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ABSTRACT 

Device Fabrication and Probing of Discrete Carbon Nanostructures 

Nitin M. Batra 

Device fabrication on multi walled carbon nanotubes (MWCNTs) using electrical beam 

lithography (EBL), electron beam induced deposition (EBID), ion beam induced 

deposition (IBID) methods was carried out, followed by device electrical characterization 

using a conventional probe station. A four-probe configuration was utilized to measure 

accurately the electrical resistivity of MWCNTs with similar results obtained from 

devices fabricated by different methods.  

In order to reduce the contact resistance of the beam deposited platinum electrodes, single 

step vacuum thermal annealing was performed. Microscopy and spectroscopy were 

carried out on the beam deposited electrodes to follow the structural and chemical 

changes occurring during the vacuum thermal annealing. For the first time, a core-shell 

type structure was identified on EBID Pt and IBID Pt annealed electrodes and analogous 

free standing nanorods previously exposed to high temperature. We believe this 

observation has important implications for transport properties studies of carbon 

materials. Apart from that, contamination of carbon nanostructure, originating from the 

device fabrication methods, was also studied. 

Finally, based on the observations of faster processing time together with higher yield 

and flexibility for device preparation, we investigated EBID to fabricate devices for other 

discrete carbon nanostructures.  
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Chapter 1: Introduction 

Carbon nanostructures are basically pure carbon materials having at least one dimension 

in the nanoscale range. These were discovered in the last few decades and studied 

extensively because they have many useful properties and characteristics that can be used 

for a wide variety of applications ranging from energy storage to electronic devices1. 

These materials are mostly sp2 bonded graphitic carbon but with the different 

arrangement of atoms and different structures such as fullerenes (zero-dimensional), 

carbon nanotubes (one-dimensional) and graphene (two-dimensional). 

While considering carbon nanostructures, the two most interesting materials are 

nanotubes and graphene. These materials can potentially be integrated into present 

electronic devices without further structural or chemical modifications2,3. Apart from 

reducing the size of current electronic technologies, they could also provide higher 

flexibility compared to conventional silicon based technologies1. 

For nanotubes and graphene several subcategories can be defined. In case of the one-

dimensional carbon nanostructures they can be either single walled, double walled or 

multi walled. Two-dimensional carbon nanostructures include single layer, double layer, 

few or multilayer graphene, thin graphite flakes, chemically exfoliated graphene oxide or 

reduced graphene oxide. The properties of these materials strongly depend on the 

synthesis methods and subsequent process conditions4,5. In order to investigate basic 

electrical properties such as contact resistance and conductivity of the large variety of 

carbon nanostructures, device fabrication methods should be quick and with high success 

yield. 
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There are various techniques that can be used to study the electrical properties of carbon 

nanostructures. Due to the minuscule size of these materials, nanoscale metal electrodes 

are required to be fabricated by use of various nanofabrication techniques or nanoscale 

electrodes are directly contacted to the surface of the materials. The device fabricated in 

this way helps to characterize the materials for various electrical and electronic 

applications. This work is aimed at investigating the device fabrication method that can 

be most successfully used for discrete carbon nanostructures with lowest possible contact 

resistance. 

In this chapter a brief introduction on the history, structure and properties of carbon 

nanostructures, the role of contact resistance and strategies to minimize it as well as 

various device fabrication and probing methods are presented.  

1.1: Background History of Carbon Nanostructures: 

 

Figure 1: Structures of different carbon nanostructures (a) Fullerene, (b) SWCNT and (c) 

Graphene. 

The most common carbon nanostructures are fullerene, single walled carbon nanotubes 

(SWCNT) and graphene, as depicted in Figure 1.  

Buckyball or fullerene 
 

SWCNT Graphene 

(a) (b) (c) 
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In 1985, the buckyball or fullerene was discovered by Richard Smalley, Robert Curl and 

Harold Kroto6. For the discovery, the 1996 Nobel Prize for Chemistry was awarded. The 

C60 is characterized as a hollow cage of sixty carbon atoms that are arranged in a 

spherical shape with twenty carbon hexagons strongly bonded to twelve pentagons. After 

this discovery, the community isolated fullerenes with different sizes and shapes6.  

The field of carbon nanostructures was further revolutionized by the “discovery” of 

carbon nanotubes in 1991. Ijima called them graphitic microtubules, later on multi walled 

carbon nanotubes (MWCNT) and these had an outer diameter of 4-30 nm and length of a 

few microns2. In 1993, the first paper was published on the single walled analogues, 

which had a diameter between 0.7 to 1.6 nm7. CNTs with different sizes and 

characteristics can be grown by a diversity of methods such as laser ablation2, chemical 

vapor deposition through catalytic particles8 or arc discharge methods7. As the process 

parameters and conditions employed are different from each other the quality, properties 

and structure of CNTs can change considerably9.  

The year of 2004 was groundbreaking for the materials science community as the two-

dimensional structure of graphene was isolated from graphite flakes by a simple 

technique of mechanical exfoliation10. Earlier, it was debated whether it was possible to 

separate any two-dimensional structures with a thickness of one atom. It was believed to 

be thermodynamically infeasible10.  

1.2: Structure and Properties of Carbon Nanostructures  

1.2.1: Graphene: The structure of graphene can be considered as the backborn of carbon 

nanostructures including CNTs, graphite and fullerene10. The structure of graphene 
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consists of two atoms per unit cell and can be defined as a single layer of hexagons built 

from covalently bonded carbon atoms. The σ bond formed in this hexagonal structure is 

due to the hybridization of s, px and py orbitals of carbon atoms. Hybridized sp2 orbitals 

explain the excellent in plane properties of graphene. The pz orbital remains un-

hybridized, as each carbon in hexagon is shared by three neighboring atoms. Because of 

this, the pz orbital overlaps with that of its neighbors and forms relatively weaker π-

bonds.  

 

Figure 2: Schematic of band structure of single and bilayer garphene3. 

The band structure of graphene was defined theoretically the first time by Wallace et al. 

in 194711. It is symmetric around the momentum axis, which means that the valence and 

conductance bands are touching at the so-called Dirac point. From that, graphene is seen 

as a bandless material10. The zero band gap of graphene limits its aplication in the field of 

electronic devices. However, studies have shown that a tunable band gap can be created 

by various methods. One is creating a band gap in bilayer graphene by a application of 

electric field as shown in Figure 2, without chemical modification3.  

Being only one atom thick material makes graphene an interesting material for basic 

studies in the field of physics, chemistry and materials science11. Of note, is the highest 
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conductivity from devices constructed based on mechanically exfoliated and suspended 

graphene. These have high quality and are structurally defect-free structures with 

electrical mobility of 230,000 cm2/Vs 12.  

The elastic modulus and intrinsic strength of graphene are 1± 0.1 TPa and 130 ± 10GPa, 

as measured by a AFM-based mechanical testing13. The highest thermal conductivity 

observed for graphene is 5000 W/mK 14. Even though graphene is 98% transparent, it can 

be visualized on an oxide substrate because of interference with contrast dependent on 

the number of layers10.  

1.2.2: Carbon Nanotube: SWCNTs are one-dimensional materials made up of a single 

sheet of graphene which is rolled up to form a tube. The rolling of the graphene structure 

is done in such a way that two similar lattice sites of the hexagonal lattice coincide15. 

After its discovery in 1991, considerable research was done to understand the properties 

and characteristics of CNTs. The properties of nanotubes are anisotropic, because of its 

directional nature16. Moreover chirality, size, diameter, number of walls as well as 

synthesis methods also affect properties to a large extent.  

 

Figure 3: A graphene sheet is rolled up to form a (10,0) SWCNT. 

Graphene sheet 

Rolled up 

SWCNT 
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Figure 4: (a) CNTs are made by rolling a graphene sheet into a tube form and the type of 

tube depends on the chiral vector (ch), (b) Possible chiral vectors. Metallic and 

semiconducting behaviour of CNTs is represented by big and small dots, respectively15. 

One main distinction from other materials is that CNTs can either be metallic or 

semiconducting depending upon its chirality, size and type15. As depicted in Figure 4, the 

chiral vector is constructed by joining two equivalent points A and A’ in the plane of 

graphitic lattice structure and Ɵ is the chiral angle. The relationship which describes the 

chiral vector ch = n1a1 + n2a2, where n1 and n2 are the translational vector coefficients 

while a1 and a2 are the two unit vectors. The structure of the tube is called armchair if n1 

= n2 (Ɵ = 30o). In this case the valence band is crossing the Fermi level thus tubes are 

metallic. All other tubes, with different pairs of n1 and n2 values, are either chiral or 

zigzag. The zigzag type structure is obtained when n2 = 0 (Ɵ = 0o). The conducting 

properties of SWCNTs can be obtained by the following relationships: if n1 – n2 = 3l 

(where l is integer number), then the tubes have metallic nature; tubes are semiconductor 

when n1 – n2 ≠ 3l 15.  

(a) (b) 
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Semiconducting SWCNTs can either be p-type or n-type or ambipolar15. The metallic 

CNTs show ballistic transport characteristics, which implies the absence of resistance to 

electron transport within the nanotubes1. The theoretical minimum resistance is around 

6.5 kΩ for conventional metal-CNT contacts17. 

The structure of MWCNT is different from the SWCNT as the typical diameter ranges 

from a few nm to around 100 nm. Their structure consists of several coaxial tubes with 

different chirality1. The inter-lamellar spacing is around 0.34 nm which is slightly 

different from inter-layer spacing (0.335 nm) in graphite2. Moreover, there are also 

various types of MWCNTs such as: bamboo, hollow, or herringbone which can be 

obtained by changing the growth conditions. The electrical transport characteristics can 

be ballistic resulting in excellent carrier mobility18. They can also withstand high current 

density which helps them to resist structural and mechanical degradation when subjected 

to electrical stress19. However, metal-MWCNT based contacts have two times higher 

resistance than that of conventional conductive metals20.  

In fact, considerable work has been done to determine the transport properties of the 

different kinds of carbon nanotubes 20,1,21,18,22,15,23. Absence of electromigration is the 

main advantage of CNT interconnects; where traditional metals-based interconnects 

suffer serious damage with prolonged electrical stress, CNTs remain stable. The metallic 

MWCNTs can carry current density of around 109 A/cm2, while the most conducting 

metals withstand around 105 A/cm2  19.  

The initial theoretical as well as subsequent experimental studies showed that the CNTs 

have very high yield strength, flexibility and stiffness16. The most common example of 
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CNTs applications is in mechanically-reinforced polymer composites. These take 

advantage of the lightweight and ultrahigh strength of CNT along with its conducting 

properties16.  

Several studies have been able to deduce the modulus of elasticity for nanotubes with 

different diameter and chirality24. Both experimental as well as theoretical studies showed 

that the Young’s modulus of CNT is around 1 TPa16. MWCNTs are generally straighter 

than SWCNTs. The larger diameter of the first provides higher stiffness25. The nanotubes 

also have very interesting thermal properties (thermal conductivity and thermal expansion 

coefficient)16. 

1.3: Contact Resistance:  

Usually, the device integration of carbon materials suffers with high contact resistance 

which can limit its use in many real applications. Contact resistance can arise from the 

following reasons: chemistry of the interface between metal and carbon nanostructure, 

mismatch in the Fermi energy of carbon nanostructures and metal electrodes and 

limitation of the current flow in nanoscale devices26. Following are the methods that can 

effectively help to reduce the contact resistance of discrete carbon nanostructures 

devices: 

1.3.1: Four-probe Measurement: Most measurements on nanoscale materials and 

devices are performed in two-probe modes. Usually, high contact resistance is present 

either due to the internal resistance of the contact electrodes or to the resistance at the 

contact interface between the carbon nanostructures and the metal joints.  
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Figure 5: (a) Two-probe measurement setup, (b) Four-probe measurement setup. 

When only two probes are used, both current (IT) and voltage are either supplied or 

measured along these same probes. The Kelvin probe technique is performed with four-

probe, where two extra probes are used to supply low current (Is). While the other two are 

used to measure the voltage drop across the device (Figure 5).  

R2P = 2 x Rcontact + RCN  R4P = RCN 

Where, R2P and R4P = Two-probe and four-probe resistance 

            RCN = Internal resistance of carbon nanostructures 

Rcontact = Contact resistance 

VCN = Actual voltage drop across carbon nanostructures 

VM = Measured voltage drop 

IT = Test current passed through outer electrodes 

IS = Sense current passed through inner electrodes 

This method gives a more accurate resistance of a device27. The contact resistance can be 

calculated by this formula:  

R2P – R4P = 2 x Rcontact 

RContact 

    

RContact 

Test current supply 
and voltage 

measurement 

RCN 

VCN 

VM 

IT 

        

IT IS 

RCN 

VCN 

Test current supply 

Voltage 
measurement 

VM 

(a) (b) 
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1.3.2: Type of Fabrication or Probing Method Used: The contact resistance values of 

MWCNTs integrated in electron beam lithography (EBL) prepared devices are in the 

range of few kΩ to MΩ. Brintilinger et al. showed the contact resistances of EBID gold 

contacts on SWCNT were lower or the same order of magnitude than that obtained by 

EBL defined contacts8. Similar behavior was also observed by Langford et al. for ion 

beam deposited contacts onto MWCNT that showed contact resistance of few kΩ22. It has 

been claimed that these techniques help to reduce the contact resistance by establishing 

tight contact to multiple layers in MWCNTs19. Direct measurements were made by an in 

situ manipulator in SEM which showed resistance of 103 to 106 Ω. In this case, special 

care should be taken to avoid damage to the probe tips22. 

1.3.3: Type of Material Used for Making Contacts: The choice of constituents of 

material has an important contribution in contact resistance values. Other factors include 

chemistry of the contacts, the length of contacts, work function and wettability of the 

contact material20. In the case of SWCNTs, the high contact resistance is because of the 

Schottky barrier formed at the metal-semiconductor interface because of the difference in 

work function of these materials17. As a contact material is varied, the barrier also 

changes accordingly26. Even though MWCNTs have higher current density capacity and 

higher carrier mobilities than most metal interconnects, they also possess higher contact 

resistance and only the outer layer is said to take part in the conduction phenomena20.  

1.3.4: Post Fabrication Treatment of Contacts: Thermal annealing is a commonly 

employed post fabrication treatment to cure contacts done in a non-reactive environment 

or in vacuum. In general, temperature and time are set in two modes: high temperature 

with short period of time or low temperature for a long period of time. Work on 
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lithographically defined contacts showed that the contact resistance decreases 

considerably after this treatment20. Thermal annealing is also the most common technique 

employed for electron beam induced deposit of metal contacts because of the very high 

resistance of the as-deposited metals28.  

Besides heat, contacts can also be annealed locally by bombarding the area with electrons 

for a certain period of time29. For instance, two-probe resistance of MWCNTs contacted 

to Au electrodes was reduced to a few kΩ from the initial value of 100 MΩ by electron 

beam irradiation30. In this approach, the charged particles interact with the contact 

material and lead to local heating of the contact. As it takes place, contaminants or 

insulating materials (such as amorphous carbon) are removed from the contacts and the 

interface between the metal and CNTs is structurally improved 30.  

It is known that, whenever a current is passed through resistive materials, joule heating 

takes place because of resistance to the flow of electrical current. This effect can be used 

to reduce contact resistance by two to three orders of magnitude because the heating is 

localized at the non-conducting interface31. When Rykaczewski et al. used EBID of 

amorphous carbon on MWCNT – metal interface, the contact resistance was improved by 

current stressing and thermal annealing of contacts32. 

1.4: Scope and Motivation: 

To characterize the electrical transport properties of nanomaterials, the first step is to 

connect the discrete structure to the electrical characterization units. Depending on how 

the probes are connected, the methods can be divided into the two types (Table 1): one is 

the indirect contact in which metal electrodes are connected first to the materials and then 



23 
 

characterized by placing micromanipulator probes on large metal pads connecting the 

metal electrodes; the other is more direct and the nanosized metallic probes are directly 

contacted to the nanomaterial. In this thesis work, we focused on indirect methods. 

Table 1: Table shows different types of nanofabrication and probing methods. 

Indirect methods Direct methods 
Electron beam lithography and metal 

deposition with lift off22 

Atomic force microscopy8 

Hanging or grown nanostructures between 

the  lithography defined metal electrodes 
30,33,22, 30 

Scanning tunneling microscopy34 

Electron beam induced deposition22 In-situ manipulator inside electron 

microscopy22 

Ion beam induced deposition22,19  

 

 (I): Direct Methods: Considerable work has been done using direct probing methods 

such as in situ microscopy techniques. The transport properties characterization and 

nanomanipulation (bending, stretching, twisting, compressing and handling) of nanoscale 

materials can be done by the following techniques, direct probing with help of probes 

inside SEM22 or TEM35, atomic force microscope (AFM)8,36, scanning tunneling 

microscope (STM)23. Figure 6 (a) shows a schematic in which the four probes are 

connected to a CNT on a SiO2/Si wafer, the sample and probes are placed under the 

vacuum chamber of SEM. 
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Figure 6: Schematic shows the direct probing and nanomanipulation of (a) a CNT on 

insulating substrate inside SEM, (b) the CNT hanging on the probes inside SEM or TEM 

and (c) a CNT on conducting substrate inside AFM or STM. 

The contact is made by slightly pressing the probes onto the CNT. A conducting adhesive 

or soldering material can also be used to make the contact, which allows lifting the CNT. 

During the measurement the CNT is hanging and making contact with the probes which 

are fixed inside the chamber of SEM or TEM (Figure 6 (b)). In the case of AFM and 

STM, a single probe or sharp metal tip is used to scan the surface of the material and the 

bias voltage is applied to the substrate (Figure 6 (c)). The major advantage of using the 

direct probing methods is that there are no complex and tedious steps involved for 

making contacts which are very common with indirect methods. Moreover, it provides 

flexibility in doing measurement on same materials at different locations and areas. Apart 

from the electrical measurements, same instruments can also provide information about 

the structure. At the same time, the high resolution images can be generated. For instance, 

scanning tunneling microscopy was used to determine structure as well as electronic 

properties of CNTs34’23. 

  

  

 

CNT Probes 

SEM chamber 

 

Probes Hanging 
CNT 

SEM or TEM chamber 

Insulating 
substrate 

  

Probe 

CNT 

Conducting 
substrate Bias 

voltage 

(b) (a) (c) 
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(II): Indirect Methods: The most commonly used indirect method to make contacts to 

carbon nanostructures is EBL. There is no need of a costly and time consuming mask 

preparation as it follows the direct lithography approach. The processing conditions are 

well defined in literature, however it is difficult to have 100% success rate with this 

process. This is due to the complex steps associated such as alignment of the pattern, 

exposure conditions, metal deposition and lift-off.  

 

Figure 7: Schematic shows the steps required to prepare devices on individual CNT by 

EBL. 

A CNT or other carbon nanostructures can be integrated into devices using steps shown 

in Figure 7. The first devices on individual CNTs were made by using a lithography 

technique18 and the electrical behavior was studied under the effect of temperature and 

magnetic fields. But the EBL process is limited to simple devices, as it requires a flat 

substrate. It is also difficult to make contacts in 3D structures. Drawbacks such as 

contamination of CNTs after removal of photo-resists, long processing time and complex 
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steps are all associated with standard lithography techniques. This motivated the research 

to look for alternative methods to establish contacts onto CNTs. 

In another indirect method, a solution of carbon nanostructures is drop casted or spin 

coated onto lithography-defined metal pads or electrodes. The contact is established but 

due to the low magnitude Van der Waals forces, the contact resistance is considerably 

high30,19. Furthermore, pre-patterned electrodes can be used to grow CNTs and 

subsequent measurements can be done on them33. However, this method is limited to 

metals which are good catalysts for CNT growth33. But patterning is generally not used 

for graphene and other carbon materials. 

 

Figure 8: Schematic shows the steps required for preparing the devices on individual 

CNT by EBID and IBID; the first two steps involved in this process are same as that used 

in EBL. 

EBID as well as IBID techniques, available in dual beam SEM, are able to fabricate 

electrodes directly on discrete nanomaterials22,37. The steps required to integrate the CNT 

in the device are shown in Figure 8, basically it is a one step process. There is no need of 

the complex and tedious steps associated with the EBL, cf. step (iii) to (vi) in Figure 7. 

Still, care should be taken to avoid damage to the nanomaterials by the high-energy 
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electron or ion beam used for deposition19. These processes provide excellent resolution, 

fast processing and reliable complex 2D or 3D structures to be created easily.  

In the following sections, we will describe the experimental methods used in detail 

followed by the presentation of our results and discussion. In this work, indirect methods 

namely EBL, EBID and IBID were used to probe MWCNTs and TLG flakes. 
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Chapter 2: Experimental Methods and Characterization 

This chapter is divided into two parts, the first one for different device preparation steps 

and the second for material characterization methods. The main reason to carry out this 

thesis work was to look for device fabrication methods that can be utilized to make 

nanoscale contacts on different carbon nanostructures.  

Device fabrication procedures such as using EBL, EBID and IBID were used to prepare 

four-probe devices on PECVD grown MWCNTs. We fabricated devices on SiO2/Si 

wafer. In the first step, platinum pads and alignment marks were fabricated by laser beam 

lithography. Then, a solution of MWCNTs was drop casted and connected to the pads by 

patterning nanoscale electrodes on resist by electron beam lithography. After the metal 

deposition, the pads lift-off step was carried out. The connection between carbon 

nanostructures and platinum pads were also made by EBID Pt and IBID Pt techniques. 

Here, after metal-containing precursor was passed near the area of interest, the energetic 

ion and electron beam break this precursor and deposit it onto the substrate. Using 

micromanipulators on a conventional probe station, metal probes were landed onto the Pt 

pads to supply and measure, the low power electrical signal to, and from, the discrete 

carbon nanostructures, respectively. Additionally, careful experiments were also done to 

get the values of process parameters which are also summarized further on.  

Our work looks into important factors for fabrication such as if contamination of 

MWCNTs occurs during different kinds of device fabrication and if structural changes 

occur specially in beam deposited electrical contacts, due to thermal treatment. The 

electron and ion beam deposited materials were characterized by Raman, AFM and TEM. 
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By using confocal Raman spectroscopy and EDXS analysis, we studied the 

contamination of MWCNTs occurred by direct beam deposited methods. The high 

resolution TEM and spectroscopy techniques were also used to study the structural 

changes taking place in the beam deposited materials. Raman spectroscopy also provides 

important information regarding the changes in the carbon structures.   

The advanced nanofabrication and characterization instruments of the Core Lab facilities 

(Clean Room and Nanofabrication Lab and Imaging and Characterization Lab) at King 

Abdullah University of Science and Technology were utilized for this thesis work. The 

STEM-EDXS mapping of as-deposited and annealed EBID nanorods were carried out at 

the International Iberian Nanotechnology Laboratory (INL), Portugal. 

2.1: Device Preparation and Electrical Measurements Steps 

2.1.1: Preparation of First Pattern Design: The design of the first pattern was crafted on 

L-edit pattern design software. It consists of a main pattern of 50 x 50 µm2 square boxes 

with nine rows and columns, which were numbered to help in locating. Between each, 

four square boxes with a local alignment mark of 4 x 4 µm2, plus sign or square box, 

were defined. The two global alignment marks were also made at a distance of about 3.5 

or 5 mm from the center of the main pattern. These helped us to calculate the angle of 

rotation required for aligning the EBL pattern with the LBL pattern so that the CNT can 

be connected to the Pt pads. The total size of the first pattern on design file was around 

10x10 mm2 or 15 x 15 mm2, as shown in Figure 9 (a). 
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2.1.2: Preparation of First Pattern on Substrate by LBL 

2.1.2 (I): Working Principle: Laser beam lithography is a type of direct writing method 

employed for creating 2D as well as 3D patterns. The resolution of LBL is much better 

than conventional UV lithography techniques38. 

 

Figure 9: (a) Design of the first pattern, the red square boxes are enlarged images of 

global alignment marks and main pattern with local alignment marks, respectively, (b) 

Schematic shows the working principle of the LBL. 

The main components of LBL systems are a source of light, optics for focusing light onto 

substrate, motorized stage and control units. As the resolution depends on the wavelength 

of light source, the system uses narrow spectrum and stable laser sources39. There is a 

very important role played by the Acousto optic modulator (AOM) which improves the 

quality and stability of the laser by removing fluctuations40,38. The Acousto optic 

deflector deflects a small fraction of the laser into a photo-detector for measuring and 

controlling the power of the laser. A mirror is used to direct the laser onto the substrate 
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which passes through a working head and is focused onto the substrate. To create a useful 

pattern either a beam is scanned on the substrate or a motorized stage is moved 

controllably40. 

2.1.2 (II): Experimental Conditions: For all the experiments, commercially available 

300 nm layers of SiO2 thermally coated onto 4” silicon wafers, p-doped, were used. By 

using the steps below, the pattern was loaded onto the SiO2/Si substrate and a Heidelberg 

DWL 2000 laser lithography system, which provides a resolution of 500 nm and 

autofocusing, was used. 

Figure 10: Commonly used steps to prepare a pattern using direct beam writing 

techniques. 

Steps: 

• SiO2/Si substrate was cleaned and rinsed with acetone, iso-propyl alcohol and 

distilled water; it was then dried by N2 blow and followed by a vacuum oven step 

at 100oC for one hour 

• AZ 5214 photoresist was spin coated onto the substrate at 5000 rpm for 30 sec. 

 

• The substrate was backed at 110O C for 120 sec on a hotplate 

• The pattern designs were prepared on L-edit software (Figure 9 (a)) and 

transferred to the LBL machine 

Resist coated 
substrate Exposure Development Metal deposition Lift off 
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• Exposure of substrate inside the Heidelberg DWL 2000 laser lithography system 

at 65% of total intensity and for three times  

• Developed in AZ 726 developer for 120 sec, then washed with distilled water and 

nitrogen blow dried 

• Sputter coating of 3 nm Ti layer and 85 nm Pt layer onto the substrate by a AJA 

international Inc., ATC 2000 sputtering machine 

• Lift-off in acetone by ultra-sonication for a few minutes. 

• Finally, the substrate was diced into 10 x 10 mm2 or 15 x 15 mm2 pieces by a 

dicing saw. 

2.1.3: Dispersion of MWCNT: The MWCNTs were grown on a SiO2/Si substrate in a 

AIXTRON BM Pro PECVD reactor at AIXTRON Ltd, Cambridge, UK. Catalytic growth 

was used to produce a vertical array of MWCNT. The MWCNTs were carefully removed 

from the SiO2/Si substrate by inserting a small piece of the wafer into an ethanol solution. 

Then, ultra-sonication was done for several minutes.  

2.1.4: Drop Casting of MWCNT: On a patterned and diced SiO2/Si substrate, the 

MWCNT suspension was drop casted onto the substrate to obtain individual and isolated 

MWCNT. The substrates were dried on a hotplate by heating at 100oC for 30 min to 

eliminate the excess solvent or water residues. 

2.1.5: Integration of MWCNT in Device Structure: After loading the CNTs, the process 

is divided into two parts: first, is the EBID and IBID and second, is EBL for integrating 

carbon nanostructures into electrical devices. 
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2.1.5 (A): EBID and IBID for Making Contacts 

2.1.5 (A-I): Dual Beam SEM Working Principle: For electron and ion beam induced 

deposition, we utilized the dual beam SEM. The working principle and components of a 

dual beam SEM are shown in Figure 11. Apart for using it for imaging of nanomaterials, 

this tool can be used to do nanofabrication directly without the need for complex steps 

common in high resolution lithography processes41. Both ion and electron beams are 

available in dual beam SEM; generally the electron beam is vertically arranged inside the 

column while the ion beam is fixed at 52o. 

 

Figure 11: (a) Schematic of dual beam SEM, (b) FEI Helios Nanolab 400S dual beam 

SEM with different parts. 

As depicted in Figure 11, to place the object of interest perpendicular to the ion beam, the 

stage should be tilted at 52o. Both columns and working chamber are under ultra-high 

vacuum. The tool is also equipped with a gas injection system (GIS) for supplying 

(a) (b) 

Parts: A. User interface, B. Electronic controller, C. Electron beam column, 
D. Ion beam column, E. Vacuum chamber, F. Gas injection system, G. 
Nanomanipulator, H. Vacuum lines. 
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volatile precursor molecules that is required for either local deposition or etching on the 

substrate41. 

2.1.5 (A-II): Electron Beam Microscope Working Principle: The electron beam can be 

produced either by a heated tungsten filament or resorting to field emission from a sharp 

tungsten tip. In the case of field emission guns, the electrons are emitted from the tip of 

the electrode by applying a strongly negative potential. Emitted electrons are then guided 

through the strong electromagnetic lens which focus the electrons onto a small area and 

also accelerate them. The size and shape of the beam can be controlled easily by 

changing the current in the electromagnets. A number of apertures are also present in the 

column, which firstly control the electron flux and the current of the beam and help to 

reduce the divergence of the beam. 

2.1.5 (A-III): Ion Beam Microscope Working Principle: The most important part of this 

tool is the ion source, which provides a steady supply of positive ions. Those are 

produced by a liquid metal ion source (LMIS). Several varieties of ion sources are 

available in form of liquid metal, however Ga is more popular41. The following properties 

are required for the liquid metal sources: low melting point, low volatility at the melting 

point, low surface free energy and low solubility into the substrate. Ga is the most 

popular source because it has a very low melting point (30oC) as well as fairly unreactive 

nature42. 

Focused ion beams are basically formed by ionizing the liquid Ga at the tip of sharp 

electrodes by the use of a high extraction voltage and liquid surface tension forces. The 

electric field is applied to extract the ion beam from the tip. With the help of strong 
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electrostatic lenses (unlike SEM which uses electromagnetic lenses), the ion beam is 

focused and directed towards the sample. The first set of electrostatic condenser lenses 

shrinks the ion beam after it passes though the spray aperture. There is a set of steering 

and deflection octopoles, one is used for correcting stigmatism and the other one is for 

scanning the ion beam on the sample. The diameter of the beam is controlled by a 

variable aperture that directly affects the current of the beam which has implications on 

the resolution. The intermediate section of the column consists of a blanking system to 

deflect the beam away from the sample when it is not in use. In the bottom part of the 

column there are other electrostatics lenses that ultimately focus the beam onto the 

sample41. 

2.1.5 (A-IV): Deposition Mechanism with High Energy Beams: The direct deposition of 

metals at the nanoscale involves dissociation of an organometallic precursor near the 

substrate by a focused high energy electron or ion beam. By these methods various 

elements can be deposited depending on the availability of metal-containing 

organometallic compound41. The quality and quantity of the deposits depend on various 

factors such as the type of beam, the beam energy, the scan rate, the gas flow rate, the 

type of substrate, the size and the shape of pattern, which are nicely summarized in the 

review papers by Botman et al.28 and Huth et al43. 

The source of platinum in this process was trimethyl (methylcyclopentadienyl) platinum 

[(CH3)3(CH3CpPt] which is supplied to the SEM chamber by GIS. The sequences of steps 

involved in during deposition are summarized in Figure 12. The dissociated precursor 

molecules give non-volatile (deposited metal) and volatile (residual species) products28,41. 
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Steps: 
a) The adsorption of precursor 

molecules on substrate 
b) Time of residence of precursor on 

substrate 
c) Dissociation of precursor by 

primary electron or ion beam and 
by elastically and in elastically 
scattered electrons or ions 

d) Deposition of metal on substrate 
along with dissociation and 
removal of the residual species 
(hydrocarbons, oxygen, etc) 

e) In case of ion beam deposition, 
ion implantation or damage to 
substrate and/or sample can also 
occur. 

  
Figure 12: Schematic of electron and ion beam deposition processes. Various steps 

involved during deposition processes are summarized.  

The main difference between EBID and IBID is that, in the case of EBID there is a large 

contribution from secondary electrons as well as a small contribution from primary 

electrons and backscattered electrons28. For IBID, ions dominate the deposition process 

and the effect of secondary electrons is negligible. Moreover, the rate of deposition must 

be higher than the rate of sputtering to successfully deposit metals, as sputtering will 

occur when high energy ions collide with the surface41. 

2.1.5 (A-V): Experimental Conditions:  

EBID steps: 

• Substrate with dispersed MWCNTs was mounted onto the aluminum stub 

• The stub was placed on a specifically designed holder for Helios nanolab 400S 
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• Loadlock chamber was used to transfer the sample inside the vacuum chamber of 

microscope 

• After doing the initial focus and stigmatism corrections, the sample was moved to 

a working distance of 4 mm 

• MWCNTs were located in the area of interest and rectangle patterns (width of 200 

nm, height of 1000 nm, length depends on location of MWCNTs ) were used to 

connect the MWCNT with Pt pads 

• Then the GIS needle was introduced in the vacuum chamber near to substrate and 

warmed up to the required temperature (39 to 41oC ) 

• EBID Pt on MWCNT was carried out at 5 kV accelerating voltage and 1.4 nA 

electron beam current using a vacuum of 5x10-4 Pa or less  

• Devices were then ready for electrical characterization 

 IBID steps: The first six steps in this process are similar to EBID process.  

• After focusing and stigmatism corrections, the stage was tilted to 52o  

• IBID Pt was carried out at low current 43 pA at 30 kV to prepare MWCNT 

devices 

• Devices were then characterized electrically on probe station 

2.1.5 (B): EBL for Making Contacts 

2.1.5 (B-I): Working Principle: The main advantages of EBL are direct writing of the 

arbitrary pattern with high density, high sensitivity and high resolution. This is due to the 

smaller wavelength of electrons and the fast movement of the electron beam using a 

scanning coil44. The resists are different from those used in conventional optical 
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lithography. They are called E-resist because of their high sensitivity to the electron 

beam. Commonly used E-resist is based on polymethyl-methacrylate (PMMA) polymer, 

with different types having variations in molecular weight and solvent. The main factors 

which decide the quality of pattern are the spot size of the electron beam, the type of the 

substrate, developer, E-resist, time, temperature for baking and development 44. 

 

Figure 13: (a) Schematic shows the parts and working principle of EBL45 (b) A 

photograph of Crestec CABL 9520C EBL system. 

For the most part, the EBL is similar to the conventional SEM. A pattern generator and 

beam blanker are provided which direct and control the exposure of the desired area on 

E-resist by the electron beam 44. The electrons are generated at the top of the column, 

directed and focused onto the substrate by a series of electromagnetic lenses. The whole 

column is maintained under ultra-high vacuum and the sample is transferred into the 

vacuum chamber by use of a loadlock. The electron beam leaves the objective lenses 

where deflecting coils are mounted. These coils move the beam to the desired location 

depending on the pattern design. The movement of a working stage is controlled 

accurately by the laser beam. When the resist is exposed by the electron beam, the 

Parts: A. User interface, B. Loadlock, C. Electronic controller, D. 
Stage, E. Temperature controller, F. Enclosure with SEM column 

(a) (b) 
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solubility of the resist is modified45. Thus a desired pattern is transferred onto the 

substrate. The exposed areas are removed by a suitable developer and subsequent metal 

deposition is carried out. 

2.1.5 (B-II): Experimental Conditions (Steps):  

i. Locating an Isolated MWCNT:  

Individual MWCNTs dispersed on the patterned substrate were located by FEI Helios or 

FEI Quanta 200 SEM operating at an accelerating voltage of 5 kV and beam current of 43 

pA. The selected MWCNTs were located exactly by using local alignment marks in the 

main pattern. 

ii. Preparing Design of EBL Pattern: 

The EBL patterns of field size of 120x120 µm2 were prepared by using Crestec pattern 

creator software depending upon the location of MWCNTs. For each CNT, a different 

design was prepared.  

iii. EBL Exposure Steps 

• 950,000 PMMA A2 E-resist was coated onto substrates at 3000 rpm for 40 sec 

• Substrates were backed on a hot plate at 180o C for 45-90 sec to remove the 

excess amount of solvent 

• Before exposure, the beam current was measured using a Faraday cup and the 

beam was corrected for stigmatism on standard Au nanoparticles 

• EBL design files were loaded onto the Crestec CABL-9520C EBL system 
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• Exposure was carried out at 500 pA beam current with 50 kV accelerating 

voltage. The sensitivity of E-resist was around 300 µC/cm2 and the dwell time 

was 0.316 µs/dot 

• After exposure the pattern was developed in 1:3 MIBK:IPA solution for 60 

sec, then washed with distilled water and dried by a N2 blow 

• Sputter coating of a 25 nm Pt layer was carried out on AJA international Inc., 

ATC 2000 sputtering machine 

• Lift-off of pads in acetone bath with ultrasonication for a few seconds 

• After this step, the devices were ready for electrical characterization. 

2.1.6: Electrical Characterization of Devices: As the nanoscale devices can be easily 

damaged by the use of high power or high current measurements, care should be taken to 

avoid damage to the MWCNTs. Because of the small size of the pads, W probes 

connected to micro-manipulators were utilized to make contact on the pads. The devices 

were characterized on a manual probe station Cascade M150. The electrical supply and 

output were recorded using source measure units connected to W probes. Both two-probe 

and four-probe measurements were done using a Keithely 2410C source measure supply 

unit and current versus voltage curves were recorded on a Keithley 4200 semiconductor 

characterization system before and after the annealing treatments. 

2.1.7: Heat Treatment of Devices: The EBID and IBID Pt as-deposited structures were 

annealed at three different temperatures 100oC, 200oC and 300oC in a Buchi glass oven 

(model B-585) in a vacuum of 10 mbar. Moreover, EBID and IBID Pt - MWCNT devices 

were annealed at 300oC in the same condition. 
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2.2: Characterization: 

For the structural and chemical analysis of carbon nanostructures, EBID Pt and IBID Pt 

structures, we used Raman spectroscopy, EDXS, TEM and AFM. 

2.2.1: Raman Spectroscopy: 

2.2.1 (I): Working Principle: Raman spectroscopy is a very important tool for the 

characterization of carbon-based materials. It gives useful information about the quality, 

the structure and helps to differentiate between the different kinds of carbon 

materials46’47. When the sample is illuminated by the monochromatic light source, the 

output of the laser beam and sample interaction consists of elastically and inelastically 

scattered beams. These scattered beams are affected mainly by the molecular as well as 

the crystal lattice vibrations. It provides rich information about the chemical composition, 

the type of bonds, the phase and the crystal structure of the sample. 

  

Figure 14: (a) a photograph of Witec alpha300 RA Raman machine, (b) a Raman 

spectrum. 

(b) (a) 

Parts: A. User interface, B. Laser sources, C. Sample, D. Pinhole, E. Camera, F. 
Spectrometer, H. Enclosure and isolation table, G. Electronic controller. 
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During the elastic scattering (Rayleigh), the electrons are excited to the virtual energy 

states (vibration energy state), which then come back to ground state without losing any 

energy in form of a photon. There are two different types of inelastic scattering known in 

Raman scattering. There is either partial loss or gain in incident photon energy, i.e. Stoke 

or Anti-Stoke scattering, respectively (Figure 14). A highly sensitive spectrometer is used 

to detect signals and corresponding intensity is plotted with respect to the frequency 

number (Raman shift). The peaks present in a collected spectrum are characteristic of the 

molecule under observation.  

2.2.1 (II): Experimental Conditions: Raman spectra were collected on a Witec alpha300 

RA Raman spectroscopy system with 532 nm wavelength laser source. This instrument 

was equipped with the ultra-high troughput spectrometer UHTS300 and a highly 

sensitive CCD camera. All of the single spectrums were taken with at 100X objective 

lens, finely focused on the substrate. The laser power was maintained to less than 2 mW 

to avoid damage or modification of the carbon structures. Other parameters such as the 

integration time (0.1-0.5 sec) and the number of accumulations (1-10) were used. The 

Raman imaging of the devices was carried out with the same laser. An area of around 

15x15 µm2 or 20x20 µm2 was scanned and the resultant spectra were used to generate the 

D-band and G-band mapping of whole devices. 

2.2.2: EDXS: 

2.2.2 (I): Working Principle: EDXS is one of the most common elemental analysis 

techniques employed to find out the chemical composition of (un)known materials. The 

EDXS detectors are placed inside a conventional SEM or TEM. When the strong beam of 
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electrons interact with the materials, atoms in the ground state are excited to a higher 

energy state by ejecting electrons from the inner shell. Then the outer shell electrons fill 

the hole created by the ejection of inner shell electrons, X-rays photons are emitted with 

the energy difference between inner and outer electron shells. These X-rays are 

characteristic of the atomic structure of elements and are detected by an X-ray detector, 

Si(Li) detector or silicon drift detector. The signals are then sent for analysis and 

processing and the final results are displayed on the screen as intensity versus X-ray 

energy spectrum curves.  

2.2.2 (II): Experimental Conditions: To obtain the composition of the catalyst used for 

MWCNT growth, point EDXS analysis were carried out on the catalyst particles 

embedded at the end of MWCNTs by FEI Quanta 200 SEM with EDAX detector at 5 kV 

and 3.5 spot size in high vacuum. Dead time during the spectrum collection was always 

less than 15%. Besides that, EBID and IBID materials were also analyzed for elemental 

composition before and after various heat treatment steps. Given that there was the 

possibility of contamination on MWCNT after EBID and IBID deposition, point EDXS 

spectra were obtained along the length of MWCNT. 

2.2.3: TEM 

2.2.3 (I): Working Principle: Here, the sample for investigation is placed on a specially 

designed sample holder, which is inserted into the vacuum chamber of the TEM where 

the high energy beam of electrons passes through the cross section of the sample. A 

shadow image is created in a phosphorus screen or a charged couple device (CCD) 

camera.  
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Figure 15: (a) Schematic of EDXS mechanism, (b) Interaction of primary electron beam 

with sample and generation of scattered and unscattered electron beams and X-rays, (c) 

Transmission electron microscope with the basic parts.  

The source of electrons is the electron gun which is operated at a higher voltage than 

SEM, typically 60 kV to 300 kV. Beams of electrons are generated from the gun and 

directed towards the sample by means of strong electromagnetic fields. The 

electromagnetic lenses can be used to direct, focus or control the size of electron beam. 

The whole setup is under vacuum to avoid scattering of the electrons by gas molecules. 

Apertures present along the length of the column are also used to control the size and 

intensity of the beam. The image is formed by projecting of features of the object due to 
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Parts: A. User interface, B. electronics control, C. electron column, D. EDS detector, E. 
CCD camera, F. EELS spectrometer, G. phosphorescent screen, H. sample holder 
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elastic and inelastic scattering of the primary electron beam, thus it provides a 2D 

representation of a 3D object.  

Using STEM along with EDXS and electron energy loss spectroscopy (EELS), elemental 

analysis at atomic resolution can be carried out. EELS is result of inelastic scattering of 

the primary electron beam, electrons will lose part of their energy. That can be detected 

by an electron spectrometer and plotted as energy loss of the electron to intensity. EDXS 

technique is more sensitive to high atomic number (Z) elements, while EELS is best 

suited for lower Z elements. 

The resolution of conventional TEM is limited because of imperfections associated with 

the electromagnetic lenses, technically known as aberrations. Nowadays, aberration-

corrected TEM are made by inserting extra lenses to control the beam (ultimately 

allowing visualizing individual atoms of nanoscale objects). 

2.2.3 (II): Experimental Conditions: Sample preparation: MWCNT in an ethanol 

suspension was drop casted onto a 300 mesh TEM grid. For the analysis of EBID Pt and 

IBID Pt, free standing nanorods were deposited onto the TEM grid. The deposition of 

EBID Pt and IBID Pt was carried out at 5 kV and 30 kV accelerating voltage and 43 pA 

and 1.5 pA to 93 pA of beam current, respectively. These were done on a TEM grid 

without carbon film to avoid carbon contamination. High-resolution images of carbon 

nanostructures and beam deposited electrodes were taken on a FEI TITAN operating at 

300 kV. In addition, electron diffraction patterns were also obtained from EBID Pt and 

IBID Pt, at the same places where the EDXS spectra were taken for compositional 

analysis.  
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IBID Pt samples, before and after heat treatment, were mapped by STEM-EELS on a 

300kV FEI Titan  CT TEM with a (GIF) EELS detector. STEM-EDXS mapping of EBID 

Pt samples was performed at International Iberian Nanotechnology Laboratory (INL), 

Portugal, on a probe corrected 200 kV FEI Titan ChemiSTEM. The ChemiSTEM  used a 

Super-X EDXS system, where four windowless Silicon Drift Detectors (SDD) are placed 

symmetrically around the sample (increases the detection sensitivity for light elements). 

2.2.4: AFM: 

2.2.4 (I): Working Principle: AFM is part of the scanning probe microscope family. 

Very sharp tips or probes are used to scan the surface of objects. During scanning, the 

tips collect information about the topography of the surface because of the up-and-down 

motion of tip. A laser is focused on the back of the cantilever of a tip, which is coated 

with a reflecting material. A photo-detector records the movement of tip. This is analyzed 

and a 2D image is created. The tip moves either in contact or non-contact mode. Tips for 

both modes are different with diverse spring constants and vibration frequencies.  

2.2.4 (II): Experimental Conditions:  A Park system AFM model XE-100 series was 

used to measure the height of the deposited materials by sputtering, IBID and EBID. The 

contact mode configuration was utilized for all measurements using Park system 

CONSTER tips. Moreover, diameter and length of MWCNTs were measured in non-

contact mode with Park system NCHR tips.  
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Chapter 3: Results and Discussion 

3.1: Characterization of MWCNT 

3.1.1: SEM: The 4”-sized sample of MWCNTs grown with plasma enhanced chemical 

vapor deposition (PECVD) shows full area coverage of the silicon wafer, as shown in 

Figure 16 (a).  

 

Figure 16: (a) Optical image of 4” silicon wafer after the growth of MWCNT, (b), (c) and 

(d) Cross-sectional SEM images of the cut wafer piece at different magnifications. 

A piece was cut from the 4” wafer for cross section SEM analysis. The SEM images 

(Figure 16 (b), (c) and (d)) of the silicon wafer cross section show the forest of vertically 

aligned MWCNTs. The alignment is mainly due to the strong electric field produced 

during the PECVD growth9. From the low and medium magnification SEM images it is 

10 µm 

2 µm 1 µm 
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seen that most nanotubes were straight and the length was around 10-12 µm, composing a 

dense and uniform population of MWCNTs. At the top-end of almost all nanotubes, the 

presence of catalyst particles was detected and it is seen as brighter regions in the high 

resolution SEM image, Figure 16 (d). The dimensions, structure and arrangement of 

MWCNTs grown by PECVD are strongly dependent on process parameters such as the 

feed gas, the nature of the catalyst, the substrate temperature and growth time9. However, 

the test sample was provided by AIXTRON UK and exact growth conditions were not 

communicated. 

3.1.2: EDXS: We performed elemental analysis at the end of several MWCNTs to find 

out the composition of the catalyst particles remainders (Figure 17 (a)) 

 

Figure 17: (a) EDXS spectrum of a catalyst particle remainder at the top-end of an 

isolated MWCNT dispersed on a SiO2/Si wafer; inset corresponding SEM image and (b) 

Chemical composition of catalyst particle. 

Apart from carbon the point EDXS spectrum detected the presence of nickel, silicon and 

oxygen; the latter two arising from the SiO2/Si substrate. Figure 17 (b) summarizes the 

(a) (b) 
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atomic and weight percentages, demonstrating that the catalyst used for the PECVD 

growth was Ni. 

3.1.3: Raman Spectroscopy: Figure 18 (a) shows a typical Raman spectrum of the 

MWCNT sample, taken with a 532 nm laser. Six peaks are notorious in the 0 - 3250 cm-1 

window used.  The two sharp peaks observed between 1100 cm-1 and 1800 cm-1 are 

characteristic of MWCNT samples. The first of these corresponds to the so-called “defect 

or D peak” (1351 cm-1) and the second (1584 cm-1) is known as the “graphitic or G 

peak”. The second order peaks of the D and G bands were also observed at 2700 cm-1 and 

2925 cm-1, respectively. The ratio of the intensities (ID/IG) was equal to 0.92, which 

confirms that this PECVD grown nanotubes contain a high density of defects. The 

presence of the first and second order peaks of silicon from the substrate was also 

detected.  

 

Figure 18: (a) Full Raman spectrum of PECVD grown MWCNTs and (b) Enlarged 

Raman spectrum of (a) from 1100 cm-1 to 1800 cm-1. 

3.1.4: TEM: The bright field TEM images in Figure 19 show that each MWCNT has a 

bamboo-type structure 48. Accordingly, multiple layers of tubular graphitic shells were 

  

(a) (b) 
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identified along with the presence of transversal internal walls and a high density of 

structural defects. 

 

Figure 19: (a), (b) and (c) bright field TEM images of MWCNTs dispersed on holey 

carbon (300 mesh) Cu TEM grid. 

At one of the ends, a Ni catalyst particle is commonly seen and adopts an elongated 

shape. The inner and outer diameters of the MWCNTs were 50-70 nm and 80-120 nm, 

respectively. In Figure 19 (c), a closed end is observed. 

3.2: EBID and IBID 

3.2.1: Dose Test: The equipment and working principle for EBID and IBID have been 

discussed previously. As there are various factors which can affect the EBID Pt, the 

deposition parameters were held constant or controllably changed to ensure 

reproducibility between the experiments. 

 3.2.1 (I): EBID Pt: During the initial experiments we observed a dark ring (“aureole”) 

adjacent to the deposited Pt area. Figure 20 shows different EBID Pt markers on a 

SiO2/Si wafer and illustrates well a noticeable variation of the aureole with beam current 

at constant accelerating voltage. 

(a) (b) (c) 
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Figure 20: EBID Pt on SiO2/Si wafer at 5 kV for two depositions areas (0.04 and 1 µm2) 

with increasing current values. 

The interaction of the primary electron beam and substrate results in the generation of 

various secondary electrons (SE-I, where I stands for primary beam) and back-scattered 

electrons (BSE) signals. SE-I mainly help in dissociating the precursor and the resultant 

Pt is deposited in designed area. However because of the high energy of the BSE (elastic 

scattering of primary electrons), these can generate additional secondary electrons (SE-II) 

through multiple scattering. Such action extends the volumetric reach of the electrons and 

results in the generation of a Pt aureole around the deposited area 22.  

Clearly, the deposited total area (i.e. including the aureole) by EBID Pt is inversely 

proportional to the current used and the smallest aureole was obtained at the highest 

current of 1.4 nA. It is suggested that a higher current leads to a deeper penetration of 

electron beam and consequently, most of BSE will become trapped, reducing the 

probability of unintentional Pt deposition. 

3.2.1 (II): IBID Pt: Similar aureoles were also observed for IBID Pt deposited on SiO2/Si 

substrate at ion beam voltage of 30 kV and beam current from 9.7 pA to 93 pA (Figure 

21).  

2 µm 
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Figure 21: IBID Pt on SiO2/Si wafer at 5 kV for two depositions areas (0.04 and 1 µm2) 

with increasing current values. Horizontal lines in image are due to charging effect. 

The aureole for IBID were larger than that of EBID. As beam current was increased from 

9.7 pA to 48 pA, the total deposition area was also grew. This is because the higher ion 

beam current leads to a larger diameter of the ion beam. For the highest current (93 pA) 

employed in our experiment, the total deposition was shrunk again. The deposition 

mechanism in IBID is more complex than EBID. It uses the higher energy ion beam, the 

damage, sputtering of the sample and ion implantation inside the sample increases with 

increasing the beam energy. For successful deposition, the rate of deposition must be 

higher than the rate of sputtering49. At the beam current of 93 pA, the rate of sputtering is 

faster than rate of deposition. Therefore, the aureole appeared smaller. 

3.2.2: Electrical Properties: Figure 22 shows how lithography defined Pt pads can be 

connected by an EBID Pt line (electrode). Similarly, IBID Pt devices were also prepared 

(Figure 23). The two-probe configuration was used to determine the lowest annealing 

temperature required to minimize the electrical resistance of EBID Pt and IBID Pt lines. 

The annealing of as-deposited devices was carried out under vacuum (P = 10 mbar) at 

three different temperatures (100oC, 200oC and 300oC) for 1 hour. The devices were then 

left to cool down to room temperature, still under vacuum. Avoiding exposure to air, 

9.7 pA 28 pA 48 pA 93 pA 

5 µm 
    

 
 1x1 µm

2
 

200x200 nm
2
 

 Constant voltage: 30 kV 
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during and after the annealing treatment, prevents the oxidation of EBID Pt and IBID Pt 

devices (or MWCNT ones). Once the annealing temperature was optimized EBID Pt and 

IBID Pt four-probe devices were prepared. In this configuration, the resistivity of EBID 

Pt and IBID Pt lines could be measured reliably because it is possible to subtract the 

contribution of contact resistance, as described in section 1.3. 

 

Figure 22: EBID devices where a short circuit provided by Pt lines have been established 

between the Pt pads. (a) Two-probe configuration (b) Four-probe configuration. 

 

Figure 23: IBID devices where a short circuit provided by Pt lines have been established 

between the Pt pads. (a) Two-probe configuration (b) Four-probe configuration. 
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Pt pads 

Pt pads 
EBID Pt 

EBID Pt 
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3.2.2 (I): EBID Pt: The graph in Figure 24 (a) demonstrates a non-linear trend in which 

the resistance of EBID Pt decreases with increasing annealing temperature. The devices 

of as-deposited lines had a resistance around 35 MΩ, which was reduced to 7 kΩ after 

annealing at 300oC. The high resistance figures were due to the presence of a large 

amount carbon and a granular structure of Pt nanograins in carbon-rich amorphous 

matrix50, which was later confirmed by EDXS, Raman and TEM analysis. The chemical 

analysis by EDXS on the Pt lines confirmed a composition 21 wt% C, 3 wt% O and 76 

wt% Pt. While the Pt and C are mainly derived from the deposited materials, the O2 is 

likely from the SiO2/Si substrate (possibly, some contribution also from O2 molecules 

absorbed at the surface). According to Porrati et al., the microstructure of as-deposited 

EBID Pt lines consists of metallic Pt nanocrystals embedded in a carbon-rich dielectric 

matrix 51. 

 

Figure 24: (a) Effect of annealing temperature on the two-probe resistance values and 

(b) EDXS spectrum of as-deposited EBID Pt lines.  

 In our work, the thermal energy provided by the 300oC annealing was enough to 

conglomerate the Pt nanocrystals and form a continuous, conductive Pt wire encapsulated 
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in carbon-rich shells which mainly improve the conductivity, as detailed in the TEM 

investigations described later on in this chapter. The resistivity of EBID Pt is reduced to 

2.55E-3 Ω-m from 2.48E-6 Ω-m after thermal annealing. This value is comparable to Pt 

bulk resistivity, 0.11E-6 Ω-m. 

3.2.2 (II): IBID Pt: In parallel to the work carried out on the EBID Pt shortened devices, 

a similar analysis was done for the IBID Pt. Overall, it was found that the resistance 

values of EBID Pt were considerably higher than those of IBID Pt, in particular for the 

as-deposited condition. As-deposited IBID Pt lines have an electrical resistance around 

4.24 kΩ (Figure 25 (a)).  

 

Figure 25: (a) Effect of annealing temperature on the two-probe resistance values and (b) 

EDXS spectrum of as-deposited IBID Pt lines. 

It is suggested that the lower resistance values of IBID Pt is mainly due to the higher 

metal content in IBID Pt lines compared to EBID Pt that was confirmed by the EDXS 

analysis (in concentration 12 wt% C, 1 wt% O, 15 wt% Ga, and 72 wt% Pt). The reason 

for the large metal content is due to a higher dissociation area of the precursor by heavy 

Ga ions, the shorter penetration depths and local heating caused by these same ions. 28,52. 
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Opposite to EBID Pt, the resistance of IBID Pt increases slightly with increasing 

annealing temperature. Overall, the resistance changes with annealing by less than <1 kΩ, 

which is relatively small when compared to the EBID results. From the TEM 

investigation shown later, no noticeable structural changes are observed in model-rods. 

One reason behind the resistance reduction for the IBID Pt devices is the redistribution, 

or depletion, of Ga atoms given the low melting point of this metal (around 30oC). The 

relative stability in resistance with annealing concurs with Yang C. et al. who claim that 

the resistance of IBID tungsten remains constant after annealing at 450oC for as long as 

3.5 hours53. 

3.2.3: Raman Spectroscopy: Several Raman spectra were collected from the shortened 

EBID Pt and IBID Pt pads deposited on SiO2/Si wafers, using a 532 nm monochromatic 

laser source. The spectral window for collection was 1050 to 1950 cm-1, and a typical full 

spectrum is shown in Figure 26(a). Despite our aim to deposit Pt only, we observed the 

ubiquitous presence of carbon in EBID Pt and IBID Pt deposits54. This is indicated by the 

appearance of D and G peaks. For both deposition approaches, four different spectra from 

as-deposited and annealed (100oC, 200oC, 300oC) samples were recorded. The spectra 

were noisy and the peaks of interest (D and G) were broad and overlapping. For this 

reason, the characteristic D and G peaks could not be analyzed in a straightforward 

manner. Still, it was possible to process the spectra by deconvoluting the superimposed 

bands into various component curves. An example is shown in Figure 26 where Gaussian 

fits have been applied with the aim to extract further information such as ratio of intensity 

(ID/IG), full width at half maximum (FWHM) of the D and G peaks as well as the Raman 

shift in the location of maximums for the D and G bands. 
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3.2.3 (I) EBID Pt: The G-band in Raman spectra provides valuable information about the 

density of graphite-like domains present in carbon materials, with its position varying 

from 1500 to 1600 cm-1. More specifically, the stretching vibrations of a pair of sp2 

bonded C atoms existing in rings and chains of hydrocarbons correspond to the G-band, 

whereas the D-band is due to the breathing of the sp2 bonded C atoms in rings 46. 

 

Figure 26: (a) Full Raman spectrum of as-deposited EBID Pt, (b), (c), (d) and (e) detail 

of the Raman spectra (from 1050 to 1950 cm-1) of as-deposited EBID Pt and thermally 

annealed devices (at 100oC, 200oC and 300oC). 

From Table 2, it is possible to appreciate the broadening of the gap between the D and G 

bands as the annealing temperature increases. The G-band is moved towards higher 

frequency numbers, which is associated with increased structural 

ordering/graphitization46. By contrast the D-band shifts non-monotonically, i.e. it first 

decreases to 1374 cm-1 at 200oC from the initial value of 1400 cm-1 and, then, increases 

(a) (b) 

(c) (d) (e) 
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back to 1385 cm-1 at 300oC. These structural changes might be happening because of the 

removal of moisture and contaminants, in a first stage. The D/G gap broadening is not 

necessarily correlated with a change in the respective bands intensity ratio. Accordingly, 

at a lower annealing temperature, the ID/IG ratio remains within similar values while gap 

broadening takes place. The FWHM values of the G-band remained more or less 

constant. Oppositely, the FWHM of the D-band were reduced by 46 cm-1. For higher 

annealing temperatures, both the ratio and gap broadening increased (cf. Table 2). These 

changes are mostly related to partial graphitization of disordered carbon. 

Table 2: Characteristics values extracted from the peak fitting performed in the Raman 

spectra show in Figure 26 (b), (c), (d) and (e). 

Annealing temperature As-deposited 100oC 200oC 300oC 

ID/IG 0.75 0.75 0.82 0.91 

D-band (cm-1) 1400 1394 1374 1385 

D-band FWHM (cm-1) 317 295 278 271 

G-band (cm-1) 1577 1574 1590 1591 

G-band FWHM (cm-1) 121 124 126 123 

 

Commonly a reduction of the ID/IG ratio implies that graphitization is taking place in the 

studied carbon material46. Based on earlier work by Ferrari et al. 46, Kulkarni et al. 

studied the effect of annealing temperature on EBID amorphous carbon55. These authors 

showed that an increase in ID/IG also corresponds to an increase in the length of graphite 

nanocrystals46,55. Porrati et al. also investigated this for their experiment with an EBID Pt 

structure that was irradiated by an electron beam and where the ID/IG ratio was increased 

from 0.89 to 1.8151. In our experiments, the ID/IG ratio slowly increased with higher 
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annealing temperatures, from 0.75 for an as-deposited sample to 0.91 for a 300oC 

annealed sample. Again, we relate this with the partial graphitization of the amorphous 

carbon matrix in EBID Pt devices.  

3.2.3 (II) IBID Pt: The Raman analysis of the IBID Pt shows that the structural behavior 

of the deposited carbon in these devices is quite different from the EBID Pt case.  

 

Figure 27: (a) Full Raman spectrum of as-deposited IBID Pt, (b), (c), (d) and (e) detail of 

the Raman spectra (from 1050 to 1950 cm-1) of as-deposited IBID Pt and thermally 

annealed devices (at 100oC, 200oC and 300oC). 

As seen from Figure 27 and presented in Table 3, there is a generalized ID/IG increase 

with higher temperatures but the trend is not linear. Until 200oC, the intensity ratio 

increases by almost 180%, from the value of the as-deposited device (0.60 to 1.08). 

However, after annealing at 300oC, the intensity ratio dropped to 0.91. 

(c) (d) (e) 

(b) (a) 
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Table 3: Characteristics values extracted from the peak fitting performed in the Raman 

spectra show in Figure 27 (b), (c), (d) and (e). 

Annealing temperature As-deposited 100oC 200oC 300oC 

ID / IG 0.60 0.85 1.08 0.91 

D-band (cm-1) 1372 1366 1360 1382 

D-band FWHM (cm-1) 278 293 305 276 

G-band (cm-1) 1551 1557 1579 1585 

G-band – FWHM (cm-1) 155 167 143 126 

 

During the vacuum thermal annealing, it is possible that Ga metal contaminant gets 

removed (melting point of ~30oC at 1 atm) which could further help in the graphitization 

process. The non-linear trends were observed for the G-band FWHM response, the D-

band location, and respective FWHM. For the D-band, the maximum FWHM was of 305 

cm-1 at 200oC. This temperature also showed a maximum of intensity for the D-band. 

From the as-deposited device to that annealed at 300oC, the D-band location reaches its 

highest wavenumber value at 1382 cm-1. These values suggest that the carbon structure is 

less disordered in the 300oC annealed device. 

Along with this, the FWHM of the G-band narrows by 29 cm-1 from the as-deposited 

device value to the 300oC annealed one. At the same time, the G-band position moved 

towards higher wavenumbers with the increase of annealing temperature. Put together, 

these observations provide evidence for the continued graphitization of the carbon 

contained in the IBID Pt device.  
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3.2.4: Device Integration and Probing of a Discrete MWCNT: Following the above 

control study, we prepared two- and four-probe EBID Pt and IBID Pt devices integrating 

carbon nanotubes interconnects in place of Pt lines. Figures 28 (a) and (b) illustrate the 

fabrication of a four-probe MWCNT device was done with EBID Pt. 

3.2.4 (I): EBID Pt: From Table 4, the resistance of discrete MWCNT devices was very 

high in the as-deposited configuration with a contact resistance in the order of 30 MΩ. 

After thermal annealing at 300oC, there was a sharp drop in resistance of the MWCNT 

devices, in some instances as large as three orders of magnitude. The annealed devices 

showed contact resistances of 1 kΩ. Furthermore, an ohmic behavior is observed as per 

the linear relation between current and voltage in Figure 28 (c). 

 

Figure 28: (a) SEM image of a discrete MWCNT between four pads, (b) the MWCNT in 

(a) after being integrated into a device structure by EBID Pt, (c) the current vs voltage 

curve of the MWCNT device in (b) before and after thermal annealing. 

The average resistivity of five MWCNTs was 2.23E-5 Ω-m with the lowest figure 

obtained for MWCNT-7 (7.01E-6 Ω-m). Given the dimensions of the MWCNTs (80 to 

120 nm), the resistivity values were calculated from this formula:  

10 µm 10 µm 

MWCNT 
MWCNT 

Pt pads 

EBID Pt 

Pt pads 
(a) (b) (c) 
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𝜌 =
𝑅 𝑥 𝐴
𝑙

 Where, 𝞺 = Resistivity, R = Four-probe resistance, A = Area 

and l = length of device under test 

Table 4: Resistance values of EBID Pt - MWCNT devices before and after annealing 

treatment.  

 Resistance values before annealing Resistance values after annealing 

MWCNT 

Two-probe 

resistance 

(MΩ) 

Four-probe 

resistance 

(MΩ) 

Contact 

resistance 

(MΩ) 

Two-probe 

resistance 

(kΩ) 

Four-probe 

resistance 

(kΩ) 

Contact 

resistance 

(kΩ) 

1 52.13 3.52 24.305 10.42 8.4 1.01 

2 40.345 2.64 18.855 16.12 13.75 1.185 

3 45.17 1.12 22.025 17.01 15.23 0.89 

4 16.92 1.67 7.625 17.93 16.27 0.83 

5 120.26 16.47 51.895 20.43 17.6 1.415 

6 >200 25.68 NA 24.92 23.14 0.89 

7 115.83 23.14 46.345 9.41 7.43 0.99 

8 106.86 14.63 46.115 28.52 26.26 1.13 

9 51.3 8.92 21.19 16.83 15.47 0.68 

Avg. 68.60 9.01 29.795 17.08 15.05 1.015 

EBID Pt 46.3 0.86 22.72 1.78 0.84 0.47 

 

The initial high resistance and subsequent reduction upon annealing agree with the 

observations for the shortened devices. In previous work, as-prepared EBID contacts on 

discrete commercial Nanocyl MWCNT showed overall resistances of around 500 kΩ56. 

These small figures contrast with the tens of MΩ measured in the present work. Various 

reasons may assist this disparity and include different deposition parameters, precursors 

or even non-intentional annealing steps (e.g. electrical annealing derived from sequential 
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current readings at high voltage). The defect-rich structure of the PECVD MWCNTs is 

not expected to account for the high resistance values of as-deposited devices as it is 

more likely dominated by contact resistance.  

3.2.4 (II): IBID Pt: Similar to the previous devices, the IBID Pt MWCNT devices 

(Figure 29 (c)) showed a linear I-V relation, indicating an ohmic-like behavior. The 

initial contact resistance is, in average, 6.2 kΩ. Post-annealing this value remains roughly 

the same, at 6.0 kΩ. The averaged CNT resistivity (from four values), at room 

temperature, is 2.46E-05 Ω-m, concurring with that of the EBID Pt devices above. 

Figure 29: (a) SEM image of a discrete MWCNT between four pads, (b) the MWCNT in 

(a) after being integrated into a device structure by IBID Pt, (c) the current vs voltage 

curve of the MWCNT device in (b) before and after thermal annealing. 

Previously, it was mentioned that there is a slight increase in resistance for the shortened 

IBID Pt (control devices) as the annealing temperature increases. This improvement 

contrasts with the observation of the reduction in total resistance for the corresponding 

MWCNT devices. Compared to the EBID-made nanotube devices, the overall resistance 

of four-probe configurations decreases from the as-deposited to the annealed status is 

much smaller, in the order of one to two tens of kΩ. 

MWCNT 
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Pt pads 
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Pt pads 
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Table 5: Resistance values of IBID Pt – MWCNT devices before and after the annealing 

treatment. 

 
Resistance values before annealing Resistance values after annealing 

MWCNT 

Two-probe 

resistance 

(kΩ) 

Four-probe 

resistance 

(kΩ) 

Contact 

resistance 

(kΩ) 

Two-probe 

resistance 

(kΩ) 

Four-probe 

resistance 

(kΩ) 

Contact 

resistance 

(kΩ) 

10 58.93 49.46 4.735 45.7 33.78 5.96 

11 16.14 0.315 7.915 14.22 0.494 6.865 

12 16.63 7.45 4.59 13.48 6.74 3.37 

13 114.7 94.13 10.285 107.8 99.3 4.25 

14 107.8 99.3 4.25 75.98 62.6 6.69 

15 52.33 41.45 5.44 41.64 28.07 6.785 

16 58.6 46.1 6.25 47.45 30.73 8.36 

Avg. 60.73 48.32 6.21 49.47 37.39 6.04 

IBID Pt 5.47 1.01 2.23 7.54 1.33 3.105 

 

After annealing, the contact between the discrete MWCNT and the IBID Pt electrodes 

appears to improve resulting in higher conductance of the device. However, there was 

almost no change in the average contact resistance with the annealing treatment (Table 

5). One explanation for the reduction in resistance might come from initial unintentional 

doping of CNTs with Ga ion50 and its subsequent depletion57. Some of the measurements 

showed surprisingly low four-probe resistance values, 0.315 kΩ. Given that the contact 

resistances do not vary by more than six kΩ, we can explain this by the variations in the 

structural order of the nanotubes across the PECVD sample. 

The resistance of MWCNT is in the order of 103 – 104 Ω that is lower or almost the same 

range when comparing to the IBID device prepared by Langford et al. and Wei et al. on 
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arc discharge MWCNT 22,19. Given the better structural order typical of arc nanotubes, 

this is unexpected. Possibly, our annealing treatment was more effective which led to 

better contacts.   

Another point of interest is the consistency of resistance values. Our results are superior 

to those reported by Ebbesen et al. 21. These authors fabricated MWCNT (arc discharged) 

devices using IBID tungsten contacts, where resistivity variations of six orders of 

magnitude were measured. According to them, the large variation was mainly because of 

the metallic and semiconducting nature of their CNTs while, in our case, the MWCNTs 

are consistently metallic. 

3.2.5: AFM Analysis: In view of characterizing the nanotube devices further, 

topographical AFM images were collected in contact mode. Amongst other things, it was 

possible to extract information about the size of the contacted MWCNT, the size of the 

electrodes deposited by EBID and IBID and the effect of the annealing treatment on the 

surface roughness of the electrodes. As shown in Figures 30 and 31, high-resolution 

AFM imaging was performed on both electrodes; the error signal images were extracted 

providing visual evidence of structural and surface changes occurring with annealing 

treatment. Moreover, the line profiles from the topographical AFM images were also 

recorded to measure exactly the height and width of electrodes. 

3.2.5 (I): EBID Pt: The as-deposited EBID Pt structures contain randomly distributed Pt 

particles embedded in an amorphous carbon matrix. Possibly due to the non-directional 

and disordered nature of amorphous carbon, the external surface of the as-deposited 

samples was relatively smooth (Figure 30).  By contrast, the annealed samples presented 
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considerable size differences and a rougher surface, these changes were also observed 

during TEM investigations. Accordingly, the height of the electrodes is reduced by one-

third of the initial value while the width shrank by 80 nm (Figure 30 (c) and (e)). 

  

Figure 30: (a) AFM topographic image of EBID Pt - MWCNT device (b) error signal 

image (c) a line profile (a black line in (b)) along EBID Pt electrode before annealing, 

and (d) error signal image, (e) a line profile (a black line in (d)) along EBID Pt electrode 

after annealing. 

Given the information collected from Raman and TEM (explained in the next section), 

we propose that the coalescence of Pt nanoparticles and graphitization of the amorphous 

carbon matrix occurs, flattens the electrodes and results in a higher density structure. 

Other reasons discussed in the literature for the reduction in height of amorphous carbon 
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deposits are stress relaxation, dehydration, and dehydrogenation58. These can also 

contribute in our case since the EBID structure contains a significant amount of carbon. 

Overall, a similar behavior was reported by Porrati et al. for EBID Pt in which the height 

of the structures was reduced by around 50% after electron beam irradiation for 40 min51. 

The reduction in height, upon thermal annealing, of EBID structures deposited on SiO2/Si 

substrates was also reported by Kulkarni et al.55. In their case, a deposit of amorphous C 

on 50 nm gold structures was studied and upon annealing at 450oC for 3 min, changes of 

75% in the height of a 60 nm line were seen. In our case, the reduction in height was 

significant (67%), even at the comparatively lower temperature of 300oC.  

3.2.5 (II): IBID Pt:  

 

Figure 31: (a) AFM topographic image of IBID Pt – MWCNT device (b) error signal 

image (c) a line profile (a black line in (b)) along IBID Pt electrode before annealing, 
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and (d) error signal image, (e) a line profile (a black line in (d)) along IBID Pt electrode 

after annealing. 

In our devices, the as-deposited electrodes had a width and height of 400 nm and 120 nm, 

respectively. These dimensions remain constant after the annealing step (Figure 29 (c) 

and (e)). The lack of visible structural and size changes indicates that the IBID electrodes 

are more stable that the EBID ones. This stability concurs with the observations made for 

the model in the IBID TEM nanorods (explained in the next section). The structural 

resilience to the annealing treatment may be due to the intrinsic carbon shell. This carbon 

shell may restrict diffusion and rearrangement of both metal and carbon under the 

conditions employed.  

3.2.6: Raman Mapping 

The above observations prompted a number of additional questions, of which the two 

most relevant were:  

1. What could account for such differentiated electrical behavior between the EBID 

and the IBID methods? 

2. How is the carbon located in the electrodes distributed? 

To answer these, we mapped the carbon structural changes for entire devices with µm2 

areas as the annealing takes place and analyzed the nm-scaled internal structure and 

chemistry of model-electrode nanorods deposited on TEM grids. Raman maps with areas 

of 15x15 µm2 or 20x20 µm2 were acquired from EBID Pt - MWCNT and IBID Pt - 

MWCNT devices. The total number of spectra collected was 40,000 for both areas.- 
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3.2.6 (I): EBID Pt: Even though the typical spectrum of the EBID Pt device did not have 

well-defined and separate peaks (cf. Figure 26), it was possible to use a 100 cm-1 

spectrum window to select the D (1350 cm-1) and G (1550 cm-1) bands and, subsequently, 

plot the respective Raman maps for the entire devices. The maps for the as-deposited 

device identify clearly the presence of the carbon nanotube. In addition, the outline of the 

D and G maps also confirm the generalized inclusion of carbon in the deposited 

electrodes. 

 

Figure 32: Raman mapping of the EBID Pt - MWCNT devices. (a) G-band map of the as-

deposited MWCNT device; (b) G-band map of (a) after annealing; (c) D-band map of the 

as-deposited MWCNT device; (d) D-band map of (c) after annealing. 

One observation was that the contrast between the D-band was lower when compared to 

that of the G-band map. From the representative Raman spectrum in Figure 26, this 
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becomes understandable since the D-band appears as a shoulder of the more pronounced 

G-band. Referring to the G-band map, it is seen that the contrast in the various EBID 

electrodes is similar (Figure 32). Moreover, the width of the electrodes is also uniform 

that confirms the overall homogeneity of the beam deposited Pt-based structures. In the 

previous section, the effect of thermal annealing on the Raman spectra of EBID Pt 

deposits was studied revealing significant changes in the carbon structure. Notably, 

partial graphitization of the structure was observed after annealing at 300oC.  

Interestingly, comparing the as-deposited and annealed maps it is evident that the contrast 

related to the presence of the nanotube almost disappears in the later ones. The nanotube 

signal intensity is not thought to change considerably. This contrasts with the carbon 

signal derived from the electrodes. Here, the carbon becomes localized in the outer 

surface of the electrode upon thermal annealing. The contrast features seen are typical of 

heterogeneous core-shell tubular structures. The fact that the core of the annealed 

electrode does not reveal the presence of carbon indicates it is chemically different, most 

likely composed of Pt. It should be noted that the intensity of the D and G bands became 

more pronounced as the width of the electrodes increased. To the best of our knowledge, 

this very noticeable structural change of the carbon contained in the EBID electrodes has 

never been reported before.  

3.2.6 (II): IBID Pt: For the IBID Pt, the presence of a core-shell configuration was 

detected in the as-deposited devices (Figure 33 (a)). Moreover, the structure of these 

electrodes was more graphitic than those of EBID Pt electrodes given the lower ID/IG 

ratio of 0.60 for IBID Pt (0.75 for EBID Pt). The D-band map was voided of contrast. As 
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it can be observed from the Raman spectrum in Figure 27, only a single peak was 

observed and corresponds to the G-band. 

 

Figure 33: Raman mapping of the IBID Pt-MWCNT devices. (a) G-band map of the as-

deposited device;  (b) G-band map after thermal annealing; (c) D-band map of the as-

deposited device; (d) D-band map after thermal annealing. 

The thermally treated sample also shows the core-shell structure. Comparatively, the 

main difference is the D-band that, after annealing, becomes visible. This visibility 

relates to the broadening of the gap between the D- and G-band (discussed previously) 

and, therefore, the better definition of the two peaks. This definition helps isolating the 

signal necessary to perform the D-band map. Meanwhile, the contrast of the G-band map 

also increased (Figure 33). 

(a) (b) 

(c) (d) 

G band 
maps 

D band 
maps 

 

 

As-deposited 

As-deposited After annealing 

After annealing 



72 
 

3.2.7: TEM: As observed in previous sections, the electrical characterization, Raman 

spectroscopy and AFM studies of EBID Pt and IBID Pt electrodes show quite different 

behavior and characteristics before and after the annealing treatment. Unfortunately, 

direct evidence of the internal structure cannot be obtained using these techniques. 

Therefore, we performed TEM analysis of nanorods made with EBID Pt and IBID Pt on 

Cu grids that act as models for the substrate-deposited electrodes. The EBID nanorods 

were grown directly on Cu TEM grids with an accelerating voltage of 5kV and beam 

current of 43 pA. Although these parameters are different from those used to fabricate 

devices on MWCNT, Teresa et al. showed that the size of the particles and respective 

microstructure remain more or less the same as the accelerating voltage and beam current 

employed for deposition is changed 50. 

3.2.7 (I): EBID Pt: In Figure 34 (a), the SEM image shows various as-deposited EBID Pt 

nanorods that were deposited on the Cu mesh of a TEM grid.  The corresponding bright 

field TEM images (Figure 34 (b), (c)) and selected area electron diffraction (SAED) 

pattern (Figure 34 (d)) were collected from one of the nanorods which has a diameter of 

80 nm. The micrographs demonstrate that, before annealing, the Pt-deposited nanorods 

are composed of randomly distributed nanoparticles (darker contrast) embedded in an 

amorphous matrix (brighter contrast). This type of ensemble is also known as a 

nanogranular structure 43. A statistical analysis of the size distribution of the 

nanoparticles (N = 58) points to an average size of 1.8 nm, ranging from 1.2 to 3.0 nm. 

The SAED shows diffuse rings that indicate the dominating presence of an amorphous 

material which can be attributed to the C matrix. Given the small size of the Pt particles 

and lack of orientation relationship, the respective diffraction signal is not visible. 
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Figure 34: (a) SEM image of EBID Pt nanorods before annealing, the bright field TEM 

images at (b) low magnification, (c) high magnification and (d) SAED pattern of nanorod 

before annealing. 

 

Figure 35: (a) EDXS spectrum of EBID Pt and (b) particle distribution. 
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Figure 36: STEM-EDXS mapping of EBID Pt nanorods grown on TEM grid before 

annealing, (a) the high resolution HAADF image with the area which was scanned (green 

box), the STEM EDXS (b) composite map of carbon and platinum, (c) map of carbon and 

(d) map of platinum. 

The chemical analysis performed with EDXS identified the presence of Pt and C, as 

expected. STEM-EDXS mapping of the as-deposited EBID Pt nanorods was carried out 

(Figure 36). The contrast of the STEM-HAADF in Figure 36(a) is dependent on the 

atomic number of the elements (by ~Z2) in the sample. Through this, the Pt appears 

bright than C. The respective EDXS maps show that while the C is uniformly distributed 

(in red, Figure 36 (c)), the presence of Pt is more intense where the nanoparticles are (in 

green, Figure 36 (d)). These images confirm a nanogranular composite made of Pt 

nanoparticles embedded in an amorphous carbonaceous matrix. 
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Figure 37: (a) SEM image of EBID Pt nanorods after annealing, the bright field TEM 

images at (b) low magnification, (c) high magnification and (d) SAED pattern of nanorod 

after annealing. 

Upon annealing of the grid using the same conditions as used for the devices, substantial 

variations were observed. From the SEM image in Figure 37 (a), the shape of nanorods 

changed significantly after the annealing treatment (cf. Figure 34(a)). Whereas they were 

straight in the as-deposited configuration, bending of the free-standing nanorods was 

observed after exposure to 300oC in the vacuum, possibly because of induced gradients in 

lattice stress and composition that lead to structural rearrangements59. As illustrated in 

Figure 37, solid core-shell structures were formed. The core of the annealed rods shows 

dark contrast in the bright-field TEM micrographs, implying a denser material when 

compared to the outer shell. The high-resolution images show the presence of randomly 
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stacked platelets and the SAED confirms the presence of a polycrystalline material. It 

was possible to identify the rings corresponding to the atomic planes (111), (200), (220) 

and (222) for Pt. 

 

Figure 38: STEM-EDXS mapping of EBID Pt nanorods grown on TEM grid after 

annealing, (a) the high resolution HAADF image with the area which was scanned (green 

box), the STEM EDXS (b) composite map of carbon and platinum, (c) map of carbon and 

(d) map of platinum. 

Further analysis with EDXS indicates the exclusive presence of both Pt (70 wt%) and C 

(30 wt%). This result is quite similar to that obtained from EBID Pt lines on SiO2/Si. The 

corresponding chemical mapping is shown in Figure 38. As seen in the STEM-HAADF 

image (Figure 38(a)), the core of the annealed EBID Pt nanorod is no longer made of 

agglomerates of nanoparticles but is a solid wire, instead. The EDXS map of C shows a 

distribution that is relatively uniform in the nanorod (in red, Figure 38 (c)). On the other 

40 nm 30 nm 

30 nm 30 nm 

(a) (b) 

(c) (d) 



77 
 

hand, a noticeable concentration of Pt (green color, Figure 38 (d)) is seen forming the 

core. Taken together, the chemical mapping suggests a Pt-rich core surrounded by a shell 

that is mostly C.  

The existence of a composite of Pt particles hold together by an amorphous C matrix was 

also observed by Murakami et al. in similar rod-like structures grown on a TEM grid60. 

The authors reported that the reduction in resistivity from 10-2 to 10-5 Ω-m of the EBID Pt 

was due to the increment in size of the Pt nanocrystals from 1.9 nm to 4.3 nm in 20 nm 

rods, as the temperature rose to 350oC and 450oC in nitrogen atmosphere60. The behavior 

of our Pt nanorods (110 nm) differed as no particles were observed after annealing the 

TEM grids at 300oC in vacuum (10 mbar) for 1 hour, instead a continuous wire of Pt 

formed. The observation of a coalesced core as opposed to the persistence of particle 

ensembles may be due to the longer heating time for the broad nanorod employed by us 

(Murakami et al. used 10 min of annealing time and a nitrogen atmosphere). The 

prolonged annealing does not just accounts for the coalescence and sintering of the small 

Pt nanoparticles but also for the parallel diffusion and extrusion of C to the outer surface 

of the rod. One intriguing structural observation was the diameter variations of the rods 

and the electrodes of the devices upon annealing. For the case of the rods, this amounted 

to an average of 37.5% increase from the initial value. However, the opposite trend was 

noticed for the substrate-deposited electrodes. In this case, both height and width were 

reduced by 67% and 25%, respectively. 

When comparing the response of these Cu grid nanorods to the electrodes of the nanotube 

devices, the trend of the formation of a core-shell structure is consistent. This was 

observed by the Raman mapping of the device before and after the annealing step where 
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the change from a solid C nanorod to a core-shell tubular structure of C was also evident 

(cf. Figure 32). Following this, the partial graphitization of the amorphous C seen in 

Raman mapping can be understood by the catalytically activity of Pt as this metal is 

known to be chemically active towards the formation of carbon nanostructures 61. 

Furthermore, the improvement in conductivity in the annealed EBID devices could then 

be related to the increasing crystallinity of Pt after annealing. 

It should be noticed that the formation of these core-shell structures is not exclusive of Pt 

beam-deposited/annealed materials. For instance, Au nanorods deposited in the presence 

of water vapor as fabricated by Madsen et al62 also underwent this type of structural 

transformations. 

3.2.7 (II): IBID Pt 

Similar to EBID Pt nanorods, analogous IBID Pt nanorods were deposited on TEM Cu 

grids using the dual-beam SEM. As can be seen in Figure 39, the IBID rods are tapered. 

This contrast to the regular diameter rods made by the EBID approach. It should be noted 

that in EBID the contact diameter and area of deposition remain constant, while in IBID 

it is necessary to decrease gradually both current of the ion beam and the area of 

deposition, inevitably resulting in a tapered shape. For successful deposition, the rate of 

deposition must be higher than the rate of sputtering this can be done by bringing down 

the diameter of deposition and the current. Additionally, the Core structure had to be 

milled to reduce the diameter of the IBID Pt nanorods. 

The final cone-like configuration of the IBID rod presents higher mechanical stability 

compared to a more cylindrical structure of the EBID rod (Figure 39(b)). This stability is 
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advantageous as it reduces sample drift during observation with the high energy electron 

beam of TEM.  

 

Figure 39: (a) SEM image of IBID Pt nanorods before annealing, the bright field TEM 

images at (b) low magnification, (c) high magnification and (d) the SAED pattern of 

nanorod before annealing. 

From the bright field TEM images in Figure 39, it is clear that the diameter of Pt grains is 

larger and more densely distributed in the as-deposited IBID structure than that of EBID. 

It was difficult to calculate the particle size of the Pt crystal due to dense population and 

overlapping. Surrounding the tapered rod, a thin layer of a less-dense material was 

identified (Figure 39). This thin shell is intrinsic to the IBID Pt structures as it was 

observed in the as-deposited state. It could graphitize the C layer that was found in the 

5 µm 50 nm 

5 nm 5 1/nm 

(a) (b) 

(c) (d) 



80 
 

respective Raman map (cf. Figure 33). The SAED shows the rings did not have proper 

diffraction contrast, and they were not sharply defined. 

 

Figure 40: EDXS spectrum of IBID Pt. 

 

Figure 41: STEM-EELS mapping of IBID Pt nanorods grown on TEM grid before 

annealing, (a) the high resolution HAADF image with the area which was scanned, the 
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STEM EELS (b) composite map of carbon, gallium and platinum, (c) map of carbon, (d) 

map of platinum and (e) map of gallium. 

The EDXS identified the presence of Pt (73 wt%), Ga (14 wt%) and C (13 wt%). To 

confirm the chemical nature of the thin shell, STEM–EELS mapping was carried out. The 

collected spectra were filtered using energy windows appropriate for the core loss regions 

of each element of interest (in the case here, C, Pt, and Ga). From Figure 41, it becomes 

evident that the thin shell is C-rich whereas the core of the tapered nanorods is mainly 

composed of Pt and Ga together with a C matrix. 

 

Figure 42: The bright field TEM images at (a) low magnification, (b) medium 

magnification, (c) high magnification and (d) the SAED pattern of nanorod after 

annealing. 
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Following this analysis, the IBID Pt nanorods were annealed in a vacuum oven (P = 10 

mbar) at 300oC for 60 min. From Figure 42, it is possible to conclude that the effect of 

thermal annealing is not so significant on the IBID nanorods when compared to the EBID 

counterparts described in the previous section. The overall morphology of IBID structure 

remains relatively constant after thermal annealing. In the core of the nanorod, the 

annealed sample showed an increment in the size of the Pt nanoparticles. One other 

change occurred in the thickness of the C shell which doubled from about 1.4 nm to 2.8 

nm.  

 

Figure 43: STEM-EELS mapping of IBID Pt nanorods grown on TEM grid after 

annealing, (a) the high resolution HAADF image with the area which was scanned, the 

STEM EELS (b) composite map of carbon, gallium and platinum, (c) map of carbon, (d) 

map of platinum and (e) map of gallium. 
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This thickness variation was also detected with Raman, namely through the G-band map 

of the annealed IBID Pt MWCNT devices. As regards the SAED, the rings and dots 

corresponding to the planes (111), (200), (220) and (222) of Pt were very clear and had a 

measured inter-planner spacing of about 0.227 nm, 0.197 nm, 0.139 nm and 0.115 nm, 

respectively. 

Further to the structural analysis, the elemental distribution of the annealed IBID Pt 

nanorods was mapped. From the Figure 43 it is evident that the edges of the annealed 

nanorods are C rich while the core contains still Pt particles distributed in a C matrix. The 

presence of Ga was identified but in lower concentration from the as-deposited case. 

In the above, the coarsening of the Pt particles leads to a more ordered structure as seen 

from the comparison of the SAED before and after the annealing. Interestingly, the 

electrical probing of the devices does not show a considerable decrease in the resistance. 

This result may imply that the conduction through the electrodes is dominated by the 

outer C shell. However, other authors report an increase in conductance with the 

annealing step. This is the case of Liao Z. et al. who also studied the effect of annealing 

on IBID Pt on TEM grids but under different conditions. The authors performed the 

thermal treatment at a higher temperature (900oC) and for less time (20 min)63. 

Coarsening of Pt crystals was reported with the grains of Pt growing from about 3 nm to 

20 nm. The structural stability and smooth surface were retained up until 500oC. Passed 

this limit, larger Pt crystals were seen along with rougher surfaces63. 
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3.2.8: Contamination Along the Length of MWCNTs 

In executing the work described in this thesis, we noticed that there is little research done 

on the study of beam-deposition contamination of contacted nanoscale materials. This is 

surprising given the number of reports in the literature that use direct beam deposition 

methods and the advantages that these present for low dimensional materials over a more 

classical photoresist based lithography processes. A notable effort was done by Madsen 

et al. and Lan et al. who used TEM to observe the contamination of CNTs after EBID 

Au62 and IBID Pt64, respectively. 

To investigate the contamination derived from the beam deposition process on the 

MWCNT interconnect, EDXS was used together with Raman analysis. As seen 

previously, these characterization techniques can act complementary. In this way, we 

could not only identify the elements tailing from the electrodes to the interconnect but 

also examine deposition induced structural changes in the nanotube.  

First, Raman spectra were acquired along the length of the MWCNT. Given the 

possibility of contaminating or generating damage to the electrodes and carbon 

nanostructure with the EDXS probe, it is important to start the analysis with a low power 

laser. From the Raman intensity and EDXS line profiles taken along the length of the 

electrodes-MWCNT ensemble (Figure 44), it is clear there are variations as the 

spectroscopy probes travel from one end to the other. The profiles had a symmetrical 

disposition, as expected. While the higher Raman intensity was observed at the 

electrodes, due to the presence of carbon contaminants, the signal tails along the length of 

MWCNT reaching lower values at 1 µm or more from the electrodes edge. It is easy to 
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reason that there is a higher amount of C at these locations due to the larger body of mass 

represented by the deposited materials. 

 

Figure 44: (a) The curve shows changes occurring in weight percentage of Pt along the 

length of MWCNT; inset SEM image of annealed EBID Pt - MWCNT devices and (b) 

curve represents the changes in intensity of D- and G-band along the length of MWCNT.  

Likewise, the position of the electrodes shows maximums for the Pt concentration. The 

presence of Pt was identified along the length of the nanotube past the position of the 

deposited electrode. This tailing can extend for up to 1.5 µm.  

(a) 

(b) 

1 
2 

3 
4 6 5 7 8 9 

10 
11 

1 

2 

3 

4 
6 5 7 8 

9 

10 

11 

EDXS 

Raman 
1 2 

3 
9 

10 11 



86 
 

Spectra taken in regions far from the electrodes and nanotube show a maximum Pt 

concentration of 2-3 wt% that we took as the background level. At the center of the 

MWCNT length between the two inner electrodes, the weight percentage of Pt presence 

was around 1.2 for EBID Pt prepared devices. On the electrodes, the Pt content was 

within 72 - 86 wt% (Figure 44 (a)). 

 

Figure 45: (a) curve shows changes occurring in weight percentages of Pt and Ga along 

the length of MWCNT; inset is the SEM image of annealed IBID Pt – MWCNT, and (b) 

curve represents the changes in intensity of D- and G-band along the length of MWCNT. 
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The analysis of the EDXS line profile in Figure 45 (a) shows that the higher Pt and Ga 

concentrations lie where the IBID electrodes are. As these electrodes were annealed, the 

Pt content in them was 54 - 64 wt% for Pt and 12 - 16 wt% for Ga. The metals were also 

present along the length of the MWCNT. At mid-length of two consecutive electrodes, 

the Pt and Ga were around 2.7 wt% and 0.4 wt%, respectively. 

In this, just as for the previous EBID case, the presence of Pt on the MWCNT could be 

due to contaminated patterned substrates, the consequence of the lithography steps taken 

to define the Pt pads. Raman intensity also changes along the length of MWCNT (Figure 

45 (b)). It was very high on the electrodes and then it reduced to lower values around one 

µm or more away from the electrodes.  

The separation of the electrodes and the minimal length of nanotube between them is an 

important factor when designing nanoscale devices and choosing the proper deposition 

methods. In other investigations, Brunel et al. prepared four-probe devices on MWCNT 

and studied the leakage resistance associated with IBID Pt and EBID Pt by making 

electrical contacts with 0.5 to 2.0 µm gaps between the electrodes56. The authors found 

that contacts placed too nearly have an active leakage path because of the aureole 

mentioned before. The presence of an alternative conduction path to the object of interest 

logically compromises any electrical transport study, thus the relevance of understanding 

how the contamination tails. Madsen et al. used TEM to observe the contamination of 

MWCNTs after EBID gold62. 

Comparing the contaminations results from EBID and IBID, it is possible to say that the 

length is one µm in the first case and 1.5 to 2 µm for the IBID deposition. Therefore, for 
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accurate measurement of electrical properties of nanostructures, the gap between the two 

inner contacts for EBID Pt and IBID Pt should be at least 3 µm and 5 µm, respectively. 

3.3: EBL: 

EBL is the most common method to fabricate metal contacts on nanostructures, because 

of the high-resolution capability, high flexibility for preparing large and complex designs 

and less beam related chemical contamination and damage. In order to address concerned 

related to electron and ion beam deposition damage, or modification to the electrical 

transport properties and structure, EBL MWCNT devices in four-probe configuration 

were fabricated. 

3.3.1: Dose Test: In EBL the determination of process parameters is crucial when 

attempting to integrate CNTs into a device structure.  Consequently, a basic design 

pattern was first prepared with nanowires of different widths (80 nm to 10 µm) and 

constant length (10 µm) (Figure 46).  

 

Figure 46: (a) Basic design pattern for the dose test, (b) Schematic shows the values of 

different dwell time (0.2 µs/dot + (n*0.4), n = 0,1,2,..,7) and (c) Low magnification SEM 

image showing basic patterns transferred onto SiO2/Si wafer. 

 

3.0 

0.6  

1 

1.4  

1.8 

2.6 

2.2 

0.2  

(b) (a) (c) 

500 µm 



89 
 

After that, the substrate was coated with E-resist and baked on a hotplate as per the 

process described in chapter 2. In the next step, the E-resist was exposed to the electron 

beam. Parameters such as resist thickness, electron beam current and voltage, resist and 

substrate were not changed. The one variable parameter during the exposure process was 

the dwell time (i.e. amount of time the area of interest is exposed to the electron beam). 

The dwell time was varied from 0.2 to 3.2 µs/dot using a beam current 500 pA and 

voltage 50 kV. The dose sensitivity for PMMA is 300 µC/cm2. 

 

Figure 47: (a) AFM topography image of 80 nm nanowire taken in contact mode. (b)The 

effect of the dwell time on the actual width of 80 nm nanowire grown by EBL. 

After the exposure step, the patterned substrate was developed in AZ developer for 45-60 

secs and then dried using a N2 blow and hotplate. The deposition of a 20 nm Pt layer 

followed using a metal sputter coater. The subsequent lift-off procedure was performed in 

acetone. Once dried, the transferred pattern was analyzed by contact mode AFM to find 

out which are the proper parameters of dwell time that enable the fabrication of 

nanowires with a width equal or close to 80 nm. Interaction of the primary beam of 

elecrons with PMMA leads to the generation of the secondary and back scattered 

electrons. The number of these electrons is directly proportional to dwell time44. The 
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dwell time less than and more than 1 µs/dot resulted in no or over exposure of the pattern, 

respectively. The dwell time of 1 µs/dot was optimum for the exposure for the resist. 

3.3.2: Device Integration and Probing of a Discrete MWCNT 

Preparing devices on MWCNTs using EBL involves many steps, so care should be taken 

to avoid damage to the nanotubes or device electrodes during fabrication. There were 

around 20 devices prepared on MWCNTs using the procedure described in Chapter 2. 

However, the yield was low with only four devices (20%) successfully fabricated (Figure 

48). Most of the failed devices broke during the lift-off procedure, which involves the 

dissolution of PMMA in acetone.  

 

Figure 48: (a) SEM image shows the MWCNTs lying between four pads, (b) Design of a 

pattern based on location of single MWCNT, (c) SEM image of EBL MWCNT device 
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showing connection between MWCNT and Pt pads, (d) High resolution SEM image of 

EBL MWCNT device, (e) curve vs voltage curve for a MWCNT between two electrodes. 

Table 6: Table is showing resistances values for EBL MWCNT devices. 

MWCNT 
Two-probe resistance 

(kΩ) 

Four-probe resistance 

(kΩ) 

Contact resistance 

(kΩ) 

17 41.24 8.12 16.56 

18 15.34 11.00 2.17 

19 38.15 32.64 2.755 

20 20.51 13.56 2.475 

Avg. 28.81 16.33 6.24 
 

We believe this is because one or more of the following: weak binding between the 80-

120 nm diameter MWCNTs and the 25 nm high EBL electrodes, poor attachment of the 

EBL electrode with the silicon wafer, PMMA sticking between the electrodes or onto the 

MWCNTs.    

Resistance values of EBL MWCNT devices were of the same order of the above reported 

for EBID and IBID MWCNT devices (Table 6). The average contact resistance for the 

EBL MWCNT and IBID Pt was equal, around six kΩ. Moreover, the EBL four-probe 

resistance values were in the lower range of the figures obtained previously, comparable 

to those of the EBID Pt MWCNT devices. Because of similar electrical behavior from all 

devices (beam deposited and lithography-made), we can say that the contaminant tail 

from EBID and IBID contacts did not affect significantly the electrical properties of 

MWCNTs (provided we maintained a large enough gap between the inner electrodes). 
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3.4: Device Integration and Probing of TLG: 

While CNTs were studied above there has been much interest in other nanostructured 

carbon allotropes. These include graphene and thin layers of graphite (a.k.a. multi-layer 

graphene). In this section, we briefly explore an alternative interconnect material to the 

MWCNTs as a proof that the beam deposition can be applied to other carbon materials 

reliably and with a limited number of steps. We designed an approach to fabricate 

devices for thin layers of graphite (TLG). From the three different methods used above, 

the direct beam deposition processes are more attractive than EBL for a variety of reasons 

that include being less time-consuming and higher fabrication yields. Among the beam 

deposition methods we employed, we considered EBID to be more appropriate because it 

leads to less contamination and damage. This observation has also been made by other 

teams 56 53.  

 

Figure 49: (a) SEM images of four-probe EBID Pt–TLG devices and (b) single Raman 

spectra collected from same devices. 

Four-probe devices on TLG were prepared by EBID Pt (Figure 49). The natural graphite 

flakes were mechanically exfoliated following the now classical scotch-tape method 

(a) 

10 µm 

(b) 

EBID 
Pt 

TLG 
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pioneered by Geim and Novoselov10. SEM image and Raman spectrum were collected 

(Figure 49). 

A Raman spectrum gives information about the quality of the flake and number of layers 

in it. In the case here (Figure 49), the G peak commonly appears at 1582 cm-1 and the 2D 

peak at 2719 cm-1. The G-band peak was sharp and intense whereas there was no visible 

sign of the D-band, attesting to the well-ordered nature of the flake. The shape of the 2D-

band is also corresponding to a graphite flake and is composed of two overlapping peaks. 

The intensity ratio of the G/2D also confirms the presence of multiple layers of graphene. 

The electrical probing (Table 7) showed that the resistance values before annealing were 

very high which is not surprising given the inherent high resistance of EBID Pt devices in 

as-deposited condition (cf. previous experiments on MWCNTs). After annealing at 300oC 

in vacuum (P = 10 mbar) for 60 mins, the resistance values were reduced to a few kΩ for 

the two-probe configurations and a few Ω for the four-probe measurements. 

Table 7: Two-probe and four-probe resistance values of TLG before and after annealing. 

TLG 

Resistance values before annealing Resistance values after annealing 

Two-probe 

resistance 

(MΩ) 

Four-probe  

resistance 

(kΩ) 

Contact 

resistance 

(MΩ) 

Two-probe 

resistance 

(kΩ) 

Four-probe 

resistance 

(Ω) 

Contact 

resistance 

(kΩ) 

1 36.1 455.1 17.82 1.5 43.2 0.725 

2 73.1 1123.3 35.985 1.6 200.3 0.695 

3 30.3 3.4 15.195 1.2 52.1 0.57 

4 35.3 3.5 17.645 1.5 73.4 0.71 

5 38.1 18.3 19.04 1.2 161.1 0.515 

Avg. 42.58 320.72 21.137 1.4 106.02 0.643 
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The later allows the direct measurement of the sheet resistance of the TLG flakes and, 

thereby, the calculation of contact resistance values. For the present case, the contact 

resistance values are low, at an average of 645 Ω. The average sheet resistance is around 

69 Ω/sq for TLG flakes, but this figure is known to be inversely proportional to the flake 

thickness65. The thickness of TLG was measured by AFM, and it varies from 10 nm to 21 

nm (Figure 50 (a) and (b)). As depicted in Figure 50 (c), the four probe resistance of TLG 

flake decreases with increasing thickness. This improvement is because of the parallel 

conduction from the graphene layers in the thicker flakes65. 

 

Figure 50: (a) Topography AFM image of the EBID-TLG device, (b) a line profile (a 

black line in (a)) on a TLG flake, the effect of thickness of the TLG on four-probe 

resistance. 

(a) (b) 

(c) 
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Chapter 4: Conclusion and Outlook 

We reported the fabrication of two- and four-probe electrical devices on PECVD grown 

MWCNTs using a variety of methods namely EBL, EBID and IBID. The electrical 

behavior of the discrete MWCNTs sampled was similar. 

Even though the resistance values of the as-deposited EBID Pt devices were consistently 

high (in the range of MΩ), a single-step thermal annealing in vacuum was enough to 

bring them in line with the resistance of as-deposited IBID and EBL devices. The 

behavior of the IBID Pt MWCNT devices was considerably different: the resistance 

values in the as-deposited condition were only a few kΩ and further thermal annealing 

led only to small gains in the overall conductance. Interestingly, the lowest average 

contact resistance was obtained for the EBID devices (Table 8). The resistivity values for 

MWCNT were similar to that reported by other groups for CVD grown MWCNTs 4,62. 

Table 8: The electrical resistance of MWCNTs devices that were fabricated by three 

different methods (EBID, IBID and EBL). 

 

Two-probe 

resistance (kΩ) 

Four-probe 

resistance (kΩ) 

Contact 

resistance (kΩ) 

EBID annealed 17.08 15.05 1.02 

IBID annealed 49.47 37.39 6.04 

EBL 28.81 16.33 6.24 

 

Mapping of the Raman D- and G-bands of C in the MWCNT annealed devices revealed 

the presence of core-shell structures in the beam-deposited electrodes. Further to this, 
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partial graphitization of the non-intentionally deposited C was detected, being 

particularly noticeable in the EBID devices after annealing at 300oC for 60 min. It should 

be noted that ordering of amorphous C is usually carried out at temperatures in excess of 

800oC the under inert atmosphere66. Possibly, the presence of metals such as Pt and Ga 

catalyzed the sp3-to-sp2 conversion61.  

 

Figure 51: Schematic shows (a) and (b) the structural changes occurring in EBID Pt and 

IBID Pt electrodes respectively on SiO2/Si wafer, (c) and (d) the structural changes 

occurring in EBID Pt and IBID Pt nanorods respectively on copper TEM grid before and 

after annealing. 
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AFM characterization showed that the height and surface smoothness of the EBID Pt 

electrodes decreases considerably after the annealing treatment (Figure 51(a)). In the case 

of IBID Pt, the electrodes retain their dimensions and morphology (Figure 51(b)). TEM 

characterization of model-rods prepared on Cu grids offered interesting insight into the 

response of these structures to thermal stress, identifying the coarsening/sintering of Pt 

nanocrystals and confirm the existence of a C shell enveloping the nanorods (Figure 

51(c) and (d)).  

As regards the nanotubes, we did not identify structural changes resulting from the 

various deposition methods and subsequent annealing steps employed. However, 

chemical contamination along the CNT’s length was observed. The presence of Pt (for 

EBID Pt) and Pt/Ga (for IBID Pt) tailed for hundreds of nm beyond the outline of the 

electrodes. These metal impurities were not eliminated with the annealing step. Still, they 

do not pose an issue provided the electrodes are far apart (more than 3 to 5 µm).  

It is possible to state now that, upon annealing, the conductance increase of the beam-

deposited devices occurs in parallel with structural changes in the electrodes while the 

MWCNTs remain unaltered. These changes are significantly pronounced for EBID 

electrodes. From the comparison of EBID and IBID responses, we further conclude that 

not only the rearrangements of Pt in the electrodes that lead to better conductance. The 

formations of a partially graphitized C shell enveloping the deposited metal that is also 

responsible for the minimization of contact resistance. Put together, the present work 

raises interesting questions about the nature of the contacts established by beam-

deposition methods on nanostructured materials (likely not exclusive of C materials). In 

fact, it is licit to ask whether wrong assumptions have been made in the community over 
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the past decade, or more, on whether EBID and IBID metal electrodes effectively provide 

metal-to-nanostructure contacts or, alternatively, carbon-to-nanostructure contacts8,56,21,19. 

The implications are necessarily relevant when interpreting data acquired in electrical 

transport studies for nanostructures such as MWCNTs.  

In regards to a future direction for this work, we initiated the investigation of preparing 

beam-deposited devices for other carbon materials. Because of the fast processing times 

and reduced contamination, the method selected for the integration of thin layers of 

exfoliated graphite into devices was the EBID Pt. Our preliminary results show that the 

contact resistance of the as-deposited devices is also significant but can be considerably 

reduced with an annealing step. We believe that EBID Pt can be used to prepare devices 

for a range of other discrete nanostructures, including 2D and 3D materials but it remains 

to be investigated whether the electrodes response to thermal stress behaves in a similar 

way to that reported here for MWCNTs. 
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