperature to 

obtain an adequate precursor flux. During EBID, the GIS was inserted such that its needle was positioned 

100 µm above the substrate. EBID was carried out at room temperature. An in situ energy dispersive X-

ray spectroscopy (EDX) system is available. An anti-contaminator was positioned near the substrate 

stage to catch remaining water vapor and other residual chamber gasses to improve the vacuum quality. 

The anti-contaminator is a metal plate which is cooled by a controlled N2 gas flow. The gas is evaporated 

from a liquid N2 source positioned next to the dualbeam.  
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Figure 2.3: Schematic overview of the dualbeam system showing the relevant parts for this work, i.e. the electron and ion 

beam columns, the gas injection system (GIS), the EDX detector and an electron detector. 

Two Nova dualbeam systems were used in this research, namely the D4 system at FEI Company and the 

dualbeam system at the Physics of Nanostructures group (FNA). The D4 system is mainly used for the 

depositions while most of the analysis (SEM and EDX) are performed on the FNA system.  

2.2.1 Standard EBID operating settings: 

The standard deposition settings for Pt and Pd EBID are given in Table 2.2. It was shown in previous work 

that optimal Pt EBID settings were obtained for an electron acceleration voltage of 5 kV, an electron 

current of 1.6 nA and dwell time of 20 μs
43

. 

Table 2.2: standard EBID operating settings 

Precursor MeCpPtMe3 Pd(hfac)2 Pd(hfac)2 range studied 

Electron Current 1.6 nA .6 nA 0.03-6.3 nA 

Voltage 5 kV 5 kV 5-15 kV 

Dwell time 20 μs 20 μs - 

Overlap 60 % 60 % - 

Precursor temperature 40 °C 39 °C 29-59 °C 

 

2.3 Diagnostic techniques 

In this research various diagnostic techniques are used to investigate the samples. It is chosen to discuss 

these diagnostic techniques within the different chapters of this thesis. Below a list is given of the 

different diagnostic techniques used in this thesis together with a reference to where they are discussed 

in this thesis. 

• Energy-dispersive X-ray spectroscopy (EDX) in Section 3.2.2 

• Contact angle (CA) in Section 4.2.3 

• Spectroscopic ellipsometry (SE) in Section 4.2.4 

• Four-point probe (FPP) is discussed in Section 5.2.2 

• X-ray photoelectron spectroscopy (XPS) in Section 5.2.4 
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Chapter 3           

  EBID of Pd 
 

 

 

 

3.1 Introduction 
Palladium is an interesting material for the contacting of CNTs, since the work function of Pd matches 

the work function of single-walled CNTs better than the work function of other metals. Due to the 

difference in work functions an ohmic contact can be achieved instead of a diode-like contact
44

. Besides 

the improved electric properties of the contact for Pd, the wetting interactions of Pd are better than the 

wetting interactions of Pt on CNTs
2
. 

Only one study has been done thus far to investigate the Pd EBID process. Spoddig et al. concentrated 

predominantly on ion beam induced deposition (IBID) of Pd but also reported some initial results for Pd 

EBID
42

. A purity and yield of only 6 at% and 2.5·10
-5

 μm
3
/nC was achieved with EBID. For IBID the purity 

and yield reported are 24 at.% and 3.1·10
-7

 μm
3
/nC respectively. For both EBID and IBID high operating 

voltages (15–30 kV) and low currents (98 pA) were mainly used. Because the quality of the EBID deposits 

was of very low quality, it is investigated whether the purity of the Pd EBID structures can be improved 

by optimization of the operating settings. Besides the optimization of the EBID operating settings it is 

also investigated whether an anneal procedure can improve the material properties further
32,45

.  

Pd is a noble metal that can dissociate O2 and H2 on its surface. Several studies have been performed 

investigating ALD of Pd using Pd(hfac)2 as a precursor and H2 or formalin as a reactant gas
46,47

. It was 

reported that with the use of H2 as a reactant gas, no ALD growth was observed on Al2O3 substrates, 

however ALD growth was achieved on as-deposited Pd
48

. This suggests that selective deposition on a Pd 

seed layer similar to the Pt case might be obtainable
35

. Therefore, even in case the purity of the EBID 

structures is too low for contacting, it is still useful to optimize the Pd EBID process to be able to deposit 

a suitable Pd EBID seed layer.  

In this chapter first the experimental setup is given together with a description of the Energy-dispersive 

X-ray spectroscopy (EDX) technique. Hereafter the results are presented and discussed. At the end it will 

be addressed whether it is possible to use Pd EBID for the manufacturing of contact lines for CNT 

devices. 
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3.2 Experimental setup 

3.2.1 Chamber pressure  

Because no pressure increase was observed in the dualbeam system during Pd precursor dosing, a mass 

spectrum of the Pd(hfac)2 precursor was taken to investigate the dosing of the precursor. Before the Pd 

was dosed, a background measurement was taken to correct for the contribution of species already 

present in the reactor. In Figure 3.1 a mass spectrum of the Pd(hfac)2 precursor is shown together with 

an hfac reference spectrum
49

. In the range of m/z = 102-110 the Pd peaks are positioned and the large 

peak at 69 is a signature of CF3. Other peaks from the hfac cracking patterns are positioned around 30, 

between 40-80 and at 90 m/z. Some background water (16-18 m/z), CO (28 m/z), O2 (32 m/z) and CO2 

(44 m/z) is detected. It can be concluded that there is Pd precursor dosing even though no pressure 

pulse was observed. 

 

Figure 3.1: mass spectrum of the Pd(hfac)2 precursor (inset). The Pd peaks are visible at 102, 104, 105, 106, 108 and 110 m/z. 

Other precursor peaks are HF at 20, CO at 28 and CF3 at 69. The peaks at 16-18 (H2O), 28 (CO), 32 (O2) and 44 (CO2) m/z are 

gasses not originating from the precursor. 

3.2.2 Energy-dispersive X-ray spectroscopy  

When an electron is focused into a sample, an excited atom is formed. After relaxation back to the 

ground state and X-ray photon is formed with energy equal to the difference in energy between the two 

shells (Figure 3.2a). The energy of this photon is characteristic for the sample atom and allows the 

element present in the sample to be identified and quantified
50

. Figure 3.2b shows the X-rays intensity as 

a function of the X-ray photon energy, consisting of a continuum background as well as X-ray peaks 

characteristic for the elements in the sample. Every measurement is taken for a particular number of life 

seconds i.e., the number of seconds the detector is active. After every count the detector is down for a 

short period of time before it can detect the next X-ray.  
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Figure 3.2: (a) X-rays are formed by interaction between an incident electron and a sample atom, exciting an inner shell 

electron. The electron relaxes to the ground state by emission of an X-ray (b). A typical EDX spectrum. After subtraction of the 

background the composition of the sample can be identified by the peak positions and heights. 

The composition of the measured sample can be determined using thick deposits to eliminate the 

contribution of the substrate in the EDX spectrum. It is assumed that the characteristic X-ray intensities 

scale with the abundance of the element in the sample with respect to a reference sample with 

reference intensity. This assumption is called Castaing’s first approximation for quantitative analysis and 

is given by Equation (3.1): 

 
( ) ( )

i i
i

i i

I C
k

I C
= =  (3.1) 

where Ci and C(i) are the mass concentration of the measured sample and the reference sample 

respectively. The ratio of the measured intensity (Ii) and the reference intensity (I(i)) after background 

subtraction is referred to as the k-ratio. The k-ratio is the basic parameter used for most quantitative 

EDX measurements. For most experiments the Castaing’s approach is not sufficient to determine the 

material composition with enough accuracy. For these samples the k-ratio has to be multiplied by the 

ZAF-correction factor. Z corrects for the atomic number effect, A for the X-ray absorption effect and F 

corrects for the X-ray fluorescence
50

.  

A reference free method can be used to determine the k-ratio. The reference intensity is calculated from 

a model of the X-ray generation. To quantify the composition of the sample, only the beam energy and 

the X-ray take-off angle are required besides the X-ray spectrum. 

The thickness of pure sample deposits can be determined when the sample thickness is less than the 

penetration depth of the electrons. Relative intensities of characteristic X-rays originating from the Pt 

and substrate change with the thickness of the Pt film. A calibration curve of the relative intensity (the 

integrated X-ray intensity of the Pt scaled with the sum of the integrated X-ray intensities of the Pt and 

the substrate) as a function of Pt thickness is used to determine the thickness of the Pt layers (Equation 

(3.2) and (3.3))
51

.  
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 (3.3) 

Here, A, B, C and D are fit parameters that describe the interaction of the electrons with the deposit. A 

and C originate from the attenuation of the electrons with the film, whereas B and D take backscattering 

effects in account. Substrates covered with Al2O3 are used for these calculations, when no Al2O3 is used 

as a substrate the Al peak is not taken into account and can be set to zero in Equations (3.2) & (3.3). The 

fit parameters for Pt deposits are given in Appendix A. 

3.2.3 Yield and purity 

To determine the yield and growth rate of the Pd EBID process and the purity of the Pd EBID material, 

first a good vacuum is necessary. A c-Si wafer coated with 50 nm Al2O3 was inserted in the dualbeam 

where after a pumping time of at least 16 hours was performed. Hereafter, the anti-contaminator was 

turned on and it was waited until a stable temperature of ~-50 °C was reached. The electron beam 

currents used for the depositions were varied between 0.028 nA to 6 nA and the electron voltage was 

set to 5 or 10 kV. The temperatures of the GIS were varied and set to 29, 39 and 59 °C to test the effect 

of the local gas pressure on the overall yield and purity. The pattern was defined as a square of 1x1 μm
2
. 

The yield is determined by measuring the dimensions of the deposit using the software available with 

the dualbeam system. The purity was determined by EDX using an accelerating energy of 5 keV for 20 life 

seconds. The lines taken into account in the EDX spectra are C Kα at 0.26 keV, Pd Mα at 0.28, O Kα at 

0.50 keV, F Kα at 0.67 keV and Pd Lα and Lβ at 2.84 and 2.99 keV respectively. For the depositions which 

were not thick enough Al Kα and Si Kα peaks were visible. These peaks were not taken into account 

when determining the purity of the deposits. The C Ka line and Pd Ma lines are overlapping, therefore 

the carbon purity is corrected using a Pd reference spectrum
49

. 

3.2.4 Pd EBID resistivity 

After the determination of the optimal EBID deposition settings (1.6 nA / 5kV), the resistivity of EBID 

material deposited using these conditions was determined. A sample with several premade Au 50 nm 

thick four-point probe structures was inserted in the dualbeam. Deposition times were set at 30 minutes, 

to allow for a deposit of sufficient thickness. The four-point probe measurements were performed by 

carefully placing the probe needles on the Au contacts. The resistivity of the deposit was determined by 

applying a current on the pads leading to the outer contacts and measuring the voltage drop over the 

inner to contacts. Because Botman et al. found a decrease in resistivity of Pt EBID material after an 

anneal in O2 at 300°C
32

, the Pd EBID material was annealed using these conditions for 2 minutes at an O2 

pressure of 0.2 mbar. Hereafter the purity and resistivity of the EBID structures were measured again.  

 

3.3 Results & Discussion 

3.3.1 Yield and growth rate 

The yield and growth rate as a function of electron current for a GIS temperature of 29 °C and 

accelerating voltage of 5kV is shown in Figure 3.3a. The yield decreases exponentially with electron 

current because the precursor refresh rate is not sufficient to keep up with the electron flux. The data 

points at the smallest currents (0.03 nA and 0.1 nA) have a larger error since the size of the deposits 

could not be determined with sufficient accuracy because the deposits were too small and irregular in 

shape. The yield is a factor 2-3 higher as reported by Spoddig et al. For the yield determined for other 

GIS temperatures and 10 kV electron accelerating voltage (not shown here) also a decrease in yield was 

observed with larger electron current. In Figure 3.3b the yield as a function of GIS temperature for 
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acceleration voltages of 5 and 10 kV is shown. For higher GIS temperatures, the precursor flux at the 

surface is higher, which results in a higher yield. In Figure 3.3b it is also shown that the yield for electron 

acceleration voltages of 5 kV is higher than the yield using electron acceleration voltages of 10 kV. When 

the lower yield with higher electron acceleration voltages is extrapolated to electron acceleration 

voltages of 15-30 keV (the settings used by Spoddig et al.) an even lower yield is expected, giving a 

possible explanation for the low yield reported by Spoddig et al..  

A better measure for the fabrication of metal contacts is not the yield but more important is the volume 

per time or growth rate. For all condition (GIS temperature and electron acceleration voltage) the 

growth rate increases for larger electron currents, which decreases the deposition time. With lower GIS 

temperatures and with higher electron acceleration voltages the growth rate becomes smaller (not 

shown here) similar as with the yield shown in Figure 3.3b. When the growth rate as a function of 

electron current for a GIS temperature of 59°C and electron acceleration voltage is examined, an almost 

flat curve is observed (dashed line in Figure 3.3a) indicating that for these conditions the Pd EBID process 

is in the precursor limited regime. For all other process conditions the Pd EBID process is neither in 

electron limited regime nor in precursor limited regime, indicating that by increasing the GIS 

temperature or the electron current, a higher yield can be obtained. 

 

Figure 3.3: (a) Yield and growth rate of the Pd EBID process as a function of the electron current for a GIS temperature of 29 °C 

and electron acceleration voltage of 5 keV. A lower yield and higher growth rate is observed with larger electron current. The 

growth rate determined for a GIS temperature of 59°C and electron acceleration voltage of 5 keV (dotted line) is almost 

independent on the electron current. (b) The yield as a function of GIS temperature for an electron current of 1.6 nA and 

electron acceleration voltages of 5 and 10 keV. With higher GIS temperature a higher yield is observed due to the larger 

precursor flux. With higher electron acceleration voltages a lower yield is observed. 

 

3.3.2 Purity 

The Pd purity as a function of current for different GIS temperatures and electron accelerating voltages 

of 5 and 10 kV is shown in Figure 3.4. The purity is 15 at.% (within experimental error) for all conditions. 

The purity of the deposit reported by Spoddig et al. is significantly lower (6 at.%), as is shown in Table 

3.1. A possible explanation is given by the considerations of Botman et al. who identified two purity 

regimes of the Pt EBID process
30

. For a low power density (product of current and voltage divided by 

effective area) the purity was relatively low (<10 at%). Higher purity values were observed for higher 

power densities until a certain maximum value of 15 at% was reached after which the purity remained 

constant at 15 at.%. This would suggest that a certain power density is needed for optimal precursor 
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decomposition. The power density used in this research is higher compared to Spoddig et al. from which 

a higher purity is expected. 

 

Figure 3.4: Purity of the Pd EBID process as a function of the current and GIS temperature for acceleration voltages of (a) 5 

and (b) 10 kV. The purity of Pd has a constant value around 15 % (within the experimental error of 3%) for all the currents, 

electron acceleration voltages and GIS temperatures used. For the smallest current the purity could not be determined as 

accurate because of the thin deposits made with these currents.  

A representative EDX spectrum from which the Pd purity was determined is shown in Figure 3.5. By the 

spectrum the composition was determined ((67±3) at.% C, (15±3) at.% Pd, (15±3) at.% F and (3±3) at% C 

as shown in Table 3.1). For every Pd atom deposited 4.5 C atoms, one F atom and 0.2 O atoms are 

deposited on the surface. Besides a higher Pd purity, the F content reported in this thesis does not agree 

with the fluorine content reported by Spoddig et al.
42

.  

Possible bonds of the Pd(hfac)2 precursor (inset of Figure 3.1) that can break up under electron 

interaction are the Pd-O bonds, as reported by Wnuk et al.
45

. During precursor decomposition, CO is 

released as a reaction product but still some oxygen is observed in the deposit. Therefore the release of 

CO would appear to be one of several potential reaction pathways
45

. Also a smaller contribution of 

fluorine was reported to be present in the deposit than in the precursor. Most likely, the fluorine atoms 

leave the deposit in the form of gas phase fluorine
45

. 

Table 3.1: comparison between results obtained by Spoddig et al. and in this work. A clear improvement on both the yield and 

Pd purity is observed, mainly as a result of the improved operating settings. After annealing the purity is increased to 48 at.% 

also removing all the fluorine from the deposit. 
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Figure 3.5: representative EDX spectrum of a Pd EBID structure. The main element in the deposit is Carbon with 67 at.%. The 

Pd content is relatively low with only 15 at% but comparable with Pt EBID purities. Almost all the rest of the atoms are 

fluorine contaminations  

Comparing the results presented in this chapter with the results from Spoddig et al. (Table 3.1), and 

taking above statements of Botman et al. into account, it can be concluded that the chosen beam 

settings are the main reason for the improvement of the Pd purity. Spoddig et al. used low power 

densities resulting in inefficient precursor decomposition, hence a low Pd purity. Also the difference in 

carbon and fluorine content can be contributed to the different beam settings. Test depositions with the 

same beam conditions as Spoddig et al. confirmed this reasoning, as Pd and F purities below 10 at.% 

were obtained. The oxygen content could however not be determined from these depositions because 

the Al2O3 substrate was visible due to the thin deposits, resulting also in an increasing in the error of 

these measurements.  

The purity of the Pd EBID structure after the anneal procedure was 48±8 at.% (Table 3.1). The main 

reason for the improvement of the Pd purity is due to the removal of fluorine and carbon from the 

deposit.  

3.3.3 Resistivity 

The results of resistance measurements of the Pd deposit before and after anneal are shown in Figure 

3.6. The resistivity calculated using the dimensions of the deposit are (1.7±0.5)·10
9 

μΩcm and (3±2)·10
5 

μΩcm before and after anneal respectively. This is an improvement of four orders of magnitude in 

resistivity. When comparing these results with the Pt resistivities reported by Botman et al. the 

resistivities are of the same order of magnitude and a similar improvement in resistivity is observed
32

. 

Before the anneal procedure the Pd grains are embedded in an amorphous carbon film and electric 

conductivity is assumed to happens through tunneling of electrons between Pd grains, whereas after the 

anneal step all of fluorine and part of the carbon is removed from the film, improving the resistivity. 
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Figure 3.6: I-V curves of the Pd EBID deposit measured using the four-point probe method (a) before and (b) after an anneal 

step. The resistivities, calculated from the slope of the curves, are (17±5)·10
8 

μΩcm and (3±2)·10
5 

μΩcm for deposits with and 

without an anneal procedure respectively. This is an improvement of four orders of magnitude.  

 

3.4 Conclusions 

The Pd EBID process has been optimized by investigation of the yield of the deposition process and 

purity of the deposits. A significant increase in the purity was obtained to 15 at.%, a factor of 3 better 

then reported by Spoddig et al.. The purity was not dependent on the EBID operating settings in the 

range studied. The main improvement of the purity with respect to Spoddig et al. is expected to be 

related to the higher power density at the surface. A yield two orders of magnitude larger compared to 

results of Spoddig et al. was obtained. Highest yields (10
-2

 μm/nC) were observed with accelerating 

voltages of 5kV. The yield becomes larger with higher GIS temperatures, due to the increasing precursor 

particle flux at the surface. The resistivity of the Pd deposit is (1.7±0.5)·10
9 

μΩcm, which is of the same 

order of magnitude as Pt EBID. After an anneal the resistivity drops four orders of magnitude to (3±2)·10
5
 

μΩcm.  

3.4.1 Applicability for the fabrication of CNT contacts 

Even though the purity and yield have been improved significantly, the structures that can be deposited 

with Pd EBID are of insufficient quality for their applicability as CNT contacts for future devices. In order 

for Pd to be used to contact CNTs the purity of the deposits has to be improved and the resistivity has to 

be reduced to that of bulk Pd. One way of achieving this is by combinatorial EBID-ALD of Pd. This process 

is however still under development. 
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Chapter 4           

 Area-Selective ALD using Self-Assembled 

Monolayers 
 

 

 

 

4.1 Introduction 
Self-assembled monolayers (SAMs) are, as its name suggests, 2-D layers formed by self-assembly. SAMs 

are interesting systems due to their highly ordered packing and relatively easy fabrication. SAMs are 

used in a variety of applications
52-54

. However the most interesting application for the current research is 

the use of SAMs as a physical resist layer to protect a substrate against unwanted interactions between 

the substrate surface and its environment (e.g. for wet etching)
55

. SAMs as a physical resist can also be 

used to prevent the physisorption of ALD precursor molecules, and thereby effectively block ALD growth 

on these surfaces. 

A schematic illustration of a self-assembled monolayer can be found in Figure 4.1. The self-assembling 

molecules consist of three main parts: a head and a terminal group separated by a spacer group. The 

function of the head group is to attach the molecule to the substrate. Because of the variety of binding 

reactions possible, various surfaces can be functionalized with SAMs
56

. By selection of the functional 

group, the macroscopic behavior of the SAM functionalized surface can be modified. An example is that 

by changing the functional group from a methyl group to an alcohol group, the surface can be modified 

from hydrophobic to hydrophilic
57

. The spacer group consists of a long aliphatic carbon chain. The spacer 

group plays an important role in the formation of the SAM, because of the intermolecular interaction 

between these groups
58

.  
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Figure 4.1: A schematic representation of a self-assembled monolayer. The head group attaches the molecule to the surface 

and by changing the functional group the macroscopic behavior of the SAM can be changed. Both end groups are separated 

by a spacer group consisting of a long aliphatic carbon chain. The self-assembled molecules are tilted at an angle α with 

respect to the substrate normal. 

There are several ways to pattern SAMs such as micro contact-printing
27

, and optical lithography 
59

. A 

schematic representation of these two techniques is shown in Figure 4.2a and b respectively. The micro 

contact-printing technique uses an elastomeric stamp which has a specific surface relief covered with the 

SAM containing solution. The use of elastomeric stamps is however susceptible to many defects that 

limit the resolution and applicability of micro contact-printing 
60,61

. The optical lithography technique for 

patterning SAMs uses a photomask to locally cover the SAMs protecting it against the UV light. The SAM 

is removed by the UV on the uncovered positions. At these patterned positions an ALD film can be 

deposited while at the covered positions the ALD precursor is blocked, enabling area selective ALD. This 

process is also size limited by the lithographic step for the same reasons as the size of the transistor is 

limited by the lithographic step, as mentioned in Chapter 1.  

 

Figure 4.2: Three different ways to pattern a SAM. (a) An elastomeric stamp covered with SAM containing solution is used and 

positioned on a substrate patterning the substrate.(b) The SAM is covered with an area selective photo mask, light is used to 

destroy the SAMs on the non covered parts. (c) A novel method in which a FIB is used to directly destroy the SAM. This novel 

method reduces the amount of process steps needed to pattern the SAMs. 
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4.1.1 SAM formation 

Usually organosilane head groups are used to attach a SAM to a Si or SiO2 surface. The process where 

organosilane head groups attach themselves to a hydroxyl surface molecules is called silanization. During 

silanization the individual SAM molecules successively react with the surface and each other to 

eventually form a homogeneous, close packed monolayer. A schematic representation of this process 

can be found in Figure 4.3. Besides the silanization there is another important intermolecular interaction 

which is necessary in order to have a homogeneous close packed monolayer. Namely the Van der Waals 

interactions between the spacer groups. Depending on the surface, the tails are tilted with respect to the 

surface normal. For example for alkylsiloxanes, the tilt is <10° on c-Si
62

. 

 

Figure 4.3: Schematic representation of the SAM formation on a hydroxylated silicon surface
62

. After physisorption of the 

silane head group at the hydroxylated silicon substrate, the head group reacts with the hydroxide bonds on the Si surface 

leaving a single Si-O-Si bond and a single chemisorbed self-assembled molecule. Hereafter the neighboring hydroxide groups 

react with each other creating Si-O-Si bonds which leads, together with the Van der Waals interaction between the spacer 

groups, to a homogeneous close packed monolayer. 

Aswal et al. studied the formation of SAMs over time by atomic force microscopy. He showed that the 

formation of the SAM initially starts at isolated close packed islands (Figure 4.8)
62

. The islands serve as 

aggregation sites for diffusing SAM surface molecules and at a later stage also adsorbing molecules from 

the SAM containing solution. When the surface coverage is low, the size of the islands increases linearly 

with increasing surface coverage. When the surface coverage is increased the islands grow by branches 

and neighboring SAM islands will eventually coalesce. At the interface between islands there are still 

pores and pinholes which, in time, shrink and eventually totally disappear forming a continuous close 

packed monolayer. 

4.1.2 Precursor blocking 

In order to achieve area-selective ALD using SAMs, the SAMs must be able to prevent the growth of Pt. 

This ability is predominantly related to the quality of the SAMs
27,63

 To prevent the adsorption of 

precursor molecules at the substrate surface, the SAMs need to physically block the surface adsorption 

sites. It is important that the blocking does not introduce new species which are able to react with the 

precursor and induce Pt growth on top of the SAMs. The precursor blocking is more effective for longer 

chain lengths because then the Van der Waals interactions between the chains are stronger
27

. However a 

chain length of less than 20 carbon atoms should be used because long chains get mingled, which results 

in a low film homogeneity
62

. 
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Another factor that plays a role in SAM quality are the SAM head groups. With more reactive head 

groups a higher quality SAM is achieved due to a more closely packed film
27

. When instead bulky head 

groups are used, the quality of the SAM becomes less due to steric hindrance, which results in the 

formation of pinholes.  

4.1.3 Outline 

In this work a novel method of area-selective ALD using SAMs as a physical resist is presented. This is 

done by using a focused ion beam (FIB) to locally damage part of the SAM as shown in Figure 4.2c. The 

advantage of this technique is that first a high quality monolayer is formed before any area selectivity is 

introduced. Therefore the defects that arise due to incomplete SAM formation by using elastomeric 

stamps are annulated, also no artifacts are present which arise due to the elastomeric stamp itself
64

. Also 

fewer defects are expected with this technique when compared to patterning the SAM with UV-light and 

a photo mask. The photo masks itself and removal of the mask with chemicals can give compatibility 

issues, which do not arise when a FIB is used to pattern the SAM. 

Due to the limited number of cycles a SAM can effectively block ALD growth, there is a maximum Pt 

thickness that can be achieved using SAMs as a resist. A solution for this problem is presented in this 

chapter. The novel technique described above is combined with the present knowledge on the O2 

pressure and surface dependence of the Pt ALD technique
i
. After the patterning by use of a FIB only a 

small number of ALD cycles are performed to deposit a (thin) seed layer. Hereafter the ALD settings are 

changed by lowering the O2 pressure to allow selective Pt growth on the seed layers.  

 

First the experimental procedure to functionalize the surfaces using SAMs and the experiments 

performed are discussed where also a brief description of the contact angle measurements and 

spectroscopic ellipsometry technique are given. After that the effects that play a role in precursor 

blocking are explained. Hereafter the results are discussed containing: 

• ALD blocking by SAMs for the three different Pt ALD deposition methods (plasma-assisted ALD 

and thermal ALD employing an O2 pressure of 0.03 and 1 mbar). 

• ALD initiation procedure on SAM functionalized surfaces.  

• Area-selective ALD using SAMs as physical resist. 

At the end more insight is given about the possible use of SAMs as a resist for the fabrication of contact 

lines for CNT circuits. The main concerns are whether the SAM is capable of forming a closed 

homogeneous layer on a difficult structure such as a CNT and the FIB needed to pattern the SAM. It is 

expected that the ions will also damage the CNT. However it is unknown which ion dose is needed to 

damage the SAMs sufficiently and allow the local growth of ALD. If this dose is much smaller than the 

dose for which it can have an effect of the CNT, it would be still possible to use SAMs for contacting 

CNTs.  

 

4.2 Experimental setup 
The Si surface has to be functionalized by the introduction of hydroxyl groups (hydroxylation) before the 

SAM formation. The hydroxylation is done by an O2 plasma source. The O2 plasma will burn away 

hydrocarbon contamination and introduce hydroxyl groups on the substrate surface by reactions with 

water vapor present inside the plasma reactor
65

.  

                                                           
i
 As discussed in Chapter 1, Pt can be deposited on Pt (seed) layers and not on Al2O3 by selecting the appropriate O2 pressure. 
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To form the SAMs, a solution of 1 mM octadecyltrichlorosilane (CH3(CH2)17SiCl3; ODTS; 95%) in toluene 

(99,9%) was prepared and the substrate was left in the solution for different immersion times. After the 

formation of the SAMs, the substrates were cleaned in an ultrasonic bath, rinsing them in fresh toluene 

and ethanol, removing physisorbed ODTS molecules. Substrates were dried under N2 flow. 

The formation of the SAMs can be investigated by contact angle measurements. The basic principle of 

the contact angle technique is explained in the next subsection. Due to the hydrophobic terminal group 

of the ODTS molecules a contact angle of 110° is expected. Figure 4.4 shows the contact angle as 

function of ODTS immersion time. It can be seen that the contact angle saturates after an immersion 

time of only 5 minutes. Contact angle is a macroscopic measurement and the quality of the SAM is 

mainly determined by microscopic pinholes and other defects. Therefore, the contact angle 

measurement can only be used as an indication of SAM formation and not the quality of such a layer.  

 

Figure 4.4: SAM contact angle as a function of the ODTS immersion time. The line is a guide to the eye. After a few minutes 

the maximum contact angle of 110° is reached.  

4.2.1 Precursor blocking 

To test the blocking of Pt ALD, SAM functionalized surfaces were prepared by using different ODTS 

immersion times. Multiple samples have been made for each investigated immersion time to perform 

several diagnostics, namely contact angle to determine SAM formation and SE to measure Pt film 

thickness. Three different ALD processes were tested: thermal ALD employing an O2 pressure of 0.03 

mbar, thermal ALD employing an O2 pressure of 1 mbar and plasma-assisted ALD using an O2 plasma. 

Thermal ALD depositions were performed at 300°C. It is assumed that no significant SAM degradation 

took place at these temperatures, as confirmed by Khatri et al. and Kulkarni et al. who tested the 

thermal stability of SAMs up to temperatures of 350°C
66,67

. After 500 cycles of Pt ALD, the samples were 

studied using SEM, the Pt thickness was measured with SE and the composition of the films was 

determined by EDX. During all the ALD deposition an additional sample already coated with Pt was used 

to determine the nominal thickness of the Pt film for the conditions used.  

To investigate the ALD nucleation on SAM functionalized surfaces a new series of depositions was 

performed with mainly short ODTS immersion times (<5 min). 200 cycles of thermal Pt ALD employing an 

O2 pressure of 1 mbar was used. After the depositions SE was used to determine the thickness of the 

layers. SEM was used together with EDX to investigate the ALD nucleation.  
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4.2.2 Area-selective self-assembled monolayers 

A sample functionalized with a high quality SAM was inserted in the dualbeam. Several pads were 

patterned, with increasing ion dose, to test the ion dose needed to destroy the SAMs sufficiently to 

initiate the ALD growth. A recent study showed that after 50 cycles of Pt ALD at an O2 pressure of 1 mbar 

on a bare Al2O3 substrate the Pt islands start to coalesce forming a closed Pt film
68,ii

. Therefore, 50 cycles 

thermal ALD employing an O2 pressure of 1 mbar was performed to deposit a thin seed layer. The seed 

layer is then thickened by 450 cycles area-selective ALD employing an O2 pressure of 0.03 mbar. The 

samples were analyzed using SEM and the composition and thickness of the Pt deposits were measured 

using EDX.  

4.2.3 Contact Angle 

The contact angle (CA) is the angle at which a liquid-vapor interface (or the interface between two 

immiscible liquids) meets the solid surface, as can be seen in Figure 4.5 and is dependent on the 

interaction between the three surfaces. As stated by Young’s Equation, in (4.1), if the faces are in 

thermodynamic equilibrium, all chemical tensions must be equal and the surface tension parallel to the 

surface must cancel out
69

. γsg, γsl and γlg are respectively the surface tensions between the solid-gas, 

solid-liquid and liquid-gas interfaces and α is the CA. 

 cos( )sg sl lgγ γ γ α= + ⋅  (4.1) 

Fluids where the contact angle is smaller than 90° are called wetting fluids and fluids with contact angles 

larger than 90° are called non-wetting fluids. It is possible that a liquid can be either wetting or non-

wetting depending on the nature of the surface.  

 

Figure 4.5: The contact angle is the angle at which a liquid-vapor interface meets the solid surface. The three tensions (γsg, γsl 

and γlg) must be equal resulting in Young’s Equation which is given by Equation (4.1). 

The contact angle measurements were performed using a CAM200 Contact Angle and Surface Tension 

Meter of KSV instruments is used. This setup has an automatic dispenser for controlled fluid dispersion 

and a movable stage to automate multiple measurements. The measurements are carried out in 

atmosphere and de-ionized water was used as a wetting fluid. A camera is used to make an image of the 

droplet. From the droplet’s image the surface can be fitted using the supplied software, from which the 

contact angle can be extracted.  

4.2.4 Spectroscopic ellipsometry 

In spectroscopic ellipsometry (SE) the change in polarization of light upon reflection on a sample is 

measured. Depending on the dielectric functions and thicknesses of the layers composing the sample, 

there is a polarization change due to different reflection coefficients for p- and s- polarized light on the 

                                                           
ii
 The nucleation of Pt on Al2O3 surfaces starts by island growth. 
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α

γlg
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sample. From the amplitude ratio Ψ and the phase difference Δ between the p- and s- polarized light 

waves, material properties such as the dielectric functions of the layers and film thicknesses can be 

extracted (Figure 4.6). In general, most ellipsometry configurations are insensitive to source and 

background light fluctuations since it measures ratios, which result in a high accuracy and a good 

reproducibility. In spectroscopic ellipsometry Ψ, Δ-values are measured as a function of photon energy, 

and consequently, the photon energy dependence of the dielectric function can be determined. The 

analysis requires an optical model defining the optical constants and the layer thickness of each layer in 

the sample. From this model the software calculates the Ψ- and Δ- spectra and tries to fit the 

experimentally measured Ψ- and Δ- spectra by varying the model parameters while minimizing the 

mean-squared-error of the fit
70

. SE is extensively used as an in situ diagnostic technique in the ALD 

reactor to monitor the growth of Pt on as deposited Pt substrates positioned in the reactor next to the 

EBID samples. The measurements were done using the J.A. Woolam, Inc M200U and the data was 

analyzed using Complete Ease. The model used for the thickness determination of the Pt film is a Drude-

Lorentz model
28,71

. The SAM was not taken into account during the film modeling.  

 

Figure 4.6: The principle of SE. An incident wave interacts with the sample changing its amplitude ratio and phase difference. 

This data can be modeled from which the thickness of the layer and dielectric function can be extracted.  

 

4.3 Results and discussion 

4.3.1 ALD blocking 

The results obtained to test the blocking capabilities of the SAM using the different ALD deposition 

methods are shown in Figure 4.7. The nominal thickness was determined to be between 22 nm and 23.5 

nm for all three depositions.  
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Figure 4.7: Platinum thickness after 500 cycles Pt ALD measured with SE as a function of ODTS immersion time. The plasma-

assisted ALD of Pt shows no growth delay, which means that the SAMs do not prevent ALD nucleation. No growth is observed 

with thermal ALD adopting an O2 pressure of 0.03 mbar. For thermal ALD adopting an O2 pressure of 1 mbar, a Pt film is 

obtained for all the immersion times. However the thickness decreases with longer immersion times (i.e. better quality SAM) 

indicating a growth delay. 

Thermal ALD employing a low O2 pressure showed no deposition on either the samples functionalized 

with or without SAMs, however the pretreated platinum sample showed a nominal growth of 22 nm. 

Therefore this deposition process cannot be used to achieve area-selective ALD when SAMs are used as a 

blocking agent. It can also be concluded that the SAM itself does not cause precursor decomposition and 

therefore deposit an ALD film on top of the SAM. 

The deposition of Pt using plasma-assisted ALD resulted in a platinum layer on all of the substrates. The 

thicknesses of all samples were within experimental accuracy equal to the nominal thickness. Therefore 

no significant growth delay occurred. This suggests that within the first few ALD cycles the reactive O2 

plasma combusts the SAMs. This is also observed by Lee et al. who used an ammonia plasma as reactant 

for plasma-assisted ALD on SAMs
72

. 

The deposition of platinum using thermal ALD employing an O2 pressure of 1 mbar also showed a 

platinum film on all the samples. However, it was observed that the Pt layer thickness decreases with 

ODTS immersion times longer than 50 minutes. This suggests that the SAMs cause a nucleation delay 

depending on the immersion time. This is in agreement with the results of Jiang et al. in which it was 

demonstrated that ALD blocking to be effective for up to 400 cycles
27

. However Jiang did not use O2 as a 

reactant but dry air instead and did not specify the pressure that was used. Therefore these results 

cannot be directly compared to those of Jiang et al.. From rough estimation, using the growth per cycle 

of Pt and the thickness of the Pt layer, a growth delay by precursor blocking of approximately 140 cycles 

for the 10 min immersion time and 250 cycles for the 2380 min immersion are calculated
iii
. Therefore Pt 

film thicknesses of max 10 nm can be grown with these conditions.  

                                                           
iii
 Growth delay is defined as the number of ALD cycles needed before a constant growth per cycle is observed, which suggests 

that layer-by-layer growth occurs. Moreover, when the growth delay is much larger than the number of ALD cycles, no growth is 

observed. 
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4.3.2 Nucleation of ALD on SAMs 

A few representative SEM images of the substrate after 200 cycles Pt ALD are shown in Figure 

4.8a,b, and c. These images showed already significant ALD blocking after a minimal immersion time of 

only one minute. However the monolayer is not densely packed enough to prevent penetration of the 

precursor. Longer immersion time gives better ALD blocking with almost a total blocking using only 60 

minutes of ODTS immersion time. This shows that the SAM quality is lacking with short immersion times 

(t<20min), and that only longer ODTS immersion times (t>60 min) are of sufficient quality to block ALD 

for 200 cycles. The thickness of the Pt films could not be determined by SE because the films were not 

closed, as revealed by SEM, and therefore no Pt film thickness could be determined. SEM and SE showed 

no growth delay on the substrate not immersed in the ODTS solution.  

 

Figure 4.8: The top four AFM images (bright coloring: SAM, dark coloring: substrate) are from Aswal et al. and show the 

growth of the SAM as a function of ODTS immersion time
62

. The SAM starts at nucleation sites and different islands finally 

coalesce forming a homogeneous closed layer. The growth of Pt is in exactly the opposite way as can be seen in the bottom 

SEM images (dark coloring: SAM, bright coloring: Pt film). (a) The Pt precursor penetrates through pinholes probably 

originating at regions where different SAM islands coalesced. There the SAM packing is less closed. (b) Then the ALD growth 

further initiates through branches of less close packed SAM. (c) Eventually the Pt growth encloses SAM islands and finally 

forming a homogeneous platinum layer.  

When considering the SAM formation study by Aswal et al. (top images of Figure 4.8) as discussed 

before, this can be related to the nucleation of ALD on SAM functionalized surfaces. On SAMs where no 

fully closed homogeneous monolayer was achieved, the Pt precursor penetrates through the SAM via 

pinholes. When top and bottom images of Figure 4.8 are compared it is shown that the positions last 

enclosed by the SAM are the positions first showing ALD growth. Because the SAM packing is less dense 

at positions where different SAM islands coalesce, there are more pinholes and defects at these 

locations. The Pt precursor will penetrate through these pinholes and defects, initiating the Pt growth at 

these positions. The Pt growth further aggregates through branches at places where two SAM islands 

coalesce. Eventually the Pt growth encloses the SAM islands where the SAM formation started (Figure 

a

b

c
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4.8a), and slowly penetrating into the SAM (where the packing is more dense). The Pt film penetrates the 

islands via small branches in even smaller branches (Figure 4.8b) making the SAM islands smaller and 

smaller (Figure 4.8c) and finally covering the whole surface.  

4.3.3 Area-selective atomic layer deposition 

A SEM image of the positions patterned by FIB after 500 cycles of Pt ALD (50 cycles at an O2 pressure of 1 

mbar and 450 cycles at an O2 pressure of 0.03 mbar) is shown in Figure 4.9. The ion dose (number of Ga 

ions/μm
2
) used on each of these pads is also given. It is observed there was only growth on the 

patterned position. For the pads that received the smallest dose, no or very little Pt growth is observed. 

In Figure 4.10 the Pt thickness as a function of the ion dose is shown. No Pt is observed on the pads that 

received the smallest dose. With increasing dose the Pt thickness increases until it saturates.  

The number of cycles for the thin seed layer should be chosen carefully. With too many cycles, the 

precursor will penetrate other non-patterned areas and film selectivity cannot be guaranteed, even for 

high quality SAMs (as observed in Figure 4.7). Moreover, when not enough cycles are done, the seed 

layer is not thick enough or the structure is not defined properly. The number of gallium ions per square 

micrometer used to pattern the SAM is given and indicates clearly that a certain ions dose is needed to 

sufficiently damage the SAM before the growth of Pt starts. The ion dose cannot be increased too much 

because then the underlying substrate is damaged.  

 

Figure 4.9: Pt pads grown by 50 cycles ALD at a pressure of 1 mbar followed by 450 cycles at a pressure of 0.03 mbar. With 

each pad the number of gallium ions (number of Ga ions per μm
2
) used to destroy the SAM is given. At a certain dose (~10

7
 

ions/μm
2
) the SAM is sufficiently damaged to allow the penetration and grow of Pt.  

Two regimes can be distinguished from Figure 4.10. For high ion doses, the SAM is damaged to such an 

extent that the precursor can penetrate and Pt growth starts without a significant growth delay. This is 

observed above 20·10
6 

ions/μm
2
, and is characterized by the saturation of the Pt thickness. For smaller 

ion dose, the SAM is not damaged sufficiently, and the precursor penetration is harder through the 

patterned layer resulting in a nucleation delay. When the ion dose is decreased even more, eventually 

the nucleation delay is more than 50 cycles so no Pt growth is observed at these pads. When the Pt 

saturation thickness is compared with the nominal thickness of the experiment (~20 nm), a significant 

1·106 2·106 5·106

1·107 2·107 3·107

5·107 7.5·107 1·108
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growth delay has occurred. This probably happened because after 50 cycles of Pt ALD employing an O2 

pressure of 1 mbar, no closed film is deposited due to SAM blocking. The Pt islands did not coalesce yet. 

First a large part of the remaining 450 Pt ALD cycles (at 0.03 mbar O2 pressure) are needed to close the 

layer where after layer-by-layer growth can occur.  

The use of both thermal Pt ALD processes (high and low O2 pressure) enables the manufacturing of 

thicker Pt structures using SAM as a blocking agent compared to literature
27

. This is because the high O2 

is only used to make a seed layer. When only high O2 Pt ALD is used, eventually the precursor will 

penetrate non-patterned parts of the SAM undermining the selectivity and restricting the maximum 

thickness that can be achieved. When the seed layer is thickened by selective growth on top of these Pt 

seed layers, there is only ALD growth on the seed layer, even though the precursor can penetrate the 

SAM at other positions, no ALD film will be grown due to the selectivity of the Pt ALD employing an O2 

pressure of 0.03 mbar. This way the non-uniformity and non-selectivity that limit the resolution are 

minimized and better defined structures can be made.  

 

Figure 4.10: Pt thickness as a function of ion dose after 500 cycles of ALD (50 high O2 pressure plus 450 low O2 pressure). A 

certain amount of ions are needed before the SAM is damaged enough for the precursor to penetrate. At a dose of 2·10
7
 Ga 

ions per µm
2
 the SAM is damaged in such a way that there is minimal growth delay. The red line is a guide to the eye. 

When the ion dose is increased too much, it is expected that the underlying substrate is damaged which 

undermines future application purposes. Therefore the ion dose should be minimized. The most 

effective dose is thus given by the minimal dose needed for the Pt to grow without any significant 

growth delay. This value is 2·10
7 

ions/μm
2
 as can be seen in Figure 4.10. When this ion dosing is 

compared to the ion dose needed to destroy a silicon substrate. It is found that the ion dose needed do 

damage the SAM sufficiently (2·10
7 

ions/μm
2
) is of the same order used to mill a Si substrate up to 20 nm 

in thickness
73,74

.  
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4.4 Conclusion 

The most common way of achieving area-selective ALD is by using SAMs as blocking agents. The blocking 

ability of the SAMs was investigated as a function of SAM formation time. It was found that no effective 

blocking can be achieved with plasma-assisted ALD because the reactivity of the plasma is too high. It 

was deduced that a maximum Pt thickness below 15 nm can be deposited on SAM functionalized 

surfaces. SAMs cannot be used to make thicker Pt patterns, because eventually the precursor penetrates 

the SAM through defects or pinholes and start the Pt growth on non-patterned positions. The start of Pt 

ALD growth on SAM functionalized surfaces was observed by SEM, which reveals how the ALD growth 

starts on SAM functionalized surfaces. After precursor penetration though pinholes and defects, the 

growth of Pt further initiates through branches of less close packed SAM and eventually a closed film is 

formed.  

A focused ion beam was used to pattern the SAM in order to perform an area-selective ALD process 

afterwards. It was found that a dose of approximately 2·10
7 

ions/μm
2

 
is needed to damage the SAM 

sufficiently and allow a Pt pattern to form with minimal growth delay. When only a small number of Pt 

ALD cycles (employing a high O2 pressure) are performed, a thin Pt seed layer is deposited. On top of the 

seed layer area-selective ALD of Pt (employing a low O2 pressure) is then used to thicken the layer 

selectivity. In this way thicker patterns compared to literature can be made using SAMs as a blocking 

agent.  

4.4.1 Applicability for the fabrication of carbon nanotube contacts 

Even though it is possible to make thicker nanostructures with a lower defect density compared to 

literature, the use of SAMs for contact line manufacturing in CNT circuits is still unlikely. There are two 

main problems concerning the use of SAMs for the fabrication of CNT contacts, the formation of the 

SAM and the removal of the SAM by the FIB which can damage the CNT.  

The SAM head groups attach only to specific surface groups. Therefore, the SAM cannot be used to 

functionalize the surface of the CNTs. A solution of this problem is the use of two different SAMs, one 

that will attach to the substrate and the other to the CNT surface. Using two different SAMs will however 

introduce more defects and pinholes, which is undesirable. In addition the geometry of the system plays 

an important role with the formation of a conformal, pinhole free, homogeneous monolayer. Because 

SAMs can be formed only on 2-D surfaces, a high quality SAM cannot be formed on the surface of the 

CNT.  

The FIB needed to pattern the SAM is not desirable for the CNT. As is presented above, the ion dose 

needed to damage the SAM sufficiently is of the same order as for damaging a Si substrate. Therefore 

the FIB is expected to damage the CNT during patterning of the SAM. The CNT can be destroyed, or at 

least damaged. The electric and mechanical properties of the damaged CNT will (in principle) change by 

the interaction with ions. Therefore the use of an ion beam should be avoided. 
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Chapter 5           

  Combinatorial EBID-ALD of Pt 
 

 

 

 

5.1 Introduction 

Recent studies have shown that it is possible to fabricate Pt nanostructures by combining EBID and 

ALD
35

. For the use of Pt nanostructures as contact lines in future CNT circuits, the structures need to be 

of high quality. In this chapter additional results are presented that demonstrate whether the Pt 

nanostructures can provide the quality needed.  

The quality of the contact wires will predominantly be determined by their composition and resistivity. 

The composition and resistivity of Pt EBID material and ALD films as reported in literature are shown in 

Table 5.1. As observed the Pt resistivity of EBID material is orders of magnitude larger than the resistivity 

of bulk Pt at 10.8 μΩcm. Due to the low Pt purity in EBID material electric conductance is assumed to be 

by tunneling between individual Pt grains
34

. With a larger Pt purity tunneling between grains is easier, 

reducing the resistivity. By (partial) combustion of the carbon in the Pt EBID layers, by annealing the Pt 

EBID in an O2 atmosphere, the material is purified, reducing the resistivity for the same reasons. 

In comparison to the material deposited with EBID, Pt films deposited by ALD show an excellent material 

composition and near bulk conductivity. Even though the resistivity of Pt ALD films are close to the bulk 

value of Pt, the resistivity of the structures deposited with combinatorial EBID-ALD was not measured so 

far and therefore it is unknown whether the structures also have such low resistivity. Hence the 

resistivity of the Pt nanostructures is measured in this work. To determine the composition of the EBID-

ALD material X-ray photoelectron spectroscopy (XPS) was performed. Compared to EDX, XPS is more 

accurate and also gives information about the composition of the stacked layers by making a depth 

profile.  

First the experimental setup is given, in which also the four-point probe and XPS techniques are briefly 

explained where after the results are presented. At the end of this chapter the results will be discussed. 

It is shown that Pt ALD is able to grow on itself but not on an Al2O3 substrate. Here after it is explained 

why Pt can be deposited selectively by looking into the surface reactions that play a role during Pt ALD. 

Also the transformation of the (carbon containing) Pt EBID layer during annealing will be discussed and 

used to clarify the transformation of the (carbon containing) Pt EBID layer to a pure Pt nanostructure, as 

is the case for combinatorial EBID-ALD.  
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Table 5.1: Literature values for Pt purities and 

and resistivity of Pt material deposited by combinatorial EB

Deposition Process 

Pt 

Bulk Pt 100 

EBID + Anneal in O2 70 

ALD 95> 

Combinatorial EBID-ALD 98 

 

5.2 Experimental setup 

5.2.1 Resistivity 

To measure the resistivity of the Pt nanostructures

by combinatorial EBID-ALD. The electron 

structures were 2.6 and 0.9 nC/µm
2
 respectively. 

the electron current for the inner structure was set to 6 nA while the current for the outer structures 

was set to 10 nA to minimize the deposition time. 

after EBID before ALD. Due to the high amount of carbon in the deposit a dark structure is observed. 

Hereafter, 1000 cycles of Pt ALD were 

selective ALD of Pt. In Figure 5.2 SEM images are 

the length scales of the deposit. The thickness of the depo

was determined by EDX at 35.3 nm. The resistivity 

measured resistance, and A the product of the deposits thickness and width (1.32 μm) and 

(2.97 μm).  

 

Figure 5.1: four-point probe structure after EBID before ALD was performed.

substrate due to the high carbon content present in the EBID structure.

purities and resistivities for bulk Pt, Pt EBID material and Pt ALD material. Also the purity 

and resistivity of Pt material deposited by combinatorial EBID-ALD, which will be presented in this chapter, is shown.

Composition Resistivity 

(µΩ cm) 

Reference

C O Ga 

X 0 X 10.8 

30 0 X 1.4·10
4
 

<5 0 X 13 ± 1 

0 2 X 11 ± 2 This work

To measure the resistivity of the Pt nanostructures, a complete four-point probe structure was deposited 

electron dose during EBID for the inner (lines) and outer 

respectively. The electron acceleration current was set to 5 kV and 

the electron current for the inner structure was set to 6 nA while the current for the outer structures 

was set to 10 nA to minimize the deposition time. In Figure 5.1 the four-point probe structure is shown 

. Due to the high amount of carbon in the deposit a dark structure is observed. 

cycles of Pt ALD were performed employing an O2 pressure of 0.03 mbar

SEM images are shown of the four-point probe structure

the length scales of the deposit. The thickness of the deposit between the inner two contact 

. The resistivity (ρ) was calculated using Equation (5.1)

the product of the deposits thickness and width (1.32 μm) and 

A
R

L
ρ =  

 

after EBID before ALD was performed. The four-point probe structure is darker then the 

substrate due to the high carbon content present in the EBID structure. 

bulk Pt, Pt EBID material and Pt ALD material. Also the purity 

ALD, which will be presented in this chapter, is shown. 

Reference 

75
 

32
 

35
 

This work 

point probe structure was deposited 

for the inner (lines) and outer (large pads) 

The electron acceleration current was set to 5 kV and 

the electron current for the inner structure was set to 6 nA while the current for the outer structures 

point probe structure is shown 

. Due to the high amount of carbon in the deposit a dark structure is observed. 

pressure of 0.03 mbar yielding area-

, also indicating 

sit between the inner two contact contacts 

) where R is the 

the product of the deposits thickness and width (1.32 μm) and L its length 

(5.1) 

point probe structure is darker then the 
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Figure 5.2: SEM images of the four-point probe structure grown with combinatorial EBID-ALD. No Pt is observed on the Al2O3 

surface apart from on the by EBID fabricated four-point probe structure. The four-point probe structure is lighter with respect 

to the substrate due to the high metal content of the structures (>98 at.%).  

In Figure 5.3 an image using an optical camera is shown of the four-point probe structure with the probe 

needles carefully placed on the pads. The resistivity of the inner line was determined by applying a 

current on the pads leading to the outer contacts and measuring the voltage drop over the inner two 

contacts. Two-point probe measurements were compared with the four-point probe measurements to 

determine the contact resistance. The contact resistance, in this circuit, comprises of the resistance of 

the wiring leading to the center deposit and the resistance between the probe needles and the Pt pads. 

To determine the contact resistance of contacted CNTs, the contact resistance determined here should 

be subtracted, as will be discussed in Section 6.4. The theory of the four-point probe measurements and 

the equipment used will be given in the next section. 

 

Figure 5.3: the four-point probe structure deposited with combinatorial EBID-ALD making contact with the four probe needles 

leading to the measuring setup. 
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5.2.2 Four-point probe 

The four-point probe method is an electric resistance measurement technique where the current 

carrying wires are separated from the voltage sensing electrodes. This way the resistance of the wires 

and the contact resistance are eliminated in this measurement. A graphical representation of a four-

point probe measurement is shown in Figure 5.4. 

 

Figure 5.4: Graphical representation of a four-point probe measurement. The outer two wires supply a current and the inner 

two wires measure the voltage drop over the target resistance.  

The outer wires supply a current that generates a voltage drop over the target resistance. To avoid the 

measurement of the voltage drop over the rest of the circuit, the inner two wires are placed adjacent to 

the target resistance. The internal impedance of the inner sensing connection is very high so almost no 

current is flowing through the sensing wires. Therefore the resistivity of the target resistance can be 

measured accurately.  

Because with four-point probe measurements the contact resistance is eliminated from the 

measurement, the contact resistance can be determined when the two-point probe measurement and 

four probe measurement are subtracted from each other, as given in Equation (5.2).  

 
2 4

2

pp pp

contact

R R
R

−
=  (5.2) 

The equipment used to do the four-point probe measurements are a Keithley 2400 SourceMeter with 

Tungsten probe needles with a diameter of 7 μm. A home written software program is used to control 

the Keithley. A stepwise increase of the current can be used increasing the accuracy of the 

measurement.  

5.2.3 Film composition 

To further characterize the Pt layers deposited with combinatorial EBID-ALD an XPS depth profile was 

made. The basic theory and XPS equipment used is explained in the next section. The deposition was 

performed on a standard c-Si substrate covered with 50 nm Al2O3. An electron acceleration voltage of 5 

kV and an electron current of 11.3 nA were used to deposit the Pt seed layer. The overlap was set to 

50%. 200 passes were performed resulting in a total dose of 1.5 nC/μm
2
. After deposition of the seed 

layer structure, 1000 Pt ALD cycles were performed employing an O2 pressure of 0.03 mbar. Nominal 

growth was 46 nm as determined by in situ SE. A full XPS spectrum was measured of the material 

deposited with combinatorial EBID-ALD. A depth profile was made by measuring the regions around the 

Pt4d, C1s, Al2s and O2s peaks between subsequent sputtering steps. The film composition was 

determined by fitting the appropriate peaks.  

A

L

V I
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5.2.4 X-ray photoelectron spectroscopy 

X-ray photoelectron spectroscopy (XPS) is a technique where a high energy photon (X-ray) is used to free 

a core electron from an atom (Figure 5.5a). The velocity of this removed electron is measured by a 

hemispherical sector analyser. By using Equation (5.3) the binding energy of this electron is calculated. 

 ( )binding photon kinetic spectrometerE E E φ= − −  (5.3) 

Where Ebinding is the binding energy of the electron, Ephoton is the energy of the X-rays, Ekinetic is the 

measured kinetic energy of the electron and φspectrometer is the work function of the spectrometer. From 

the binding energy of the different electrons, the molecular stoichiometry and bindings to other atoms 

state can be determined. XPS only measures approximately the top 10 nm due to the limited escape 

depth of the electrons. A depth profile can be made while slowly etching with an ion beam. A typical XPS 

spectrum is shown in Figure 5.5a
76

.  

 

Figure 5.5:(a) Typical XPS spectrum of SiO2. The sample elements are clearly distinguishable, and there is some contamination 

on top of the substrate, indicated by the carbon peak. (b) A core electron is freed by interaction with an X-ray. From the 

measured kinetic energy, the binding energy of the electron can be determined.  

The XPS measurements were performed on a Thermo Scientific K-Alpha KA1066 spectrometer using 

monochromatic Al Kα X-ray source (1486.6 eV). Photoelectrons were collected at a take-off angle of 60°. 

A 30 µm diameter X-ray spot was used in the analyses. Samples were neutralized during sputtering using 

a flood gun (which provides electrons to the surface) to correct for differential or non-uniform charging. 

All the spectra were corrected for sample charging, by using the Pt4f peak at a binding energy of 

71.2 ± 0.2 eV as an internal reference
77

.  

 

5.3 Results 

5.3.1 Resistivity 

In Figure 5.6 the I-V curves measured in four-point probe and two-point probe configuration of a single 

measurement are presented. The resistance is determined from the slope of these curves and the 

resistivity of the Pt structure is determined via Equation (5.1). The resistivity found this way is 11±2 

µΩcm. The contact resistance of the circuit can be calculated using Equation (5.2) and is 59±4 Ω per 
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contact
i
. Several measurements were performed per deposited structure. Also more structures were 

fabricated using combinatorial EBID-ALD which all showed comparable resistivities, showing that the 

combinatorial EBID-ALD fabrication technique and the measurements are reproducible.  

 

Figure 5.6: I-V curves from the four and two-point probe measurements. The resistance of the inner Pt line extracted from the 

four-point probe measurement is 7 Ω which gives a resistivity of 11±2 μΩcm. The resistance of the whole circuit extracted 

from the two-point probe measurement is 124 Ω, from which can be concluded that the contact resistance per contact is 

59±4 Ω. 

5.3.2 Film composition 

 

Figure 5.7: (a) XPS spectrum of a Pt EBID-ALD structure (~46 nm) deposited on a 50 nm Al2O3 layer on a c-Si substrate. The Pt 

layer is almost pure with only 2at.% oxygen. (b) Depth profile of the same deposit. With the first measurement C and O are 

observed due to physisorbed contaminations. After the removal of the contamination an almost pure Pt film is measured. 

After 20 seconds of etching the Al2O3 is observed. No carbon is measured at the Pt-Al2O3 substrate interface. 

In Figure 5.7a the XPS survey of the Pt layer is shown. Several Pt peaks are observed originating from the 

different core shells of the Pt atoms. O1s and O2s peaks are also observed. The Pt purity of the layer was 

(98±1) at.%, while the remaining (2±1) at.% was attributed to oxygen. No carbon was observed inside the 

layer. In Figure 5.7b a depth profile of the same deposit is shown. Some Carbon and oxygen impurities 

                                                           
i
 The contact resistance is needed in Chapter 6 where the contact resistance of CNT contacts is measured. 
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were detected due to surface contaminations. After removal of the first thin layer by sputtering, an 

almost pure Pt layer is measured comparable to the spectrum shown in Figure 5.7a. After 20 seconds of 

etching time a decrease in Pt content was observed due to the contribution of the Al2O3 substrate. With 

longer etching times, eventually the Pt layer is completely removed. No carbon is observed at the Al2O3 

substrate-Pt interface, suggesting that the carbon from the Pt EBID seed layer is completely removed 

during the ALD process. 

 

5.4 Discussion 

In Figure 5.8a, the deposited Pt thickness on Al2O3 substrates as a function of the number of ALD cycles is 

given for different O2 pressures. It was observed that the nucleation delay for low O2 pressures is long on 

an Al2O3 surface. When the O2 pressure is below 0.01 mbar the nucleation delay exceeds 1000 cycle. On 

the other hand, for high O2 pressures the growth starts without a substantial growth delay. In Figure 5.8b 

the Pt thickness as a function of the number of ALD cycles on as-deposited Pt is shown. Pt growth on as-

deposited Pt is observed for O2 pressures as low as 0.002 mbar. The ability of the Pt ALD process to 

selectively grow on as-deposited Pt and not on an Al2O3 substrate defines a selective growth regime of 

two orders of magnitude in O2 pressure. The selective growth regime is shown in Figure 5.8c together 

with the growth delay as a function of the O2 pressure.  

 

Figure 5.8: (a) Pt thickness as a function of the number of ALD cycles on Al2O3 substrates. Almost immediate Pt growth is 

observed for ALD at an O2 pressure of 1 mbar. For lower O2 pressures, the number of cycles needed to obtain Pt growth is 

longer. For pressures below 0.01 mbar no Pt growth is observed for at least 1000 cycles. (b) Pt thickness as a function of the 

number of ALD cycles on as-deposited Pt films. Pt films are deposited using O2 pressures down to 0.002 mbar. (c) The growth 

delay as a function of the O2 pressure together with the selective growth regime, which is defined as the region where growth 

is observed on as-deposited Pt but not on an Al2O3 substrate. 

The ability of Pt to grow selectively on itself and not on an AL2O3 surface can be attributed to the 

catalytic behavior of the Pt surface and the surface reactions during Pt ALD. During the reactant half 

cycle O2 is dosed in the reactor. At the Pt surface, due to its catalytic behavior, O2 can dissociate and 

chemisorb at the Pt surface
78

. During the precursor half cycle the precursor ligands are oxidatively 

decomposed by chemisorbed atomic oxygen resulting in the deposition of Pt. The reaction between 

chemisorbed atomic oxygen and the precursor is crucial for the deposition of Pt and hence, when there 

is no oxygen chemisorbed on the surface no Pt will be deposited. On Al2O3 surfaces the dissociation of O2 

does not take place. Higher O2 pressures are needed to induce dissociative chemisorbsion of O2 most 

likely on Pt islands that develop under O2 dosing of physisorped Pt at the surface. Hence, for a specific O2 

pressure regime it is possible to achieve growth on as-deposited catalytic Pt films and not on the Al2O3 

substrate.  
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The deposition of a (carbon containing) Pt EBID structure provides a local Pt seed layer on which Pt can 

be selectively grown. During Pt EBID the Pt aggregates in crystallites with an average diameter of a few 

nanometers embedded in an amorphous carbon matrix.
79

 The carbon in the Pt EBID layer can (partly) be 

combusted by an annealing procedure at 300 °C in an O2 atmosphere purifying the Pt EBID layer
32

.  

During the first ALD cycles it is expected that the EBID seed layer is effectively purified due to the O2 

reactant step used in each ALD cycle. With every cycle more carbon is removed, eventually leaving the Pt 

crystallites on the substrate surface as nucleation islands (Figure 5.9a-c). No carbon was observed at the 

Pt-Al2O3 interface with XPS, suggesting a complete removal of the carbon of the Pt EBID structure. It is 

assumed that at the surface of the Pt grains the O2 can chemisorb dissociatively, leading to Pt growth. In 

the following ALD cycles the individual islands increase in size and eventually island coalescence is 

achieved (Figure 5.9d-e). With thicker seed layers the Pt crystallite density at the surface is larger, 

reducing the number of cycles needed before island coalescence is achieved, which in turn reduces the 

nucleation delay. After the formation of a continuous film it is expected that normal layer-by-layer ALD 

growth will occur (Figure 5.9f). 

 

Figure 5.9: (a) Pt grains embedded in an amorphous carbon matrix. (b-c) By exposing the EBID seed layer to O2 gas at elevated 

temperatures the carbon in the layer is (slowly) removed, and eventually isolated Pt grains on the substrate surface are 

expected. (d) The ALD growth may initiate on the Pt grains increasing the grain size of the Pt particles. (e) Eventually the 

grains coalesce forming a full closed film. (f) After the formation of closed film layer-by-layer growth occurs. 

 

5.5 Conclusions 

The resistivity obtained for Pt nanostructures deposited with combinatorial EBID-ALD are comparable to 

the resistivity of Pt deposited with ALD and is in the same order as bulk Pt. This is an improvement of 

more than 3 orders of magnitude when compared to other Pt EBID structures grown with the 

MeCpPtMe3 precursor. XPS revealed that the composition of the deposit is almost pure Pt. In the Pt bulk 

layer only a small amount of oxygen (<2%) was observed. No carbon was observed at the Pt-Al2O3 

interface suggesting that during the ALD process all the carbon is removed from the Pt EBID seed layer. It 

is proven that by combinatorial EBID-ALD ultra pure-Pt nanopatterns can be manufactured. 

5.5.1 Applicability for the fabrication of CNT contacts 

It is shown that with combinatorial EBID-ALD it is possible to manufacture structures with an excellent 

conductivity and high Pt purity. It is expected that the structures manufactured by combinatorial EBID-

ALD are of sufficient quality for the fabrication of contact lines for future CNT devices. Therefore 

combinatorial EBID-ALD of Pt is used to contact multi-walled CNTs as is shown in the next chapter. 
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Chapter 6           

  Contacting carbon nanotubes using 

combinatorial EBID-ALD 
 

 

 

 

6.1 Introduction 
With the possible application of CNTs in future devices, the investigation and characterization of the 

contacts needed for these devices is of key importance. It has been reported that the electric contact 

resistance between the metal electrode and the CNT has a large impact on the device performance
8,36

. 

Measurements performed on CNT contacts fabricated by EBID showed that the resistance of the circuit is 

dominated by the resistance of the contacts. For future applications, the contact resistance has to be 

decreased such that the properties of the CNTs are the determining factor for the overall performance. 

Several models have been made to simulate the contact resistance of CNT contacts
20,80

. All these models 

showed that with decreasing circuit size the contacts play a larger role in the total device properties.  

As was found in the previous chapters, that Pd EBID and area-selective ALD with SAMs are not suitable to 

manufacture contact lines. Combinatorial EBID-ALD of Pt however yields high purity, low resistivity 

structures. Therefore combinatorial EBID-ALD of Pt was selected to contact CNTs. 

In this chapter, first a theoretical background is given explaining the electric properties of CNTs, which 

serves as background information for the model presented later in this chapter. Hereafter the results 

obtained for a CNT circuit made by deposition of the contact lines by combinatorial EBID-ALD of Pt are 

presented. The geometry of the contacts and the intrinsic resistance of the CNT and the contact, 

measured with the deposited contacts, are reported. It is shown that the contact resistance can be 

decreased to the same order of magnitude as the intrinsic resistance of the CNT. To identify and explain 

the significant improvement in the contact resistance, a model is presented. The model describes the 

resistance of a contacted CNT and identifies the different elements contributing to the total resistance of 

a contacted CNT. In this research only large multi-walled CNTs were used while for future applications 

small single-walled CNTs are needed. The model is also used to describe the effects of the contact 

resistance when single-walled CNTs are used instead of multi-walled CNTs. 
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6.2 Theoretical background 

6.2.1 Electric properties 

To understand the electric properties of CNTs, the electric properties of graphene are discussed briefly 

first
5
. In the band structure of graphene, the bonding band is always energetically lower than the anti-

bonding band for all wave vectors, except at the corner points of the Brillouin zone, where the band 

splitting is zero. At these corner points the density of states is zero and therefore graphene is a zero 

bandgap semiconductor
81

. When a single ribbon of graphene is rolled up to a CNT, the rolling process 

forming the CNT and the structure of the CNT are specified by the chiral vector (Ch=na1+ma2). The chiral 

vector is specified by two numbers (n,m) and two unit vectors of the graphene lattice (a1 and a2) (Figure 

6.1). By definition, three types of CNTs can be formed in this way, i.e., achiral armchair (n,n), achiral 

zigzag (n,0) and chiral (n,m; n>m and m≠0) CNTs. For a chiral CNT, the chiral angle, θ, is defined by the 

angle between the chiral vector, Ch, and the (n,0) zigzag direction.  

 

Figure 6.1: The role up vector, Ch=na1+ma2 and chiral angle θ for a (n.m) CNT where a1 and a2 are the primitive vectors of the 

graphene sheet. A (4,3) chiral vector is defined here. 

The electronic behavior of the CNT depends on its chirality. Simulations show that for some chiralities a 

bandgap opens up at the points where the conduction and valance band touch. All armchair (n,n) CNTs 

are true one dimensional zero band gap semiconductors, which behave like metals. All other CNTs are 

metallic only if (n-m)/3 is an integer, otherwise the CNT is a semiconductor with a band gap inversely 

proportional to the diameter of the CNT. When a CNT consists of coaxially arranged CNTs this is called a 

multi-walled CNT. Large diameter multi-walled CNTs can be considered zero band gap semiconductors, 

because even for chiralities that predict semiconducting CNTs, the band gap is generally so small that it 

behaves like a metal. Simulations also show that CNTs are real one dimensional ballistic conductors, 

meaning that small angle scattering is not allowed and that there is no carrier scattering or energy 

dissipation in the body of the CNT
81

. 

However real CNTs are not perfect and have defects on which electron scattering occurs. Therefore the 

ballistic conduction only occurs when the mean free path (MFP) of the electrons is longer than the length 

of the CNT over which is measured. When the length of the CNT is longer than the MFP of the electron a 

scattering induced resistance (Rscattering) is measured. In addition, there is also always a quantum contact 

resistance (Rquantum) between the CNT and a metal contact originating from the mismatch between 

overlapping discrete quantum states in the CNT and continuum states in the metallic electrode
82,83

. The 

(na1,ma2)=(4a1,3a2)

Chirality = (4,3)
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contribution of the defects cannot be quantified because it is different for every CNT. The resistance of a 

single CNT shell contacted to a metal contact assuming no defects is given by Equation (6.1)
84

. 

 
2 2 2

1
2 2 2

CNT quantum scattering

channels channels channels

h h L h L
R R R

e N e N e Nλ λ

 
= + = + = + 

 
 (6.1) 

Where h is Planck’s constant, e the charge of an electron, Nchannels the number of conducting channels in 

the shell, L the length of the CNT and λ the (MFP) of the electrons. The number of conducting channels is 

equal to two for single-walled CNTs, and for multi-walled CNTs Nchannel is approximated by Equation (6.2) 

where dcnt is the diameter of the CNT in nm
85

.  

 ( ) 0.0612 0.425channel CNT cntN d d≈ ⋅ +  (6.2) 

The MFP of the electrons for CNTs up to diameters of a few nm is approximated by (6.3)
86,87

.  

 ( ) 1000CNT CNTd dλ ≈  (6.3) 

 

6.3 Experimental setup 

Multi-walled CNTs have been dispersed on a c-Si wafer covered with 50 nm Al2O3 using the “saltshaker 

technique”. A trace amount of multi-walled CNTs was added to a chloroform solution (<0.01 mg/ml) and 

ultrasonicated for more than 15 minutes to unmingle the CNTs. Hereafter a droplet is dosed on the 

substrate, and then dried under a N2 flow. An individual multi-walled CNT was selected after which a 

four-point probe structure was deposited on top of the CNT using EBID. The dose used to deposit the 

contact lines was ~3.5 nC/μm
2
, resulting in an estimated thickness of the EBID layer between 4 and 8 nm. 

After EBID deposition the samples were transferred to the ALD reactor where 1000 cycles Pt ALD 

employing an O2 pressure of 0.01 mbar were performed. The ALD deposition resulted in a Pt thickness of 

~45nm as measured by EDX. One sample was selected for cross-sectional TEM imaging. The CNT was cut 

as depicted in Figure 6.2.  

Another sample was selected for four point/two-point probe measurements to determine the resistance 

of the multi-walled CNT and the contact resistance. Four-point probe measurements were performed by 

carefully placing the probe needles on the Pt pads. The resistivity of the CNT located between the inner 

to electrodes of the four-point probe structure was determined by applying a current on the pads 

leading to the outer two electrodes and measuring the voltage drop over the inner two electrodes. Two-

point probe measurements were done while the probe needles were still placed on the pads but now 

the current is applied on the inner two contacts while using the same contacts to measure the voltage 

drop. 
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Figure 6.2: (a) Visualization of the cross-sectional area used to fabricate the TEM lamella. (b) SEM image of the contact after a 

protective carbon layer was deposited locally. After the protective layer was deposited the sample was cut out of the 

substrate using the FIB and a TEM lamella was made. 

 

6.4 Results and discussion 

6.4.1 Geometry 

SEM images of the contacted CNT that was used for electric measurements are shown in Figure 6.3. EDX 

analysis revealed no Pt deposition on the substrate and no Pt on top of the CNT for areas not patterned 

by EBID. The contacts were well defined with sharp edges, from which an excellent selectivity can be 

concluded. The length of the multi-walled CNT between the two contacts is 807 nm and its diameter is 

128 nm. Contact lengths are relatively large (>1μm) and not on the scale needed for future 

nanomanufacturing. The size of the contacts can however be decreased in size to ~10 nm. It is expected 

that the Pt structures are of the same quality as the Pt structures presented in Chapter 5 because the 

same deposition procedures were used. The electric measurement presented below confirm the quality 

of the contact lines. 

Contact

CNTs

Cross-sectional 

TEM

a

b
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Figure 6.3: SEM images of a CNT contacted with Pt combinatorial EBID-ALD. A selectively deposited Pt pattern was observed 

making contact to the CNT. The gap between the inner contacts is 807 nm and the diameter of the multi-walled CNT is 

128 nm, as shown in the inset. 

In Figure 6.4c and d the pictures from the TEM study (performed on a different CNT contact) are shown. 

Figure 6.4a and b are SEM images, showing an overview of the lamella. The CNT is positioned on top of 

the Al2O3 layer. A conformal Pt film (light grey) is deposited on top of the Al2O3 and CNT, following the 

contours of the CNT nicely. From this it is concluded that a good contact area is achieved between the 

CNT and the contact. No Pt is observed below the CNT, and the CNT is not lifted above the substrate. 

Figure 6.4c reveals that the material is polycrystalline Pt.  

In Figure 6.4d a close-up of the CNT is shown. The individual concentric shells of the multi-walled CNT 

are visible. The distance between the shells is 0.36 nm, and is in agreement with literature values
88,89

. No 

clear distinction can be made between the Pt EBID seed layer and the Pt grown using ALD. Therefore it 

can be concluded that the seed layer is thin or completely removed during ALD and the total contact is of 

the same structure (ALD quality). This is also a sign that an optimal contact is fabricated where the Pt 

film is directly making contact to the CNT. 

Even though an excellent geometry is obtained, there are still some questions which cannot be answered 

(yet). A dark triangle shape is visible in the CNT of Figure 6.4c. A possible explanation for this is that the 

incoming Ga ions (used for the fabrication of the TEM lamella) graphitized the CNT. Another question is 

what caused the non-circular shape of the CNT. An explanation could be that due to the stress in the Pt 

layers the CNT is deformed
i
. More research is however needed to explain both effects. 

                                                           
i
 The stress in the layer was measured using grazing-incidence XRD

90
.  

a b
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Figure 6.4: (a&b) SEM image of the CNT contact after a lamella has been fabricated. In Figure a, the two CNTs are visible as 

black circles surrounded by the Pt (white) contact. In Figure B a close-up of the left CNT is shown. The c-Si substrate (black) is 

shown at the bottom; on top of the c-Si substrate the Al2O3 layer is shown as dark grey. A carbon protective layer is deposited 

on top of the CNT needed for the TEM study. (c&d) TEM images of the contacted CNT. All layers depicted in Figure b are 

shown in more detail in Figure c. In Figure d a close-up of the multi-walled CNT is shown. The individual CNT shells are visible. 

No clear distinction can be made between the Pt layer deposited by EBID and the Pt layer grown by ALD. 

To conclude this part: the CNT contact presented here is the first time that a full direct-write approach is 

used to fabricate a CNT contact from which the intrinsic properties of the CNT could be measured. No 

resists or lithographic steps were needed to fabricate the circuit. A conformal Pt film is deposited on top 

of the CNT showing that combinatorial EBID-ALD of Pt is capable of contacting such nanostructures. The 

Pt coverage over the CNT is excellent with no voids observed between the CNT and the metallic contact.  

a b

c d

c-Si

Al2O3

Pt

C
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6.4.2 Contact resistance 

In Figure 6.5 the I-V curves used to measure the resistance of the contacted multi-walled CNT are shown. 

The resistance was determined from the slope of the graphs. The intrinsic resistance of the multi-walled 

CNT is (0.45±0.05) kΩ, while the total resistance of the circuit is (1.56±0.05) kΩ. In literature, little is 

known about the intrinsic resistance of multi-walled CNTs with a diameter as large as 128 nm. The 

resistances reported for multi-walled CNTs smaller than 100 nm are generally above 1 kΩ. The difference 

in resistance can be due to the larger number of conducting channels for larger diameter multi-walled 

CNTs (Equation(6.2)) and the temperature for which the resistance is measured (room temperature)
ii
.  

 

Figure 6.5: I-V curves of the CNT contacted by combinatorial EBID-ALD. The intrinsic resistance of the CNT (0.45 kΩ) and the 

total circuit resistance (1.56 kΩ) using four-point probe and two-point probe respectively were measured. 

To determine the CNT contact resistance the intrinsic resistance of the CNT (0.45 kΩ) and the contact 

resistance of the probe needles (0.12 kΩ as determined in Chapter 5) need to be subtracted from the 

total circuit resistance (1.56 kΩ). A CNT contact resistance of 1.0±0.1 kΩ for two contacts is found. Note 

that this value includes the quantum contact resistance. The quantum resistance is often in the same 

order of magnitude as the intrinsic resistance of the CNT (Equation (6.1). Hence a contact resistance per 

contact (with exclusion of the quantum contact resistance) of less than 0.2 kΩ is certainly possible, 

however no proof can be given because no clear value can be appointed to the quantum contact 

resistance. The contact resistance measured is two orders of magnitude smaller than reported in 

literature for contacts made with EBID. It is expected that the main reasons why the contact resistance is 

low for combinatorial EBID-ALD is the quality of the contact material and large surface area between the 

CNT and the metal contact reducing the effective distance between the CNT and the metal contact 

significantly. The contact resistance is in the same order of magnitude as the intrinsic resistance of the 

multi-walled CNT, which makes this approach suitable for contacting CNTs. 

 

                                                           
ii
 At room temperatures the electrons can tunnel between different shells, which results in multiple conducting shells, and 

consequently a low intrinsic resistance of the multi-walled CNT. 
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6.5 Carbon nanotube contact resistance model 
To identify the significant factors contributing to the total resistance of a contacted CNT, a model is 

made where the entire CNT contact is modeled. The model is focused on contact fabrication by 

combinatorial EBID-ALD because the CNT-metal geometry, and thus the model, is dependent on the 

contacting methods. The type of CNT and contact metal used have a large effect on the contact 

resistance. When a semiconducting CNT is used there can be a Schottky barrier at the CNT-contact 

interface dependent on the work functions of both the CNT and the metal. In this chapter the focus 

however is on the contacting of metallic CNTs. The required modifications to the model when 

semiconducting CNTs are used instead can be found in Appendix B3. Two main aspects influencing the 

contact resistance are identified, namely the quality of the contact and the size of the contacts. Because 

the size of the contacts fabricated in this work is still large with respect to the contact size needed for 

future applications, the model is used to identify the effect of decreasing the contact size on the contact 

resistance. 

The model is derived by combining two models reported in literature, namely the models proposed by 

Rykaczewski et al. and Lan et al.
36,80

. The model proposed by Lan et al. describes two parameters (the 

resistance of the contact per unit length and the resistance of the CNT per unit length) to investigate the 

effect of contact length on the total contact resistance, but does not give any physical information on 

those parameters but uses them solely as fit parameters. The model of Rykaczewski et al. describes a 

CNT contact more thoroughly by describing the effects of the different contributions on the total contact 

resistance, but unfortunately does not take the contact length into account. By combining the two 

models a full description of the contact resistance is presented. 

First the model of Rykaczewski et al. is used and applied to the contact geometry of combinatorial EBID-

ALD contacts to obtain a physical understanding and identify the different contributions on the contact 

resistance. The model as proposed by Rykaczewski et al. is explained in detail in Appendix B2
36

. The 

contact resistance found this way (Rc) is a measure for the quality of the contact. Higher quality contacts 

correspond to a lower resistance value. The model of Lan et al. describes the resistance of a CNT 

contacted by a metallic film. By increasing the length of a contacted CNT (Lcontact) not only the additional 

covered length of the CNT should be taken into account but also the larger area of the contact. As 

mentioned before only fit parameters were used in the approach of Lan et al.. In this work the fit 

parameter describing the resistance of the CNT is substituted by the intrinsic resistance of the CNT 

(Equation (6.1)). The fit parameter describing the contact resistance is substituted by the contact 

resistance found following the approach of Rykaczewski et al.. This results in a full physical model of the 

contact and the contacted CNTs resistance. The resistance of the CNT contacted by a metallic film is 

called the “total resistance” (Rtotal). 
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Figure 6.6: Graphical representation of the geometry of a CNT contact fabricated by combinatorial EBID-ALD. The CNT is 

surrounded by a thin Pt film deposited by EBID. The high-purity metal contact fabricated by selective ALD is modeled on top of 

the EBID layer. The resistances given are that of the EBID layer and the resistances at the CNT-EBID and the EBID-metal 

interfaces. 

The geometry of a CNT contact manufactured using combinatorial EBID-ALD is shown in Figure 6.6. The 

CNT is surrounded by a thin (possibly carbon containing) Pt EBID layer. Also two interfacial films are 

modeled at the EBID-CNT and metal-EBID interfaces. The pure metal surrounding the EBID layer is 

deposited with ALD. 

The contact resistance of a contact on a CNT can be modeled as to the sum of the individual resistances 

of different contributions connected in series, as given by Equation (6.4).  
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 (6.4) 

The first term is the spreading resistance (Rspreading) which is the resistance accounting for the loss of 

electrons from the metal electrode to the substrate
36

. The spreading resistance is dependent on the 

spreading factor (H), the resistivity of the metal (ρmetal) and a representative length of the contact (Ljoint). 

The only unknown factor is the spreading factor, which is a dimensionless number. The spreading factor 

is a function of the radius and the thickness of the contact area and a representative length scale of the 

metal electrode. The spreading factor has been measured by Kennedy et al.
 91

 and lies between 10
-2

 and 

10
2
. When the spreading resistance is calculated from the Pt resistivity presented in Chapter 5 

(11±2 μΩcm), and the spreading factor as measured by Kennedy et al., a maximum total resistance of 

only 0.1 Ω is calculated. This value is much smaller than the intrinsic resistance of the CNT and therefore 

the spreading resistance can be neglected and is not taken into account for further calculations. 

The second term is the resistance of the EBID layer (REBID) and is determined by the EBID resistivity (ρEBID), 

the thickness (dEBID) and cross sectional area (AEBID). It is suggested in Chapter 5 that during the first ALD 

cycles the carbon in the Pt EBID film is (partly) removed and a pure Pt film is deposited. Therefore only a 

small resistance contribution of this term is expected. However it is unknown if the carbon is removed 

completely during the first ALD cycles when contacted to a CNT and therefore this contribution is still 

taken into account to be able to investigate its influence on the contact resistance. The thickness is 

chosen as the thickness of the EBID layer deposited on the CNT (3-8 nm). The resistivity of the EBID 

material is initially modeled as the Pt EBID resistivities reported in literature
32

. Also the effect on the 
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contact resistance for resistivities as low as 11 μΩcm (the resistivity of combinatorial EBID-ALD material 

presented in Chapter 5) will be investigated. 

The third and last terms are the two dimensional surface resistances present at the interface between 

two materials, where βCNT-EBID and βEBID-metal have the dimension of a resistance times surface area and are 

assumed to be constant
36

. No clear estimation can be done about the size of RCNT-EBID and REBID-metal. It is 

assumed that the contribution of both interfacial resistances can be modeled together in only one 

interfacial resistance. Therefore REBID-metal is neglected for further calculations. 

When in Equation (6.4) Rspreading and REBID-metal are neglected, Equation (6.5) is found. Equation (6.5) is 

used to describe the quality of the joint. 

 EBID EBID CNT EBID
c

EBID CNT EBID

d
R

A A

ρ β −

−

= +  (6.5) 

The equation indicates that when the EBID layer between the CNT and the metal contact is thicker or 

more resistive, the contact resistance will also become larger. When the total contact area between the 

CNT and the metal contact is reduced the contact resistance becomes larger, already giving an indication 

of the importance of the quality of the contacts when small contact lengths are used. 

As mentioned before Lan et al. used two fit parameters (contact resistance per unit length and CNT 

resistance per unit length) to account for the effect of the contact length on the “total resistance”. The 

contact resistance given by Equation (6.5) is substituted for the fit parameter describing the resistance of 

the contact per unit length, while Equations (6.1), (6.2) and (6.3) are used to describe the resistance of 

the CNT per unit length. This results in the “total resistance” (Rtotal) given by Equation (6.6). The 

derivation of the “total resistance” can be found in Appendix B1. 
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=  

 
 (6.6) 

In this equation Lcontact is the contact length, αc describes the contribution of the contact on the “total 

resistance” and γcnt is the contribution of the CNT. αc and γcnt are defined in Equation (6.7), where dcnt is 

the diameter of the CNT. The quality of the contact is determined by αc and is related to Rc. A high 

quality contact corresponds to a low value for αc. 
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From Equation (6.6) the effects of contact length and contact quality can be modeled. When the contact 

length is large ( 2
contact c cnt

L α γ>  μm), no increase of the contact resistance is measured as a function of 

Lcontact and threshold value 
cnt c

γ α  is measured. When the contact length is small the coth part of 

Equation (6.6) becomes significantly more important and a larger contact resistance is measured. For 

small contact lengths, the modeled “total resistance” is in agreement up to the first order with the 

models of Franklin et al., Rykaczewski et al. and Lan et al.
20,36,80

.  
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Finally, the total resistance of the CNT circuit when measured with two-point probe configuration is 

given by Equation (6.8). The quantum contact resistance (Rquantum) and the resistance of the CNT between 

the contacts (Rcnt) are added. The quantum contact quantum resistance is different from the other 

contact resistances, because the quantum resistance is not dependent on the contact, even with perfect 

contacts. Therefore the quantum resistance was not taken into account in the contact resistance (Rc). 

Rtotal(L) is the resistance of the “total resistance” where L1 and L2 are the contact lengths. Rcnt is the 

resistance of the CNT between the contacts where LCNT is the length of the CNT between the contacts.  
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6.5.1 Calculations 

In this part a few rough calculations are done to investigate the effect of the contact length, EBID layer 

resistivity and EBID layer thickness on the “total resistance” using Equation (6.6). A multi-walled CNT is 

assumed with a diameter of 100 nm. From Equation (6.2) follows that the number of conducting 

channels is approximately 6.5±0.5. Equation (6.3) cannot be used to determine the mean free path of the 

electrons because it is only applicable for CNTs with a diameter up to a few nanometers. In literature 

different electron MFPs values are reported which are all close to 1 μm
92-94

. Therefore an electron mean 

free path of 1 μm is assumed. It follows from Equation (6.7) that the γCNT is 1.9 kΩ/µm. When 

determining αc the CNT-EBID surface resistance (βCNT-EBID) is not taken into account. No additional 

knowledge will be obtained by adding this factor. Also no value can be appointed to βCNT-EBID without any 

measurements.  

Three different cases can be distinguished where subsequently the contact length, EBID layer thickness 

and EBID layer resistivity are varied while the other parameters are kept constant. The values for the 

contact length, EBID layer resistivity and EBID layer thickness when not varied were set to Lcontact = 1 μm 

and 20 nm, ρEBID = 3·10
6
 μΩcm (resistivity chosen such that the effects on the “total resistance” are 

clearly observable) and dEBID = 5 nm (as expected from the EBID results) respectively. The “total 

resistance” is shown as a dimensionless number by dividing it with the resistance of the CNT to illustrate 

when the “total resistance” is dominating over the resistance of the CNT (e.g. a “total resistance” of 1 

thus correspondents to a “total resistance” as large as the intrinsic resistance of a CNT). Results are 

shown in Figure 6.7, Figure 6.8 and Figure 6.9. 
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Figure 6.7: Normalized total resistance (“total resistance” divided by the CNT resistance) as a function of contact length. For 

long contact lengths, a minimal, constant contact resistance is found not dependent on the contact length. For short contact 

lengths the contact resistance becomes large. 

Simulations show that for short contact lengths the “total resistance” is large (Figure 6.7). A certain 

contact length is needed to achieve a minimal “total resistance”. For the conditions chosen, contact 

lengths below ~0.4 μm result in a too high “total resistance”. The increase of the resistance for short 

contact lengths is referred to as “short contact length effects”. If smaller contacts are needed, higher 

quality contacts are necessary as will be shown below.  

In Figure 6.8 the “total resistance” as a function of the EBID layer thickness is shown. For a contact length 

of 1 μm no significant reduction of the contact resistance can be achieved when the thickness is 

decreased down to thicknesses of 10 nm. By decreasing the EBID layer thickness to below one nm a 

reduction of the contact resistance can be achieved which is in the same order as the intrinsic resistance 

of the CNT. However for contact lengths of 20 nm a significant reduction of the contact resistance can be 

achieved when the EBID layer thickness is reduced. It is shown that to achieve a contact resistance in the 

same order of magnitude as the resistance of the CNT, an EBID layer thickness of only a few nanometers 

is allowed.  
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Figure 6.8: Normalized total resistance (“total resistance” divided by the CNT resistance) as a function of the EBID layer 

thickness for contact lengths of 20 nm and 1 μm (log scale). For thinner EBID layer thicknesses the contact resistance is 

smaller. For a contact length of 20 nm the effect of the EBID layer thickness on the “total resistance” is more significant. 

 

Figure 6.9: Normalized total resistance (“total resistance” divided by the CNT resistance) as a function of the EBID layer 

resistivity for contact lengths of 20 nm and 1 μm (log scale). Two regimes were identified with linear behavior (on the 

logarithmic scale) separated by a transition region. The transition region shifts more to lower EBID resistivities for shorter 

contact lengths. The resistivities reported by Botman et al. before and after an anneal procedure and the resistivity of bulk Pt 

are also shown
32

. 

In Figure 6.9 the “total resistance” as a function of the EBID layer resistivity for contact lengths of 20 nm 

and 1 μm are shown. Two regimes were identified which show a linear behavior (on the logarithmic 

scale) separated by a transition region. The slope of the line is a measure for the reduction in contact 

resistance for lower EBID layer resistivity. The higher slope above the transition point indicates that a 

larger reduction of the contact resistance can be achieved in this region by reducing the EBID layer 

resistivity. The graph shows that a lower EBID resistivity is needed for the shorter contact lengths to 

achieve a low “total resistance”. Also shown is that for EBID layer resistivity above ~10
4
 μΩcm the “total 

resistance” is lower for longer contacts. The transition regime shift more to lower resistivities for shorter 

contact lengths, which can be interpreted as an indication that lower EBID resistivities are needed to 
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prevent “short contact length effects” for shorter contact lengths. From Figure 6.9 it can be concluded 

that high quality contacts are needed when the contact length is reduced to the small sizes needed for 

future applications. 

If instead of multi-walled CNTs metallic single-walled CNTs are used, almost the same procedure can be 

used to simulate the effect of the contact length, EBID layer resistivity and EBID layer thickness on the 

total resistance. The exceptions are the calculation of the number of conducting channels and the 

determination of the EBID layer resistance between the CNT and the metal contact. The number of 

conducting channels is equal to 2 as given by Franklin et al.
20

. The calculation of the EBID interlayer film 

resistance cannot be determined in the way given in Equation (6.5) because this is only valid when the 

CNT diameter is much larger than the thickness of the EBID layer and a more extensive calculation is 

necessary. This procedure has been performed however not shown, because the same conclusions can 

be drawn as when using multi-walled CNTs with a slight difference. This difference is that the effect of 

the contact quality has much more effect on the “total resistance”. This is mainly because the effective 

contact area is significantly smaller due to the smaller CNT diameter. Therefore for single-walled CNTs 

the contact quality is of even greater importance than with multi-walled CNTs.  

The main conclusion that can be drawn from the model is that for small contacts the “total resistance” 

increases rapidly due to smaller contact area between the CNT and the metal contact. When the 

resistivity of the contact is reduced and a higher quality contact is fabricated, smaller contacts can be 

fabricated before any “short contact length effects” start to play a role. Due to the excellent CNT 

coverage and high quality contacts fabricated with combinatorial EBID-ALD, combinatorial EBID-ALD is an 

excellent technique for the fabrication of future contacts on CNT devices. 

 

6.6 Conclusions 

In this chapter, it was shown that it is possible to fabricate a CNT circuit with a full direct-write approach 

using combinatorial EBID-ALD of Pt. No resists or lithographic steps are needed to deposit the metal 

contact lines. TEM images show that the geometry of the contacts is excellent and a Pt layer is grown 

surrounding the CNT almost around its full circumference. A large contact area is achieved this way, 

which is needed for a low contact resistance. In the TEM image no clear distinction could be made 

between the Pt EBID layer and the Pt film deposited with ALD. Therefore it is concluded that a direct 

contact is made between the CNT and the metal contacts due to the excellent coverage of the Pt on top 

of the CNT. 

Resistance measurements of a CNT circuit prove that a high quality contact can be fabricated with 

combinatorial EBID-ALD of Pt. The contact resistance measured is less than 0.5 kΩ per contact. An 

improvement of two orders of magnitude is achieved with respect to other EBID contacts
8,36

. The 

resistance of the contact is of the same order of magnitude as the intrinsic resistance of the CNT, which 

increasing the potential of future CNT devices.  

The “total resistance” is modeled for contacts on metallic CNTs fabricated using combinatorial EBID-ALD. 

The different factors that determine the contact resistance have been identified. It was identified that 

the geometry and quality of the contact and the contact length play a crucial role in the “total 

resistance”. For short contact lengths the “total resistance” is large due to less coupling between the 

contacting metal and the CNT. It is shown by theoretical calculations that the geometry and quality of 

the contact used become significantly more important for small contact length. When smaller contacts 

are manufactured, a high quality contact is necessary to prevent “short contact length effects” to play a 



59  

 

role in the overall device performance. Therefore, if the contact size is decreased for future applications, 

high quality contacts are needed. It is shown that combinatorial EBID-ALD is able to synthesize these high 

quality contacts. 
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Chapter 7           

  Conclusions and Outlook 
 

 

 

 

In this thesis it was investigated whether it is possible to manufacture contacts on carbon nanotubes 

(CNTs) by EBID, ALD or a combination of both. Instead of lithographic procedure, only direct-write (EBID) 

and area-selective ALD were used as deposition techniques to deposit the nanopatterns. Due to 

contamination issues of the CNT and the substrate surface by lithographic etching and cleaning 

procedures, lithography is not the ideal technique for contacting CNTs. In general, CNT contacts 

fabricated using direct-write techniques (e.g. EBID) are of insufficient quality and the resistance of the 

contacts is higher than the intrinsic resistance of the CNT. The electric properties of the CNT circuit are 

therefore predominantly determined by the contact and not by the CNT itself. Hence, there is a need for 

higher quality contacts fabricated by direct-write.  

First it was investigated whether it was possible to manufacture high quality contacts using Pd EBID. Due 

to the matching work functions between Pd and C, Pd is known as an excellent contact material for CNT 

devices. The EBID process was optimized in terms of purity and yield. The maximum yield observed was 

in the order of 10
-1

 μm
3
/nC, an increase over 4 orders of magnitude with respect to literature values. A 

purity of 15 at.% was measured not dependent on the EBID operating settings over the current and 

electron acceleration voltage range investigated, which is a significant improvement compared to values 

reported in literature. After an anneal procedure in an O2 atmosphere at elevated temperatures, the 

purity was increased to 48 at.% due to the removal of fluorine and carbon from the deposits. The 

resistivity of the Pd deposits before and after the anneal procedure were (1.7±0.5)·10
9 

μΩcm and 

(3±2)·10
5 

μΩcm respectively. The quality of the Pd EBID structures is however still insufficient to be used 

as CNT contact material. However, the Pd nanostructures are of sufficient quality to induce ALD growth 

and therefore combinatorial EBID-ALD of Pd might be obtainable. 

With Pt ALD it is possible to fabricate high purity films with a resistivity similar to bulk Pt. It was 

investigated whether it is possible to fabricate Pt nanopatterns with the use of self-assembled 

monolayers (SAMs) as a blocking agent. A novel approach was employed where the SAMs were damaged 

locally by a focused electron beam (FIB). The Pt is therefore not blocked by the patterned SAM which 

allows selective growth of Pt at these patterned positions. The nucleation of the ALD deposited Pt on 

SAM functionalized surfaces was described which showed that the ALD growth initiates at places where 

different SAM nucleation islands coalesce because the defect density is larger at these positions. 

Nanostructures have been fabricated using this novel method of area-selective ALD. It was found that a 

minimal ion dose of 2·10
7 

ions/μm
2
 was required for Pt growth with minimal growth delay. This ion dose 
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is however in the same order of magnitude as is used to mill a Si substrate and therefore it is expected 

that the ion dose also damages the CNT. It is difficult to functionalize CNTs with a SAM because SAMs 

can only be used to functionalize 2-D surfaces. Therefore it is unlikely that SAMs will be used for the 

fabrication of contact lines on CNTs. 

High purity Pt nanostructures can be fabricated by using a combinatorial approach of EBID and ALD. EBID 

is used to deposit a thin Pt seed layer which is thickened by area-selective Pt ALD. The resistivity of the Pt 

nanostructures was determined (11±3 μΩcm) and are comparable to the resistivity of Pt films deposited 

by ALD. The purity of the Pt nanostructures was determined by XPS at >98% Pt. No carbon was observed, 

even at the Pt-substrate interface suggesting a total removal of carbon from the Pt seed layer. Therefore 

it is established that by combinatorial EBID-ALD high quality Pt nanostructures can be fabricated with 

material properties similar to bulk Pt. The quality of these structures is expected to be sufficient to be 

used as CNT contacts.  

The main result of this thesis is that it is shown that it is possible to contact a CNT by combinatorial EBID-

ALD of Pt. The Pt nanopatterns covered the CNT almost around its full circumference allowing a 

maximum contacted surface area. The intrinsic resistance of the contacted multi-walled CNT was 0.45 kΩ 

while the measured contact resistance was (1.0±0.1) kΩ (for two contacts including the quantum contact 

resistance). The value of the contact resistance is two orders of magnitude lower then what has been 

reported in literature for EBID contacts and is in the same order of magnitude as the intrinsic resistance 

of the CNT. A model was proposed to describe the CNT contacts manufactured using combinatorial EBID-

ALD. From the model it was concluded that the length of the contact and the resistivity of the contact 

material are the limiting factors of the combined resistance of the contacted CNT and the contact. 

Therefore it was proven that high quality contacts are of essential need when the size of the contact is 

scaled down to the dimension of the CNT. It is shown that with combinatorial EBID-ALD of Pt it is possible 

to manufacture these high quality contacts. 

7.1 Outlook 

It is interesting to further characterize the contacts and the contacted CNT. The resistance of the CNT 

and the contacts can for example be measured as a function of temperature in a cryostat. The resistance 

as a function of temperature can give additional information about the CNT and the contact (i.e. the 

semiconducting or metallic behavior of the CNT).  

Besides the further characterization of the contacted CNT, more CNTs should be contacted with 

combinatorial EBID-ALD of Pt. The ALD deposition settings should be investigated to increase the success 

rate (fabricated CNT contact per CNT patterned with EBID). By increasing the number of contacted CNTs 

it will be easier to relate the measured resistance to the model and appoint values to for example the 2-

D surface resistance at the CNT-contact interface. The effect of the contact length on the “total 

resistance” for contacts fabricated by combinatorial EBID-ALD can be investigated by manufacturing 

several samples with different contact lengths. As mentioned in Chapter 1, the goal is to manufacture a 

full CNT device (such as a transistor). For these devices single-walled CNTs are needed. Therefore the 

next step should be to contact single-walled CNTs.  

Due to their matching work functions, Pd is an excellent material for contacting CNTs (and graphene). 

Recently it was found that Pd ALD is able to initiate on Pd seed layers deposited with EBID. There are 

however still some hurdles that need to be overcome before the same quality nanostructures can be 

deposited as can be done with combinatorial EBID-ALD of Pt. I think that there must be a focus on the 

systematic characterization of the Pd combinatorial EBID-ALD process. 
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Besides the contacting of CNTs, combinatorial EBID-ALD can also be used to contact other materials. 

Graphene is also proposed as a possible material for future FETs and also has the problems that 

contacting by lithographic procedures is troublesome for many of the same reasons as contacting of 

CNTs. Plans have been made to contact graphene using combinatorial EBID-ALD in the near future, which 

would also demonstrate the diversity of contacting with combinatorial EBID-ALD. 
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Appendix A          

  EDX calibration curves. 

 

 

 

In Section 3.2.2 the thickness determination of films by EDX is presented. Here, the calibration curves are 

given. The calibration curves for Pt films on SiO2 and Al2O3 were already obtained in previous work but 

are still mentioned here because these results have also been used in this work
43

. All the fits were 

obtained using Equations (3.2) and (3.3). The fit parameters can be found in Table A.1. 

The fit parameters of the Pt film on c-Si were not determined by measuring the relative intensity of 

samples with different Pt thicknesses but by simulations using the CASINO software
31

. In Figure A.1 the 

relative intensities as determined via EDX measurements and via simulation of Pt on a SiO2 substrate are 

given. For thin Pt layers (<15 nm) the simulated relative intensities are within close agreement with the 

measured relative intensities. Therefore it was assumed that for Pt thicknesses below 15 nm, simulated 

values can be used to determine the calibration curves. 

 

Figure A.1: measured relative intensities compared to relative intensities simulated with CASINO software as a function of the 

Pt thickness. The simulated relative intensities are comparable to the measured relative intensities for thin Pt samples 

(<15nm). 
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Table A.1: Fit parameters for Pt on c-Si, c-Si with 450 nm thermally grown SiO2 and c-Si with 50 nm Al2O3. The fit parameters 

for Pt on c-Si were obtained using Casino simulations and fitted using Equations (3.2) and (3.3). 

Material Sub- 

strate 

Electron 

energy 

(keV) 

A 

(10
-3

 nm
-1

) 

B 

(10
-4

 nm
-2

) 

C 

(10
-3

 nm
-1

) 

D 

(10
-4

 nm
-2

) 

Pt SiO2 5 20 ± 2 7.7± 0.9 23 ± 2 6.3 ± 0.8 

Pt SiO2 10 2.1 ± 0.4 1.5 ± 0.1 3.0 ± 0.9 1.3 ± 0.2 

Pt Al2O3 5 4.9 ± 0.7 8.4 ± 0.5 76 ± 7 5 ± 2 

Pt Al2O3 10 0.9 ±0.9 2.0 ± 0.3 7 ± 2 1.1 ± 0.5 

Pt c-Si 5 0±1 14.7±0.5 0±1 14.7±0.5 

Pt c-Si 10 0.5±0.2 1.32±0.05 0.5±0.2 1.32±0.05 
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Appendix B          

  CNT contact model 

 

 

 

 

B.1 Derivation of contact length effects 

In this appendix Equations (6.6) & (6.7) are derived using the approach followed by Lan et al.
80

. Recent 

publications show that the same derivation is also used to determine the resistance of contacts on 

graphene, showing the diversity of this approach
95,96

. 

This derivation is started with Equation(B.1).  

 EBID EBID CNT EBID
c

EBID CNT EBID

d
R

A A

ρ β −

−

= +  (B.1) 

The effective contact areas in both terms can be rewritten as given by Equation (B.2) where the contact 

length Lcontact is introduced. 

 

joint

EBID cnt contact

cnt contact

A d L

A d L

π

π

=

=
 (B.2) 

After substitution of (B.2) in (B.1) Equation (B.3) is found.  

 EBID EBID CNT EBID
c

cnt contact cnt contact

d
R

d L d L

ρ β

π π
−= +  (B.3) 

The contribution to Rc for a contact length of Δx is given by Equation (B.4) 

 EBID EBID CNT EBID
c

cnt cnt

d
R

d x d x

ρ β

π π
−∆ = +

∆ ∆
 (B.4) 

As can be seen in Figure B.1 also the resistance of the CNT is taken into account. With increasing contact 

length, there is more contact area between the metal contact and the CNT decreasing the overall contact 

resistance. The CNT resistance is modeled as a number series resistor with length Δx. Each Δx is 

connected to the contact resulting in N parallel connections. 
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Figure B.1: Schematic representation of a CNT contact circuit. The contact length can be modeled by a series of resistors of 

value ΔRc that make a contact with the CNT along its entire length. 

The resistance of the CNT is given by Equation (B.5) as mentioned in Chapter 6. When the length of the 

CNT is increased by an amount Δx the increase in CNT resistance is given by Equation (B.6) 

 
22

cnt

channels

h L
R

e N λ
=  (B.5) 

 
22

cnt

channels

h x
R

e N λ

∆
∆ =  (B.6) 

To simplify Equations (B.4) & (B.6), αc and γcnt are defined and given by Equation (B.7).  

 

22

EBID EBID CNT EBID
c

cnt cnt

cnt

channels

d

d d

h

e N

ρ β
α

π π

γ
λ

−= +

=

 (B.7) 

So ΔRc and ΔRcnt and are given by Equation (B.8) 

 

c
c

cnt cnt

R
x

R x

α

γ

∆ =
∆

∆ = ∆

 (B.8) 
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Now look at the first part of the connecting CNT (Figure B.1, square a). The resistance is given by 

( 0) c cntR N R R= = ∆ + ∆ because both resistances are in series. If now the second part is added 

(Figure B.1, square b) the ΔRc is connected in parallel with R(N=0), which in total is in series with ΔRcnt 

resulting in a total resistance of 
1

( )
1 1

(0)

cnt

c

R x R

R R

∆ = ∆ +

+
∆

.  

This can be extrapolated resulting in Equation (B.9). 

 
1 1

( )
1 1 1

( ) ( )

cnt cnt

c c

R x x R x
x

R x R R x

γ

α

+ ∆ = ∆ + = ∆ +
∆

+ +
∆

 (B.9) 

As 0x∆ →  and neglecting higher terms Equation (B.10) is found.  

 

2( ) ( )
cnt

c

dR x R x

dx
γ

α
= −  (B.10) 

Upon integration the final result given by Equation (B.11) is derived. 

 ( ) coth cnt
contact cnt c contact

c

R L L
γ

γ α
α

 
=  

 
 (B.11) 

Where Lcontact is the contact length.  

 

B.2 Model of Rykaczewski 

In this appendix the model as presented by Rykaczewski et al. is discussed in more detail
36

. Rykaczewski 

et al. used the lucky saltshaker approach to disperse the CNTs over premade contacts. After the 

dispersion, carbon EBID was used to improve the interaction area between the CNT and the metal 

contact by embedding the CNT in amorphous carbon. The geometry of the system is shown in Figure B.2. 

The total resistance of a multi-walled CNT circuit can be modeled as to the sum of the individual 

resistances of different contributions connected in series, as given by Equation (B.12). 

 2 2 2 2total CNT quantum spreading aC CNT ac ac metalR R R R R R R− −= + + + + +  (B.12) 

The first (RCNT), second (Rquantum) and third (Rspreading) term are similar to the those given by Equation (6.4) 

and (6.8).  
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Figure B.2: Schematic representation of a CNT contact as fabricated by placing the CNT on top of a contact using the lucky 

saltshaker technique and increasing the contact area by C EBID.  

The resistance of one contact is given by Equation (B.13). The first term is the spreading resistance which 

is the same as given by Equation (6.4). The second term is the resistance of the amorphous carbon layer 

(Rac) and is determined by the amorphous carbon resistivity (ρaC), the thickness (dac) and cross sectional 

area (Aac). The resistance of the amorphous carbon layer is hard to determine for this deposition method 

because the material is far from uniform. Rykaczewski et al. however found that the amorphous carbon 

layer is dominating the contact resistance.  

The third and last terms are the resistances of the interfacial films between the CNT-amorphous carbon 

and amorphous carbon-metal interfaces. Here βaC-CNT and βmetal-aC are the resistance per surface area of 

the interfacial resistance and is assumed to be constant. 

 

 
2 2

joint joint joint

metal aC ac aC CNT metal aC
c

ac

H d
R

a A a a

ρ ρ β β

π π π
− −= + + +  (B.13) 

The main difference for contacts fabricated using combinatorial EBID-ALD in terms of geometry with 

respect to the model of Rykaczewski et al. is that the metal contact is surrounding the CNT. The electrons 

can flow directly into the metal contact and do not have to travel through a (resistive) amorphous 

carbon layer. The effective surface area between the CNT and the metal contact is maximized for 

contacts fabricated using combinatorial EBID-ALD. It is expected that a significant reduction of the 

contact resistance is achieved by changing the geometry from that as fabricated by Rykaczewski et al. 

and to the geometry as fabricated by combinatorial EBID-ALD. 

 

B.3 Changes to model for single-walled CNTs 

When using single-walled CNTs a distinction should be made between semiconducting CNTs and metallic 

CNTs. The CNT properties are included in the metal-EBID interface (βCNT-EBID) contribution of 

Equation (6.5). When a metallic CNT is contacted to a metal, no Schottky barrier is present and RCNT-EBID 

can be modeled as given by Equation(6.4). When semiconducting CNTs are contacted it is possible 

(depending on both the work function of the CNT and the metal) that there is a Schottky barrier at the 

CNT-metal interface. When the Schottky barrier is small, an almost ohmic contact can be formed which 

results in a lower contact resistance. The additional resistance contribution of the Schottky barrier when 
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no ohmic contact is formed is modeled by Alshareef et al. who states that the specific contact resistance 

of a Schottky barrier is proportional to the power of the Schottky barrier height, φb, as given by Equation 

(B.14)
97

. Here εs is the semiconductor permittivity, m* is the carrier effective mass, h is Planck’s constant 

and N the doping density. 

 

*4
exp s b

aC metal

m

h N

π ε φ
σ −

 
 ∝
 
 

 (B.14) 

The (constant) pre-factor of this equation has not been reported in literature and thus has to be found 

experimentally. 

The resistance of circuits where a Schottky barrier is present at the CNT-metal interface cannot be 

determined in a straightforward way because the Schottky barrier behaves like a diode. A certain 

threshold voltage is needed before the electrons have enough energy to cross the Schottky barrier. 

Instead of determining the contact resistance it is more interesting to measure the I-V characteristics of 

the whole circuit or make a transistor and measure its electric characteristics. Besides the 

abovementioned difficulty to determine the resistivity, it also must be noted that for the calculations of 

the Schottky barrier height, it has to be known whether the CNT is a p- or n-type semiconductor. 

Jejurikar et al. found that the electric properties of the CNT are dependent on the contact
98

. When for 

example Scandium or Yttrium is used as a contact material the CNT becomes an n-type semiconductor 

and for Pd contacts the CNT behaves like a p-type semiconductor. It is possible that the type of transport 

(via electrons or holes) changes by changing the contact.  


