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Abstract 

 

Carbon nanotubes (CNTs) are promising materials for many applications due to their attractive 

electronic, optical, mechanical and thermal properties. Currently, the main challenge facing their 

widespread usage is the inability to fabricate nanotube devices reproducibly.  

Dielectrophoresis (DEP) is a versatile method for the fabrication of nanostructures from a 

solution. However, while this method offers advantages such as overall control over the 

positioning of the nanotubes and the possibility of pre-selecting the types of CNTs, there are 

many unknowns about how the process works, leading to unreliability and irreproducibility. 

Although there have been reports on different parameters affecting DEP results, some important 

factors such as the movement of the solution and the interactions among nanotubes during the 

process have often been neglected. 

This thesis presents a combination of experimental and modeling efforts to investigate the 

mechanisms at work during DEP. Experiments were performed to evaluate the influence of the 

conductivity of the solution. A framework based on finite-element method simulations was 

developed to unveil the mechanisms involved. The results showed that variations in the 

conductivity of the solution, leading to changes in electrothermal movements, could lead to 

substantial differences in the outcome. Higher levels of repeatability were achieved by using 

low-conductivity solutions. 

The mutual interactions of nanotubes during DEP were also investigated using both experiments 

and simulations; it was shown that these could lead to the formation of periodic patterns in the 

deposited nanotubes. 
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Finally, a particle tracing simulation formalism was developed, allowing one to follow the CNTs 

in their journey from the solution to the substrate, taking into account several influential factors: 

the DEP force, the movement of the solution itself, and the Brownian movement of the CNTs. 

Metallic and semiconducting nanotubes were traced in various scenarios and the effective forces 

were explored every step of the way. 

The work reported in this thesis thus leads to a better understanding of the DEP process and the 

mechanisms involved in the deposition of nanotubes, and potentially that of other nano-objects, 

taking us a step closer to engineering reproducible processes for nano-device fabrication. 
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Chapter 1: Introduction 

The remarkable properties of Carbon nanotubes (CNTs) have placed them under the spotlight for 

the past two decades. Many of their properties are rooted in their very high aspect ratio, small 

diameter which practically makes them a one-dimensional structure, and the strong and robust 

sp
2
 carbon-carbon bond. These characteristics have made nanotubes potential candidates for a 

wide variety of applications: from the space elevator to ultra-fast electronic devices.  

Despite the high hopes for CNTs and the significant amount of research dedicated to examining 

their use in numerous applications, there are challenges on the way of producing commercial 

products based on nanotubes that are yet to be resolved. The reproducible fabrication of devices 

based on certain types of nanotubes is the missing piece of the puzzle toward their widespread 

usage, in particular for electronics applications. 

 

1.1 CNT’s structure 

CNTs are tubes made of carbon atoms with a diameter in the nanometer scale. A nanotube can be 

thought of as a rolled graphene sheet. Since there are infinite ways to roll up a sheet with a 

periodic structure like graphene into a cylinder, CNTs represent a collection of carbon tubes with 

different diameters and properties. Each nanotube can be uniquely described by a chiral vector 

which is basically a vector in the honeycomb lattice of the graphene sheet. It is a multiple of the 

basis vectors that can be written as                     and is often written as a pair of integers 

(n,m). The chiral vector determines the pitch and circumference of the nanotube (Fig.  1-1) [1], 

[2]. 
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Fig.  1-1. Basis vectors (red and blue) and a chiral vector (green) in the graphene lattice. 

 

CNTs can be either single-walled or multi-walled (Fig.  1-2). Single-walled carbon nanotubes 

(SWNTs) are made of just one cylinder. The diameter of an SWNT can range from less than a 

nanometer to a few nanometers. These nanotubes can be either metallic or semiconducting 

depending on their chirality. If the resulting value from the subtraction of the two indices is 

divisible by 3, the nanotube is metallic; otherwise it is semiconducting. The band gap of 

semiconducting nanotubes behaves approximately in proportion with the inverse of their 

diameter [3]. 

MWNTs are made of several concentric nanotubes. This type of CNTs have a more rigid 

structure because of their multiple layers and are usually considered metallic due to the high 
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chance of existence of at least one metallic tube among the tubes which create the MWNTs, as 

well as the large diameter of the outer tubes which means small band gap for the outer shells. 

 

Fig.  1-2. Schematics of (a) single-walled and (b) multi-walled CNTs. 

 

1.2 Fabrication of CNT based devices 

In order to be able to exploit the promising characteristics of nanotubes, there is a need for a 

reliable method for depositing one or more CNTs between at least two electrodes. An adjacent 

third electrode is required for making three-port devices such as a transistor. 

There are different methods for creating two- and three-port devices on the surface using CNTs. 

Chemical vapor deposition (CVD) is one of these methods in which the CNTs grow from 

decomposition of a carbon source gas in the presence of catalyst materials [4], [5]. The position 

of the catalysts can be determined using normal lithography methods. Vertical and horizontal 

growth of nanotubes is possible with this method. For the horizontal ones, the nanotubes can be 

directed using electric field, gas flow, patterned surface or substrate surface morphology [6]–

[10].  Growth of CNTs with an almost defect-free structure and the ability to make SWNTs as 
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well as MWNTs are two of the advantages of this method. The disadvantages are difficult 

process control for achieving repeatable results and the high-temperature nature of the process.  

Another technique for creating CNT-based electronic devices starts by dispersing nanotubes 

suspended in a solution onto a substrate. Nanotubes will be found in random positions after the 

solution evaporates. The electrodes are then patterned and deposited using electron beam 

lithography, where the nanotubes are [11]. Despite the low contact resistance of the devices 

made by this method, the elaborate process makes this technique not usable in many cases. 

Dielectrophoresis (DEP) is another method for deposition of nanotubes from solution. In this 

method, an alternating voltage is applied to pre-patterned electrodes immersed in a solution of 

suspended CNTs. The CNTs are either attracted or repelled by the field gradient depending on 

their physical properties. If the force is attraction, the nanotubes go toward the maximum electric 

field gradient, which is between the two electrodes, and deposit there on the surface due to the 

Van der Waals force [12]–[14]. The low-temperature nature, relatively good control over the 

position of the deposited nanotubes, simplicity of the required equipment and availability of 

solutions containing particular types of CNTs are some of the advantages of DEP over other 

methods. Nonetheless, in absolute terms, DEP still lacks sufficient control and repeatability. This 

method is at the core of the work presented in this thesis, and is described in detail in the next 

section.  

 

1.3 Dielectrophoresis 

When a polarizable particle is placed in an electric field, positive and negative charges are 

induced on the opposite sides of the particle, which can establish an electric dipole. The 

magnitude of the charge depends on factors such as the magnitude of the applied electric field, 
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the frequency of the electric field (polarizability is frequency-dependent), and the morphology of 

the particle [13]. The interaction between the electric field and the dipole cannot generate any net 

force if the field is uniform since the Coulomb forces on the two sides of the particle are equal in 

magnitude and opposite in direction and cancel out. However, in a non-uniform electric field, 

there will be a net force, which can affect the particle’s motion. Fig.  1-3 illustrates the difference 

between uniform and non-uniform fields affecting a particle.  

 

Fig.  1-3. Polarizable objects in uniform and non-uniform electric fields. 

 

If the particle is floating in a medium, the DEP force can be toward/against the direction of the 

electric field gradient. If the particle has a polarizability higher than that of the medium, the DEP 

force pushes it toward the region of maximum electric field (positive DEP), whereas if it has a 

lower polarizability, it is pushed away from that region (negative DEP). Considering the 

dependence of the DEP force on the physical properties of the particles in the medium, this 

method can be used for the separation of different particles. 

DEP has been used in various research areas for capturing and sorting a wide variety of particles. 

Applications include manipulation of cells and other biological particles [15], [16], nanoparticles 

sorting and manipulation [17]–[19], and improvement of atomic force microscopy probes (by 

placing a CNT at the very tip to increase the probe resolution) [20]. 
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1.4 DEP of CNTs 

DEP is one of the popular methods for the deposition of nanotubes. The process usually starts by 

pouring a few drops of a CNT-containing solution on the sample with previously fabricated 

electrodes. Alternatively, the sample can be immersed in the solution to achieve a higher level of 

consistency from experiment to experiment. Once an alternating voltage is applied to a pair of 

electrodes, the CNTs align themselves with the electric field lines and approach the gap between 

the two electrodes and eventually deposit.  

 

Fig.  1-4. DEP deposition process: a solution drop is placed on the electrodes. Once the voltage is applied CNTs 

align themselves with the field and move toward the electrodes. Electrodes can be used to connect to CNTs after the 

experiment.  

 

While the basics of this process seem to be straightforward, there are many parameters that can 

affect the results, and the mechanisms arising because of different phenomena that are involved 

in moving the particles toward their final destination. Moreover, having a wide range of physical 
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properties among CNTs, from a semiconductor with considerable band gap to a perfect 

conductor, makes the final result of DEP deposition more complex.  

Various parameters such as the amplitude and frequency of the applied voltage, the duration of 

application of the voltage, electrodes geometry and design, substrate properties, CNT 

concentration in the solution, and also physical properties of the solution can have an effect on 

the deposition in the DEP method. 

Since the DEP force depends on the electric field, a higher applied voltage is expected to attract 

more nanotubes. Different reports have experimentally confirmed this in various solutions such 

as water, ethanol, and dichloroethylene [21]–[23]. Arun et al. determined a minimum required 

field for deposition in the case of aqueous solutions with added surfactants [22]. However, the 

reported level of increase in the density of deposited nanotubes because of increased voltage is 

not the same in all these works. 

The duration of the application of the potential difference to the electrodes is another effective 

parameter. The movement of nanotubes under the influence of the electric field can be divided 

into two categories: rotational and translational. Li et al. and Peng et al. investigated the time 

needed for these movements [24], [25]. They concluded that, because of the magnitude of the 

torque exerted due to the interaction between the induced dipole in the CNT and the field, the 

time needed for the rotation of nanotubes to the direction of the field is in the sub-millisecond 

range, and is typically much smaller than their translation time toward the electrodes. Once 

aligned with the field, a longer manipulation time gives CNTs a higher chance for moving 

toward the electrodes and depositing on or near them. Therefore, a higher density of deposited 

nanotubes was achieved as the duration of application of the voltage was increased [22], [24]. 

For electrodes with a gap much larger than the maximum length of suspended nanotubes, CNTs 
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gradually cover the gap starting from the edges of the electrodes and filling it up layer-by-layer 

as time goes by (see Fig. 2 in [26]). 

The DEP force is altered with the change in the magnitude of the dipole moment of the particle, 

which itself is a function of its polarizability. The polarization depends on the frequency. 

Therefore, DEP force on a particle can have different values and directions as the frequency of 

the applied voltage changes. Dimaki and Boggild observed better alignment in the network of 

nanotubes as they increased the frequency from 10 kHz to 10 MHz [27]. An aqueous solution 

with surfactant was used in their work. Moscatello et al. also reported better alignment of multi-

walled nanotubes at higher frequencies [23]. They observed a higher density of deposited 

nanotubes as they increased the frequency from 50 Hz. The density decreased again for 

frequencies above 10 MHz. Sarkar et al. performed DEP using a 99% semiconducting nanotube 

aqueous solution at frequencies from 50 kHz to 5 MHz [28]. While the CNTs did not make a 

bridge between 2-µm-apart electrodes at 50 kHz, the density and bridging of the nanotubes 

increased at higher frequencies with a maximum at 1 MHz. Above 1 MHz, although the CNTs 

were aligned well with the field, their density was considerably lower compared to the maximum 

value. 

The morphology of the network of nanotubes is not the only outcome that is affected by the 

change in the frequency of the applied voltage. The percentage of the metallic and 

semiconducting nanotubes, which make the network, is also a function of the frequency. This is 

due to the difference in the polarizability of the two CNT types. While metallic nanotubes 

experience positive DEP in a very wide range of frequencies due to their very high conductivity 

and permittivity, semiconducting nanotubes only experience a positive force at lower frequencies 

[29]. The threshold frequency depends on the properties of the medium. This phenomenon was 
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used to separate metallic and semiconducting nanotubes and create networks of mostly metallic 

CNTs [17]. Considering the low polarizability of the semiconducting nanotubes, their deposition 

even at low frequencies was attributed to either their surface conductance due to the presence of 

surfactant materials [30] or to their dielectric anisotropy [31]. 

The motion of CNTs because of the DEP force is influenced by the electric field strength and 

pattern. The geometry of the sample used for the experiment directly determines the electric field 

distribution. Thus, parameters such as shape of the electrodes, existence of a conductive layer 

underneath the substrate oxide layer, and the oxide thickness can affect the DEP results. Xu et al. 

used simulations and experiments to compare round-shape electrodes with rectangular (sharp 

angled) electrodes [32]. They demonstrated that, in the case of round electrodes with smooth 

curved edges, CNTs are mostly attracted toward the protruding point of the semicircle. On the 

other hand, the DEP force is strongest around the angles when the electrodes have sharp corners. 

Single nanotubes were captured using very sharp triangular-shape electrodes made by electron 

beam lithography [33]. Other effective parameters such as voltage, time and solution 

concentration were proven very important for making these devices. 

The presence of a conductive layer underneath the isolating layer of the substrate can influence 

the final morphology of the deposited CNTs. This is often the case when a doped silicon wafer 

with oxide on the top is used as the substrate. Marquardt et al. used short metallic nanotubes to 

probe the electric field in two types of samples: insulating substrate, and oxidized conducting 

substrate [34]. While the nanotubes filled the gap for the insulating substrate, they covered 

mostly the edges of the electrodes in the second case. The authors attributed this to the change in 

the DEP force direction very close to the substrate due to the differences in the electric field 

patterns. The degree of influence of the conductive substrate on the DEP results depends directly 
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on the thickness of the oxide layer. For a thin oxide layer of 200 nm, a high percentage of the 

nanotubes cover the edges of the electrodes rather than bridging the two electrodes, but for 

thicknesses above 500 nm most of the nanotubes actually bridge the two electrodes [35]. 

Preparing a suitable solution that contains well-separated CNTs with a low concentration of 

aggregates and impurity particles is an important step for the successful deposition of nanotubes 

using DEP. The appropriate solution should be stable at room temperature, non-toxic, with a 

very low concentration of aggregates and impurity particles. Some of the solutions used for 

nanotube dispersion such as dimethylformamide and dichloroethane evaporate very fast, which 

makes them hard to use for the DEP experiment [36].  

The concentration of CNTs in the solution is an important factor as well. It was shown that there 

is an almost linear relation between the number of deposited nanotubes from a surfactant-free 

aqueous solution and the initial concentration of nanotubes in the solution [37]. This is true for 

the case of solutions containing only semiconducting nanotubes [28] and is independent of the 

shape of the electrodes [38]. 

 

1.5  Hydrodynamic motion of the solution during DEP 

DEP is not the only force affecting the nanotubes during deposition. The particles suspended in a 

solution are subject to a drag force from the solution, which is proportional to and in the 

direction of the relative fluid flow velocity.  Therefore, any phenomena that can induce a 

movement in the solution will affect the CNTs as well [39]. 

To investigate the movement of the CNTs during a DEP experiment, an electrokinetic 

framework must be developed (Electrokinetics is the study of movement of particles in 

suspensions subject to an electric field). Forces such as electrothermal and AC electroosmosis 
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can create agitation in the solution. Moreover, the Brownian force can also disrupt the movement 

of nanotubes due to its non-deterministic nature.  

The potential difference applied between the two electrodes for DEP has secondary effects such 

as generating a current, which passes through the solution. The magnitude of the current is a 

function of the conductivity of the solution. The power generated due to Joule heating increases 

the temperature of the fluid surrounding the electrodes. Even a small alteration in the absolute 

value of temperature can create a significant temperature gradient due to the small size of the 

device. This gradient results in gradients in permittivity and conductivity in the fluid. The 

electric field acting on the inhomogeneities of permittivity and conductivity generates a body 

force on the solution known as the electrothermal force [40], [41].  It was shown that the 

electrothermal force induces a semicircular pattern of movement in the solution above the two 

opposing electrodes as shown in Fig.  1-5. The direction of motion depends on the frequency of 

the applied electric field. For frequencies below the so-called cross-over frequency, the solution 

moves from above the gap toward it and then moves away, tangential to the electrodes as shown 

in the figure. Otherwise, the direction of motion in the solution is the opposite. The cross-over 

frequency itself can be written as a function of the charge relaxation time. The charge relaxation 

time of the liquid is the ratio between the permittivity and conductivity of the solution [40]. The 

details will be discussed in the following chapters. 
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Fig.  1-5. Electrothermal movement of the solution 

 

AC electroosmotic flow in a solution originates from the action of the tangential electric field on 

the ions in the double layer formed on the electrodes [39]. A double layer refers to two layers of 

charge on the surface of a solid immersed in an electrolyte. The movement of the charges due to 

the tangential field creates a flow very close to the surface of the electrodes because of the drag 

which exists between the ions and the solution. In an AC electric field, since both the sign of the 

charges on the electrodes and the direction of the electric field change in each half cycle, the 

direction of the AC electroosmotic flow remains the same. Fig.  1-6 shows the forces which are at 

the root of AC electroosmosis and also the movement of the solution due to them. 
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(a) 

 

(b) 

Fig.  1-6. (a) The forces on the double layer ions, (b) flow movement due to electroosmosis. E, Et, Fq, and V denote 

the electric field, tangential component of the field, Coulombic force on the charges and the applied voltage, 

respectively. 

 

Studies concerned with estimating the order of magnitude of various hydrodynamic forces 

showed that, for systems with a characteristic length in the micrometer scale, the two dominant 

forces are electrothermal and AC electroosmosis [40], [42]. Obviously, the exact value of the 

velocity at different points in the solution depends on many parameters such as the conductivity 

and permittivity of the solution.  

AC electroosmosis is mainly effective for the lower frequency range, in which the electric 

double layer has sufficient time to form (up to a few tens of kHz); it drastically decreases at 

higher frequencies. For most of the frequency spectrum, the electrothermal force is the dominant 

force on the solution and can agitate it [42]. 



14 

 

Although the hydrodynamic forces on the fluid were proven to be effective on the final results of 

DEP of particles, they are rarely taken into account. In the case of deposition of nanotubes using 

DEP, researchers usually neglect them or mention them as negligible in their reports, which does 

not seem to be correct in many cases. 

Lin et al. simulated the effect of the electrothermal force by adding a force term in solving the 

Navier-Stokes equation in a two-dimensional plane [43]. They did not consider the 

electroosmosis movement in the solution; they gave the reason as the frequencies where this 

force is influential being well below the frequency of the applied potential in their experiments. 

It was shown that the electrothermal agitation can carry the semiconducting CNTs with it and 

affect their motion due to the weakness of the DEP force on them. They mentioned that they do 

not expect the metallic nanotubes to be influenced as much due to the strength of the DEP force 

affecting them. It was shown that the direction and magnitude of the electrothermal force can 

change with the frequency depending on the physical properties of the solution. 

In their insightful work, Burg et al. developed a two-dimensional framework for evaluating the 

extent of effectiveness of various electrokinetic forces during the DEP of CNTs [44]. They 

showed that in the solutions made using surfactants, the electrothermal force can be the dominant 

factor in the long-range movement of nanotubes. The DEP force is mainly effective around the 

electrodes, and its domain of influence depends on the type of the nanotube. Moreover, they 

showed that the magnitude, direction and general pattern of electrothermal motion can change 

with the frequency.  
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1.6 Research objectives 

As mentioned in the previous subsections, there have been multiple scientific studies performed 

on examining the final results of DEP of CNTs as a function of DEP parameters. Significant 

inconsistencies exist among these reports, which could be attributed to the use of different 

solvents and procedures for preparing the solution. The effect of these differences was often not 

taken into account, leading to apparent contradictions. Moreover, the lack of repeatability, 

reproducibility and reliability in the resulting CNT devices from DEP, has limited the use of this 

method to research labs. Unveiling the effect of the neglected parameters can possibly lead to a 

higher yield in creating devices with DEP.  

Important questions thus remain, which are the focus of the investigations reported in this thesis. 

Prior to this work, the relation between the final morphology of the nanotubes on the surface and 

the solution movements, specifically because of the electrothermal force, was not clear. This is 

important because different methods for the preparation of nanotubes result in solutions with 

different conductivities. The electrothermal force is a function of the conductivity of the solution; 

therefore, the degree of influence of this force can change for different solutions. To tackle this 

problem experimentally, preparation of solutions with a range of conductivities but similar in 

every other aspect is necessary. This is a challenge considering that there is a relation between 

the number of nanotubes suspended and the amount of surfactant in the solution, which is also 

the main reason behind the change in conductivity [45]. 

 Both the DEP force and the electrothermal force depend on frequency. An important question 

here is how the effects of these two main forces evolve with respect to each other as the 

frequency of the applied voltage is varied. 
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Another key phenomenon that can be responsible for the deposition patterns resulting from DEP 

deposition is the mutual interaction between nanotubes. Once a CNT is connected to one of the 

electrodes during the experiment, its electric potential and also the potential profile around it 

change, in turn affecting the forces on other nanotubes and also on the solution. Vijayaraghaven 

et al. considered the change in the DEP force and stated that the deposition of a CNT on sharp 

electrodes results in a change in the DEP force around the electrodes from attraction to repulsion 

during the rest of the process [46]. While this may be the case for sharp electrodes, it cannot 

explain the patterns forming during experiments using electrodes having other shapes. 

The magnitude of the DEP force on the nanotubes depends directly on their physical properties 

and is therefore orders of magnitude different for metallic and semiconducting nanotubes. This 

opens up the floor for the non-deterministic Brownian motion to be of importance in some cases. 

To be able to find out how effective each of the forces are in the journey of semiconducting or 

metallic nanotubes from the solution to the surface, a framework is required which can handle 

not only the force on the nanotubes (DEP) and on the solution (electrothermal), but also the 

random Brownian movement. 

The main research questions can be summarized as follows: 

1. What is the effect of the electrothermal force on the morphology of nanotubes deposited 

using DEP from solutions with different conductivities? 

2. How do electrothermal and DEP forces evolve with respect to each other as the applied 

frequency changes, and how does the final deposition pattern change? 

3. What are the mutual effects of CNTs on each other and on the solution motion during 

DEP? 
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4. What are the dominant forces affecting the semiconducting and metallic nanotubes 

during each stage of DEP deposition? 

 

1.7 Methodology 

The research described in this thesis includes both experiments and numerical modeling, 

emphasized almost equally. The experiments were performed using various solutions and DEP 

settings. The experimental results show the dependence of the final morphology of nanotube 

deposition on the settings used, but cannot directly reveal the mechanisms involved in forming 

those results. For this reason, a framework based on finite-element simulations was developed 

and used to quantify the forces and mechanisms competing in each particular case. The results of 

these simulations were extracted and used in a particle tracing formalism in order to track the 

movement of the nanotubes in an environment containing deterministic as well as random forces. 

 

1.8 Thesis overview 

This thesis has seven chapters. The overview, related works and the research questions are 

described in the current chapter. The second chapter is dedicated to explaining the methodology 

and theoretical background used in the experiments and simulations in general. Each of the 

subsequent four chapters addresses one of the four research questions posed above. The last 

chapter presents a summary of the findings, contributions made, and also suggests some 

directions for future research.  
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Chapter 2: Methodology 

The methods that were used in this thesis can be divided into two major categories: the 

experimental ones and those used in numerical simulations. The techniques used for preparing, 

performing and evaluating the results of the experiments will be discussed first. The second 

section of this chapter is dedicated to describing the framework used for the simulations and its 

theoretical background.  

 

2.1 DEP experiments 

The necessary elements for performing a DEP experiment are the solution containing the 

particles (here the CNTs) and also the substrate containing pre-patterned electrodes. The solution 

should be stable, inert in the ambient environment, and contain well dispersed individual 

SWNTs. The substrate should have electrodes in desired shapes. The electrodes are usually made 

using microfabrication techniques. The small gap between the electrodes makes the creation of 

large electric fields by applying relatively small voltages possible. The electrodes are designed to 

have large flat-pad extensions so that microprobes can connect them to the external circuitry.  

 

2.1.1 Solution preparation 

Water is one of the most popular solvents for preparing particle solutions due to its inert and 

stable nature. CNTs are inherently hydrophobic and therefore insoluble in water. Preparing CNT 

aqueous solutions
1
 requires modifying the interaction between water molecules and the CNT 

surface. The methods available for doing so can be divided into chemical (covalent bonds are 

                                                 

1
 It might be debatable whether to call these nanotubes solutions or suspensions; however, in keeping with the 

existing literature on nanotube DEP, we will use the word “solution”.   
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made to the CNT surface) or physical (the agents interact with the CNT through Van der Waals 

forces) techniques [47].  

Chemical methods functionalize the surface of the CNTs (adding chemical groups covalently 

attached to the nanotube surface) to enhance the solubility of the CNT in the medium. The 

aggressive nature of these methods, which are typically performed by using concentrated acids at 

high temperatures, can introduce defects into the structure of CNTs [47]. In general, CNTs can 

be functionalized by oxidation using materials such as peroxyacids or metal oxidants, or 

reduction with thiols, carbenes, etc [48]. The advantage of this method is that there is no need for 

any other agent for dispersion of nanotubes, and no material other than CNTs would be added to 

the solvent.  

The surfactant-free solutions used in this research were prepared from a SWNT solution 

commercially available from Nano-Lab Inc. [49], in which the nanotubes were carboxylated 

prior to suspension in water. The nanotubes had lengths in the range of 1-5 µm and an average 

diameter of 1.5 nm. The initial concentration of the solution was 1 g/l. The nanotube solution 

was diluted to the desired concentration for each experiment. 

Using the noncovalent (physical) method has the advantage of not interfering significantly with 

the π electrons of the CNTs and therefore preserving their electrical properties. A wide range of 

dispersive agents can be used to help the CNTs disperse in water. These materials include 

surfactants, polymers, single-stranded DNA, etc. [45]. The surfactant molecules have 

hydrophobic and hydrophilic ends. They interact with the nanotubes through their hydrophobic 

head and with water using the hydrophilic one. In general, ionic surfactants are preferred for 

preparing CNT-water solutions, whereas non-ionic surfactants are mostly used for organic 
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solvents [47]. The electrostatic repulsion of ionic surfactants is believed to help in the 

stabilization of the solution [45]. 

The process for making CNT solutions usually starts with mixing the surfactant (most typically 

sodium dodecyl sulfate (SDS) (Fisher BioReagents, catalog No. BP 166-100) or sodium 

dodecylbenzene sulfonate (SDBS) (American Chemicals LTS, catalog No. S2853-1100) for 

CNT aqueous solutions) with the appropriate weight percentage with CNT powder and water. 

This mixture is ultrasonicated to break the CNT bundles and disperse the individual CNTs. The 

solution is then centrifuged and the supernatant is extracted to separate the individual nanotubes 

from the remaining aggregates and other impurities such as metal catalyst particles. Fig.  2-1 

shows the process schematically. 

 

Fig.  2-1. Steps in making a CNT solution using surfactants (from [29], with modifications). 

  

To obtain a stable solution with optimum value of surfactant concentration and surfactant time, 

various solutions with different material concentrations and process times were made and tested 

using experiments such as dry-out (pouring a drop of solution on the substrate and letting in dry). 

Table  2-1shows the specifications of these solutions and Fig.  2-2 is a photograph demonstrating 

their relative darkness, which is an indication of the concentration of the suspended nanotubes. 
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Table  2-1. CNT Solutions with various surfactant concentrations and sonication times. 

 SDS concentration (wt%) sonication time (min) 

S1 0.3 10 

S2 1 10 

S3 3 10 

S4 1 30 

S5 1 3 

 

 

Fig.  2-2. Solutions with various surfactant concentrations and sonication times. 

 

The results of dry-out experiments of these samples showed that increasing the surfactant 

concentration over the critical micelle concentration (CMC), which is the concentration of 

surfactants above which micelles are spontaneously formed, reduces the amount of dispersed 

nanotubes in the solution. The osmotic pressure of micelles around the nanotubes close to each 

other creates an effective attraction between the nanotubes, which ultimately results in re-

bundling of CNTs. This phenomenon is known as depletion attraction in colloidal suspensions 

[45], [50], [51]. Lower amounts of surfactant reduce the number of CNTs as well but not as 

drastically as in the previous case. The optimum level seems to be around the CMC value. 

Increasing the sonication time not only does not help in increasing the concentration of CNTs in 

the solution but also can increase the number of defects in the CNT structures and shorten their 

lengths [52]. 
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Adding the centrifugation step for multiple hours at speeds such as 10,000 rpm resulted in 

homogeneous, well dispersed solutions which were stable for several months (Fig.  2-3). 

 

Fig.  2-3. From left to right: 0.1 wt% CNT with SDS, 0.1 wt% CNT with SDBS, 0.025wt% CNT with SDS, and 

0.025wt% CNT with SDBS. 

 

Although the final concentration of CNTs in the prepared solutions is different from its initial 

value due to decantation of the solution after centrifugation, it is apparent from the color of the 

solutions after centrifugation that there is a close relationship between initial and final 

concentrations (compare the two samples on the left side of Fig.  2-3 with the two samples on the 

right side). 

2.1.2 Design and fabrication of electrodes 

Photolithography 

Microfabrication technology has made creating large fields with relatively low voltages possible. 

This is particularly important in DEP because of the dependence of the DEP force on the 

magnitude of the electric field. To be able to move sub-micrometer particles, a field of 10
4
-10

5
 

V/m is required [40]. If electrodes with just a few micrometers of distance in-between are used, a 

potential difference on the order of a few volts can create a large enough electric field. 
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Although various substrates have been used, doped silicon wafers with an oxide layer on top are 

very common in DEP deposition of nanotubes. The doped silicon underneath the oxide can be 

used as a back gate once the CNTs are deposited [53], [54]. Moreover, in some reports, the 

capacitive coupling between the conductive substrate and one of the electrodes was used for 

applying the voltage for DEP, substituting the direct contact to one of the electrodes [46], [55]. 

As it was mentioned in the Introduction chapter, the conductive base can also affect the electric 

field lines during DEP and therefore the oxide needs to have sufficient thickness to avoid 

excessive modification of the field.  

Different designs for the electrodes were examined. Here, the ones which were used for the 

results presented in this thesis are described in detail. 

The first approach for creating the chips was using photolithography. A mask was designed and 

outsourced for fabrication at Simon Fraser University’s (SFU) 4D Labs [56]. The mask was 

made on a quartz plate and the patterns were created using read right chrome down standard (the 

text would read correctly on the wafer and mask should be facing down during the lithography). 

Fig.  2-4 shows the entire mask and Fig.  2-5 shows two of the main types of devices on the mask. 
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Fig.  2-4. The designed 5-inch mask. 
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Fig.  2-5. Two of the main types of devices on the mask. 

  

The devices shown in Fig.  2-5 will be called narrow and wide electrodes, respectively. The 

devices were made of two parts: a large pad for connection to external circuitry through the use 

of microprobes and a narrow/wide area between the opposing electrodes for capturing the 

nanotubes. The width of the electrodes of the narrow device close to the gap region was 4 µm. 

The same part in the wide electrodes had a width of 50 µm. Devices with gaps of 4, 6, 8, and 20 

µm were placed on the mask.  

The narrow electrode design was intended for making devices with single or a few carbon 

nanotubes while the wide electrodes provided enough area for depositing multiple nanotubes or 

CNT matt devices. The mask included 24 similar devices on each chip with an area of 8x8 mm
2
. 

The final goal of the fabrication process of this design was to create electrodes made with a 40-

50-nm-thick palladium layer over a 5-20-nm-thick layer of chromium. It was shown that 

palladium creates an almost ohmic contact with nanotubes due to its high work function [57]. 

The fabrication process was performed at UBC’s AMPEL Nanofabrication Facility [58] and 

SFU’s 4D Labs [56]. The overall processes performed in these two facilities were the same, 
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although different equipment models were used. The process started by cleaning a 4-inch wafer 

with acetone (sometimes boiling acetone for better cleaning) and then alcohols such as methanol 

or isopropanol and subsequently de-ionized (DI) water. The wafer was dried under a stream of 

nitrogen gas after. To ensure that no water remained on the surface, the wafer was baked at about 

100ºC for 10 minutes. After letting the sample cool down, a layer of HMDS primer was 

deposited on the surface using either spin coating or a vacuum dessicator. HMDS is an adhesion 

promoter, which improves the bonding between the photoresist and surface by replacing the –OH 

groups on the surface [59]. The next step was to spin coat the positive photoresist on the wafer 

(AZ P4110 or AZ MiR 703). The wafer was first placed on the spinner (if the HMDS priming 

step was performed using spinning, the wafer was left in the air for at least one minute). The 

photoresist was poured on the wafer using a disposable pipette. Bubbles and small drops of 

photoresist on the wafer were avoided as they tend to affect the quality of the resist layer after 

spinning. The spinner was programmed to gradually reach the maximum speed. The cycle 

included a spread time for the resist at low speeds so the resist covers the entire wafer. The 

appropriate maximum speed and the duration of spinning depend on the photoresist material and 

on the spinner. The typical values used were 30-60s for the time and 4000-6000 rpm for the 

maximum speed. The thickness uniformity and photoresist homogeneity across the wafer are key 

for a successful lithography process.  

Once the surface was uniformly covered by the resist, it was prebaked on a hotplate to evaporate 

the remaining solvent in the resist and create a stable resist film. A mask aligner (Canon PLA-

501F or OAI MBA 800) was used for transferring the patterns on the mask to the wafer by UV 

exposure. The exposed areas become more soluble in the developer. The duration of exposure 

depends on the power of the UV lamp (which can change over time) and the parameters used for 
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preparing the photoresist layer. Therefore, the optimum values were found by systematic 

experimentation which usually fell in the range of 4 to 6 s. The wafer was then developed in 

resist developers. 

After development, the clear areas on the mask were free of photoresist on the wafer. For the 

deposition of metals, a two-step electron-beam physical vapor deposition method was used. In 

this method the accelerated electron beam hits the anode, which is the metal source. High 

vacuum is necessary for the free passage of electrons (in the order of 10
-5

-10
-6

 Torr). The 

combination of vacuum environment plus the high temperature of the source due to the kinetic 

energy of the incoming electron beam results in a vapor, which covers the whole area inside the 

vacuum chamber including the wafer mounted in the direct line of sight of the metal source. The 

thickness of the deposited layer was controlled by a crystal-based thickness monitoring system. 

The fabrication of the electrodes ended with lift-off in acetone to remove the photoresist 

remaining on the substrate with the deposited metal layer on top. Fig.  2-6 shows one of the 

devices after photolithography and after lift-off. 

 



28 

 

 

Fig.  2-6. Optical microscope images of a device after photolithography. The inset shows a similar device after the 

lift-off. Scale bar is 20 µm. 

 

Electron-beam (e-beam) lithography 

The fabrication of devices using e-beam lithography was made possible through CMC 

Microsystems’[60] NanoSOI competition. The process involved a combination of e-beam and 

optical lithography on diced silicon-on-insulator (SOI) substrates. The feature size achieved was 

of the order of 100 nm on the sections patterned with e-beam lithography. 

The process started by the deposition of the metals. Then, the surface was covered by the resist. 

PMMA is usually the resist of choice in e-beam lithography. A 20-kV acceleration voltage was 

used for patterning the resist, followed by 20 s of development in an MIBK:IPA solution. 

Patterning of the metal layer was performed by chlorine-based reactive ion etching. An 
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inductively coupled plasma was used for etching the thin silicon layer with the thickness of 145 

nm. Stripping the photoresist was the last step of the fabrication process. 

The high resolution of the method was employed in making extremely sharp electrodes to 

capture a few and even single CNTs using DEP. Fig.  2-7 and Fig.  2-8 show the design and Fig. 

 2-9 shows images of the device after fabrication taken using an optical microscope.  

 

Fig.  2-7. Mask design for e-beam lithography. 
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Fig.  2-8. Magnified view of a few of the devices. The gaps between the electrodes range from 100 nm to 2 µm. 
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(a) 

 

(b) 

Fig.  2-9. Images of the fabricated device using e-beam lithography. The scale bars are 200 and 50 µm respectively. 
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2.1.3 Performing DEP 

A typical DEP experiment started by cleaning the fabricated chip with a sequence of acetone, 

methanol/ isopropanol, and DI water, followed by blow-drying with nitrogen. The sample was 

then placed underneath an optical microscope. A drop of CNT-containing solution (with a 

volume of approximately 10 µl) was then poured on the sample to surround the tip of the 

electrodes. Alternatively, a small piece of glassware with a rectangular prism shape was used to 

immerse the sample in the CNT solution to improve the consistency between experiments. The 

height of the solution above the sample was 3 mm in the experiments. A set of microprobes with  

movement resolution of 25 µm was used to connect to the large pads of the electrodes. The 

probes were guided under the optical microscope to the electrodes and then lowered to connect 

to them. The tip of the probes were connected to a signal generator. Fig.  2-10 shows schematics 

of the two setups and Fig.  2-11 contains pictures of the actual setup used for the experiments.  
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(a) 

 

(b) 

Fig.  2-10. Schematics of the DEP setups, (a) a drop of solution on the sample, and (b) the sample immersed in the 

solution. 
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(a) 

 

(b) 

Fig.  2-11. Images showing (a) the DEP setup, and (b) the microprobes connecting to the sample. 

 

The equivalent circuit of the DEP set up is shown in Fig.  2-12. Rsolv is the resistance between the 

two electrodes through the solution. It is inversely proportional to the conductivity of the 

solution and will be discussed in further detail in the following chapters. Csolv denotes the 

capacitance between the two electrodes (and the pads connected to them) in the solution. CBG is 

the capacitance between the electrodes combined with the pads and the conductive back gate 

with the silicon dioxide layer as the dielectric (the calculated value for the large connector pads 

and the back gate of the devices presented in this work is 2.7 pF for each electrode). The double 



35 

 

layer between the electrolyte and the electrodes is represented by a pseudo-capacitor (CDL) in the 

equivalent circuit [39], [44]. 

 

 

(a) 

 

(b) 

Fig.  2-12. (a) DEP setup modeled by circuit elements. (b) The equivalent circuit between the two electrodes. 

 

Various frequencies and voltage amplitudes were applied in different experiments using a 

waveform generator (WW5061 Tabor Electronics). The range of applied frequencies was from 

100 kHz to 10 MHz, and the potential differences were between 0.5 V/µm to 2 V/µm multiplied 

by the gap distance between the electrodes.  

Once the experiment was finished the sample was rinsed with DI water and blow-dried with 

nitrogen. 
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Atomic force microscopy (Nanosurf Easy Scan 2, in the tapping mode with an ACLA tip from 

APPNANO) and scanning electron microscopy (Hitachi S-4700 field emission scanning electron 

microscope and Zeiss Sigma field emission scanning electron microscope) were used for 

characterizing the results of the experiments.  

 

2.2 Simulation framework 

In order to gain an understanding of the role of various forces during DEP, the development of a 

multiphysics simulation framework, which could enable coupling of forces with completely 

different origins, was necessary. Several partial differential equations describe the electric, 

thermal and fluidic components of the system. The electric field can be found by solving 

Maxwell’s equations. The forces resulting from the electric field present in a medium with non-

zero temperature gradients generate the electrothermal force on the fluid. The fluid movement is 

governed by the Navier-Stokes equation.  

A finite-element approach provides the means of finding the solution to differential equations in 

two and three dimensions [61]. A series of two- and three-dimensional (2-D and 3-D) finite-

element simulations were thus performed using COMSOL Multiphysics software package [62] 

to find the direction and magnitude of the fluid flow in the solution. In the 2-D case, a larger 

section of the system (containing the electrodes, substrate and solution) could be simulated. On 

the other hand, in 3-D models, the shapes of the electrodes could be directly implemented in the 

model, making the simulations more realistic, and the solution movement could be investigated 

in all three directions. The computational limitations dictated the inclusion of a smaller section of 

the system in the 3-D simulations. 
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The electric potential and field in the system were calculated using phasor-based quasi-static 

Maxwell’s equations. The electrodes were set to appropriate potential values and the back gate 

was grounded. Electric insulation was applied to the boundaries of the system and, therefore, the 

perpendicular component of the current density was set to zero on all the outer boundaries.  

When a potential is applied between the electrodes, the current passing through the solution as a 

result of the electric field can raise the temperature around the gap region between the electrodes 

because of Joule heating, 

        
 

 
        ,  Eq.  2-1 

where Q is the generated power, σ is the solution conductivity and      is the AC electric field. This 

effect rapidly establishes a stationary temperature field with a negligible oscillating component 

[40]. The thermal convective motion of the solution is negligible in micro-systems. The energy 

balance equation can be written as  

         ,  Eq.  2-2 

in which k is the thermal conductivity of the medium and T is the temperature [40], [44]. The 

boundary conditions applied for the thermal calculations were different in 2-D and 3-D 

simulations. For the 2-D case, the system boundaries were far away from the heat source and 

their temperature was supposed to be very close to that of the surroundings; therefore, in this 

case the temperature of the boundaries was set equal to the ambient temperature. On the other 

hand, due to computational limitations, the boundaries of the 3-D models were closer to the heat 

source, and could affect the results unrealistically if they were set to a constant temperature. To 

avoid this problem, instead we set the normal temperature gradient component at the boundaries 
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to zero. In both cases, the electrodes were assumed to be thick enough to conduct the heat easily 

and stay at room temperature. 

The temperature gradient leads to gradients in conductivity and permittivity. These spatial 

changes in the presence of an electric field give rise to the electrothermal force. The time-

averaged electrothermal force per unit volume can be approximated using 

          
 

 
  

  

 
 

  

 
      

     

       
 

 

 
      

 
   ,  Eq.  2-3 

in which ε is the permittivity of the solution and       is the charge relaxation time in the 

solution. This expression can be rewritten as a function of temperature gradient as 

          
 

 
               

     

       
 

 

 
      

 
     ,   Eq.  2-4 

where                  and               per Kelvin for an aqueous solution 

[63]. This formula was manually entered into COMSOL. Using the temperature profile 

calculated by COMSOL based on Eq. 2-2 as explained before, the electrothermal body force was 

computed for all the meshes covering the model. In order to calculate the velocity of the fluid at 

each point, the electrothermal force was used in the following equation, which is derived from 

the Navier-Stokes equation, combined with the mass conservation equation,  

                Eq.  2-5  

and 

       ,  Eq.  2-6  

in which η is the dynamic viscosity of the solution, p is the pressure,     is the velocity vector and 

   is the general volumetric force (here, the electrothermal force,       , calculated as described 

above). 
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The electrothermal force formula has two terms. The first term on the right hand side of Eq.  2-3, 

which represents the Coulomb force, is dominant at low frequencies. The dielectric force (the 

second term) is the major component at high frequencies. The transition frequency, at which the 

dominant term changes, is of the order of the inverse of the relaxation time. The two components 

are in different directions and, therefore, the direction of the electrothermal flow is different at 

low and high frequencies [39], [41], [44]. 

The DEP force depends on the gradient of the square of the field and, for a rod-shaped particle 

with ellipsoidal shape, can be calculated using 

         
    

 
     

  
    

 

  
         

 
,    Eq.  2-7 

in which a, b, and c are half of the lengths of the major ellipsoid axes and   
  and   

  are the 

particle (in our case CNT) and medium’s permittivities, respectively. 

The movement of a particle suspended in a fluid influenced by a deterministic force such as DEP 

is described by the Langevin equation, 

 
        

  
                     ,   Eq.  2-8  

in which        denotes the velocity of the particle (CNT in this work),   its mass,        the 

deterministic force (here DEP), f the friction factor between the particle and the fluid, and finally 

    the velocity of the fluid at the point where the particle is located at time t [42]. The forces 

affecting the nanotube movement are DEP, Brownian and the drag imposed on the particle by the 

solution as it moves at a different speed compared to the surrounding fluid. For now, we neglect 

the Brownian force but it will be accounted for later on.  

The solution of Eq. 2-8 can be written as 

                    
       

 
    

 

 
       

       

 
.   Eq.  2-9 
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Here,         is the initial velocity of the nanotube. The characteristic time of acceleration, 

     , is very small and in the range of nano seconds for CNTs, which means that the 

nanotubes almost instantly accelerate to the velocity determined by the solution velocity, DEP 

force, and the friction factor.   can be estimated for a randomly moving prolate ellipsoid with a 

length of   and a radius of   in a solution with a dynamic viscosity of   by [39] 

  
    

    
 

 
 
.   Eq.  2-10  

As mentioned in the first chapter, the CNTs become aligned with the field during DEP. 

However, parasitic phenomena such as Brownian motion interfere with the aligned movement of 

nanotubes, leading to their having random orientations as they move.  

CNT bundles are also usually present in the solutions. Since there are usually at least some 

metallic nanotubes present in the bundles, they feel a considerable DEP force. One other 

difference between single CNTs and bundles is the higher stiffness of bundles. While the 

simulations in this work concentrate on individual CNTs, bundles act in a similar manner during 

DEP.   

The 2-D model consisted of a 200 µm x 150 µm segment representing the solution above the 70-

nm-thick electrodes and 2-µm-thick oxide. The electrodes were set at ±V/2 (V is the applied 

potential difference between the electrodes). The electrostatic potential on the back side of the 

substrate was set equal to zero to represent the potential of the conductive body of a doped 

silicon chip. In practice, the substrate is capacitively coupled to the electrodes and, therefore, 

acquires a potential equal to the average of those of the two electrodes (here, +V/2 and –V/2).   

The 2-D simulations cannot take the shape of the electrodes into account. To gain a better 

understanding of the fluid movement in the third direction, three types of electrodes – narrow, 
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wide and sharp - were simulated using 3-D models. The computationally expensive nature of 3-

D simulation limits the size of the simulation domains. The simulation structure consisted of a 

pair of electrodes over 2 µm of silicon dioxide, plus a 16 x 20 x 10 µm medium representing the 

solution. Fig.  2-13 shows the 3-D models.  
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(a) 

 

(b) 

 

(c) 

Fig.  2-13. 3-D models used for simulations. The lengths are in micrometers. The electrodes are highlighted in blue, 

(a) narrow, (b) wide, and (c) sharp electrodes. 



43 

 

 

Fig.  2-14 shows the steps taken to find the velocity of nanotubes because of the DEP and 

electrothermal forces. 

 

 

Fig.  2-14. Schematic showing the steps of finite-element method simulations. 

 

2.3 Summary 

The DEP experiments were performed using solutions made with chemical and physical 

methods. Electrodes were fabricated with normal photolithography and also e-beam lithography. 

The large extensions of the electrodes were used to connect the devices to external circuitry 

during DEP experiments. 

The simulations were carried out using a commercial finite-element method software package. A 

combination of fluid flow as well as electrical simulations for various scenarios was used for 

estimating the forces acting on nanotubes in different regions of the medium. The experimental 

and simulation methodology described in this chapter was used in the various aspects of the 

work reported in the subsequent chapters. 
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Chapter 3: Effect of solution motion on the deposition of carbon 

nanotubes using DEP2 

Although DEP is very promising for fabricating CNT devices, repeatability is still a challenge. 

There are various parameters that can affect the results, such as the frequency, duration and 

amplitude of the applied voltage, the shape of the electrodes and the solution properties. Several 

studies have investigated the effect of each of these parameters to varying degrees as discussed 

in the first chapter; however, the effect of solution properties in the resulting deposition patterns 

has not been fully explored. 

Among the media typically used for making CNT solutions, water is a popular one. CNT 

solutions prepared with various methods can have different conductivities and the motion of the 

solution because of the electrothermal phenomenon can affect the DEP deposition differently in 

each case. The aqueous solutions commonly used either contain surfactants for suspending CNTs 

or use some form of pre-treatment to functionalize the originally hydrophobic CNTs so they can 

dissolve in water [48], [64]. Although both methods result in stable CNT solutions, these 

solutions have different physical and electrical properties. Even for the solutions made using 

surfactants, the percentage of surfactant dissolved in the solution can have a significant impact 

on the conductivity of the final solution. 

The current passing through the solution during DEP creates a spatial temperature gradient, 

which leads to significant movement in parts of the solution. 

                                                 

2
 A version of this chapter has been published in a peer-reviewed journal (Reused with permission from “A. 

Kashefian Naieni, and A. Nojeh, ‘Effect of solution conductivity and electrode shape on the deposition of carbon 

nanotubes from solution using dielectrophoresis,’ Nanotechnology, vol. 23, p. 495606, 2012”, Copyright 2012, 

Institute of Physics). 
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Although the effect of the electrothermal force on creating movement in the solution has been 

shown previously, no systematic experimental report on the effect of solution conductivity on the 

deposition of CNTs with DEP is available. We used CNT solutions with different conductivities, 

but similar in every other respect, to perform such a systematic study, with particular emphasis 

on how the deposition patterns are affected. We analyze the differences and explain them using 

finite element simulations. The effect of electrothermal movement in the solution caused by 

Joule heating was simulated for the various solutions. The simulation results show good 

agreement with the experiments and can shed light on the drastic changes that the solution 

conductivity can cause in the deposition patterns. 

 

3.1 Methodology 

In order to allow for a meaningful comparison between the results of DEP experiments using 

solutions with different conductivities, one needs solutions with the same number of suspended 

nanotubes per unit volume but with different concentrations of a surfactant material such as 

SDBS. Normally, surfactant concentration affects the nanotube concentration [45]. To overcome 

this issue, we used a surfactant-free CNT solution, commercially available from NanoLab Inc. 

[49], where the suspended single-walled nanotubes are carboxylated prior to suspension in water, 

and have a length in the range of 1-5 µm and an average diameter of 1.5 nm. The initial 

concentration of the solution was 1 g/l and it contained both metallic and semiconducting 

nanotubes. By adding de-ionized water and the appropriate amounts of SDBS, we prepared three 

solutions with 0, 0.5, and 1 weight percent (wt%) surfactant with a CNT concentration of 50 

mg/l. The role of the surfactant here was merely to change the conductivity of the solution. 

Although the surfactant might interact with the CNTs in the 0.5 and 1 wt% solutions, this would 
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not affect the CNT concentration in the solution as the CNTs are already separated and 

suspended. The conductivities of these solutions were 20, 1010, and 2100 µS/cm, respectively, 

as measured by a YSI 3200 conductivity meter. The following diagram shows the magnitude of 

the impedance between the two electrodes (narrow electrodes, 4 µm apart) of the devices, 

measured using an Agilent 4294A impedance analyzer. The results are shown for the cases 

where there is no solution on the surface, as well as where the sample is immersed in different 

solutions.  

 

Fig.  3-1. Magnitude of the impedance between the two electrodes (narrow electrodes, 4 µm apart) in different 

solutions. 

 

The model presented in Fig.  2-12 can be used to explain this diagram. For a bare sample, the 

capacitances between the electrodes and the conductive back-gate are the main elements playing 

a role. When a solution covers the electrodes, the electrolyte resistance and capacitance and the 

double layer capacitance come into play. The effect of the double layer is observed in the non-

zero slope of the impedance at low frequencies (up to a few kHz). At intermediate frequencies 

(between a few kHz and a few MHz) the resistance of the solution is the most influential 
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element. At higher frequencies (higher than a few MHz) the back gate capacitance is the 

dominant factor and considerably reduces the magnitude of the impedance between the two 

electrodes. 

It should be noted that, although a surfactant was used for changing the conductivity of the 

solutions (because of the popularity of the surfactants and their widespread use, which could 

make the results of the current work more useful) this could effectively be achieved with other 

ionic salts such as sodium sulfate. This was done in order to perform a control experiment (to 

evaluate the effect of surfactants on the deposition pattern) with the same concentration of CNTs 

and the same conductivity as those of the 1 wt% surfactant solution. The solution was prepared 

by making a concentrated sodium sulfate (BDH Inc.) aqueous solution and diluting it to the 

desired conductivity level. The final solution had a concentration of 0.011 M of sodium sulfate. 

As mentioned before, the electrothermal phenomenon can lead to solution movement, which can 

adversely interfere with the movement of CNTs caused by the DEP force. As the conductivity of 

the solution increases, this interference is expected to be more significant. A series of 

experiments at various voltages were performed to investigate how these two forces shape the 

deposition of CNTs in DEP experiments using solutions with different conductivities and 

electrodes with different shapes. The three types of electrodes –narrow, wide, and sharp- were 

used in the DEP experiments.  

The DEP experiments were performed starting by pouring and spreading a 10-µl drop of solution 

on a chip containing 24 pairs of electrodes for narrow and wide electrode designs. For sharp 

electrodes, the design has electrodes with various gap distances on the same chip. In the case of 

the solution with no surfactant, the solution could not be spread at the same level as the other two 

solutions because of the hydrophobicity of the surface. In this case, a 5-µl solution drop was 
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poured around the target electrodes. Electrodes with different shapes were used. A signal 

generator was connected to one of the electrodes and the other electrode was grounded through a 

200 KΩ resistor in parallel with an oscilloscope. The duration of each experiment was 1 minute. 

This gives enough time to the CNTs to be deposited on the electrodes and, at the same time, is 

not excessively long to the point of having nanotubes cover everywhere and mask the difference 

that using various voltages make. In all of the experiments, the frequency of the applied voltage 

was set to 5 MHz, which is a typical DEP frequency used in several previous reports [21], [22], 

[33]. After each experiment, the chip was rinsed with DI water and blow-dried using nitrogen 

gas. The samples were imaged using a Hitachi S4700 field-emission scanning electron 

microscope at 1 kV of primary beam acceleration voltage. 

 

3.2 Results and discussion 

Experimental results 

Fig.  3-2 shows the results of the DEP experiments using narrow electrodes at voltages ranging 

from 3.5 to 5.5 V. For the solution with no surfactant (Fig.  3-2a), the CNTs deposit in the entire 

area between the electrodes even at the lowest applied potential. At low voltages, the CNTs 

deposit in the central regions between the electrodes where the electric field has its maximum 

value. As the voltage is increased, they start covering the entire gap. The number of deposited 

CNTs increases as the applied voltage is increased. Therefore, there is a direct relation between 

the applied voltage and the average driving force on the CNTs. This suggests that DEP, which 

increases in strength with applied voltage, plays a prominent role in this case. 

 The morphology of the deposited CNTs is drastically different for the cases where the solution 

contains surfactants. Instead of covering the whole gap, the CNTs are concentrated more on the 
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edges of the electrodes. For the solution with 0.5 wt% surfactant (Fig.  3-2b), and specially at 

lower voltages, few nanotubes bridge the gap. However, at higher voltages and also for the 1 

wt% surfactant case (Fig.  3-2c), the CNTs mostly cover the electrodes’ surroundings. There is no 

direct relationship between the applied voltage – and, therefore, the magnitude of the DEP force 

– and the number of deposited nanotubes. The electrothermal force is thus more dominant in 

these cases, and is expected to be more pronounced for the more conductive solutions and at 

higher voltages.  
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Fig.  3-2. Scanning electron micrographs of the devices made from solutions with (a) 0, (b) 0.5, and (c) 1 wt% 

surfactant, at voltages ranging from 3.5 V to 5.5 V. The gap between the electrodes is 4 µm long. 

 

Fig.  3-3 shows the results of DEP experiments using a 5.5 V potential difference applied to wide 

electrodes. While the CNTs from the surfactant-free solution fill the gap between the electrodes 

completely, for the other two solutions the CNTs mostly cover the electrodes’ edges. 
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Occasionally, at places where the edges of the electrodes are already covered, some CNTs may 

deposit in the gap and bridge the CNTs on the two sides.  

The experiments on the wide and narrow electrodes were performed at least for three separate 

devices for each voltage setting and solution conductivity shown on Fig.  3-2, for a total of over 

45 devices. The results of all the experiments showed deposition patterns similar to what is 

shown here. The only exceptions were 3 devices with narrow electrodes using the solution with 

no surfactant, where no CNT or few CNTs were deposited, most likely due to the lack of proper 

electrical contact between the delicate micro-probes and the electrodes. More experimental 

results are presented in appendix B. 

 

Fig.  3-3. Scanning electron micrographs of the devices made with wide electrodes, using solutions with (a) 0, (b) 

0.5, and (c) 1 wt% surfactant. The gap between the electrodes is 4 µm long. 

 

In the case of DEP experiments with wide electrodes, in the gap and away from the corners there 

is no change in the DEP and electrothermal forces in the direction parallel to the electrode edges. 
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Therefore, the deposition is expected to be more uniform compared to that in the narrow 

electrodes, in which case the CNTs are more concentrated in the central region of the gap. The 

latter point is even more evident if sharp electrodes – for which the central region is practically a 

point – are used (Fig.  3-4): the gap is bridged by two CNTs when the solution has no surfactant 

and the DEP force plays the primary role, but there is no CNT deposited in the case of the 

solution with 1 wt% surfactant. 

 

Fig.  3-4. Scanning electron micrographs of the devices made using sharp electrodes with (a) surfactant-free, and (b) 

1wt% surfactant solutions. A 3 V potential difference was applied to the electrodes. The gap between the electrodes 

is 2 µm long. 

 

We now turn to a more detailed analysis of the effect of the electrothermal force, as well as a 

look at the potential effects of surfactants. 

 

The effect of the electrothermal force 

To understand the effectiveness of electrothermal flow in each case, a series of two- and three-

dimensional (2-D and 3-D) finite element simulations were performed using COMSOL 

Multiphysics [62] to find the direction and magnitude of the fluid flow in the solution.  
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Fig.  3-5 demonstrates the diagrams of temperature profiles for different cases when a 5 V 

potential difference was applied to the electrodes. While the profile pattern is almost the same for 

all of the surfactant levels, the maximum temperature increases proportional to the conductivity 

of the solution. 
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(a) 

 

(b) 

 

(c) 

Fig.  3-5. Temperature distributions in the solution during DEP calculated using 2-D FEM simulations for (a) 0, (b) 

0.5, and (c) 1 wt% surfactant solutions. The gap between the electrodes is between -2 to 2 µm on the x axis. 
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Fig.  3-6 shows the results of the 2-D simulations of the fluid movement. The direction and 

magnitude of the flow are shown in this figure. Not only the velocities in the surfactant-free 

solution are orders of magnitude smaller than those in the solutions with surfactant, but also, and 

importantly, they are in the opposite direction in the two cases. The reason is the much higher 

relaxation time of the surfactant-free solution, which makes the transition frequency considerably 

lower than in the other two cases. The maximum velocity for the surfactant-free solution is on 

the order of a tenth of a micrometer per second, which means that considering the size of the 

system, the solution is almost stationary. 

For the solutions containing surfactant, electrothermal flow is at maximum velocity in the close 

vicinity of the gap, and it creates a circular motion in a large portion of the bulk of the solution. 

The direction of the flow is from above the gap toward the edges of the electrodes, and then it 

continues outward over the electrodes and eventually back over the gap. The long-range 

movement of the CNTs is governed by the fluid flow and the CNTs are pushed toward the edges 

of the electrodes. This can explain the difference between the experimental results of the various 

cases. While the solution is almost stationary in the case of the surfactant-free solution, in the 

presence of surfactants (leading to considerable conductivity), electrothermal flow carries the 

CNTs with very high velocities toward the edges of the electrodes and, after that, away from the 

gap, which gives a short time to the DEP force to make the CNTs deposit only close to the edge 

of the electrodes. 
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(a) 

 

(b) 

 

(c) 

Fig.  3-6. The fluid flow induced by the electrothermal force for (a) 0, (b) 0.5, and (c) 1 wt% surfactant solutions. 

The electrode edges are at -2 and 2 µm on the horizontal axis. The colors show the magnitude of the velocity in the 

entire bulk of the solution. The gap between the electrodes is between -2 to 2 µm on the x axis. The vectors are 

logarithmically related with the solution velocity at each point. 
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In order to understand the changes in the fluid velocity as a function of the applied potential, a 

series of simulations were performed for both 0.5 wt% and 1 wt% solutions with the same range 

of applied voltages as in the experiments. Fig.  3-7 shows the magnitude of the velocity of the 

electrothermal flow at a point 10 µm above the center of the gap. The results show a non-linear 

increase in the velocity as the applied voltage increases. This can explain the presence of some 

CNTs in the middle of the gap at low applied voltages with the medium conductivity solution.  

At higher voltages or for the higher-conductivity solution, the velocity is considerably higher and 

the nanotubes are pushed toward the edges and away from the middle of the gap. 

 

Fig.  3-7. The magnitude of the fluid velocity as a function of the applied voltage. The black line with circles shows 

the velocity values for the solution with 1 wt% surfactant. The blue line with triangles shows the values for the 

solution containing 0.5 wt% surfactant. 

 

Fig.  3-8 shows the overall movement of the nanotubes in the medium for the case of 1 wt% 

surfactant solution under a 5-V applied potential. It can be seen that the long range movement of 

the CNTs is dictated by the electrothermal flow, but the DEP force is dominant near the gap and 

captures the CNTs as they pass in the close vicinity of the gap. The maximum of the color-bar in 
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Fig.  3-8 is set to 200 µm/s to allow for more detail to be visible over the entire figure. It should 

be noted that the velocity of nanotubes as a result of the DEP force is much higher close to the 

edges of the gap, whereas the fluid velocity is zero on the boundaries because of the no-slip 

boundary condition. Without the DEP force, the nanotubes would move with the fluid because of 

the electrothermal force and, although they would approach the gap, they would not deposit 

there. Fig.  3-8b and c show the magnified version of the nanotubes’ velocities near the gap as a 

result of the electrothermal flow (Fig.  3-8b) and electrothermal and DEP combined (Fig.  3-8c) to 

ease the comparison. 

 

 

Fig.  3-8. (a) The overall velocity of movement of the CNTs as a result of electrothermal flow and DEP force for the 

1 wt% surfactant solution at 5 V, (b) the movement of nanotubes in the 1 wt% solution in the presence of 

electrothermal flow only, near the gap region (magnified view of Fig. 3-5c near the gap), (c) the magnified view of 

Fig.  3-8a near the gap region. The vectors are logarithmically related with the solution velocity at each point. 
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The 2-D simulations cannot take the shape of the electrodes into account. To gain a better 

understanding of the fluid movement in the third direction, two types of electrodes – narrow and 

wide- were simulated using 3-D models. The temperature gradient created by the wide electrodes 

is higher than in the case of the narrow electrodes and also sharp electrodes due to the larger total 

current passing through the solution. This higher temperature gradient causes faster movements 

in the solution. Fig.  3-9 shows the temperature profiles for different cases. 
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(a) 

 

(b) 

 

(c) 

Fig.  3-9. Temperature distributions in the solution during DEP calculated using 3-D FEM simulations for (a) narrow 

electrodes, (b) wide electrodes, and (c) sharp electrodes. The gap between the electrodes is between -2 to 2 µm on 

the y axis. 
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Fig.  3-10 shows the simulated fluid motion pattern in the plane of symmetry between the two 

electrodes (x-z plane in Fig.  2-13). The fluid has a very homogeneous movement straight from 

the top toward the gap when the width of the electrodes is considerably larger than the gap. In 

this case, the fluid has an in-plane movement in the planes parallel to the y-z plane (Fig.  3-10a). 

This results in a rather uniform deposition of the nanotubes in the x direction. For the narrow 

electrodes, the fluid not only moves in the z direction, but also moves in the x direction toward 

the gap (Fig.  3-10b). For the sharp electrodes, the movement is even more concentrated toward 

the line connecting the tips of the electrodes (Fig.  3-10c). This movement and the electric field 

distribution lead to the nanotubes depositing primarily in the narrow region between the 

electrodes. 
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. 

(a) 

 

(b) 

 

(c) 

Fig.  3-10. The fluid flow pattern in the x-z plan in the middle of the gap of (a) wide, (b) narrow, and (c) sharp 

electrodes. The vectors are logarithmically related with the solution velocity at each point. 
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As it was discussed, the simulation results are consistent with the experimental observations, and 

demonstrate that the electrothermal force plays a key role in the deposition of nanotubes 

especially for solutions in which surfactant materials are used for the separation of the CNTs. 

 

The effect of surfactants 

The modeling results presented in the previous section strongly suggest that the electrothermal 

force has a significant effect on the results of DEP deposition, and can explain the morphology 

of the devices made using low- and high-conductivity solutions (without or with surfactant, 

respectively). However, other factors might also influence the morphology of the nanotube layer 

on the surface. For example, surfactants affect not only the nanotubes, but also the other surfaces 

in contact with the solution, notably the palladium electrodes. They can thus potentially cause 

important interactions between the suspended nanotubes and the electrodes. Here, we will 

attempt to shed light on the extent of such influence on the results.  

The first question is whether the surfactant molecules can enable the attachment of nanotubes to 

the electrodes even in the absence of the DEP force. Fig.  3-11 shows four devices after having 

been submerged in a 1 wt% surfactant solution for more than 5 minutes. The lack of CNTs on 

the electrodes indicates that, acting alone, it is highly unlikely for surfactants to lead to nanotube 

deposition.  
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Fig.  3-11. Scanning electron micrographs of the electrodes after being submerged in surfactant-containing CNT 

solutions for more than 5 minutes. The gap between the electrodes is 4 µm.  

 

Next, we consider the role of surfactants in the presence of the electric field, which creates the 

DEP force on the nanotubes. Ideally, control experiments completely separating the effect of 

surfactant molecules in the solution and the electrothermal motion are needed. However, this is 

not possible since the presence of ionic surfactants always leads to increased conductivity and 

thus electrothermal flow. An alternative control experiment consists of using solutions made 

with ionic salts (such as sodium sulfate as explained in the methodology section of this chapter) 

with conductivities similar to those of the surfactant-containing solutions. This would reveal the 

effect of electrothermal movement in the absence of surfactants. Fig.  3-12 shows two repetitions 

of such a control experiment, using the same DEP parameters as those of Fig.  3-2.   
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Fig.  3-12. Scanning electron micrographs of the devices made in control experiment. The conductivity of the CNT 

solution was altered using sodium sulfate rather than surfactants. Each column shows two repetitions of the 

experiment with the same applied voltage. The gap between the electrodes is 4 µm. 

 

In order to be able to compare the results of the original and control experiments, an image 

processing procedure was implemented to quantify the outcome. To compensate for the areas 

that the electrodes occupy (which could be different from image to image), images were 

individually cropped so they include 1 µm of the length of each electrode. Considering the 4 µm 

distance between the pair of electrodes, the images included a total length of 6 µm of the device. 

The ratio of the area covered by nanotubes and the total area of the image was then calculated in 

each case. Details of the image processing method are presented in Appendices B and C.  

Fig.  3-13a shows the ratio of the area covered by nanotubes to the total area of the image. The 

variation in the total number of nanotubes deposited from the solutions with higher conductivity 

was an obstacle on the way of meaningfully quantifying the coverage on different parts of the 
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image (e.g. close to the electrodes, or the middle of the gap). We thus adopted the following 

normalization procedure: for each image, nanotube coverage in regions within a distance of 

approximately 1 µm from the electrodes on each side was calculated. This was divided by the 

total coverage of the nanotubes (as calculated in the previous step) as a measure of the 

percentage of nanotubes deposited in the close vicinity of the electrodes. The results are shown 

in Fig.  3-13b.   
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(a) 

 

(b) 

Fig.  3-13. (a) Ratio of the area covered by the nanotubes and the total area between the two electrodes, and (b) ratio 

of the area covered by the nanotubes near the electrodes and the total area covered by them. Both graphs are plotted 

for DEP experiments using different solutions at various voltages. The green triangles, blue circles, and red 

diamonds denote the results for the control solution, the 1 wt% surfactant solution and the no surfactant solution, 

respectively. 

 

The total coverage area of the nanotubes deposited in the control experiment show strong 

variations, not only for different voltages but also at each voltage point. This lack of trend with 

voltage can also be observed for the devices made using the surfactant-containing solution. On 
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the other hand, for the solution with no surfactant, there is significantly less variation in the 

results and a clear monotonic increase with voltage. A similar trend was observed in numerous 

other experiments using surfactant-free solutions, some of which are presented in Appendix B.  

The percentage of the nanotubes deposited around the electrodes using the surfactant-free 

solution did not vary much as a function of voltage (Fig.  3-13b). This shows that the number of 

deposited nanotubes increases homogeneously in the area around the electrodes as well as in the 

middle of the gap for the surfactant-free solution. The average value of all the data points was 

58%. For the case of the control solution and the 1 wt% solution, the overall deposition 

percentage around the electrodes was significantly higher than for the surfactant-free solution. 

This is an indication that, for both of these cases, the nanotubes tend to deposit around the 

electrodes rather than in the middle of the gap. The average values of all the data points for the 

devices made using the control solution and 1 wt% solution were 75% and 82%, respectively. 

These values are both substantially higher than the 58% observed in the deposition from the 

surfactant-free solution, supporting the argument that the electrothermal motion of the solution 

has a detrimental effect. Therefore, at the very least, the surfactants have the detrimental effect of 

changing the conductivity, and thus play an important role in the deposition process. 

Nonetheless, this study falls short of quantifying the extent of effectiveness of the interaction 

between the surfactant-affected electrodes and suspended nanotubes in the solution. The higher 

variations in the number of deposited nanotubes from the control solution compared to the 

surfactant containing solution, as shown in Fig.  3-13a, suggest a positive role for the surfactants. 

While one might be tempted to draw conclusions, many more repetitions of such experiments in 

the form of a systematic study would be needed to confirm this, which is beyond the scope of 

this work. 
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3.3 Summary 

Dielectrophoresis experiments were performed and accompanied by simulations in order to study 

the effect of the electrothermal force on the deposition pattern of CNTs from solutions with 

various conductivities, using electrodes with different shapes. The results show that in the case of 

the surfactant-free solution, there is negligible movement in the solution under applied voltage.  

Experimentally, this results in the deposition of CNTs all around the gap between the electrodes. 

The presence of surfactants in the solution increases the conductivity and, therefore, the Joule 

heating effect. The resulting electrothermal force can be of primary significance in the 

morphology of the deposited nanotube collection on the surface; the CNTs deposit mostly on the 

electrode edges. Simulations show that the reason behind this is the movement of the fluid from 

the upper regions of the solution toward the gap, and then its deflection toward the edges of the 

electrodes and onto the electrodes’ surfaces on each side.  

The direction of the electrothermal movement of the solution depends on the shape of the 

electrodes. For electrodes with a width considerably larger than their gap, the flow takes place in 

planes perpendicular to the gap edge. For electrodes with narrow widths, the movement has a 3-

D profile. 

Taking the electrothermal force into account appears to be of primary importance in designing 

DEP deposition processes for CNTs. 



70 

 

Chapter 4: The evolution of forces with frequency during DEP
3
 

The physical properties of the solution play a major role in determining the nanotube patterns 

deposited using DEP; the non-uniform temperature profile generated by the passage of current 

can create forces in the solution, which result in agitations and can interfere with the DEP force.  

In the previous chapter we investigated the simultaneous effects of the electrothermal and DEP 

forces on CNTs and the resulting deposition pattern at a single frequency for solutions with 

different levels of conductivity. It was observed that the electrothermal force cannot be neglected 

in solutions containing surfactants. In addition, the effect of this force does not depend strongly 

on the percentage of surfactant in stable nanotube solutions; however, it is drastically less 

pronounced for solutions without surfactant. For solutions with 1wt% SDBS, which is typical for 

CNT deposition, the electrothermal force is the dominant player in the long-range drift of the 

CNTs, and affects the deposition pattern dramatically compared to the situation in the solution 

with no surfactant. 

The forces that induce movement in the solution, as well as the DEP force, all vary with 

frequency in different manners. An important question here is how the effects of the two main 

forces – the DEP force and the electrothermal force – evolve with respect to each other as the 

frequency of the applied voltage is varied. This is a critical issue that requires detailed 

investigation. In this chapter, results of experiments and finite element simulations investigating 

the interplay between these two forces at different frequencies are discussed. We show that there 

exists a threshold frequency beyond which the number of deposited CNTs bridging the 

                                                 

3
 A version of this chapter has been published in a peer-reviewed journal (Reused with permission from “A. 

Kashefian Naieni, and A. Nojeh, ‘Dielectrophoretic deposition of carbon nanotubes: the role of field frequency and 

its dependence on solution conductivity,’ Microelectronic Engineering, vol. 114, p. 26, 2014”, Copyright 2014, 

Elsevier). 



71 

 

electrodes reduces drastically. For low-conductivity solutions (those made using pre-treated 

nanotubes), this threshold falls within the frequency range used in practice, whereas in high-

conductivity solutions (those including surfactants), it is orders of magnitude higher. 

 

4.1 Methodology 

Two nanotube solutions were prepared from the commercially available NanoLab solution. The 

nanotube solutions were diluted to the desired concentrations. For each sample with a certain 

concentration of CNTs, two solutions with 0 and 1 wt% SDBS were prepared. Each of the 

solutions was ultrasonicated for 5 minutes.  

The DEP experiments were conducted by applying a 5-V AC signal with a range of frequencies 

to the electrodes using microprobes. The sample was immersed 3 mm deep into the solution 

during each experiment. It was then rinsed with DI water followed by blow drying using 

nitrogen. The samples were imaged using a Hitachi S4700 field-emission scanning electron 

microscope under 1 kV of primary beam acceleration voltage. 

In order to be able to explain the experimental results 2-D finite element simulations were 

performed at the same frequencies as in the experiments as was explained in the second chapter. 

The electric field distribution was used to calculate the DEP force using 

         
    

 
                

 
   Eq.  4-1 

      
  
    

 

  
 ,  Eq.  4-2 

where     is the Clausius-Mossoti (CM) factor, and   
  and   

  are the particle (in this case the 

CNT) and medium’s complex permittivities, respectively. Also, we have 

      
 

 
,   Eq.  4-3 



72 

 

in which ε is the permittivity, σ is the conductivity and ω is the angular frequency. The CM 

factor is the frequency dependent part of the DEP force formula. At lower frequencies, the real 

part of the CM factor depends mostly on the conductivities of the particle and the solution, but in 

the higher limit the permittivities play the main roles. The border between these higher and lower 

limits is determined by the relative values of the conductivity and permittivity of the solution and 

the particle. The DEP force was calculated for metallic CNTs with a length of 1 µm and a radius 

of 1 nm. 

 

4.2 Results and discussion 

DEP experiments were performed at 200 kHz, 500 kHz, 1 MHz, 5 MHz, and 10 MHz. We 

observed that not only does the frequency of the applied voltage affect the results, but also the 

trends are different for the two solutions. Fig.  4-1 shows the outcome of DEP experiments using 

solutions with a concentration of 2.5 µg/ml of CNTs and a deposition time of 30 s. For the no-

surfactant case, at lower frequencies most of the nanotubes bridge the electrodes. Increasing the 

frequency from 200 kHz to 1 MHz directly increases the number of deposited nanotubes. For 

higher frequencies, the pattern of nanotube deposition changes considerably. The number of 

deposited nanotubes decreases and, instead of long nanotubes bridging the gap, mostly shorter 

CNTs deposit along the edges of the electrodes.  
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Fig.  4-1. Scanning electron micrographs of structures fabricated at various frequencies using solutions with no 

surfactant and 1 wt% surfactant with 2.5 µg/ml of CNTs in water. The gap between the electrodes is 4 µm. 

 

For the solution with 1 wt% surfactant, the CNTs deposit near the electrode edges for all 

frequencies. Although there seems to be a slight increase in the number of deposited nanotubes 

as the frequency increases, this trend is weaker than in the no-surfactant case. As will be seen 

later, the thermal effects are the root cause of this lack of clear trends with frequency in this 

range. 

Fig.  4-2 shows the results of DEP experiments using the 50-µg/ml solution and narrow 

electrodes. The voltage was applied for 30 s in each experiment. Although the number of 

deposited nanotubes is much higher compared to the previous case because of the higher CNT 

concentration, the behavior at different frequencies follows the same pattern. For the no-

surfactant solution, at low frequencies the gap between the electrodes is completely filled with 

CNTs. The area covered by nanotubes increases as the frequency increases from 200 kHz to 1 
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MHz. At 5 MHz, the number of deposited nanotubes experiences a drastic drop, and increasing 

the frequency to 10 MHz further decreases this number to just a few. In the 1 wt% surfactant 

case, CNTs deposit mostly around the edges of the electrodes. There is no direct relationship 

between the number of nanotubes and the frequency, and the results appear to be somewhat 

random. 

 

Fig.  4-2. Scanning electron micrographs of structures fabricated at various frequencies using solutions with no 

surfactant and 1 wt% surfactant with 50 µg/ml of CNTs in water. The gap between the electrodes is 4 µm. 
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We now turn to the simulation results in order to gain a better understanding of the effective 

parameters and the forces at work. In the simulations, as expected, the amount of heat generated 

by the passage of current through the solution was not affected by the frequency in any 

substantial way and, therefore, the resulting temperature profile was similar at different 

frequencies. Fig.  4-3 shows these profiles for the no-surfactant and 1 wt% surfactant cases. 

 

(a) 

 

(b) 

Fig.  4-3. Side view of the calculated temperature profile in the (a) no-surfactant, and (b) 1 wt% surfactant solutions. 

The two electrodes are located at -100 µm to -2 µm and 2 µm to 100 µm on the x axis. Note that the maximum 

temperature difference between the hot and cold areas is approximately 100 times higher in case (b). 
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The gradient of the temperature profile is very high in the case of the 1 wt% solution, especially 

near the edges of the electrodes. The electrothermal force directly depends on the temperature 

gradient; therefore, this leads to much higher electrothermal forces in this case compared to 

when no surfactant is present. Fig.  4-4 depicts the electrothermal flow pattern in the solution 

with no surfactants, as well as the movement of the nanotubes as a result of both electrothermal 

flow and DEP forces acting on them, for three of the simulated frequencies. The maximum 

velocity on the color coded figures of nanotube movement is set to 200 µm/s in order to bring 

out the details. 
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Fig.  4-4. Electrothermal flow and movement of the nanotubes in the solution caused by electrothermal flow and 

DEP forces at different frequencies for the no-surfactant solution. The vectors are logarithmically related with the 

velocity at each point. The gap between the electrodes is between -2 to 2 µm on the x axis. 

 

For the no-surfactant solution, the electrothermal force not only weakens at higher frequencies, 

but also changes direction, pushing the solution upward above the gap between the two 

electrodes rather than downward. For frequencies up to 1 MHz, the electrothermal force assists 

the overall deposition process by driving the CNTs toward the gap between the two electrodes. 
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The DEP force is dominant in the close vicinity of the gap. For frequencies higher than 5 MHz, 

electrothermal flow actually repels the nanotubes from the gap. On the other hand, the DEP force 

gradually loses its domain of effectiveness and is increasingly restricted to near the edges of the 

electrodes. This is due to the decrease in the magnitude of the real part of the CM factor for the 

case of the no-surfactant solution as the frequency increases. The initial increase in the number 

of deposited nanotubes with increase in frequency (from 200 kHz to 1 MHz) is probably due to 

the better alignment of the CNTs with the field and, therefore, the higher effect of the DEP force 

as the frequency increases [27], [65]. A perfectly aligned nanotube has a stronger dipole, 

compared to one which is not in alignment with the field, and therefore feels a larger DEP force. 

When a solution containing surfactants is used, the electrothermal force plays a much more 

pronounced role. In this case, the CM factor does not change in the range of frequencies used 

here, which means that the DEP force should not change with frequency as much as in the 

previous case; the simulations also do not show any significant changes in the DEP and 

electrothermal forces for different frequencies. Fig.  4-5 shows the electrothermal flow as well as 

the overall movement of the nanotubes because of both solution movement and the DEP force in 

this case. 
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Fig.  4-5. Electrothermal flow and movement of the nanotubes in the solution with 1 wt% surfactant. The results at 

other frequencies are similar. The vectors are logarithmically related with the velocity at each point. 

 

As a final note, the randomness in the deposition patterns caused by thermal agitations seems to 

be aggravated when a solution with a higher concentration of CNTs is used (see the right-hand 

side panel of Fig.  4-2). We believe this is due to the fact that, when a nanotube is deposited, it 

affects the electric field gradient in its surroundings significantly. This could result in a 

substantial change in the magnitude and direction of the DEP force acting on other, nearby 

nanotubes. Added to the thermal movements, this leads to inconsistent and pseudo-random 

results. 

 

4.3 Summary 

The change in the frequency of the applied voltage during DEP experiments affects the outcome 

differently for different nanotube solutions. For solutions with low conductivity, the change in 

the frequency affects the electrothermal flow direction and magnitude significantly and, more 

importantly, as the frequency increases, the DEP force becomes more concentrated in the 

immediate vicinity of the edges of the electrodes. This results in a sudden decrease in the number 
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of nanotubes which bridge the gap between the electrodes at higher frequencies. On the other 

hand, in the range of frequencies used in practice, changing the frequency does not affect the 

movement of the solution or the DEP force for solutions with high conductivities. The 

electrothermal force induces high-velocity movements in the body of the solution and creates a 

passage for the solution above the gap toward it. In the close proximity of the gap, the DEP force 

attracts the nanotubes and the combination of the DEP and electrothermal forces drive them 

toward the edges, which makes the nanotubes deposit on the edges rather than bridge the 

electrodes.  
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Chapter 5: The mutual interactions of CNTs during DEP
4
 

We showed that the solution properties and electrode shapes, among other parameters, 

significantly affect the DEP results. While the DEP force plays the major role in the close 

proximity of the gap between the electrodes, other forces such as the electrothermal force agitate 

the liquid environment and particularly alter the long range movement of the nanotubes and 

affect the deposition patterns for solutions with high conductivity. For aqueous solutions with no 

surfactant, the heat generated because of the current passing through the medium is considerably 

less than the previous case and, therefore, the electrothermal force is suppressed, leaving the 

DEP force as the dominant factor in the nanotubes’ motion and deposition. 

When low-conductivity solutions are used for making CNT devices on electrodes with a few tens 

of micrometers in width, the deposited nanotubes show a distinct periodic pattern (see figure 4 in 

[37] or figure 1 in [66]). This is especially more pronounced in cases where there is a 

considerable gap between the electrodes (see figure 2 in [26]). 

Vijayaraghavan et al. stated that the deposition of a CNT on sharp electrodes results in a change 

in the DEP force around the electrodes from attraction to repulsion during the rest of the process 

[46]. While this may be the case for sharp electrodes, it cannot explain why the stripes in wide 

electrodes are made of multiple nanotubes; an opposite mechanism appears to be at play in this 

case. 

                                                 

4
 A version of this chapter has been published in a peer-reviewed journal (Reused with permission from “A. 

Kashefian Naieni, and A. Nojeh, ‘The mutual interactions of carbon nanotubes during dielectrophoresis,’ IEEE 

Transactions on Nanotechnology, vol. 15, p. 1068, 2013”, Copyright 2013, IEEE).  

Part of this chapter has been published as a conference paper (Reused with permission from “A. Kashefian Naieni, 

and A. Nojeh, ‘Investigation of the dynamics of carbon nanotube deposition in dielectrophoresis,’ IEEE 5
th
 

International Nanoelectronics Conference (INEC), pp. 52-55, 2013’ Copyright 2013, IEEE). 
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There are two scenarios that can potentially explain the formation of nanotube stripes: the 

alteration of the electric field around the deposited nanotubes, and/or the alteration in the 

movement of the solution around the electrodes and the deposited CNT due to the change in the 

temperature profile because of the high current passing through the deposited nanotubes. 

In this chapter, we reveal the mechanism of pattern formation due to the mutual interactions of 

nanotubes through a quasi-static study of the evolution of the device during the DEP deposition 

process from low-conductivity solutions. The results of this combined experimental-simulation 

study take us one step closer toward engineering the morphology of CNT based devices. 

We first demonstrate the results of experiments using devices with different gap distances 

between the electrodes and different deposition times to investigate the described effect in more 

details. 3-D finite element simulations are used to elucidate the mechanism behind the deposition 

of nanotubes in striped patterns. 

The experiments show a clear trend in the formation of the stripes from the very beginning of the 

process. Throughout the DEP experiments, the stripes attract more nanotubes and expand their 

width. These stripes have a periodicity, which depends on the geometry of the sample. The 

results of different scenarios for nanotube deposition are presented here. In each case, the DEP 

force, as well as the electrothermal motion of the CNTs, are calculated. The results show that, 

while the electrothermal force is greatly enhanced when there is a CNT bridging the two 

electrodes, the interaction between the suspended nanotubes and the electric field altered by the 

deposited nanotubes - even if the latter do not bridge the electrodes - plays the key role in the 

formation of the patterns.  
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5.1 Methodology 

The CNT solution was prepared by diluting the solution from NanoLab Inc. with the final CNT 

concentration of 2.5 µg/ml.  

Three different types of devices with 4, 8 and 20 µm gap between the opposing electrodes were 

used for the DEP experiments. The DEP experiments were performed by applying a potential 

difference with a frequency of 500 kHz to the electrodes while the sample was immersed about 3 

mm deep in the solution. The applied voltages were chosen so as to maintain an applied electric 

field of 1 V/µm between the electrodes. After the deposition, the samples were rinsed with 

deionized water and blow-dried with nitrogen. 

To capture the 3-D nature of the problem, and to be able to investigate the changes of the forces 

in different directions, 3-D finite element simulations were performed using COMSOL 

Multiphysics software package as explained in the second chapter. To briefly recap, because of 

the limitation on the total number of points that could be used for meshing due to the 

computationally expensive character of the 3-D simulations, the size of the structure needed to 

be small. A 16 x 20 x 10 µm
3
 structure (x, y, and z directions, respectively) represented the 

solution and was placed over a pair of 70-nm-thick electrodes, which were 4 or 8 µm apart in the 

y direction. The substrate was represented by a 2-µm-thick silicon dioxide piece. The potential of 

the backside of this layer was set to emulate the potential of the highly doped part of the silicon 

wafer. 

 

5.2 Results and discussion 

To reach a clear understanding of the dynamics of deposition of nanotubes, a series of DEP 

experiments with time durations ranging between 15 seconds and 4 minutes were performed 
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using electrodes with 8 µm of gap between them. Fig.  5-1 shows the scanning electron 

microscopy (SEM) viewgraphs of the deposited nanotubes between the two electrodes. The 

results show a clear trend in the formation of CNT stripes from the very beginning. The stripes 

start to take shape even for the shortest experiment with a time of t = 15 sec. Since the gap 

between the two electrodes is almost twice as large as the length of the longest nanotubes 

suspended in the solution, the stripes can bridge only if two or more (often several) nanotubes 

connect in alignment with each other. For longer deposition times, the half bridging CNTs turn 

into fully bridging stripes, and from then on the stripes thicken until the whole gap is covered.  
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Fig.  5-1. (a) SEM images of the deposition patterns for different times. The gap between the electrodes is 8 µm. The 

scale bar is 10 µm. (b) Magnified view of the DEP result for t = 30 sec device. The scale bar is 2 µm. 

 

The overall process of CNT deposition on the electrodes seems to start by the deposition of 

nanotubes on the edge of the electrodes. Other CNTs are then deposited in alignment with the 

previously deposited nanotubes to form bridges between the two electrodes. The stripes form 

parallel to each other. The number of stripes forming between the two electrodes and, therefore, 

the distance between them, seem to be almost equal for different experiments. Considering that 
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the results shown in Fig.  5-1 are from different devices, each used for DEP separately, the 

consistent trend observed means that the number of stripes shaped between the electrodes during 

DEP is not random and the results of the process are repeatable.  Once the stripes are formed, 

other nanotubes are attracted toward them (especially toward the nanotubes-electrode contact 

region), and deposit on the edges of the stripes until they fill the gap.  

The ratio of the area covered by the nanotubes to the surface between the two electrodes was 

investigated for the two repetitions of the experiments for different times using image processing 

and is presented in Fig.  5-2. The rate of coverage increases rapidly at the beginning but slows 

down as the time increases. The coverage varies by less than 10% between the two experiments 

for all time durations, except for the case of t = 15 sec, in which the stripes have not fully formed 

yet. 

 

Fig.  5-2. Surface coverage ratio for different experiment times. 

 

The results of the atomic force microscopy performed on the devices show a clear two 

dimensional expansion for the stripes: the nanotubes mostly deposit beside the stripes rather than 

creating stripes consisting of multi layers. In all cases, the maximum heights of the stripes are in 

the range of 15-20 nm, with variations of a few nm from device to device. 
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Similar experiments were performed with devices with 4 and 20 µm gaps. Fig.  5-3 shows the 

results when t = 4 min. The experiments were performed on two devices for each time setting. 

The results show good repeatability especially for devices with longer duration. For shorter times 

(15 and 30s) the stripes are not fully formed yet and the number of bridges between the 

electrodes can be different for different devices with the same experimental settings.  

The randomness present in the devices made from solutions containing surfactants in the 

previous two chapters was considerably suppressed in the experimental results of this chapter. 

This led to a high yield for the fabrication process as mentioned above. This can be attributed to 

less agitation of the solution because of lower conductivity.  

Although the overall look of the samples is the same and the CNTs create stripes during 

deposition, the gap between the stripes is different for devices with different gap distances. 

While the distance between adjacent stripes is in the range of 2.8 to 3.2 µm when the gap 

between the electrodes is 8 µm, it is in the range of 3.6 to 4 µm when the gap is 20 µm and less 

than 1.8 µm for 4 µm of gap. Also, the phenomenon is not as pronounced in 4-µm-gap devices as 

it is in devices with larger gaps. It seems that the periodicity of the stripes depends on the 

geometry of the sample. 

 

Fig.  5-3. SEM images of the deposition patterns using 4 minutes of deposition time and devices with (a) 20 µm and 

(b) 4 µm of gap. The scale bar is 10 µm. 
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To understand the various steps of the nanotube deposition process, finite element simulations 

were carried out for devices with 4 µm and 8 µm of gap for three cases: no nanotube, one 

nanotube half bridging, and one nanotube fully bridging the gap. In the second and third case, a 

rectangular prism with a 2 nm x 2 nm cross section was used to emulate the CNT bridging/half 

bridging the gap between the electrodes. For the case of a CNT half bridging the gap, the 

potential of the CNT was set equal to the potential of the electrode that it was connected to. 

When the CNT was connected to both of the electrodes, the potential of the rectangular prism 

surface was set to ground. This value was chosen based on a work by Chen et al. in which it is 

shown that the potential drop on a metallic nanotube bridging two electrodes happens primarily 

within 5 nm of the nanotube-metal junction at each side [67] and, therefore, almost the entire 

nanotube body is at the average potential of the two electrodes, which is zero in our case. 

Fig.  5-4 shows the velocity of the nanotubes in the solution on an xy plane (parallel to the 

substrate surface), 400 nm above the substrate when no CNT has deposited yet. The gradient of 

the electric field is highest around the edges of the electrodes and therefore the CNTs are mainly 

attracted toward there at this stage.  

 

Fig.  5-4. Magnitude of the velocity of the nanotubes on a plane 400 nm above the substrate surface and parallel to it. 
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The velocity of the CNTs in the half-bridging nanotube situation in the same plane as in the 

previous figure is shown in Fig.  5-5. The nanotubes’ motion is clearly affected by the presence of 

the deposited nanotube and the DEP force pushes the suspended nanotubes toward the tip of the 

deposited nanotube. This is due to the very high aspect ratio of the CNT, which considerably 

enhances the electric field on the tip, and results in a larger DEP force around it. This argument 

can explain why the half bridging nanotubes attract other nanotubes to deposit aligned and 

connected with them toward the opposite electrode. 

 

Fig.  5-5. Same as in Fig. 3, but in the presence of a deposited nanotube half-bridging the gap. 

 

A detailed view of the velocity components for the case of a bridging nanotube is shown in Fig. 

 5-6. The x (parallel to the electrode edges) and z (vertical direction) components of the velocity 

of the nanotubes at two different heights from the surface of the substrate are presented. At 500 

nm above the surface, the x component of the velocity pushes the suspended CNTs away from 

the deposited nanotube in the central regions of the gap. The z component is very low (compared 

to part d of the same image) at this height.  
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Fig.  5-6c and Fig.  5-6d show the velocity components 50 nm away from the substrate surface. 

The x component attracts the suspended CNTs toward the deposited nanotube especially near the 

edges; only in a very small region around the center of the gap is this force repulsive. The z 

component is strongly negative (toward the surface) in the close vicinity of the deposited CNT 

and pins the suspended CNTs in that region to the surface. As a result, the suspended nanotubes 

are attracted toward (especially the base of) the fully bridging deposited nanotubes and, once 

they are close to the edge of the latter, a very large DEP force makes them deposit. Thus, the 

combined effects of these two components explain the peculiar shape of the nanotube stripes and 

their thickening near the electrodes (see the experimental results of Fig.  5-1 and Fig.  5-3 for the 

shape of the stripes). 
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Fig.  5-6. Components of the velocity of the nanotubes in planes parallel to the substrate surface: (a) x, and (b) z 

components in the plane at a height of 500 nm above the surface; (c) x, and (d) z components in a plane 50 nm high. 

 

Similar simulations were performed for devices with 4 µm of gap between the two electrodes. A 

particular case with three nanotubes deposited at a distance of 2 µm from each other was 

simulated for the 4-µm-gap device as well. Simulating an equivalent structure with a larger gap 

was not possible due to the computational limitations. The velocity components of the CNTs on 

a plane 50 nm above the substrate and parallel to it are shown in Fig.  5-7. Again the nanotubes 
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are attracted toward the base of the deposited CNTs. It should be noted that the x-component of 

the force around the middle of the gap is more repulsive compared to the area around the 

nanotube- electrode connection. The shorter nanotubes feel the force as shown in the figure, but 

the longer nanotubes align themselves with the field prior to deposition and experience an 

average force, which is determined by the electric field and solution motion along their entire 

lengths. The diamond-shaped regions seen in Fig.  5-7 bear a striking resemblance to the empty 

regions in-between the nanotube stripes seen in the experimental results shown in Fig.  5-1 and 

Fig.  5-3, a confirmation that the simulations are, indeed, capturing the mechanism behind the 

pattern formation process. 

 

Fig.  5-7. Components of the velocity of the nanotubes in a plane parallel to the substrate surface and 50 nm above it 

in the case with three CNTs already deposited: (a) x, and (b) z components. 

 

Fig.  5-8 shows the x velocity component of the nanotubes due to the DEP force on a line parallel 

to the edges of the electrodes in the middle of the device at a height of 500 nm from the surface 

for both the 4-µm- and 8-µm-gap devices. It can be seen that the extent for which the CNTs are 

pushed away for the latter device is almost double that for the former. This can explain the 

difference in the distance between the stripes in these two devices. 
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Fig.  5-8. The x component of the velocity for 4-µm- and 8-µm-gap devices on a line parallel to the edges of the 

electrodes in the middle of the gap at a height of 500 nm above the substrate surface. 

 

We have previously demonstrated that the solution motion caused by inhomogeneities induced 

by the non-uniform temperature profile –especially the movement of the solution because of 

electrothermal force– can be a substantial factor in the deposition pattern of nanotube devices 

made using DEP. This effect is more pronounced when the solution is made using surfactants 

and has a high conductivity, whereas in low-conductivity solutions it is minimal due to the small 

change in the temperature profile because of the small amount of heat generated by Joule heating 

in the solution. Although the solution used in the experiments reported here had low 

conductivity, the electrothermal force could be significant in the case of a nanotube bridging the 

two electrodes. The high current passing through the CNT, plus the defect prone structure of 

solution processed nanotubes, can potentially lead to the generation of non-negligible amounts of 

heat and a high temperature gradient during the DEP experiment. To examine this possibility, an 

estimate of the temperature of the bridging CNT was needed.  
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The temperature of a CNT on a substrate conducting current was estimated by Pop et al. [68]. 

They showed that, for the largest part of the CNT structure on the surface, the temperature 

difference could be obtained from p/g, where p is the Joule heating rate per unit length and g is 

the net heat loss rate to the substrate per unit length. It was stated that g depends primarily on the 

interface and not on the thermal conductivity of the substrate. In order to obtain a rough estimate 

of the temperature of a nanotube conducting current in a solution, we assumed the heat loss rate 

to be double the case when the CNT is in air. The total resistance of a device containing a single 

CNT between the two electrodes without any post-deposition treatment was measured to be 

around 5 MΩ. The average resistivity of a solution processed metallic CNT per µm of length is 

estimated to be 200±10 kΩ [69]. p is equal to the square of current times the resistance per unit 

length. The current itself can be calculated by the division of the rms value of the voltage over 

the total resistance. The resulting temperature change was found to be around 0.18 K. 

Fig.  5-9 shows the temperature profile and the electrothermal motion in the solution with and 

without a nanotube bridging the two electrodes. Although the change in the temperature because 

of the presence of the conducting CNT considerably increases the electrothermal motion of the 

solution (the maximum increases from less than one to more than forty micrometers per second 

on the plane of Fig.  5-9), this force is still negligible compared to the DEP force that the 

nanotubes experience (the maximum of DEP velocity is around 1.5 mm/s on the same plane), as 

seen by comparison with the velocity values shown in Fig.  5-4 to Fig.  5-7, which are primarily 

due to DEP. (It should be noted that all of the simulation results include both the DEP and the 

electrothermal induced movement of the nanotubes in the solution but, as discussed, the main 

driving force is DEP). 
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Fig.  5-9. Solution velocity due to the electrothermal force in a vertical plane in the middle of the two electrodes: (a) 

no CNT deposited, and (b) one CNT bridging. 

 

5.3 Summary 

In summary, CNTs form stripes during DEP deposition on wide electrodes due to changes in the 

electric field pattern because of the already deposited nanotubes. The process starts by the 

deposition of a few nanotubes on the edges of the electrodes. The DEP force is considerably 

enhanced around the tip of half bridging nanotubes and, therefore, other nanotubes are attracted 

and deposited in alignment and connection with them. The CNT bridges between the two 

electrodes push most of the suspended ones away laterally. On the other hand, a downward force 
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pushes the suspended CNTs toward a bridging nanotube if they are close enough to it. The result 

of these interactions is the formation of stripes of nanotubes between the two electrodes. This 

effect is more pronounced for devices with larger gap distances.  

The DEP force plays the dominant role in CNT pattern formation and the thermal-induced 

solution movement does not affect the final results for low conductivity solutions, even when a 

CNT conducts current and warms up as a result of Joule heating. In such a case, the 

electrothermal agitation increases considerably compared to the situation where there is no 

connection between the opposite electrodes, but still cannot take away from the dominance of the 

DEP.  
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Chapter 6: A step by step evaluation of the forces affecting the movement of 

carbon nanotubes in the solution during dielectrophoresis 

In this chapter, a particle tracing approach is used to follow the path of carbon nanotubes (CNTs) 

from suspension in the solution to deposition on the substrate surface, taking into account several 

influential factors: the DEP force, the movement of the solution itself, and the Brownian 

movement of the CNTs.  

We previously investigated the interaction of metallic nanotubes suspended in a low-

conductivity solution with those already deposited on the substrate, through the changes the latter 

create in the DEP force field. The corresponding pattern formation process was studied using 

experiments and finite-element simulations. However, in order to evaluate the degree of 

involvement of the various forces in different stages of the deposition–from having the CNTs 

suspended in the solution to their transfer toward the electrodes and finally their deposition–is 

only possible if we can track the CNTs throughout these steps. Moreover, the Brownian motion 

of the particles can be taken into account using this approach. Such a particle-tracing study forms 

the basis of the work presented in this chapter. 

Particle tracing was used by Dimaki and Boggild in order to find the probability of CNTs being 

captured by a set of microelectrodes in a microliquid channel for different fluid velocities [70]. 

They considered the DEP force as well as the Brownian motion of the nanotubes in isopropanol 

and in a 1-weight-percent aqueous solution of SDS. While DEP is the dominant force in low-

conductivity solutions, in the high-conductivity SDS aqueous solution other hydrodynamic 

forces such as the electrothermal force, which were neglected in this study, can stir up the 

solution and hinder the effect of the DEP force. 
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Lu et al. investigated the influence of electrode type (parallel and comb-shaped electrodes) on 

the movement of nanotube bundles suspended in isopropanol using a similar approach [71]. The 

properties of the bundles were considered to be close to metallic CNTs due to their much higher 

conductivity and permittivity compared to semiconducting nanotubes. They also showed that the 

final distribution of the nanotubes on the surface is less affected by thermal fluctuations under 

higher applied voltages. 

We use a dynamic step-by-step tracing approach to follow the nanotubes in their journey from 

the solution to the substrate in low- and high-conductivity solutions considering DEP, 

electrothermal and Brownian forces. The relative strength of each depends on the type of 

nanotube, conductivity of the solution, and the changes in the electric field by the previously 

deposited nanotubes. In order to find out exactly how the nanotubes move toward the substrate 

and the main forces at play at each step, the movement path of randomly distributed 

semiconducting and metallic nanotubes and their final deposition pattern was investigated for 

three different cases: no nanotube deposited, one nanotube connected to one of the electrodes, 

and finally one nanotube bridging the two electrodes. The simulated results show that for the 

low-conductivity solution, while DEP is the dominant force for the metallic nanotubes, for 

semiconducting nanotubes the Brownian motion has a pronounced role and makes the deposition 

outcome much more unpredictable compared to when metallic nanotubes are used. When 

surfactants are used to suspend CNTs, the long-range movement of the nanotubes is affected 

mainly by the electrothermal force and the resulting circular agitation of the solution; the DEP 

force captures the metallic nanotubes only once they are sufficiently close to the electrodes. For 

semiconducting nanotubes the DEP force is not as strong and, therefore, these CNTs do not 

deposit as effectively as the metallic ones. 
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6.1 Methdology 

As discussed earlier, Langevin equation describes the movement of a particle suspended in a 

fluid influenced by a deterministic force such as DEP. The non-deterministic forces such as the 

Brownian can also be added to the equation. 

 
        

  
                                   Eq.  6-1 

The stochastic nature of the Brownian force makes solving this differential equation analytically 

impossible. A numerical step-by-step approach was thus taken to track the path of the particles in 

the solution. The random Brownian force was added at each step.  

In order to investigate the nanotube paths and their final deposition location, the DEP force and 

the velocity of the solution are needed. An approach similar to the previous chapter was taken to 

calculate the DEP and also electrothermal velocity fields. A structure with 4 µm gap between the 

electrodes was used. The frequency of the applied electric field was 500 kHz and the potentials 

of the electrodes were chosen so as to lead to an electric field of 1 V/µm. 

The values used as the length and radius of the nanotubes were 1 µm and 1 nm, respectively. The 

metallic nanotubes have very high conductivities and permittivities; the values used in 

simulations for this type of nanotube have been 10
3
 S/m for the conductivity and 10

4
 for the 

relative permittivity [44], [72]. Semiconducting nanotubes, on the other hand, have much smaller 

conductivities. Semiconductors are insulating at zero temperature but show limited conductivity 

at higher temperatures due to the thermally excited carriers as well as dopings. Both the 

permittivity and conductivity decrease at higher frequencies. Benedict et al. reported a static 

relative permittivity of 2 to 5 for semiconducting nanotubes [73]. The estimated conductivity of 

semiconducting CNTs in surfactant solutions is 0.35 S/m [30]. While both of these values are 
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probably an overestimation for semiconducting nanotubes moving under the influence of an 

alternating electric field in a surfactant-free solution, as will be seen, the resulting DEP force is 

still weak compared to other forces that affect the semiconducting nanotubes in various cases. 

A CNT velocity grid with a resolution of 0.1 µm was made using the extracted results from 

COMSOL. The solution velocity and also the velocity of the nanotubes as a result of the DEP 

force in x, y and z directions were estimated at each grid point and added up to find the total 

velocity vector of CNTs. 750 random initial positions were chosen and the nanotubes’ movement 

was followed using the velocity grid by multiplying the velocity components in each direction 

with the time step. The default value of the time step was set to 10 ms. At each step the total 

displacement of each nanotube was compared to 0.2 µm. If larger, the time step for that step was 

reduced accordingly and the displacement in that step was calculated again to avoid unrealistic 

jumps on the nanotube path. 

The movement of the particles as a result of the Brownian force has a random behavior with an 

average displacement of zero. The probability distribution of the particle position after time t can 

be described by a normal function with a standard deviation of      in each direction. D is 

called the diffusion constant and is given by       , k denotes the Boltzmann constant and T 

is temperature [18]. Accordingly, at each step of the simulation of the particle movement, a 

random number with a normal distribution was added to the nanotube displacement in each 

direction to account for the Brownian effect. 

For each initial location, the program traced the nanotube until it was deposited on the substrate 

or a maximum tracing time of 60 seconds was reached. The code is attached in the Appendix. 
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6.2 Results and discussion 

Fig.  6-1 shows the general movement pattern due to each of the DEP and electrothermal forces 

in the y-z plane (perpendicular to the electrodes). It should be noted that while the DEP force 

affects the nanotubes directly, the electrothermal force creates movement in the solution and as a 

result affects the nanotubes indirectly. In different scenarios the strength of each of these two 

forces is different but the overall pattern stays the same: the DEP force is strongest on the edges 

of the electrodes and quickly drops in strength with distance from the edges of the electrodes, 

whereas the electrothermal force induces a circular pattern of motion in a large portion of the 

solution. 
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(a) 

 

(b) 

Fig.  6-1. The overall pattern of movement as a result of (a) DEP, and (b) electrothermal forces. The vectors are 

logarithmically related with the magnitude of the velocity at each point. The gap between the electrodes is between -

2 to 2 µm on the y axis. 

 

The results of the particle-tracing simulations for the low-conductivity solution will be discussed 

first. Fig.  6-2a shows the path of the metallic nanotubes moving toward the electrodes when 

there is no nanotube deposited previously. The movement of the nanotubes toward the edges in a 

pattern similar to Fig.  6-1a shows that DEP is strong enough to hinder the effect of the 

electrothermal force. The Brownian force creates small perturbations in the path of the nanotubes 

toward the electrodes but is of no serious consequence in the movement of the metallic CNTs; 
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they follow the field gradient until they deposit on or near the edges of the two electrodes. The 

percentage of deposited nanotubes (CNTs which ended up in the gap or on the electrodes within 

0.5 µm of the electrode edge, on the z=0 plane) in this case is more than 91%. The dots in Fig. 

 6-2b represent the location of the deposition of the center of the CNTs. The majority of the 

metallic CNTs deposit on or around the edges where the DEP force has its maximum. 

 

 

(a) 

 

(b) 

Fig.  6-2. (a) Metallic nanotubes’ paths during DEP in a low-conductivity solution; (b) deposition locations on the 

z=0 plane. The dots show the centers of the deposited CNTs.
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Because of their extremely high-aspect-ratio structure, CNTs enhance the electric field 

considerably. A common situation during the deposition of the nanotubes is when a nanotube is 

deposited on one of the electrodes, but is not long enough to reach the second one. In such a case 

the electric field and the DEP force become considerably enhanced around the CNT tip. As it 

was shown earlier, the DEP force is the main contributor in the movement of metallic nanotubes 

in low-conductivity solutions. The particle tracing simulation results show that CNTs are 

attracted toward the tip of the half-bridging nanotube and it is likely to have a bridge between the 

electrodes made of more than one nanotube due to this effect (Fig.  6-3a). 

When a CNT is connecting the two electrodes, the electric field profile changes around that 

nanotube. We have shown that this change can alter the DEP force profile in the previous 

chapter. The DEP force attracts those CNTs that are very close to the deposited nanotube 

especially toward the junction between the CNT and the electrodes, but repels the rest from the 

vicinity of the deposited nanotube. Another effect of having a fully bridging nanotube is the 

change in the temperature profile around it. Joule heating resulting from the current passing 

through the CNT warms up the nanotube and, therefore, increases the electrothermal force, 

which is proportional to the temperature gradient. Fig.  6-3b shows the result of the particle 

tracing simulation when a CNT is fully bridging. The deposition locations show that a few CNTs 

are attracted toward the CNT-electrode junction, which is where the DEP force guides them. 

Therefore, although the electrothermal force is enhanced because of Joule heating, the DEP force 

still has the main influence over the metallic nanotubes in low-conductivity solutions in all 

situations. 
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(a) 

 

(b) 

Fig.  6-3. The deposition pattern of metallic nanotubes in a low-conductivity solution when there is a CNT (a) half 

bridging, (b) fully bridging the two electrodes, the inset shows a magnified view of the electrode-nanotube junction.

 

 

The electrothermal and Brownian forces, which affect the semiconducting nanotubes in low-

conductivity solutions, are similar in strength to those acting on metallic nanotubes, but the DEP 

force is not the same and is directly affected by their much lower conductivity and permittivity, 

which result in the lower CM factor. Fig.  6-4a demonstrates the path of the semiconducting 

nanotubes during the experiment. A high level of randomness is seen. The path of the CNTs that 
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ended up depositing on the gap between the electrodes is shown in red. Only the nanotubes very 

close to the gap have a chance of depositing and connecting to the electrodes. The deposition 

locations shown in Fig.  6-4b depict an almost uniform distribution with the exception of the 

edges, which have a slightly higher concentration. The total number of deposited nanotubes on or 

near the gap is 31% of the initial number of CNTs.   

 

(a) 

 

(b) 

Fig.  6-4. (a) Semiconducting nanotubes’ paths during DEP in a low-conductivity solution, the paths of the CNTs 

deposited on the gap are shown in red; (b) deposition locations on the z=0 plane. The dots show the centers of the 

deposited CNTs. 
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Fig.  6-5a shows the location of semiconducting nanotubes after DEP when there is a half-

bridging nanotube on the surface. The overall random distribution is very similar to the previous 

case. A few nanotubes deposit around the tip of the previously deposited CNT. Fig.  6-5b shows 

the results when a CNT is fully bridging. The change in the deposition morphology is not as 

pronounced as in the case of metallic nanotubes. In general, for semiconducting nanotubes in 

low-conductivity solutions, the Brownian force is of more significance compared to the other 

two forces. The DEP plays a role when the CNTs are very close to the edges of the electrodes, 

and the electrothermal force is almost of no consequence. 

 

(a) 

 

(b) 

Fig.  6-5. The deposition pattern of semiconducting nanotubes in a low-conductivity solution when there is a CNT (a) 

half bridging, (b) fully bridging the two electrodes. 
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Solutions in which ionic surfactants have been used to help in separation and suspension of 

intrinsically hydrophobic nanotubes, have much higher conductivities. The higher electrical 

current during DEP causes the solution to heat up locally, which results in increased 

electrothermal motion. When no nanotube has yet deposited on the surface, the maximum of the 

velocity due to the electrothermal force in the solution increases from 0.2 µm/s for the low-

conductivity solution to 60 µm/s for the high-conductivity one. Moreover, the higher 

conductivity of the surrounding medium lowers the CM factor and thus the DEP force compared 

to the previous case.  

As shown in Fig.  6-6, in high-conductivity solutions the long-range movement of the nanotubes 

is mainly governed by the movement of the solution because of the electrothermal force, which 

follows a circular pattern. The electrothermal force moves the solution toward the region above 

the gap and then directly toward the gap, in a direction perpendicular to the plane of the 

substrate. The down-coming stream then splits into two diverging branches near the surface over 

the gap, each branch flowing over one of the electrodes. The CNTs initially move with the 

solution in this pattern toward the gap. Once the metallic nanotubes are close to the surface, the 

locally strong DEP force makes them deposit. The percentage of the deposited nanotubes on and 

around the gap is 90%.   
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(a) 

 

(b) 

Fig.  6-6. (a) Metallic nanotubes’ paths during DEP in a high-conductivity solution, (b) deposition locations on the 

z=0 plane.  The dots show the centers of the deposited CNTs. 

 

When a CNT is half-bridging the electrodes during a DEP experiment using a high-conductivity 

solution, other nanotubes deposit close to its tip. Due to the agitation of the solution, the CNTs 

drawn toward the tip become deposited not only on the very tip but also the area around it as 

shown in Fig.  6-7a. Fig.  6-7b shows the final locations of the CNTs for a fully bridging situation. 

Nanotubes are attracted toward the base of the deposited nanotube but are otherwise repelled 

from it. Even though the CNTs are brought toward the edges by the electrothermal force 

everywhere, the DEP force dictates the final morphology – which is attraction toward the edges, 
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especially the nanotube-electrode junction, and repulsion from the area around the deposited 

nanotube (see figure 4 in [37]) – on the surface because of its local strength in the close 

proximity of the electrodes. This can explain why often CNTs are separated with some distance 

from each other when deposited using DEP even in high-conductivity solutions. 

 

(a) 

 

(b) 

Fig.  6-7. The deposition pattern of metallic nanotubes in a high-conductivity solution when there is a CNT (a) half 

bridging, (b) fully bridging the two electrodes. 

 

The electrothermal motion plays an important role in how the semiconducting nanotubes are 

manipulated during DEP using a high-conductivity solution. Contrary to the situation with 

metallic nanotubes, in this case the DEP force is not strong enough to be able to prevent them 
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from spinning with the solution, at least until they reach the region very close to the surface. Fig. 

 6-8a shows the path of the nanotubes in the solution. A closer look at the movement of 8 

nanotubes chosen randomly out of the initial 750 nanotubes shows that the nanotubes undergo a 

circular movement in the solution because of the electrothermal flow. The small DEP force is not 

able to capture the CNTs the first time they approach the electrodes. Semiconducting nanotubes 

thus keep rotating until they are deposited on one of the electrodes (rather than on the gap 

between the electrodes) or are finally captured by the weak DEP force. 49% of the starting 

nanotubes deposit on or around the gap, which is higher than the percentage of the similar type 

of nanotubes in the low-conductivity solution. This is due to the rotating motion of the solution, 

which provides more opportunities for the semiconducting nanotubes to reach the substrate, gap 

or electrodes and eventually be captured. 
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(a) 

 

 

(b) 

 

(c) 

Fig.  6-8. (a) Semiconducting nanotubes’ paths during DEP in a high-conductivity solution, (b) path of 8 randomly 

chosen nanotubes, (c) deposition locations on the z=0 plane. The dots show the centers of the deposited CNTs. 
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The DEP force on the semiconducting nanotubes is so small that even the higher field gradient 

due to the presence of a half-bridging nanotube does not change the deposition pattern 

appreciably. This is also true for the case of a fully bridging nanotube. 

 

(a) 

 

(b) 

Fig.  6-9. The deposition pattern of semiconducting nanotubes in a high-conductivity solution when there is a CNT 

(a) half bridging, (b) fully bridging the two electrodes. 

 

The following figure shows a summary of the effective forces during DEP experiments in 

various scenarios. As it is seen from this chart, the electrothermal force and Brownian motion of 

solution are not only not negligible in certain cases, but are of primary importance in moving the 

nanotubes in the solution. 
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Fig.  6-10. The effective forces during DEP in different scenarios. 

 

It is noteworthy that, while the DEP and electrothermal forces both depend on frequency, for the 

typical range of frequencies used in the DEP deposition of CNTs (up to a few MHz), the overall 

behavior in the different scenarios discussed here remains the same. 

 

6.3 Summary 

The effect of the forces dictating the movement of CNTs in the solution during DEP experiments 

was investigated using a step-by-step particle-tracing approach. It was shown that the 

electrothermal force acting on the solution and the Brownian force acting on the nanotubes can 

play an important, even critical role in the movement and deposition of nanotubes. Depending on 

the type of the CNT, DEP parameters and solution properties, the extent of effectiveness of these 

forces is different. 

While for the metallic CNTs in a low-conductivity solution, the DEP force has the upper hand 

over electrothermal force, which agitates the solution, and the Brownian motion, which moves 

the nanotubes at random, in a high-conductivity solution, the electrothermal force dictates the 



115 

 

long-range circular movement of the nanotubes until they are captured by the DEP force. An 

already-deposited half-bridging nanotube increases the field gradient and results in the 

deposition of nanotubes in alignment with it no matter the conductivity of the solution. A fully-

bridging nanotube also changes the electric field pattern and affects the final CNT deposition 

pattern. 

Semiconducting nanotubes have a lower chance of deposition compared to metallic ones due to 

the lower DEP field. The small magnitude of the DEP force allows the Brownian force in low-

conductivity solutions, and the electrothermal force in high-conductivity solutions, to be of 

primary importance during the DEP of semiconducting nanotubes. 

In summary, forces other than DEP cannot be neglected in the deposition of particles using the 

DEP method. Understanding the interplay between them in different cases can help us engineer 

the DEP process more effectively in order to obtain a higher deposition yield with the desired 

morphology of particles on the substrate. 
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Chapter 7: Summary, conclusion and future work 

In this thesis, a combined experimental and numerical simulation study on evaluating the effect 

of various parameters in the DEP deposition of CNTs was presented. The DEP force, the 

hydrodynamic movement of the solution and the Brownian motion of the suspended CNTs, as 

well as the interplay among them in different stages of the transport of nanotubes from the 

solution to the substrate, were investigated. A summary of the contributions as well as some 

suggestions for future works are given in this chapter.   

 

7.1 Contributions 

1. In chapter 3, we showed that the effect of electrokinetic movement of the solution during 

DEP of nanotubes can be of significance depending on the physical properties of the 

solution. We investigated the effect of this movement in solutions with various levels of 

conductivity through experiments as well as numerical modeling. Our results showed that 

electrothermal motion in the solution can alter the deposition pattern of the nanotubes 

drastically for high-conductivity solutions, while DEP remains the dominant force when a 

low-conductivity (surfactant-free) solution is used. The extent of effectiveness of each 

force was discussed in the various cases and the fluid movement model was investigated 

using two- and three-dimensional finite-element simulations. 

2. In chapter 4, we took our efforts on unveiling the effect of solution properties on the CNT 

deposition pattern through DEP one step further, and characterized the effective forces at 

different frequencies. The forces that induce movement in the solution, as well as the 

dielectrophoresis force, all vary with frequency in different manners. Experiments and 

simulations were used to investigate the interplay between the solution conductivity and 
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the frequency of the applied voltage, and their effects on the deposition patterns. We 

demonstrated that changes in the frequency affect solutions with different physical 

properties differently: while the frequency directly influences the number of deposited 

carbon nanotubes when using solutions with low conductivity, it is almost of no 

consequence in the case of solutions that include surfactants and thus have a higher 

conductivity. 

3. In chapter 5, we discussed the results of experiments that showed that the interactions 

among deposited and suspended nanotubes during the deposition process can 

considerably affect the dynamics and the final results of the deposition. Semi-periodic 

stripes of nanotubes bridging the two electrodes were formed from solutions containing 

no surfactant. The periodicity of the patterns depended on the geometry of the electrodes. 

The devices made using the low conductivity solution showed much better repeatability 

compared to the devices produced in the previous chapters. Finite-element method 

simulations were used to explain the mechanisms underlying the observed experimental 

outcomes. The pattern formation mechanism was shown to be related to the mutual 

effects of CNTs on each other during the experiment. The reason lies behind the changes 

in the electric field as a result of the deposition of CNTs. These changes directly alter the 

DEP force field and, therefore, the way the CNTs are guided. The extent of effectiveness 

of the electrothermal force was also investigated, and it was shown that, although in some 

situations the heat generated by the current passing through the nanotubes considerably 

increases this force, the DEP force remains dominant when a surfactant-free solution is 

used. 
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4. In chapter 6, a framework for evaluating all the considerable forces during various steps 

of DEP was developed. The mechanisms involved in the deposition of metallic and 

semiconducting nanotubes, as well as the extent of effectiveness of each force in various 

scenarios during deposition, were explored using particle tracing simulations. We showed 

that the Brownian and electrothermal forces are by no means negligible in many cases 

and, in fact, can be of primary importance in the final results. While the DEP force 

constitutes the main cause of movement for metallic nanotubes in low-conductivity 

solutions, the Brownian movement has the upper hand for semiconducting nanotubes. For 

high-conductivity solutions, the electrothermal movement of the solution determines the 

long-range movement of the nanotubes toward the electrodes. 

Although DEP has many advantages for the deposition of micro/nano objects such as CNTs, 

there are many parameters that must be considered in order to fabricate devices in a controlled 

and repeatable fashion. This thesis is a step toward engineering the DEP process. Our results 

suggest that not only the parameters directly affecting the DEP force, e.g. voltage amplitude and 

deposition time, are important, but also other effects such as hydrodynamic motion of the 

solution and mutual interaction of CNTs must be taken into account. These effects are clearly not 

negligible in many cases, and in fact are of primary influence for certain situations. 

 

7.2 Future work 

Because of the findings of this thesis, more repeatable fabrication of the CNT devices, especially 

made of multiple nanotubes, is possible. These devices have the potential to be used in many 

different applications such as electronics, sensing and field-emission.  
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Single nanotube devices are the candidates for many quantum-dot-based applications, such as 

single-electron transistors and electron turnstiles. Because of the special structure of nanotubes, 

they are considered 1-D conductors. The only step needed to make quantum-dot-based devices is 

transforming them from 1-D to 0-D by inducing some sort of confinement for the carriers. 

Repeatable fabrication of single nanotube devices is the first step on this path.  

Although in our simulations we covered the most important forces affecting the nanotubes 

during DEP, there is still potential for expanding the model and capturing other possibly 

effective phenomena into account, one of which can be the mutual effects of suspended 

nanotubes on each other before even their deposition. The electric field polarizes the particles in 

the solution and the field resulting from the polarization of these particles can affect the other 

particles. To be able to simulate this effect, the movement of all of the nanotubes in the solution 

should be simulated at once in each step. A term originating from the overall influence of the rest 

of the CNTs should be added to the Langevin equation solved for each of the nanotubes. Another 

neglected, potentially effective phenomenon is the interaction of surfactants and the surfaces of 

the sample. Solutions containing surfactant, especially at high concentrations, can 

electrochemically modify the surfaces of the electrodes and make them more attractive for the 

nanotubes. Running more experiments with solutions with the same conductivity but with and 

without surfactants can shed some light on the extent of importance of this phenomenon in the 

final results.  

As shown in the last chapter, fluid motion can bring the nanotubes toward the electrodes. This is 

of more importance when the DEP force is too weak to capture a certain type of nanotube 

(mostly semiconducting ones). This can be used to engineer the solutions for fabricating devices 

with a stronger semiconducting characteristics. For this purpose, nanotube solutions can be 
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prepared with conductivities in the range of a few hundreds of µS/cm in order to create some 

moderate movement in the solution to carry the nanotubes toward the gap between the 

electrodes. 

One other approach for improving the simulations is trying to take the effect of the nanotubes’ 

lengths into account. While the model we used is appropriate for short nanotubes, for longer 

nanotubes it cannot be directly applied due to the variations in the electric field through their 

length. Moreover, the flexible structure of nanotubes makes them hard to track if the change in 

the movement of the fluid is considerable for adjacent points. A thorough study in which the 

longer nanotubes are modeled as small segments connected to each other can shed some light on 

how the longer nanotubes actually move in the solution during DEP. 

Finally, we are now at a point where we have established some of the important parameters 

affecting DEP results, as well as achieved a higher level of repeatability through the use of 

solutions without surfactants. This work could thus form the basis of subsequent studies, where 

the effect of these parameters on the outcome could be quantified empirically through a number 

of systematic experiments covering a broad range for these parameters. 
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Appendix B  - Additional DEP results and image processing procedure related to chapter 3 

The following figure shows more results for the experiments described in the third chapter for 

the two cases of solutions with no surfactant and 1 wt% surfactant. 

 

 

Fig. B-1. DEP results of experiments with (a) no surfactant, and (b) 1 wt% surfactant solutions. 

 

The following figures (Fig. B-2 to B-7) show the results of DEP experiments using different 

parameters (compared to those shown above or in chapter 3) with solutions containing no 

surfactant and different CNT concentrations. In each row of figures, the applied voltage is 

progressively increased from left to right, and the results confirm that the number of deposited 

nanotubes increases with voltage when a surfactant-free solution is used. 
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Fig. B-2. DEP results using a surfactant-free solution with a CNT concentration of 125 ng/ml. Parameters: t = 1 min, 

f = 500 kHz, and (a) v = 4V, (b) v = 4.8 V, (c) v = 5.6 V, (d) v = 6.2 V. The oscilloscope was in series with the setup 

during the experiment. The gap between the electrodes is 4 µm. 

 

 

Fig. B-3. DEP results using a surfactant-free solution with a CNT concentration of 125 ng/ml. Parameters: t = 40 s,   

f = 1 MHz, and (a) v = 3V, (b) v = 4 V, (c) v = 5 V. The gap between the electrodes is 3 µm. 

 

 

Fig. B-4. DEP results using a surfactant-free solution with a CNT concentration of 125 ng/ml. Parameters: t = 1 min, 

f = 500 kHz, and (a) v = 4V, (b) v = 4.8 V, (c) v = 5.6 V. The gap between the electrodes is 4 µm. 
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Fig. B-5. DEP results using a surfactant-free solution with a CNT concentration of 125 ng/ml. Parameters: f = 500 

kHz, and (a) t = 30 s, v = 3.6 V, (b) t = 30 s, v = 4.2 V, (c) t = 60 s, v = 3.6 V, (d) t = 60 s, v = 4.2 V, (e) t = 90 s,     

v = 3.6 V, (f) t = 90 s, v = 4.2 V  . The gap between the electrodes is 4 µm. 
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Fig. B-6. DEP results using a surfactant-free solution with a CNT concentration of 2.5 µg/ml. Parameters: t = 1 min, 

f = 500 kHz, and (a) v = 3.2V, (b) v = 4 V, (c) v = 4.8 V, (d) v = 5.6 V. The oscilloscope was in series with the setup 

during the experiment. The gap between the electrodes is 4 µm. 

 

 

Fig. B-7. DEP results using a surfactant-free solution with a CNT concentration of 2.5 µg/ml. Parameters: t = 1 min, 

f = 500 kHz, and (a) v = 4V, (b) v = 4.8 V, (c) v = 5.6 V. The gap between the electrodes is 4 µm. 

 

It is also important to note that, regardless of the type of solution used, some devices are left 

without any nanotubes after the process (see Fig. B-8a and d). This rules out the fluidic forces, 

such as surface tension, as the sole reason behind the deposition between the two electrodes. 

There are also devices that are entirely covered with nanotubes after the process using either 

surfactant-free or surfactant-containing solutions as shown in the following figure. 
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Fig. B-8. Results of experiments with surfactant-free (top row) and surfactant-containing (bottom row) solutions. (a) 

and (d) no nanotube deposited, (b), (c), (e), and (f) the area between the electrodes covered with nanotubes. 

Parameters for (b) and (e): v = 5 V, t = 1 min, f = 2 MHz. Parameters for (c) and (f): v = 5 V, t = 1 min, and              

f = 500 kHz. 
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Image processing procedure 

In order to quantify the overall nanotube coverage, as well as the coverage near the electrodes, 

the following steps were performed to prepare the images of the DEP results: 

1. The images were cropped to include 1 µm of the height of each electrode. Considering the 

length of the gap, the final image included 6 µm height of the sample, which was divided into 6 

horizontal segments of equal area (Fig. B-9). The width of each image was then limited so as to 

have the same height-to-width ratio for all images. This ensured that the total area of all images 

was the same. 

 

Fig. B-9. The images were cropped in order to include 1 µm of the height of each electrode in preparation for the 

image processing. 

 

2. The electrodes were covered with a color similar to the substrate in order to eliminate the 

possibility of their being counted as nanotubes. 
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3. The area of coverage for each image was calculated using a procedure similar to that 

explained in Appendix C. Fig. B-10 shows the black-and-white images resulting from the 

thresholding step. 

4. The two middle segments (see Fig. B-9) of each image was excluded in MATLAB, and the 

area covered by the nanotubes in the vicinity of the electrodes (in the remaining segments) was 

calculated. The ratio of the deposition close to the electrodes to the total area covered by 

nanotubes was thus determined.   
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Fig. B-10. The black and white images (nanotubes are white) after image processing of the DEP results performed 

using (a) no surfactant, (b) 1 wt% surfactant, and (c) control solutions.  
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Appendix C  - Image processing procedure 

The SEM images of the CNT devices presented in chapter five were used in the following 

procedure in order to find the ratio of the area covered by nanotubes to the entire area between 

the two wide electrodes (Fig.  5-2). ImageJ
5
 (a public domain image processing program) and 

MATLAB were used for the process, according to the following algorithm: 

1. Cropping the image to include only the area between the two electrodes. 

2. Opening the image in ImageJ and setting the type to 32-bit. 

3. Adjusting Brightness/Contrast (setting the Minimum and Maximum sliders in the 

Brightness/Contrast menu to cover the non-zero range of the histogram of the image). 

4. Making the background even using Process > Subtract Background with a rolling ball 

radius of 100 pixels with the Sliding parabloid option checked. 

5. [For samples with single nanotubes on the surface] Repeating step 4 this time with a 

rolling ball radius of 10 pixels (the radius of the rolling ball must be close to the size of 

the particles). 

6. Adjusting Brightness/Contrast. 

7. Applying the Process > Smooth filter twice to avoid singular pixels in the threshold step.  

8. Using Image > Adjust > Threshold to convert the image to black and white by setting a 

threshold using the “Minimum” thresholding method. Usually a slight adjustment of the 

threshold for each image is necessary to improve the result. 

9. Saving the image as a tiff file. 

                                                 

5
 http://rsb.info.nih.gov/ij/ 
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10. Using a MATLAB code to find the ratio of the area of white pixels to the surface of the 

device in the saved image. 

The following figure shows the initial and final, black-and-white photos.  

 

(a) 

 

 (b) 

Fig.C-1. (a) Initial and (b) final, black and white images of the image processing procedure for finding the CNT-

covered area between the two electrodes after the DEP experiment. 

 

MATLAB Code: 

clc 

close all 

clear all 
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files = dir('*.tif'); 

num_files = numel(files); 

images = cell(1, num_files) 

for k = 1:num_files 

    images{k} = imread(files(k).name); 

end 

 

for i=1:num_files 

    a=images{i}; 

    g=double(a); 

    h=mat2gray(g); 

    imshow(h) 

    level1=0.5; 

    j= im2bw(h, level1);   %,level1 

    figure, imshow(j) 

    [L, N]= bwlabel(j); 

    D= regionprops(L, 'area'); 

    w=[D.Area]; 

    q=sum(w); 

    g1=double(a); 

    h1=mat2gray(g1); 

    j2= im2bw(h1, 1); 

    j1 = imcomplement(j2); 

    [L1, N1]= bwlabel(j1); 

    D1= regionprops(L1, 'area'); 

    w1=[D1.Area]; 

    q1=sum(w1); 

    phi(i)=q/q1 

end 

 

 

  



139 

 

Appendix D  - Particle tracing code 

Code for creating the velocity grids 

%load velocityDEP and velocityETF matrices from COMSOL 

 

%removing the negative Z velocity values 

velocityDEP=real(removeZnegative(velocityDEP)); 

velocityETF=real(removeZnegative(velocityETF)); 

 

%creating the grid and mapping the data on it 

[xx,yy,zz]=meshgrid(-8:.1:8,-10:.1:10,0:0.1:10); 

uDEP=griddata3(velocityDEP(:,1),velocityDEP(:,2),velocityDEP(:,3),velocityDEP(:,4),xx,yy,zz)

; 

vDEP=griddata3(velocityDEP(:,1),velocityDEP(:,2),velocityDEP(:,3),velocityDEP(:,5),xx,yy,zz)

; 

wDEP=griddata3(velocityDEP(:,1),velocityDEP(:,2),velocityDEP(:,3),velocityDEP(:,6),xx,yy,zz

); 

 

uETF=griddata3(velocityETF(:,1),velocityETF(:,2),velocityETF(:,3),velocityETF(:,4),xx,yy,zz); 

vETF=griddata3(velocityETF(:,1),velocityETF(:,2),velocityETF(:,3),velocityETF(:,5),xx,yy,zz); 

wETF=griddata3(velocityETF(:,1),velocityETF(:,2),velocityETF(:,3),velocityETF(:,6),xx,yy,zz); 

 

 

xaxis=xx(1,:,1); 

yaxis=yy(:,1,1); 

zaxis=zz(1,1,:); 

 

%Substituting NAN elements with zero 

uDEP=removenan(uDEP); 

vDEP=removenan(vDEP); 

wDEP=removenan(wDEP); 

uETF=removenan(uETF); 

vETF=removenan(vETF); 

wETF=removenan(wETF); 

 

save file.mat 
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Particle tracing code: 

clear all 

%load the velocity file grids from the gridpreparation file 

load CNTBridging.mat 

%Drawing the CNT on the graphs 

%No CNT: CNT=0, CNT half bridging: CNT=1, CNT bridging: CNT=2; 

CNT=2; 

 

%metallic or semiconducting CNTs 

%the loaded DEP velocities are for metallic tubes, to convert it to 1um 

%long semiconducting nanotubes with a 1nm radium the velocities should be 

%multiplied by 77.1179/2.2304e5 (in case of low conductivity solution) 

%metallic:1, semiconducting:0 

TubeType=0; 

if TubeType~=1 

%     %low conductivity solution 

    uDEP=77.1179/2.2304e5*uDEP; 

    vDEP=77.1179/2.2304e5*vDEP; 

    wDEP=77.1179/2.2304e5*wDEP; 

%     %high conductivity solution 

%     uDEP=0.666/4760.4*uDEP; 

%     vDEP=0.666/4760.4*vDEP; 

%     wDEP=0.666/4760.4*wDEP; 

end 

 

%time step 

tstepdef=0.010; 

 

%duration of the experiment in seconds 

Tmax=10; 

 

%Maximum length of each step in um 

Deltamax=0.2; 

 

%the path of deposited tubes in the gap in red in the final 3D figure 

% yes:1, no:0 

redline=0; 

 

% Brownian motion 

%set brownian to 1 to apply the brownian motion for each step. 0 will 

%discard this motion. 

brownian=1; 
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viscosity=0.89e-3; 

len=1e-6; 

rad=1e-9; 

f=3*pi*viscosity*len/log(len/rad); 

k=1.38e-23; %Boltzman's constant 

T=293; % temperature 

D=k*T/f; 

 

%number of random points 

randnum=750; 

xi=8; 

yi=50; 

tstepsmat=cell(1,randnum); 

deltastepsmat=cell(1,randnum); 

tvecmat=cell(1,randnum); 

xvecmat=cell(1,randnum); 

yvecmat=cell(1,randnum); 

zvecmat=cell(1,randnum); 

uvecmat=cell(1,randnum); 

vvecmat=cell(1,randnum); 

wvecmat=cell(1,randnum); 

 

 

tic 

%making the initial positions of the random particles 

parinits=rand(randnum,3); 

parinits(:,1)=(parinits(:,1)-0.5)*2*8; 

parinits(:,2)=(parinits(:,2)-0.5)*2*10; 

parinits(:,3)=parinits(:,3)*10; 

 

h = waitbar(0,'Please wait...'); 

for i=1:randnum 

    xprev=parinits(i,1); 

    yprev=parinits(i,2); 

    zprev=parinits(i,3); 

    %xprev=xi; 

    %yprev=yi; 

    xvec=[]; 

    yvec=[]; 

    zvec=[]; 

    tvec=[]; 

    uvec=[]; 

    vvec=[]; 

    wvec=[]; 

    tsteps=[]; 
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    deltasteps=[]; 

    t=0; 

     

    abort=0; 

    while ((t<Tmax)&& (abort~=1)) 

        tstep=tstepdef; 

        a=closest(xprev,xaxis); 

        b=closest(yprev,yaxis); 

        c=closest(zprev,zaxis); 

        u=uDEP(b,a,c)+uETF(b,a,c); 

        v=vDEP(b,a,c)+vETF(b,a,c); 

        w=wDEP(b,a,c)+wETF(b,a,c); 

        deltax=u*tstep*1e6; %deltax in um 

        deltay=v*tstep*1e6; %deltay in um 

        deltaz=w*tstep*1e6; %deltaz in um 

        %setting the maximum displacement of particle  

        if (sqrt(deltax^2+deltay^2+deltaz^2)>Deltamax) 

            tstep=Deltamax*1e-

6/sqrt((uDEP(b,a,c)+uETF(b,a,c))^2+(vDEP(b,a,c)+vETF(b,a,c))^2+(wDEP(b,a,c)+wETF(b,a,c)

)^2); 

            deltax=u*tstep*1e6; 

            deltay=v*tstep*1e6; 

            deltaz=w*tstep*1e6; 

        end 

 

        %adding the brownian motion 

        if brownian==1 

           

%  applying Brownian 

            avgbrownian=sqrt(2*D*tstep)*1e6; 

            deltax=deltax+normrnd(0,avgbrownian); 

            deltay=deltay+normrnd(0,avgbrownian); 

            deltaz=deltaz+normrnd(0,avgbrownian); 

        end 

         

        xnew=xprev+deltax; 

        ynew=yprev+deltay; 

        znew=zprev+deltaz; 

        t=t+tstep; 

        tsteps=[tsteps;tstep]; 

        deltasteps=[deltasteps;sqrt(deltax^2+deltay^2+deltaz^2)]; 

        tvec=[tvec;t]; 

        xvec=[xvec;xnew]; 

        yvec=[yvec;ynew]; 

        zvec=[zvec;znew]; 
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        uvec=[uvec;u]; 

        vvec=[vvec;v]; 

        wvec=[wvec;w]; 

        xprev=xnew; 

        yprev=ynew; 

        zprev=znew; 

        if ( (znew<=min(zaxis))) 

            abort=1; 

        end 

        if (xnew>=max(xaxis)) 

            xprev=xprev-0.2; 

        end 

        if (xnew<=min(xaxis)) 

            xprev=xprev+0.2; 

        end 

        if (ynew>=max(yaxis)) 

            yprev=yprev-0.2; 

        end 

        if (ynew<=min(yaxis)) 

            yprev=yprev+0.2; 

        end 

        if (znew>=max(zaxis)) 

            zprev=zprev-0.2; 

        end 

    end 

    tstepsmat{1,i}=tsteps; 

    deltastepsmat{1,i}=deltasteps; 

    tvecmat{1,i}=tvec; 

    xvecmat{1,i}=xvec; 

    yvecmat{1,i}=yvec; 

    zvecmat{1,i}=zvec; 

    uvecmat{1,i}=uvec; 

    vvecmat{1,i}=vvec; 

    wvecmat{1,i}=wvec; 

    waitbar(i/randnum); 

end 

 

 

%3D graph of particles' paths 

figure('units','inches','Position',[2 1 9 6.2]); 

set(gca,'FontSize',20,'linewidth',0.75,'fontname','Arial') 

xlabel('x [um]'); 

ylabel('y [um]'); 

zlabel('z [um]'); 

view(-70,20) 
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hold on 

%drawing the electrodes 

[xsurface,ysurface]=meshgrid(-8:16:8,-10:8:-2); 

zsurface=xsurface*0; 

surface(xsurface,ysurface,zsurface,'facecolor',[200 200 200]/256); 

surface(-xsurface,-ysurface,zsurface,'facecolor',[200 200 200]/256); 

 

if CNT==1 

    line([0 0],[-2 0],[0 0],'LineWidth',2,'Color','black'); 

elseif CNT==2 

    line([0 0],[-2 2],[0 0],'LineWidth',2,'Color','black'); 

end 

for i=1:randnum 

    xvec=xvecmat{1,i}; 

    yvec=yvecmat{1,i}; 

    zvec=zvecmat{1,i}; 

    if ((zvec(length(zvec))<0.2) && (yvec(length(yvec))>-2.5) && (yvec(length(yvec))<2.5) && 

(redline==1)) 

        plot3(xvec,yvec,zvec,'color','red'); 

    else 

        plot3(xvec,yvec,zvec); 

    end 

end 

axis([-8 8 -10 10 0 10]) 

% final position of the CNTs on the XY plane 

 

figure('units','inches','Position',[3 2 8.5 5.5]); 

box on 

set(gca,'FontSize',20,'linewidth',0.75,'fontname','Arial') 

CNTdeposited=0; 

hold on 

xlabel('x [um]'); 

ylabel('y [um]'); 

surface(xsurface,ysurface,zsurface,'facecolor',[220 220 220]/256); 

surface(-xsurface,-ysurface,zsurface,'facecolor',[220 220 220]/256); 

if CNT==1 

    line([0 0],[-2 0],'LineWidth',2,'Color','black'); 

elseif CNT==2 

    line([0 0],[-2 2],'LineWidth',2,'Color','black'); 

end 

 

for i=1:randnum 

    tvec=tvecmat{1,i}; 

    zvec=zvecmat{1,i}; 

    max(tvec) 



145 

 

        if ((max(tvec)<Tmax) && (zvec(length(zvec))<0.1)) 

            xvec=xvecmat{1,i}; 

            yvec=yvecmat{1,i}; 

            plot(xvec(length(xvec)),yvec(length(yvec)),'*'); 

            if ((yvec(length(zvec))<2.5) && (yvec(length(zvec))>-2.5)) 

                CNTdeposited=CNTdeposited+1; 

            end 

        end 

end 

axis([-8 8 -10 10]) 

 

CNTdeposited 

depotprecent=CNTdeposited/randnum*100 

toc 

     

    

 

“removenan” function: 

function[Ret]=removenan(R) 

nanvector=find(isnan(R)); 

sizeR=size(R); 

for i=1:length(nanvector) 

    a=mod(nanvector(i),sizeR(1)); 

    b=floor(nanvector(i)/sizeR(1))+1; 

    if a==0 

        a=sizeR(1); 

        b=b-1; 

    end 

    R(a,b)=0; 

end 

Ret=R; 

 

“removeZnegative” function 

function[Ret]=removeZnegative(R) 

negVec=find(R(:,3)<0); 

R(negVec,:)=[]; 

Ret=R; 
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“closest” function 

function num = closest(x,R) 

    vec=abs(R-x); 

    vec=vec-min(vec); 

    num=find(vec==0); 

 


