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Abstract 

Single walled carbon nanotubes (SWCNTs) are carbon based nanostructures with 

extraordinary electronical and mechanical properties. They are used in a wide range of 

applications, usually embedded in polymer as fillers to form polymer based 

nanocomposites, in order to affect the electronic behavior of the polymer matrix. However, 

as the nanotubes properties are directly dependent on their intrinsic structure, it is 

necessary to select specific nanotubes depending on the application. In addition, as 

randomly oriented CNTs (as Filler) embedded in the polymer matrix show low electrical 

conductivity than expected, alignment of CNTs in the polymer matrix can help to improve 

the nanocomposite electrical conductivity. 

In this thesis, focus is placed on the electrical properties of the produced 

SWCNTs/Polymer nanocomposites. A simple patterning method called nanoimprint 

lithography is presented which allows the use of extremely low amounts of nanotubes in 

order to increase the electrical conductivity of isolated polymers such as polystyrene (PS). 

In addition, a flexible mold to pattern nanocomposite films, leading to the creation of 

conducting nanotube networks, resulting in Alignment of SWCNTs (from the bottom of 

the film to the top of the imprinted patterns) inside the polymer matrix. The project further 

investigated the effect of different imprint temperatures and pressures on the electrical 

conductivity of produced nanocomposite and a trend is found due to the variation of 

parameters. Finally an optimum imprint condition based on maximum achieved 

conductivity is suggested. During different steps of sample preparations, the samples 

were characterized by different microscopic and spectroscopic techniques such as 

Atomic Force Microscopy (AFM), optical microscopy, Spectroscopic Ellipsometer, 

electrical measurements and Raman spectroscopy. 
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1.1 Introduction 

Polymers are a group of materials that have some unique properties like low density, 

flexibility and low conductivity. However some of their properties are not sufficient enough 

for many industrial applications. Therefore, there is a great interest among researchers 

to improve properties of polymers using different methods. One of the possible way to 

improve properties of polymers is making a mixture of polymers with organic or inorganic 

materials to form a composite. In this case, these materials (organic or inorganic 

materials) act as fillers in the polymer matrix within this composite. As an example, for 

improving the mechanical properties of a polymer, materials such as silica, carbon block, 

and metal particles ca be used as filers. On the other hand, large amount of these filer 

materials are needed due to achieve the desired mechanical properties. Generally, using 

large quantity of materials will increase the cost and will make the fabrication proceeds 

more challenging. As a result, nanofillers were introduced to improve the properties of 

polymers by using the low amount of filler materials. In addition, as the nanofillers have 

dimension in the range of nanometer (high aspect ratio), they make large interfacial area 

per volume between nanofillers and polymer matrix in composite. Therefore a few amount 

of naofiller can result in a significant change on the properties of composite. When 

nanofillers are used in order to improve the polymer properties, the resulting composite 

known as a polymer nanocomposite. Among different rang of nanofillers, carbon 

nanotube (CNTs) known as the most promising nanofillers for making polymer 

nanocomposite due to their extra ordinary properties and unique structure1,2. 

CNT is a one dimensional tubular form of carbon nanostructures with hexagonal 

arrangement of carbon atoms. The diameter of CNTs varies in nanometer range while 

the length can be up to several micrometers (the length to diameter ratio is about 1000)3. 

These cylindrical carbon nanostructures have exceptional properties that make them 

potentially useful in nanoscale electrical and mechanical devices. Due to high carbon-

carbon bond strength, CNTs have known as one of the strongest materials in the nature. 

In addition, they can exhibit different electrical properties depending on their structure. 

Due to these exceptional properties, CNTs became an interesting field of study for 

scientists as well as industries4,5. 

CNT is one of the most promising candidate for nanofiller to enhance the performance of 

polymer nanocomposite (CNT/polymer nanocomposite)6,7. The first polymer 

nanocomposite using CNTs as filler was reported by Ajayan et al in 19948. After that, the 
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number of researches in CNT/polymer nanocomposite increase every year9 using various 

polymer matrix in nanocomposite such as thermoplastics polymer10,11,12, liquid crystalline 

polymer13,14, liquid-soluble polymer15 and conjugated polymers16. Introduction of CNTs 

fillers in polymer matrix can improve some of the polymer nanocomposite properties such 

as mechanical properties17,18, thermal conductivity19,20, electrical conductivity21,22, optical 

properties23, etc. 

One of the well-known applications for CNTs/polymer nanocomposite involves their 

electrical properties. The intrinsic high conductivity (106– 107S/m for metallic nanotubes 

and 10 S/m for semiconducting nanotubes24) and high aspect ratio (reaching 100–1000 

for m -long single-wall and multi-wall CNTs25) of CNTs make them promising material 

to produce electrically conductive nanocomposites (CNTs also can make conductivity for 

non-conductive polymers). As demonstrated by MacDiarmid in 2002, CNT-added 

polymers are ideal candidate because they can increase the electrical conductivity by 

many orders of magnitude from 10-10 – 10-5 up to 103 – 105 Scm-1 26. 

Generally, the electrical conductivity of nanocomposite made of conductive fillers (such 

as CNTs) in an insulating matrix (such as some polymers) highly depends on the 

concentration of fillers that add in the matrix which can be defined by percolation 

theory27,28. At low amount of fillers, the concentrations of fillers are not sufficient to make 

a conductive path of connected fillers through the composite, and then the conductivity of 

polymer nanocomposite is very close to that of pure insulating matrix (polymers). On the 

other hand, when the suitable amount of fillers is added (a critical concentrations), fillers 

connect together (when the concentration of fillers are high enough, the chance of 

connecting them together and formation of conductive path increase) and make a 

percolation path through the composite. This path allows charge transport through the 

composite. At this critical concentration (known as the percolation threshold), the 

conductivity of polymer nanocomposite increase rapidly. Based on geometrical 

considerations, the value of the percolation threshold is expected to be strongly 

influenced by the aspect ratio (ratio of length-to-diameter) of the filler particles29,30,31. 

In this project, the aim is creation of conductive path through the CNT/polymer 

nanocomposite using Nanoimprint lithography (NIL) at a percolation limit lower than the 

theoretical percolation 𝜙c (𝜙c =0.7/𝜂 where 𝜂 is Aspect ratio). In this work, for CNT’s having 

700 nm length and 0.8 nm diameter, the theoretical percolation is calculated as 0.08 

wt.%)29. In addition, the effect of different imprint parameters such as temperatures and 
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imprint Pressures on the conductivity of produced polymer nanocomposite are 

investigated.  

1.2 Theory 

1.2.1 Types of CNTs 

CNTs can be classified in two main groups: Single-walled and multi-walled carbon 

nanotube. 

A single-walled carbon nanotubes (SWCNTs) can be imagined as a graphene rolled into 

a cylindrical shape that is shown in Fig.1.1a, with a diameter of about 0.7-2 nm32. On the 

other hand, a collection of concentric SWCNTs with different diameters is known as multi-

walled carbon nanotube (MWCNT) that is shown in Fig.1.1b. The length and diameter of 

these structures (MWCNTs) as well as their properties are very different from those of 

SWCNTs33. Due to single layered structure, SWCNTs exhibit unique properties which are 

not distinguished by MWCNTs. For example, SWCNTs can be either semiconducting or 

metallic depending on their geometrical structures and diameter. Therefore, synthesize 

of high-quality SWCNTs with specific diameter and structure is essential for further 

application in nanodevices 4,34,35. 

 

 

 

 

 

Fig.1.1: Schematic of a) SWCNTs, b) MWCNTs 

1.2.2 Structure of SWCNT 

A SWCNT can be imagined as a graphene sheet which is rolled to form a tube. For detail 

analysis, first a vector Ch is defined in the graphene sheet. This vector can be described 

in terms of unit vectors of the graphene sheet 
1a  and 

2a  as shown in Fig.1.2. 

21 manaCh   
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Where n and m are two integers. now if the graphene sheet is rolled in such a way that 

the end and tip of the vector Ch coincide, then the resulting SWCNT can be specified by 

set of integers (n,m). The vector Ch is called chiral vector and the angle   between Ch 

and a1 direction is called chiral angle and it varies between 0 and 30. The set of integers 

(n,m) for each specific SWCNT is called the chirality of the SWCNT.  

A nanotube constructed in this way is called a SWCNTs with chirality of (n,m). Fig.1.2 

shows how a hexagonal graphene is rolled to form SWCNTs in a vector structure 

classification36. 

Depending on the manner in which the graphene is rolled up (the chirality (n,m)), the 

arrangement of carbon atoms along the cylinder circumference can be “arm-chair” with 

m=n( =0),“zig-zag” with m=0 ( =30) or several different intermediate “chiral”(n,m) (0<

<30) structures (Fig.1.2) 37.  

 

Fig. 1.2: Structure of SWCNTs (left), different types of SWCNTs (right) 

The length of the chiral vector (Ch) is the circumference of the CNT and is given by the 

corresponding relationship:  

)( 22 mnmnaCc h   

Where the value “ a ” is the length of the unit cell vectors
1a or

2a .  
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“ a ” is related to the carbon–carbon bond length cca  (in carbon nanotube structure cca 

= 0.144 nm38) by the relation: 

321 ccaaaa   

Using the circumferential length c, the diameter of the CNT is thus given by the relation: 

/cd   

Chiral angle  (The angle between the chiral vector and a1) can be described by: 

)2/()3(tan 1 nmm    

As a result, the structure of SWCNTs can completely determine by the pair of integers 

(n,m) which is related to the chiral vector and diameter. On the other word it is possible 

to use these integers to drive most of the SWCNT properties (SWCNTs properties depend 

on their diameter and chirality). For example SWCNTs with |n-m| = 3i are metallic, and 

those with |n-m| = 3i ± 1 are semiconducting, (where i is an integer) 36,37. Typical 

properties of CNTs are listed in Table1.1.   

 

Table.1.1: Typical properties of CNTs39. 

Property SWCNTs DWCNTs MWCNTs 

Tensile strength (GPa) 50-500 23-63 10-60 

Elastic modulus (TPa) 1 ---- 0.3-1 

Density(g/cm3) 1.3-1.5 1.5 1.8-2 

Electrical conductivity (S/m) 106 

Thermal stability 700°C (in air) 

Diameter (nm) 1 5 20 

Specific surface area 10-20 m2/g 

 

1.2.3 Synthesis of CNTs 

Carbon nanotubes are generally produced by three main techniques: arc discharge40, 

laser ablation41, and chemical vapour deposition (CVD)42. 
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Arc discharge technique uses two graphite electrodes placed close to each other 

(separated by approximately 1mm).An electric potential is then applied in order to 

produce an arc discharge between these two electrodes in an enclosure that is usually 

filled with inert gas at low pressure. The discharge vaporizes the surface of one of the 

electrodes, and forms a rod-shaped that deposit on the other electrode. Production of 

CNT in this method depends on the uniformity of arc plasma and the applied 

temperature40. 

In the laser ablation technique, a pulsed laser vaporizes a graphite target at high 

temperature reactor while an inert gas (such as argon) is bled into the chamber. Then the 

resulting vaporized carbon condenses on the cooler surfaces of the reactor in form of 

nanotubes as well as other nanoparticles41. 

In Chemical vapour deposition a carbon precursor decomposed over the surface of 

catalyst materials (usually a transition metal or a mixture of them) at high temperature 

(depending on type of the carbon precursor and catalyst material) resulting in the growth 

of CNTs over catalyst material43,44,45.Table.1.2 shows a summary of the three common 

techniques for the synthesis of carbon nanotubes. 

Table.1.2: A summary of the three common techniques for synthesizing of carbon nanotubes. 

 

Arc Discharge Method 

 

Chemical Vapour Deposition  

 

Laser Ablation method 

Introduced by Ajayan and 

Ebbesen in 199246 

Developed by Endo et al. in 

199347 

Developed by Smalley in 

199548 

Typical yield 30 to 90 % Typical yield 20 to 100 % Typical yield up to 70% 

The method can easily 

produce both SWNTs and 

MWNTs 

Easiest method to produce 

large scale SWNTs 

This method can produce 

SWNTs with good diameter 

control 

This method is less 

expensive 

This method is less expensive This method is very 

expensive 

The reaction product is not 

very pure and it requires 

further purification 

The reaction product is quite 

pure 

The reaction product is 

quite pure 

Almost all different synthesis methods result in the growth of SWNTs with different 

chiralities, some of them are electrically conducting and some are semiconducting. It is 

desirable, for many applications, to produce a special type of tubes, such as metallic or 

semiconducting, and for some applications, tubes with well-defined individual chiralities 
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(see previous section for an explanation of SWNT chirality)49.In addition, Various Methods 

that used in production of SWNTs lead to products with contaminations such as residual 

catalyst and other forms of carbon. Therefore, for many applications, secondary 

processes are necessary to remove these contaminants to provide product of sufficient 

purity 44. 

1.3 CNT/polymer nanocomposite 

1.3.1 Challenges of CNT/polymer nanocomposite 

Since most of the nanotubes self-assemble into bundles due to Van der Waals interaction, 

it is really difficult to disperse and align them as fillers in polymer matrix. However, the 

efficient way to use CNTs in order to make nanocomposite strongly depends on the 

alignment and uniform dispersion of CNTs through the polymer matrix without changing 

the CNTs properties. Therefore, it is crucial important to find a suitable method to achieve 

high degree of monodisperse CNT with certain alignment during preparation process of 

CNT/polymer nanocomposite 50. In the following subchapters, practical strategies to 

overcome these two challenges are addressed. 

1.3.2 Preparation methods for CNT/polymer nanocomposite 

As discussed above, dispersion of CNTs in polymer matrix is one of the main issues in 

preparation of CNT/polymer nanocomposite. At the same time, it is also important to 

stabilize the dispersion in order to prevent aggregation of CNTs (fillers) as they have a 

high tendency to aggregate and form bundles due to their large surface area. Currently 

there are several methods to prepare and improve the dispersion of CNTs in polymer 

matrix such as solution mixing (in this work, solution mixing process was used for making 

CNT/polymer nanocomposite), melt blending and in-situ polymerization method51. 

1.3.2.1 Solution mixing process 

One of the most common method for preparing the CNTs/polymer nanocomposite deals 

with mixing CNTs and polymer by using a suitable solvent. On the other word, a 

dispersion of CNTs in a suitable solvent and polymer are mixed in the form of solution. 

This method includes three main steps: 

1. Dispersion of nanotube in a suitable solvent 
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2. Mixing the prepared solution (CNTs + solvent) with the polymer 

3. Evaporation of solvent and formation of CNT/polymer nanocomposite as a film51,52,53. 

Generally, CNTs cannot properly disperse in the solvent by using the simple mixing. 

Better dispersion of CNTs can be achieve by some methods such as magnetic stirring, 

shear mixing or ultrasonication. Ultrasonication is a common technique widely used either 

alone or in combination with other processes. By applying sonication, the dispersion of 

CNTs through the polymer can be improved. Moreover, the aggregation of CNTs can be 

efficiently broken down54. 

It is worth to mentions that slow evaporation (step 3) usually result in the aggregation of 

CNTs. In order to solve this problem, several methods can be used to increase the rate 

of solvent evaporation. CNT/polymer suspension can be placed on the rotating surface 

such as spin coater, or can be simply dropped on the hot surface leads to increase the 

evaporation rate55. 

1.3.3 Alignment of CNTs in nanocomposite 

As it mentioned before, the excellent properties of CNTs suggest opportunities for making 

new nanocomposite by utilizing CNTs as filer material. However, in some application, 

randomly oriented CNTs (as Filler) embedded in the polymer matrices that show low 

electrical and thermal conductivity than expected56,57. Then alignment of CNTs in the 

polymer matrix can help to improve the nanocomposite properties such as electrical 

conductivity. The alignment of carbon nanotube can be achieved before fabrication of 

nanocomposite, after fabrication of nanocomposite or during the fabrication process. 

There are e different techniques that can be used to align CNTs in polymeric matrices. 

These include force-, magnetic-, and electric-field induced alignment techniques58,59. 

Apart from the methods that are mentioned above, in this project, nanoimprint lithography 

is used as a new method in order to align CNTs in polymeric matrix. 

There are three main methods in order to create Nano and Micro pattern on sample 

according to the top down approach (modify large object to give smaller features). These 

methods are lithography, thin film deposition and etching. Lithography deal with generate 

pattern (micro or nanoscale feature size) in a material called resist (such as polymers) 
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using different techniques such as photolithography, electron-beam lithography, 

nanoimprint lithography60. 

1.4 Micro- and Nanolithography Techniques  

Micro- and nanolithography is the technology that applied to create patterns with a 

ranging from a few nanometers up to tens of millimeters. Lithography techniques can 

divide into two types by the use of masks or templates: masked lithography and maskless 

lithography. Masked lithography takes advantage of masks or molds to transfer patterns 

over a large area simultaneously. Different forms of mask lithography include 

photolithography and nanoimprint lithography. On the other hand, maskless lithography, 

such as electron beam lithography, focused ion beam lithography, and scanning probe 

lithography, fabricates arbitrary patterns by a serial writing without the use of masks60. 

1.4.1 Photolithography  

This technique uses an exposure of a light-sensitive photo-resist (polymers) to ultraviolet 

(UV) light to construct a desired pattern. Initially, UV light with wavelengths in the range 

of 193-436 nm is illuminated through a photomask that consists of opaque features on a 

transparent substrate (e.g., quartz, glass) to make an exposure on a photo-resist that is 

deposited on a substrate using spin coating or other techniques61,62. In the exposed area, 

the exposure to light causes a chemical change (the polymer chains of photo-resist break 

down) resulting in more soluble in a special chemical solution called “developer”. Then 

the exposed photo-resist is removed in a developer to form the desired photo-resist 

pattern.  However, this method has the low resolution and is used for micro fabrication 
63(Fib.1.3). 

 

Fig.1.3: The main steps in photolithography. (a) Exposure step: photo-resist coated on the substrate is exposed to 

UV light, (b) development step: the exposed photo-resist is removed by immerging into a developer76. 
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1.4.2 Electron beam lithography and focused ion beam lithography  

Electron beam and focused ion beam lithography have been the main techniques for 

fabricating nanoscale patterns. In Electron beam lithography 64 an accelerated electron 

beam focusing on an electron-sensitive resist 65to make an exposure. Subsequently, this 

electron-beam spot with a diameter as small as a couple of nanometers is scanned on 

the surface of resist in a dot-by-dot manner to make patterns in sequence (Fig.1.4).  

Similarly, focused-ion beam lithography utilizes an accelerated ion beam (typically gallium 

ion) instead of the electron beam to directly punch a metallic film on the substrate66,67. 

This is possible due to the heavy mass of ions as compared to that of electrons. In terms 

of specifications, the resolution of electron beam and focused ion beam lithography 

techniques are of the order of 5 - 20 nm68. 

 

Fig.1.4: Electron beam lithography. Electron beam is focused on a resist film to create a pattern by exposing dot by 

dot76. 

1.4.3 Nanoimprint lithography (NIL) 

Nanoimprint lithography (NIL) is a method for fabrication of micro / nanoscale features 

with high resolution, low cost and high throughput. The history of using imprint technology 

as a lithography method for making repeated pattern back to 1970’s but the most progress 

in this area have been done by the S. Chou and his group in 1990’s. Since then, this 

method became more well-known and have been used in different industrial and lab 

researches69,70. 
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Unlike the previous methods (Electron beam lithography or Photolithography) that used 

electron or photon to modify the chemical and physical properties of resist to make the 

patterns, NIL use the mechanical deformation of the resist. In this case the resolution of 

NIL is not limited by light diffraction or beam scattering (limitation for resolution of previous 

methods). Then the resolution of the NIL strongly depends on the feature size that can 

be fabricated and it can produce feature size around 10 nm. Moreover, nanometer sized 

pattern can be produced in large variety of substrate such as silicon substrate, glass 

substrate and flexible polymer film71,72,73. 

Two main important type of nanoimprint lithography are Hot Embossing Lithography 

(HEL) (due to the historical reason, the term NIL usually refers to Hot Embossing 

Lithography) or thermal NIL (T-NIL) and UV-based nanoimprint lithography (UV-NIL). 

Both of thermal and UV-NIL have the resolution around 10nm74. 

1.4.3.1 Principle of NIL: 

NIL is based on the principle of mechanical deformation of the resist (polymer thin film) 

by using a temple (mold) that contains pattern with Nano/Micro size due to thermo-

mechanical or UV curing process. In addition, it doesn’t need expensive and complex 

optical system that is used in optical lithography.  

T-NIL is the earliest NIL method that developed by Stephen chou’s group. In this method, 

first a resist (a thermoplastic polymer layer such as PMMA, PS) spin coated on the 

substrate. After heating up the polymer above its glass transition temperature (Tg) that 

leads to soften the polymer, the mold with defined pattern is brought into contact with the 

substrate and they are pressed together under the certain pressure. As a result, the 

pattern on the mold is transferred into the melt polymer film. After cooling down the mold-

substrate assembly, the mold is separated from the substrate and the pattern is 

transferred (replace) on the substrate75,71. 

On the other hand, in UV-NIL a UV-curable photopolymer instead of thermoplastic resist 

have been used on the substrate and the mold is usually made of transparent materials. 

After the mold and resist pressed together, the resist is cured due to the UV light and 

become solid. After demolding, the similar pattern on the mold transfer on the substrate72. 
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As a result the main difference between these two methods is the type of resist that used 

in each one as mentioned above. The process of T-NIL and UV-NIL is schematically 

illustrated in Fig.1.5. 

 
Fig.1.5: Hot-embossing imprint nanolithography (left) and UV-imprint nanolithography (right)76. 

 

1.4.3.2. Mold fabrication in T-NIL 

The mold (template, stamp) is one of the most important parts for the NIL process. The 

good resolution of the patterns that is fabricated by NIL on the samples is first determined 

by the resolution of the features on the surface of the mold. As a result, Mold fabrication 

is one of the most important issues in this method. In T-NIL, rigid mold (hard mold) is 

usually applied in order to transfer pattern to the polymer. The materials that have been 

used is rigid (hard) materials include silicon, fused quartz glass and Nickel. The problem 

of using rigid mold is that a strongly high force required in order to separate the mold from 

the substrate and it can be result in destroying the mold or the substrate during demolding 

process77,78,79. 

One possible solution for this problem is applying the flexible or soft mold instead of rigid 

mold. As an example, Barbero at el. solved this problem by using a flexible mold of ETFE 

80(Fig.1.6). 

In addition, Flexible mold can provide a better contact with the substrate to be patterned 

and reduce the pressure needed during the imprinting step. Moreover, demolding can be 

achieved by pealing the mold from the imprinted substrate with an effectively smaller 

demolding area. This is much easier than the demolding of a hard mold, where the hard 

mold needs to be separated from the substrate as a whole81. 
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Fig.1.6: Schematic of embossing with a rigid mold (left) and schematic of embossing with a flexible mold (right)80 

 

1.5 cavity filling process 

As it is mentioned before, T-NIL can be used as an effective method to align the CNTs in 

polymer matrix. This process can be described by understanding the behavior of Squeeze 

Flow. 

1.5.1. Theory of Squeeze Flow 

As it is mentioned before, In T-NIL, a polymer coated on the substrate is heated up to 

temperature T>Tg (glass transition temperature). At the same time, a mold (stamp) with 

Nano/Micro size pattern placed at the top of substrate and a constant force is applied 

during hot embossing process (keep at this temperature during the time tf). The viscous 

polymer is forced to fill the cavities of the mold due to the applied force and fit with the 

features on the mold surface. When the molten polymer fills all the cavities and takes the 

shape of mold features, it cools down to the demolding temperature and the embossing 

force removes. Then the imprinted substrate can be separate from the mold. 
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A simple model of the viscose flow of a molten polymer between two plates (mold and 

substrate) that happened in the thermal NIL can be described by squeezing flow. 

As we can see in Fig.1.7, the initial thickness of the polymer film before embossing is h0 

and the height of the micro features are hr. For a fully imprinted sample, the height of the 

polymer film (residual layer) after demolding became hf =h(tf) 82,83. 

 
Fig.1.7.Geometrical definitions used for the description of the flow process. (1) Before molding, (2) after demolding84. 

 
 

In order to solve the squeeze flow in this case (Fig.1.8), the following assumptions have 

been considered: 

– Ideally viscous liquid 
– Incompressibility of the polymer melt 
– s»h(t) 
– No air trapped in the cavities 
– No stick-slip effect at the interfaces  

For the description of the flow process, it can be considered that the polymer being 

squeezed between two parallel plates as shown in Fig.1.8. Two stamp protrusions with 

widths s contribute symmetrically to the flow which fills the cavity between them. Half of 

the polymer under each stamp protrusion flows towards the stamp cavity and half to the 

borders. Consequently only the volume between the two dotted lines contributes to the 

molding of the cavity (Fig.1.8)84. 
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Fig.1.8: Model describing the flow process. Flow element (Left), Velocity distribution in a Newtonian flow (Right).84 

 

By solving the 2-dimensional squeeze flow in this case, the film thickness as a function 

time can be derived: 

 

 

Inserting the final thickness (hf) in the above equation, gives the embossing time: 

 
 

The embossing time tf is simply the time which is reached when the distance between 
the two plates is hf (Fig1.9). 

 

In practical situation, when there is a constant pressure (p=F/(L.s)) on the mold for each 

mold the embossing time is85: 
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Fig.1.9: Squeeze flow of polymer into one cavity84. 

 

1.5.2. Alignment of CNTs during Filling of mold cavitation: 

It has been observed that during embossing process, filling the cavities by polymer flow 

start from the edges of cavities. Then the rest of cavity is filled by upward polymer flow 

due to the applied pressure (Fig.1.10).  

When CNTs introduced into polymer matrix as nanofillers (CNTs are deposited on the 

substrate with polymers), the cavity is filled by upward flowing of polymer into it. 

Therefore, CNTs that are mixed with polymer are expected to move in the same direction 

as polymer flow into the cavity during imprint process. During the cooling process, 

polymer is solidified and CNTs are expected to be trapped in the cavities that aligned 

along the polymer flow (Fig.1.11)86,84. 

 

 
                                         Fig.1.10: Schematic representation shows filling of a stamp cavity84. 
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Fig.1.11: Expected nanotubes alignment due to NIL. Grey: Si substrate, black: nanotubes, blue: polymer, red: mold. 

1.6 Percolation threshold in CNTs/Polymer nanocomposite 

By slowly adding some conductive CNTs nanofiller into insulating polymer matrix, the 

variation of electrical conductivity of nanocomposites can be divided into three steps as 

shown in Fig.1.12. In the first step, the electrical conductivity is very low since there are 

few CNTs in matrix as shown in Fig.1.12 (a). It can be seen that some clusters connected 

by CNTs are gradually formed. In this first step, the electrical conductivity of composites 

is close to the polymer matrix conductivity as shown in Fig.1.13. In the second step, by 

increasing the amount of CNTs in the matrix, the CNTs will connect together and the first 

electrically conductive path will form as shown in Fig.1.12 (b). In this second step, the 

electrical conductivity will increase remarkably following a percolation power law as 

shown in Fig.1.13. This process is called as percolation process. The volume fraction of 

CNTs at this step is called as the percolation threshold ( c ). In the final steps, with the 

further addition of CNTs into the polymer, a lot of electrically-conductive paths, which 

forms a conductive network, can be constructed as shown in Fig1.12(c), and the electrical 

conductivity increases gradually, until it reaches to a constant as shown in Fig.1.1387,88,89. 

In this project, c  For CNT’s having 700nm length and 0.8 nm diameter (as stated by 

manufacturer) is calculated as 0.080 wt%. 

 

Fig.1.12: Schematic of creating conductive pass due to increase the amount of CNTs (Percolation process) 
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Fig.1.13: Electrical conductivity of nanocomposites as a function of filler fraction. 

 

This project focused on the creation of conductive path of CNTs in polymer using nano 

imprint lithography (NIL) at the percolation limit lower than the theatrical value of 

percolation. In addition, the effect of different imprinting pressures and temperatures on 

conductivity investigated. 
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2.1 Preparation of CNT/polymer nanocomposite 

2.1.1 Dispersing the CNTs using solutions mixing process: 

As it mentioned in the theory part, the first step in solution mixing process to prepare the 

CNT/polymer nanocomposite is dispersion of CNTs in the suitable solvent. The CNTs that 

was used in this project is SWCNTs (purity ≥77.0 %) with chirality of (6, 5) and 0.7-0.9 

nm diameter that produced by Sigma Aldrich (Fig.2.1). In addition, ortho-

dichlorobenzene (o-DCB) was used as a suitable solvent in this project. 

 

 

Fig.2.1: SWCNTs (purity ≥77.0 %) with chirality of (6, 5) and 0.7-0.9 nm diameter that produced by Sigma Aldrich 

A solution of 0.13 mg/ml CNTs in o-DCB is prepared in the 50ml Erlenmeyer flask placed 

to the ultrasonic bath in order to sonicate at low power for one hour to became 

homogenous. Then, this solution is kept in closed flasks sealed with Parafilm in order to 

avoid solvent evaporation and keeping the nanotubes concentration unchanged (Fig.2.2). 

This solution should be filtered before adding with the polymer. 

 

 

Fig.2.2: Prepared solution of 0.13 mg/ml CNTs in o-DCB 

O-DCB has a vapor pressure of 1.22 mmHg at 20°C that result in long evaporation times. 

This long evaporation time can cause problems for making thin films. In order to solve 

this problem, second solvent (chloroform in this project) is used to decrease the 

evaporation time (increase the rate of evaporation). 
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In addition to find an effective way for dispersing of nanotube in the solvent, it is also 

important to stabilize the dispersion in order to avoid aggregation of the fillers (CNTs). 

This problem is really difficult to solve in case of nanofillers (CNTs fillers) due to strong 

tendency of CNTs to agglomerate (large surface area). In order to overcome this problem, 

sonication of the solution before fabrication of nanocomposite which usually help in better 

dispersing of CNTs (Fig.2.3). 

 

Fig.2.3: Ultrasonic bath 

2.1.2 Polymer/CNTs solution preparation 

One of the most important parts of this project was making Polymer/CNTs solutions that 

were used to deposit on the silicon substrate by spin coating. 

2.1.2.1 Polymer  

Polystyrene (PS) is used as a non-conductive polymer in this project which has glass 

transition temperature around 107 °C (Fig.2.4). Due to its non-conductive nature, it is 

more straightforward to show the effect of CNTs fillers on the conductivity of whole 

nanocomposite. In addition, Polystyrene is used in this project to characterize the 

prepared samples using Raman spectroscopy and to avoid fluorescence problems. 

 

 

Fig.2.4: Polystyrene (PS) structure 
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2.1.2.2 Dual layer films approach 

In order to investigate the effect of NIL on the mixture of CNTs with polymer film, sample 

with two different layers on top of each others are prepared. The first layer consist of a 

0.5 wt.%  PS with 0.065 mg/ml CNTs in 50/50 chloroform/ ODCB while the second layer 

was only 7 wt.% PS in chloroform.  

2.1.2.3 First layer solution preparation 

In order to prepare the required solution for the first layer, 0.0125 grams of Polystyrene 

is poured in the 1.8 ml vial and 0.8985 ml of chloroform is added. Then the same volume 

(0.8985 ml) of solution that is prepared before (0.13 mg/ml CNTs in o-DCB) added to the 

vial by using a micro filter to avoid adding the big aggregation of CNTs into the final 

solution. As a result, the concentration of the CNTs in the prepared solution became 0.065 

mg/ml CNTs in 50/50 chloroform/ ODCB. After preparing the solution, mechanical mixing 

or sonication can be used to have more homogenous solution and to avoid re-aggregation 

of the CNTs (Fig.2.5). 

 

          

Fig.2.5: 1.8 ml vial (left), micro filter (middle) and prepared first and second layer solutions (right) 

 

2.1.2.4 Second layer solution preparation 

In order to prepare the required solution for the second layer, 0.194 grams of Polystyrene 

is poured in the 1.8 ml vial and 1.668 ml of chloroform is added. The final solution is 7 wt. 

% PS in chloroform. 
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2.1.3 Silicon Substrate preparation 

2.1.3.1 Cutting Si  

One of the most important issues in this project was preparing clean substrates. In order 

to prepare a suitable silicon substrate, a high conductive p-doped silicon wafer with 

resistivity of 0.001-0.005 Ωcm-1 cut to small pieces. A desired silicon substrate has a 

dimension of 15mm*15mm (Fig.2.6). 

 

        

Fig.2.6: silicon substrate with dimension of 15nm*15mm (left), p-doped silicon wafer (right). 

After cutting, there are lots of small particles, dust and organic contaminants on the silicon 

substrate that must be removing before it is coated by polymer/CNTs solution. 

2.1.3.2 Cleaning procedure for Si substrate 

CO2 Snow jet is used as an effective way to clean the silicon substrate in this project. It 

works on the principle of rapid expansion of a high pressure (50 bars) stream of gas or 

liquid CO2 thought a small nozzle. As the liquid CO2 expands at the nozzle outlet (Fig.2.7), 

CO2 snow is formed which is accelerated to supersonic speed blasted onto the surface 

to be cleaned. By combining CO2 snow jet with mechanical, thermal or chemical process, 

CO2 snow jet is able to gently remove a large variety of surface contamination. 

 

 

Fig.2.7: schematic Of CO2 snow jet nozzle 
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This mechanism is highly effective and has some advantageous such as: non-destructive, 

free of residual, dry cleaning process, non-abrasive and suitable for a wide variety of 

materials and material combinations. In addition, this method will remove small particles 

as well as organic contamination. 

There are two different mechanisms in which the CO2 cleaning works depending on the 

nature of the contamination. In case of small surface particles, the momentum transfer 

through the collisions is responsible for overcoming the adhesion force between the 

particles and surface. On the other hand, In case of organic contamination, the solvent 

properties of liquid CO2 are responsible for removing the organic contaminations. 

After cutting the conductive silicon wafer into a desired dimension (15cm*15cm), some 

small silicon particles remain on the surface of silicon substrate. These small particles are 

big enough to remove using nitrogen gun. In this project the cleaning procedures start by 

blasting samples with nitrogen gun to remove bigger particles and followed by using the 

CO2 snow jet placed at a height of few mm’s (20mm) vertically above the silicon substrate 

And sweeping across the surface first in one direction and then in another direction for 

enough time (3 min per each sample) (Fig.2.8). In order to avoid the moisture 

condensation, the sample in places on the vacuum chuck heated over 250°C during the 

process (real temperature at the heater).  

     
  

Fig.2.8. Schematic of cleaning process By CO2 snow jet and hot plate 

 

It is worth to mention that increasing the number of sweeps over the surface and 

increasing the time of exposure to the CO2 snow jet can increase cleanness of the 

samples. 

2.1.3.3 Optical microscopy on Si substrate 

Optical microscopy is used in this project to check the surface of silicon sample (Fig.2.9). 

It is possible to check how much contaminations are removed due to our cleaning process 



28 

 

by looking at the image of the samples created by Optical Microscope before and after 

using the CO2 Snow jet method (Fig.2.10).  

 
Fig.2.9: Schematic of optical microscopy device 

 
    

               

                     

Fig.2.10: Silicon substrate before cleaning (left) and after cleaning (right) 
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There are some other methods that can combine with CO2 Snow jet in order to make the 

surface of the sample cleaner. In addition, dewetting can happened during the spin 

coating of polymer /CNTs solutions on the samples due to residuals and small particles 

that didn’t remove by using only CO2 Snow jet. Thus, it is more effective to apply a 

combination of CO2 Snow jet method with suitable solvents (Acetone and IPA). Different 

combinations of CO2 Snow jet and solvents that has been tried in this project are listed in 

table.2.1. After trying different methods and their combinations for cleaning the silicon 

samples, the last method (Cleaning by Acetone and IPA+ blowing with Nitrogen+ Co2 

Snow jet) is used in this project in order to clean silicon substrate more efficiently. 

Table.2.1: different methods of cleaning for silicon substrate in this project 

Methods for cleaning  procedure Result 

Co2 Snow jet(Co2) Different exposure time Sometimes dewetting 

happened 

Acetone and IPA + Co2 

Snow jet 

Different combination 

examined 

Some residuals form on 

samples. 

Sonication in acetone 

and IPA for 15 min+ Co2 

Snow jet 

15 min sonication for 

each one 

Some residuals form on 

samples. 

Cleaning by Acetone 

and IPA+ blowing with 

Nitrogen+ Co2 Snow jet 

Cleaning first with 

acetone and next with 

IPA using soft tissues 

This method shows better 

results(less dewetting) 

 

2.1.3.4 Contact angle Measurements on Si substrate: 

Contact angle, θ, is a quantitative measure of the wettability (degree of hydrophobicity) 

of a solid by a liquid. It is defined geometrically as the angle formed by a liquid drop at 

the three phase boundary where a liquid, gas and solid intersect as shown below 

(Fig.2.11): 
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Fig.2.11: Different types of angles formed by a liquid drop at the solid surface 

Contact angle measurement is used in this project in order to check the wettability (degree 

of hydrophobicity) of the silicon samples after cleaning (Fig.2.12). It addition, it can be 

applied for checking the cleanness of the samples (more clean surface, less contact angle 

formed). In other words, the liquid drop can be spread completely and homogenously 

over a clean sample. Dust and small particles on the samples increase the degree of 

hydrophobicity. Thus the liquid drop tends to remain on the samples and make a bigger 

contact angles with dusty surface compare to the clean surface. Comparing table.2.2 and 

table.2.3, it is clear that for the clean silicon sample the contact angle became less than 

the unclean sample. 

 

   

Fig.2.12: Schematic of contact angle mesurment device 

          

Fig.2.13: Formation of water drop in silicon surface for contact angle measurements 
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Table2.2: Contact angle measurement for silicon substrate before cleaning 

CA Left CA Right CA Mean 

39.797 40.917 40.357 

39.325 38.689 39.007 

38.793 38.09 38.442 

38.543 37.73 38.137 

38.331 37.55 37.94 

37.997 37.234 37.615 

37.816 37.073 37.444 

37.746 37.034 37.39 

 

Table2.3: Contact angle measurement for silicon substrate after cleaning 

CA Left CA Right CA Mean 

11.547 11.063 11.305 

8.59 7.82 8.205 

7.693 6.945 7.319 

7.135 6.453 6.794 

6.58 6.348 6.464 

6.372 6.1 6.236 

6.186 5.906 6.046 

5.751 5.717 5.734 

 

 

Fig.2.14: Schematic of left and right contact angle 
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2.1.4 Preparation of CNT/polymer nanocomposite thin film on Si 

After preparing clean silicon substrates, it is time to deposit thin layer of polymer/CNTs 

solution (that prepared before) over the surface of clean silicon sample. In order to do 

this, among different methods, spin coating is used as an effective method to form thin 

layer of solutions on silicon in this project. 

2.1.4.1 Spin coating of CNT/polymer nanocomposite thin film on Si 

The process involves depositing a certain amount of solutions (60µl) using micro pipette 

on the surface of the samples that are placed on the rotary chuck of the spin coater. As 

soon as the solution is poured and spread on the surface, the spin coater should start to 

spin at the certain speed, acceleration and time to make the desired film thickness by 

programming the spin coater before the spinning process starts (Fig.2.15). 

After the first layer solution is (0.5 wt% PS with 0.065 mg/ml CNTs in 50/50 chloroform/ 

ODCB) deposited on the silicon substrate and its solvents evaporated (first thin layer 

formation), the second layer is deposited on top of the first layer by using the second 

prepared solution (7 wt% PS in chloroform). Both layers were spin coated using the 

parameters that indicated in table.2.4. 
 

           

Fig.2.15: Spin coater 

 
Table2.4: Spin coating parameters for first and second layer with high and low concentration 

 

 
 

 

 

Parameters First Layer Thickness Second Layer Thickness 

Low 

concentration 

1500 rpm, 60 s 42 nm 5000 rpm, 60 s 700 nm 

High 

concentration 

4000 rpm, 60 s 21 nm 5000 rpm, 60 s 700 nm 
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After deposition of the first layer, dewetting may occurs due to the small particles or 

residuals that did not remove from the surface (Fig.2.16). As a result, it is very important 

to pay more attention during the cleaning process to have a really clean Si surface in 

order to avoid dewetting problem and make the first layer as homogeneous as possible 

(Fiig.2.17). 

          
 

Fig.2.16: Optical microscopy images of the dewetting after first layer spincoatig 

 

  
Fig.2.17: Optical microscopy images of the spin coating of both layers without dewetting 

 

2.1.5 Ellipsometry Thickness measurements: 

Ellipsometry has been used in this project in order to find the thickness of deposited first 

layer on the silicon substrate due to the fact that the film thickness affects the path length 

of light traveling through the film (Fig.2.18). In order to draw the spin curve, samples with 

different spin speeds are coated with the first layer solutions and Ellipsometry 

measurements have been done on these samples (Fig.2.19). It is worth to mention here 
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that the error of Elipsometry measurement for the thickness is between 5-8% by 

considering Elipsometry measurement on one sample at different points. 

 

 

Fig.2.18: Ellipsometry Thickness measurements device 

 

Fig.2.19: Ellipsometry measurement results for thickness (right) and the related spin curve diagram (left) for five 

different spin coating speeds 

 

2.1.6 Nano Imprint Lithography (T-NIL) 

All the prepared samples are imprinted using Obducat-Eitre3 thermal imprinter (Fig.2.22). 

The pattern (soft mold) that is used in this project is [4 6] PDMS soft mold (first number 

Speed 
(rpm) 

Thickness 
(nm) 

5000 19 

4000 21 

1500 42 

1250 55 

1000 62 
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indicate the diameter of the pillars and the second number shows the periodicity in 𝜇m) 

of pillar height 1.5 𝜇m (Fig.2.20). 

The [4 6] soft molds that is used in this project were prepared from prefabricated silicon 

master mold by one of the PhD student in the group. 
 

        

Fig.2.20: Optical microscopy image (left) and normal image of [4 6] soft molds 

 

The imprinting procedures are done as follow: 

First, the prepared sample is placed in the sample holder of imprinter and the soft mold 

(PDMS mold) is kept in contact with sample in the manner that the micro pattern in the 

mold is faced with the deposit layers. 

Then, the spacer is placed around the sample and the aluminum foil is placed on top of 

the mold. The holder is then placed in the printing column. 

Next, the imprinting parameter like imprint Temperature, pressure and embossing time is 

programmed using the controlling computer that is coupled with the imprint device and 

the imprint is started(Fig.2.21). 

The Embossing temperature is above the glass transition temperature of the polymer to 

be embossed (the glass transition temperature for PS is around 107°C). When the 

temperature is reached to specified Temperature, The desired imprint pressure is applied 

on the complete aluminum foil for the specified time and embossing occurs. Aluminum 

foil is allowing the pressure to be distributed over the area of the holder, making sure that 

the pressure is the same everywhere across the sample. 
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Finally, the cooling process is occurred slowly and this step is usually takes more time 

compare to heating of the sample. 

  

 
Fig.2.21: The imprinting procedures 

 
 

   

Fig.2.22. Nano imprint lithography device (left), sample holder and pressure column (middle) and the control panel 

(right) 

 
Several temperature and pressure of imprint are tried and in some cases there was the 

lack of well-defined patterns (pillars) on the samples (Fig.2.23). In addition, the PDMS 

mold is damaged after some imprinting process due to its soft nature. 
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                                 Fig.2.23.Optical microscopy image of two imprinted samples without well-defined pillars 

Finally, 22 samples are imprinted at different imprint pressure and temperature with the 

well-defined pillar is listed in following table (tables.2.5). In addition, Optical microscopy 

have been done in All 22 imprinted samples in order to check the pillar shapes and make 

sure that all pillar are well defined. Fig.2.24-26 show optical microscopy images of some 

selected imprinted samples. 

Table.2.5: 22 imprinted samples at different imprint pressures and temperatures 

Sample 

No. 

 

Cond. (Si) 

 

Cleaning: 
 

Acetone& 
IPA. 

Cleaning 
 

CO2 Snow 
jet 

Time: 
Temp: 

Spin coating(1stlayer) 
 

Time: 
Angular speed: 
Angular acce. : 

 

Spin coating(2nd layer) 
 

Time: 
Angular speed: 
Angular acce. : 

 

Mold 
 

Material: 
Type: 

 

Imprinting 
 

Temp. 
Press. 
Time: 

 
Sample1 

Cond. 

 

yes 

2 min 

200C 

60sec 
1500rpm 

6000rpm/s 

60sec 
5000rpm 

6000 rpm/s 

PDMS 

[4 6] 

110°C 
5bar 
600s 

 
Sample2 

Cond. 

 

yes 

2 min 

200C 

60sec 
1500rpm 

6000rpm/s 

60sec 
5000rpm 

6000 rpm/s 

PDMS 

[4 6] 

130°C 
5bar 
600s 

 
Sample3 

Cond. 

 

yes 

2 min 

200C 

60sec 
1500rpm 

6000rpm/s 

60sec 
5000rpm 

6000 rpm/s 

PDMS 

[4 6] 

150°C 
5bar 
600s 

 
Sample4 

Cond. 

 

yes 

2 min 

200C 

60sec 
4000rpm 

6000 rpm/s 

60sec 
5000rpm 

6000 rpm/s 

PDMS 

[4 6] 

110°C 
5bar 
600s 

 
Sample5 

Cond. 

 

yes 

2 min 

200C 

60sec 
4000rpm 

6000 rpm/s 

60sec 
5000rpm 

6000 rpm/s 

PDMS 

[4 6] 

130°C 
5bar 
600s 

 
Sample6 

Cond. 

 

yes 

2 min 

200C 

60sec 
4000rpm 

6000 rpm/s 

60sec 
5000rpm 

6000 rpm/s 

PDMS 

[4 6] 

150°C 
5bar 
600s 

 
Sample7 

Cond. 

 

yes 

2 min 

200C 

60sec 
4000rpm 

6000 rpm/s 

60sec 
5000rpm 

6000 rpm/s 

PDMS 

[4 6] 

110°C 
10bar 
600s 
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Sample8 

Cond. 

 

yes 

2 min 

200C 

60sec 
4000rpm 

6000 rpm/s 

60sec 
5000rpm 

6000 rpm/s 

PDMS 

[4 6] 

130°C 
10bar 
600s 

 
Sample9 

Cond. 

 

yes 

2 min 

200C 

60sec 
4000rpm 

6000 rpm/s 

60sec 
5000rpm 

6000 rpm/s 

PDMS 

[4 6] 

150°C 
10bar 
600s 

 
Sample10 

Cond. 

 

yes 

2 min 

200C 

60sec 
4000rpm 

6000 rpm/s 

60sec 
5000rpm 

6000 rpm/s 

PDMS 

[4 6] 

110°C 
15bar 
600s 

 
Sample11 

Cond. 

 

yes 

2 min 

200C 

60sec 
4000rpm 

6000 rpm/s 

60sec 
5000rpm 

6000 rpm/s 

PDMS 

[4 6] 

130°C 
15bar 
600s 

 
Sample12 

Cond. 

 

yes 

2 min 

200C 

60sec 
4000rpm 

6000 rpm/s 

60sec 
5000rpm 

6000 rpm/s 

PDMS 

[4 6] 

150°C 
15bar 
600s 

 
Sample13 

Cond. 

 

yes 

2 min 

200C 

60sec 
4000rpm 

6000 rpm/s 

60sec 
5000rpm 

6000 rpm/s 

PDMS 

[4 6] 

110°C 
20bar 
600s 

 
Sample14 

Cond. 

 

yes 

2 min 

200C 

60sec 
4000rpm 

6000 rpm/s 

60sec 
5000rpm 

6000 rpm/s 

PDMS 

[4 6] 

130°C 
20bar 
600s 

 
Sample15 

Cond. 

 

yes 

2 min 

200C 

60sec 
4000rpm 

6000 rpm/s 

60sec 
5000rpm 

6000 rpm/s 

PDMS 

[4 6] 

150°C 
20bar 
600s 

 
Sample16 

Cond. 

 

yes 

 

2 min 

200C 

60sec 
4000rpm 

6000 rpm/s 

60sec 
5000rpm 

6000 rpm/s 

PDMS 

[4 6] 

130°C 
15bar 
600s 

 
Sample17 

Cond. 

 

yes 

2 min 

200C 

60sec 
4000rpm 

6000 rpm/s 

60sec 
5000rpm 

6000 rpm/s 

PDMS 

[4 6] 

165°C 
40bar 
600s 

 
Sample18 

Cond. 

 

yes 

2 min 

200C 

60sec 
4000rpm 

6000 rpm/s 

60sec 
5000rpm 

6000 rpm/s 

PDMS 

[4 6] 

165°C 
20bar 
600s 

 
Sample19 

Cond. 

 

yes 

2 min 

200C 

60sec 
4000rpm 

6000 rpm/s 

60sec 
5000rpm 

6000 rpm/s 

PDMS 

[4 6] 

110°C 
40bar 
600s 

 
Sample20 

Cond. 

 

yes 

2 min 

200C 

60sec 
4000rpm 

6000 rpm/s 

60sec 
5000rpm 

6000 rpm/s 

PDMS 

[4 6] 

150°C 
40bar 
600s 

 
Sample21 

Cond. 

 

yes 

2 min 

200C 

60sec 
4000rpm 

6000 rpm/s 

60sec 
5000rpm 

6000 rpm/s 

PDMS 

[4 6] 

130°C 
40bar 
600s 

 
Sample22 

Cond. 

 

yes 

2 min 

200C 

60sec 
4000rpm 

6000 rpm/s 

60sec 
5000rpm 

6000 rpm/s 

PDMS 

[4 6] 

165°C 
5bar 
600s 
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Fig.2.24: Optical Microscopy image of Imprinted samples with High concentration at 110 C and 5 bar 

 

                          

Fig.2.25: Optical Microscopy image of Imprinted samples Low concentration at 130 C and 5 bar 

                       

Fig.2.26: Optical Microscopy image of Imprinted samples Low concentration at 110 C and 15 bar 
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3.1 Results and Discussions 

3.1.1 Atomic force microscopy  

Atomic force microscopy (AFM) is a kind of scanning probe microcopy that a sharp tip 

with dimension of few nanometers and length of few micrometers is attached to a flexible 

cantilever. AFM gives topographic information about the surface by scanning the vertical 

displacement of the probe. Scanning the surface can achieve by different modes but only 

tapping mode is used in this project. 

 

 
Fig.3.1: schematic of AFM device 

 

 AFM measurement have been used  for some of the samples in this project in order to 

determine the thickness of residual layer and pillar height after imprinting the samples by 

soft PDMS mold (Fig.3.2). 

Before imprinting 

 

After imprinting 

 

Fig.3.2: schematic of layers before imprinting and residual layer and pillar height after imprinting 

The height of the pillars and the residual layer thickness can be a bit different for each 

sample due to different imprinting conditions (imprint pressure and temperature). The 
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AFM measurements has been done in 4 sets of samples and an average value of pillars 

height and residual layer is calculated from these measurements. As a result, an average 

value is used for future calculation of conductivity for pillar height and the thickness of 

residual layer. It is worth to mention here that the accuracy of the AFM measurement is 

around 1%.  

          

Fig3.3: AFM image of imprinted pillars 

 

Fig.3.4: AFM Profiles of pillars 

 

o Height of the pillars =1.25 𝜇m 

o Residual layer height =280 nm 

3.1.2 Raman Spectroscopy  

Raman spectroscopy is used in this project in order to determine the alignments of carbon 

nanotubes into the polymer. In order to distinguish the nanotubes signals from the other 
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signals that come from the silicon substrate or polymer, reference spectra of each 

material should be studied carefully at the specific laser excitation. Therefore, a reference 

spectrum of SWCNTs with sharp RBM peaks that indicate the growth of SWCNTs 

(Fig.3.5), a reference spectrum of PS deposited on silicon substrate (Fig.3.6) and finally 

a reference spectra of clean silicon substrate (Fig.3.7) all at 633nm Laser excitation are 

measured and plotted. 

 

Fig.3.5: Typical Raman spectra of SWCNTs at 633nm Laser excitation 
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Fig.3.6: Raman spectra for PS on Si substrate 633 nm excitation wavelength 

 

Fig.3.7: Raman spectra for Si substrate at 633 nm excitation wavelength 

Raman Measurement is done at 4 different points on one of the imprinted sample by using 

633 nm laser excitation as it is shown in Fig.3.8. The resulting spectra at each point is 

plotted in one diagram (Fig.3.9). The existence of SWCNTs can be confirmed by presence 

of sharp G band and RBM at around 227cm-1 that related to the SWCNT with the (6,5) 

chirality (Fig.3.10). These results show that during imprinting process, SWCNTs are 

moved from the bottom and sides of the pillars to the top of the pillars due to Squeeze 

Flow as intense RBM and G+ peaks can be observed in Raman spectra at both bottom 

and top of the pillars. A schematic of Raman spectroscopy device in shown in Fig.3.11. 
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Fig.3.8: 4 different points on the samples that is used for Raman measurements 

 

Fig.3.9: Raman full spectra of prepared sample at 4 different points. 
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Fig.3.10: Raman spectra of prepared samples at 4 different points. The G band is clear around 1600 cm-1(left). RBM 

from 100-300 cm-1 (right) 

 

 

 

           

Fig.3.11: Renishaw Raman spectroscopy device 

 

3.1.3 Electrical Conductivity Measurements 

Electrical conductivity measurement has been done in this project on the all imprinted 

samples in order to check the alignment of CNT inside the polymer and measuring the 

conductivity of samples. In the other word, if the CNTs make a conductive path (network) 
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within the polymer matrix due to the imprinting process, the samples must show some 

conductivity (it is expected that the imprinting process will align the nanotubes inside the 

polymer and the chance of creating the conductive path increases).  

The electrical conductivity of the samples was measured using a home-made flexible 

electrode .The electrode was made of a PDMS stamp coated with silver in order to make 

the surface conductive. The electrode was made flexible so that it was possible to obtain 

good l contact between the electrode and the top of the pillars, which was not possible 

using traditional rigid electrodes. The samples are placed between two silver coated 

(using silver paste for top contact and between the silicon substrate and the bottom 

electrode in order to improve the conductivity) electrodes and a varying voltage between 

-5V to 5V is applied. The resulting current is measured and is used in order to plot I-V 

curve for the measured sample. The potential difference applied ranges from 0 to10 V 

and increases by 0.05 V/s. Each time, about 10 measurements are done per sample and 

the average of the measurements is plotted (The equipment used is an AUTOLAB 

PGSTAT 302 and the two electrodes are shown in Fig.3.12). Fig.3.13 shows the 10 I-V 

measurements per sample for two different samples and Fig.3.14 shows the average of 

these 10 I-V measurements. In addition, the effect of changing the imprint pressure and 

temperature on the I-V characteristics of the different imprinted samples can be seen in 

Fig.4.15-17 using the average values of I-V measurements.  

 
Fig.3.12: The electrical conductivity measurement setup and the electrodes 
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Fig.3.13: I-V measurements for sample S9 (left) and S11(right)  

 

  

Fig.3.14.: Average of I-V measurements for S9 (left) and S11(right) 
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Fig.3.15: I-V curve at 5 bar for high concentration (left) and low concentration (right) of CNTs 

  

  

Fig.3.16: I-V curve at different imprint pressures with low CNTs concentration 
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Fig.3.17. I-V curve at different imprint temperatures with low CNTs concentration 
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In Fig.3.15-17, it is shown that the Nano imprint lithography can be used as an efficient 

way to align the CNTs inside the polymers matrix and make conductive path inside the 

insulating polymer. In addition, depending on the applied imprint temperatures and 

pressures as well as CNT concentrations, different I-V characteristics are observed.   

In a typical electrical conductivity measurements, the electrode is placed in the center of 

the imprinted area and a contact is made between top of the pillars and the electrode. As 

we used a kind of dense mold ([4 6]), the contact will be occurred for the large number of 

pillars. As we know the area of the top contact by calculation and the effective area of the 

top of the pillar by AFM, then we can estimate the effective contact area between the top 

of the pillars and the top electrode. (Fig.3.18). 

 

Fig.3.18: Area of contact between the electrode and tops of the pillars (effective contact area) 

 Effective contact area between top of the pillars and top electrode = 3.3 mm2 

The next step was to calculate conductivity at E=0.5 V and 1 V for each sample. In order 

to do this, by using the previous AFM measurements for the height of pillars, the residual 

layer thickness and the total effect contact area, conductivity of each imprinted sample at  

E=0.5 band 1 V and be calculated  by using equation 3.1 as follow:  

                                                                                                          (3.1)    

 t=(Height of the pillars =1.25 𝜇m)+( Residual layer height =280 nm) 

 A=Total contact area between top of the pillars and top electrode = 3.3 mm2 

   

Table.3.1 shows the conductivity values for all prepared samples at desired voltage. 
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Table3.1.Current and conductivity for samples at E=0.5 and 1 V 

 

Sample 

E=0.5 V E=1 V  

Sample 

E=0.5V E=1 V 

Current 
(A) 

Current 

(A) 

Conductivity 

(S/m) 

Conductivity 

(S/m) 

s1 5,964E-4 0,00145 s1 6,1E-4 7,424E-4 

s2 0,00336 0,00798 s2 0,00344 0,00409 

s3 0,00538 0,01287 s3 0,00551 0,00659 

s4 6,118E-4 0,0016 s4 6,25E-4 8,19E-4 

s5 1,853E-4 4,55E-4 s5 1,894E-4 2,32E-4 

s6 0,00411 0,00881 s6 0,0042 0,00451 

s7 0,05026 0,10998 s7 0,051 0,0563 

s8 0,00191 0,0043 s8 0,00195 0,0022 

s9 0,01149 0,02646 s9 0,01176 0,0135 

s10 0,00342 0,00741 s10 0,0035 0,00379 

s11 0,03222 0,0693 s11 0,032 0,0354 

s12 0,14392 0,30817 s12 0,1473 0,15778 

s13 5,241E-5 1,459E-4 s13 5,366E-5 7,47E-5 

s14 0,00617 0,013 s14 0,00631 0,00666 

s15 0,03815 0,08146 s15 0,039 0,041 

s17 0,00216 0,00476 s17 0,00221 0,00244 

s18 0,02409 0,04808 s18 0,02466 0,02461 

s19 1E-4 2E-4 s19 1E-4 1E-4 

s20 0,0675 0,14327 s20 0,06912 0,0716 

s21 1E-4 0,73E-4 s21 1,2E-4 1,342E-4 

S22 7,68E-4 0,00187 S22 7,86E-4 9,57E-4 
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3.1.4 Error Analysis  

To calculate the error of the conductivity values, the different errors on the sample and 

electrode dimensions as well as on the current measurement have been considered. For 

each parameter, the mean value and the standard deviation are determined. The 

accuracy of the source meter itself is 0.012% according to the manufacturer. The 

following errors can be addressed for the final results: 

A. Contact area error: 

The contact area between the electrode and the patterns was measured using 

microscope and it was checked that only the top of the patterns was touching the 

electrode. It should be noted that the reported conductivities assume full coverage of the 

area in contact with the electrode. This can lead to an underestimation of the actual 

conductivity if the actual contact area is smaller due to the inverse relationship of 

conductivity with the contact area. This can occur due to slight inhomogeneity on the 

sample, and we estimated the error of measurement of this contact area to less than 10%. 

B. I-V measurement error: 

A voltage was applied between the top and the bottom of the films with a small step size 

and the current was measured using a source meter (Keithley 2450). This was repeated 

10 times on each sample for consistency. The data was reproducible within 15-20% in 

the worst case. 

C. Geometry measurement error 

The resulting conductivity data was deduced by equation 3.1 using the geometrical 

information obtained from the sample characterization. The diameter of the patterns is 

accurately known from AFM (and SEM images) pictures with an accuracy of less than 

0.01 µm (approx. 3%), the height was measured within less than 5 nm by atomic force 

microscopy (AFM). 

The contact area between the electrode and the sample is calculated as: 

                                                                             (3.2) 
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Where CA is the sample/electrode contact area, D is the pillar diameter and p is the 

periodicity of the patterns. The error is therefore calculated as: 

                                                (3.3) 

 

The values for the different parameters are: 

∆A/A =0.041 

∆D/D =0.044 

∆p/p =0.027 

Which gives a value for the error on the contact area ∆CA/CA=0.112. In addition, 

conductivity can be calculated using: 

                                                                                                           (3.4) 

With I and V the current and voltage, t as the sample thickness and A is the 

sample/electrode area, defined as CA in equation 3.2. The error is then: 

                                   (3.5) 

The largest errors on the current and the voltage were ∆I/I =0.089, ∆V/V=0.003. The 

values for ∆t/t is 0.023. This gives a maximum error on the conductivity ∆σ /σ 

=0.144=14.4%90. 
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3.1.5 Electrical conductivity results 

As a first investigation, it was interesting to check the effect of CNTs concentration that 

load into polymer matrix (high and low concentration) on the conductivity. As we can see 

in Fig.2.19 (experimental part), by using the spin speed of 1500 rpm, the thickness of first 

layer solution became around 42 nm while by using the spin speed of 4000 rpm, the 

thickness of first layer solution became around 21 nm. It means by increasing the spin 

speed, the thickness of the first layer solution decreases and consequently the 

concentration of CNTs inside the polymer will be decrease. Therefore, in case of 1500 

rpm speed we have a high concentration of CNTs and in case of 4000 rpm spin speed 

we have a low concentration of CNTs inside the polymer matrix. As it is shown in Fig.3.19, 

the conductivity is increased by using high concentration of CNTs in deposited first layer 

(Dramatic changes can be seen at 130°C). On the other hand, as our goal is to make 

conductive path using CNTs with the concentration lower that percolation threshold (0.08 

wt.%), samples with low concentration of CNTs are more interesting for future 

investigations. 

  

Fig.3.19: Conductivity vs. Temperature at 5 for in high concentration(left) and low concentration (right) 

Fig.3.20 is summarized conductivity vs temperature at different imprinting pressures for 

all samples with low CNT concentration. Following trend can be seen: 

As the temperature increases, the conductivity increases until it reaches to its maximum 

value at 150°C for all imprinting pressures. This observation can be explained based on 

the effect of temperature on the viscosity of applied polymer. It can be assumed that at 

higher temperature, the viscosity of polymer changes in the way that improves the 

alignment on carbon nanotube inside the polymer. In addition, by future increasing the 
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imprinting temperature higher that 150°C, conductivity decreases (Fig.3.21). As a results, 

150°C imprinting temperature seems to be an optimum temperature for better alignment 

of CNTs conductive path inside the polymer. 

On the other hand, it is revealed from Fig.3.20 that the optimum pressure to achieve 

maximum conductivity is related to 15 bar imprinting pressure.  

  

Fig.3.20: Conductivity vs. Temperature at different Imprint pressures (Low concentration) 

  
Fig.3.21: Conductivity vs. Temperature at different imprint pressures (Low concentration) 
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As a result, according to these experimental conditions, sample that prepared with low 

concentration of CNTs and imprinted at 5 bar pressure and 150°C temperature, shows 

the maximum conductivity  among other samples. 

3.1.6 Conclusions 

It has been shown that nanoimprint lithography can be used as an effective way for 

alignment of SWCNTs inside the polymer matrix. In additions, it will result in the creation 

of conductive path (network) of SWCNTs within the non-conductive polymer film at 

percolation limit lower than percolation threshold. The Raman spectra in Fig.3.10-11 

clearly Shown that the SWCNTs have been moved along the imprinted patterns from 

bottom to top of the pillars. In addition, conductivity measurements are confirmed the 

creation of conductive path of SWCNTs inside the non-conductive polymer. 

Moreover, Conductivity measurement for different imprinted pressures and temperatures 

showed that a kind of trend can be seen from the diagram regarding to different imprint 

pressures and temperatures. According to the results, 150°C imprint temperature and 15 

bar imprint pressure can be considered as optimum values that gives the maximum 

conductivity for the produced nanocomposite. 

Further studies can be done by using a Nano patterned mold instead of micro pattern. 

The effect of different imprint temperatures and pressures can also be investigated for 

this new mold.  
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