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ABSTRACT 
 

The individual carbon nanotube (CNT) based strain sensors have been found to have 

excellent piezoresistive properties with a reported gauge factor (GF) of up to 3000. This GF on the 

other hand, has been shown to be structurally dependent on the nanotubes. In contrast, to individual 

CNT based strain sensors, the ensemble CNT based strain sensors have very low GFs e.g. for a 

single walled carbon nanotube (SWCNT) thin film strain sensor, GF is ~1. As a result, studies 

which are mostly numerical/analytical have revealed the dependence of piezoresistivity on key 

parameters like concentration, orientation, length and diameter, aspect ratio, energy barrier height 

and Poisson ratio of polymer matrix. The fundamental understanding of the piezoresistive 

mechanism in an ensemble CNT based strain sensor still remains unclear, largely due to 

discrepancies in the outcomes of these numerical studies. Besides, there have been little or no 

experimental confirmation of these studies.  The goal of my PhD is to study the mechanism and 

the optimizing principle of a SWCNT thin film strain sensor and provide experimental validation 

of the numerical/analytical investigations. The dependence of the piezoresistivity on key 

parameters like orientation, network density, bundle diameter (effective tunneling area), and length 

is studied, and how one can effectively optimize the piezoresistive behavior of a SWCNT thin film 

strain sensors. To reach this goal, my first research accomplishment involves the study of 

orientation of SWCNTs and its effect on the piezoresistivity of mechanically drawn SWCNT thin 

film based piezoresistive sensors. Using polarized Raman spectroscopy analysis and coupled 

electrical-mechanical test, a quantitative relationship between the strain sensitivity and SWCNT 

alignment order parameter was established.  As compared to randomly oriented SWCNT thin 

films, the one with draw ratio of 3.2 exhibited ~6× increase on the GF. My second accomplishment 

involves studying the influence of the network density on the piezoresistivity of mechanically 
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drawn SWCNT thin films. Mechanically drawn SWCNT thin films with different layer (or 

thickness) e.g. 1-layer, 3-layer, 10-layer and 20-layer SWCNT thin films were prepared to 

understand the variation of SWCNT network density as well as the alignment of SWCNTs on the 

strain sensitivity. The less entangled SWCNT bundles observed in the sparse network density (1-

layer and 3-layer SWCNT thin films) allows for easy alignment and the best gauge factors. As 

compared to the randomly oriented SWCNT thin films, the one with draw ratio of 3.2 exhibited 

~8× increase on the GF for the 1-layer SWCNT thin films while the 20-layer SWCNT thin films 

exhibited ~3× increase in the GF. My third accomplishment examines the effect of SWCNT 

bundles with different diameters on the piezoresistive behavior of mechanically drawn SWCNT 

thin films. SWCNT thin film network of sparse morphology (1-layer) with different bundle sizes 

were prepared by varying the sonication duration e.g.  S0.5hr, S4hr, S10hr and S20hr and using 

spraying coating. The GF increased by a factor of ~10 when the randomly oriented SWCNT thin 

film was stretched to a draw ratio of 3.2 for the S0.5hr SWCNT thin films and by a factor of ~2 

for the S20hr SWCNT thin films. Three main mechanisms were attributed to this behavior e.g. 

effect of concentration of exfoliated nanotubes, bundle reduction due to mechanical stretching, and 

influence of bundle length on the alignment of SWCNTs.  

Furthermore, information about the average length and length distribution is very essential 

when investigating the influence of individual nanotube length on the strain sensitivity. With that 

in mind, we would use our previously developed preparative ultracentrifuge method (PUM), and 

our newly developed gel electrophoresis and simultaneous Raman and photoluminescence 

spectroscopy (GEP-SRSPL) to characterize the average length and length distribution of individual 

SWCNTs respectively. 
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CHAPTER ONE 

INTRODUCTION 

Carbon nanotubes (CNTs) are known to exhibit outstanding mechanical [1, 2], electrical 

[3], thermal [4], and coupled electromechanical properties [5]. CNTs, both single-walled carbon 

nanotubes (SWCNTs) and multi-walled carbon nanotubes (MWCNTs) can be employed towards 

the design of an innovative strain sensor with enhanced multifunctionality due to their load 

carrying capability, sensing properties, high thermal stability, and outstanding electrical 

conductivity. All these features indicate the prospect to use CNTs in a very wide range of 

applications, for instance, highly sensitive resistance-type strain/force sensors [6], in-situ structural 

health monitoring [7], microelectronic devices [8], robotic skins [9], and wearable electronics [9].  

Furthermore, CNT based strain sensors can be separated into two different types, the 

individual CNT based strain sensors and the ensemble CNT based strain sensors e.g. CNT/polymer 

nanocomposites [7, 10-12] and CNT thin films [13-15]. The intrinsic resistance of an individual 

CNT changes when its electronic band-gap is modified as a function of mechanical strain [16-20]. 

An exceptional gauge factor (GF) in excess of 3000 [20] has been reported for an individual CNT 

which is about an order or magnitude larger than silicon–based piezoresistors [20]. The 

piezoresistive properties of an individual CNT have been studied extensively in many 

experimental and theoretical works [16-19, 21]. Theoretical models and simulations have been 

used to predict the correlation between structure and GF [22, 23]. These models which are 

originally based on tight-binding and zone-folding approximations can be used to classify the types 

of CNTs that are most sensitive to strain and therefore best suited for use in high-resolution strain 

sensors. In addition, experiments have also revealed that CNTs have the potential to be high-
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quality strain sensors with variability of GF with structure [17, 19, 20]. The experimental results 

from these studies have nicely confirm the theoretical models.  

For the ensemble CNT based strain sensors and most importantly, CNT thin films as well 

as CNT/polymer composites have received considerable attention in recent times [24-26]. It had 

been established that (i) the  conductivity  measurement shows that an ensemble CNT based strain 

sensor obeys a percolation-like power law [27], (ii) the electrical resistance varies as a function of 

mechanical strain and (iii) the typical current-voltage features of an ensemble CNT based strain 

sensor also reveals a non-ohmic behavior, an indication of quantum tunneling conduction 

mechanism [27]. In actual fact, the main mechanism of the piezoresistivity of an ensemble CNT 

based strain sensor has been attributed qualitatively to three different aspects [26]. The first is the 

piezoresistivity of an individual CNT due to the modification of the band gap with strain. The 

second is the variation of CNT percolating/conductive network under strain. The third is the 

variation of tunneling resistance at CNT junctions due to distance change between CNTs. Figure 

1.1 clearly shows the three working mechanisms in the piezoresistivity of an ensemble CNT strain 

sensor. 

It is presumed that the first mechanism is not very active. Perhaps, one of the main reasons for the 

low GF of an ensemble CNT based strain sensor e.g. for a SWCNT thin film, the GF is ~1 [24]. 

The reason been that  very limited deformation is expected in the CNTs due to the poor stress 

transfer from the polymer matrix to theses tubes, caused not only by the large elastic mismatch 

between the CNTs and the polymer but also by weak interface strength [26]. However, in order to 

fully exploit the benefits of an ensemble CNT based strain sensor, several studies, mostly 

numerical/analytical, have been conducted for modelling and analysis mainly to improve and 

understand the mechanism of the piezoresistive performance of an ensemble CNT based strain 
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sensor. To this accord, a number of parameters have been reported to have significant effects on 

the piezoresistive GF such as the CNT type [28], concentration [7, 29], aspect ratio [24, 28], 

orientation  and alignment [30-34], fabrication method [26], polymer matrix (energy  barrier, 

Poisson’s ratio , elastic modulus) [32, 35, 36] and temperature [37-39].  The Simmons model of 

tunneling resistance [40] is mostly employed in the these studies  to explain the mechanism. For 

example, in the work by Alamusi et al., the Simmons tunneling [40] and fiber reorientation model 

[41] together with the 3D rigid CNT percolation network model established by Hu et al. [42] were 

used to study the piezoresistivity of a CNT/polymer composite. These methods reflected mainly 

on the strain–induced re-orientation of rigid CNTs and the resulting network modifications in 

CNT/polymer composites. However, they rejected the influence of individual CNTs on the overall 

sensing performance. Furthermore, their studies showed that (i) the piezoresistivity depends 

positively on the ratio of the tunneling resistance or the ratio of the tunneling resistance to the total 

resistance (ii) the alignment of CNTs with strain lead to lower piezoresistivity (iii) composites 

with CNT loading close to the percolation threshold exhibit higher piezoresistivity. Contrary to 

Hu’s work, Theodosiou et al. examined the piezoresistive behavior of CNTs at nanoscale and the 

effective piezoresistive response of CNT/polymer composites at macroscale by a numerical CNT 

percolation model [33]. They concluded that the variation of the individual CNT resistance with 

strain is the dominant mechanism rather than the tunneling effect at CNT junctions. They also 

confirmed that CNTs oriented along the strain direction provide significantly higher sensitivity. 

Similarly, Gong et al. used a 3-dimensional percolation CNT network model to reveal that CNT 

deformation is a dominant mechanism [27]. Wang et al. [43]  also used similar numerical studies 

based on the same tunneling model of Hu et al. [42] to  show that morphology (orientation and 

diameter) of CNTs, the Poisson’s ratio of polymer and CNT loading were the main parameters that 
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govern the variation of average junction gaps and piezoresistivity. Unfortunately, the outcomes of 

these analytical/numerical studies are very conflicting making the entire process uncertain. With 

the exemption of few experimental validations on the alignment/orientation of CNTs in the 

piezoresistive behavior of CNT/polymer composites [30, 44], there have been no experimental 

studies until now  to  fully understand the main mechanism and optimizing principle behind the 

piezoresistivity of these types of strain sensors. Therefore, there is a crucial need to establish 

experimentally the fundamental mechanisms and optimizing principles of the piezoresistivity of 

ensemble CNT based strain sensors.  

 

 

              

 

 

 

                                                            

Figure 1.1:  The three main mechanisms behind the piezoresistivity of an ensemble CNT based 
strain sensor. (a) piezoresistivity of individual CNT (b) significant variation of conductive network 
formed by CNTs e.g. loss of contact among CNTs (c) tunneling resistance change in neighboring 
CNTs due to distance change. 

(c) 

(a) (b) 
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          The piezoresistive gauge factor of a SWCNT thin film strain sensor is moderately low 

especially for a very small deformation e.g. GF = ~1 [45]. The aim of my PhD study is to 

investigate the dependence of piezoresistivity of SWCNT thin films on key parameters like 

orientation, network density/film thickness, bundle diameter (effective tunneling area), and length, 

and how one can effectively optimize the strain sensitivity of a SWCNT thin film strain sensor. 

The first accomplishment of my PhD study is to investigate the effect of 

orientation/alignment of SWCNTs on the piezoresistivity of SWCNT thin films. Alignment of 

SWCNTs was made possible by mechanically stretching of the SWCNT thin films. We showed 

through polarized Raman spectroscopy and coupled electrical-mechanical testing, a quantitative 

relationship between the piezoresistive sensitivity and SWCNT alignment order parameter. Along 

with the morphological characterization, film area and sheet resistance measurements allow for 

identifying the critical roles of SWCNT orientation, packing density, and micro-crack formation 

in dictating the piezoresistivity of mechanically drawn SWCNT thin film strain sensors. As 

compared to the randomly oriented thin films, the aligned SWCNT thin film sensor with draw ratio 

of 3.2 exhibited 6× increase on the GF. The methodology and the acquired experimental evidence 

presented in this study is valuable to help clarifying that the tunneling effect and severe CNT 

network disruption/damage  are responsible for the piezoresistivity of the mechanically drawn 

SWCNT thin films. 

The alignment of SWCNTs will increase the average inter-tube distance between 

corresponding nanotubes and therefore the tunneling effect and strain sensitivity. The second 

accomplishment of my PhD involves a systematic study of the effect of network density on the 

piezoresistivity of mechanically drawn SWCNT thin films. Mechanically drawn SWCNT thin 

films with different layers/thickness e.g. 1-layer, 3-layer, 10- layer and 20-layer SWCNT thin films 
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were prepared to understand the effect of network density coupled with the orientation of  

SWCNTs on the piezoresistive behavior of SWCNT thin film strain sensors. Using the same 

procedure in our first accomplishment, the polarized Raman spectroscopy and coupled electrical-

mechanical test, a quantitative relationship between the piezoresistive sensitivity and the network 

density coupled with the SWCNT alignment was established. The less entangled SWCNT bundles 

observed in the sparse network densities (1-layer and 3-layer) allow for higher degree of alignment 

with larger variation of the inter-tube distance and significant increase in the tunneling resistance 

when compared with dense network densities (10-layer and 20-layer). As compared to the 

randomly oriented SWCNT thin film sensor , the one with draw ratio of 3.2 exhibited ~8× increase 

in GF for the 1-layer SWCNT thin film while the 20-layer SWCNT thin film exhibited ~3× 

increase in GF. Change in the tunneling resistance was the main mechanism ascribed to the 

piezoresistivity of the sparse network density while the mechanisms involved for the dense 

network density were the tunneling resistance change and network disruption at low and high draw 

ratios respectively.    

The nature of the network density affects the piezoresistivity of SWCNT thin films 

especially when the SWCNT network density is around the percolation threshold. Generally, it has 

been shown that the percolation threshold depends on parameters like  alignment/orientation [46], 

concentration [7, 11, 13, 26, 31, 42, 47-49], CNT dimension [46, 50, 51], type and 

functionalization of the CNTs [52]. Likewise, these parameters have been proven to have 

significant effects on the piezoresistivity of a CNT based strain sensor [27, 32, 44, 52-54]. The 

third accomplishment of my PhD work is the investigation of different diameters of SWCNT 

bundles on the piezoresistivity of mechanically drawn SWCNT thin films. SWCNT thin film 

network of sparse morphology with different bundle sizes of SWCNTs were prepared by varying 
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the sonication duration e.g. 0.5hr., 4hr., 10hr. and 20hr. and using spraying coating for the thin 

film formation. Spectroscopic analyses were used for the quantitatively and qualitatively 

characterization of the various as-sonicated SWCNT dispersions. Also with the use of polarized 

Raman spectroscopy and coupled electrical-mechanical test, a quantitative relationship between 

the piezoresistive gauge factor and SWCNT thin film network with different bundles sizes was 

established. For a randomly oriented SWCNT thin films with draw ratio of 1, the smaller diameter 

SWCNT bundles showed higher piezoresistive performance than the larger diameter SWCNT 

bundles due to increase in the tunneling effect as result of overlapping area. As the draw ratio 

increases, the influence of bundle length on the orientation of SWCNTs and inter-tube distance 

caused the larger diameter SWCNT bundles to have higher strain sensitivity. The GF increased by 

a factor of ~10 when the SWCNT thin film with draw ratio of 1 was stretched to a draw ratio of 

3.2 for the S0.5hr SWCNT thin films and by a factor of ~2 for the S20hr SWCNT thin films. Three 

main mechanisms were attributed to this behavior e.g. effect of concentration of exfoliated 

nanotubes, bundle reduction due to mechanical stretching, and influence of bundle length on the 

alignment of SWCNTs.  

The fourth accomplished work involves the characterization of the length distribution of 

individual SWCNTs in a dispersion. Several studies have shown the influence of CNT length on 

the piezoresistivity of a CNT based strain sensor and how it improves the strain sensitivity [26, 27, 

43, 54]. To gain insight into the influence of SWCNT length on the piezoresistivity of 

mechanically drawn SWCNT thin films, it is crucial to have a good understanding of the average 

length and the length distributions of the various individual SWCNT dispersions. Conventional 

methods used for determining length distribution of SWCNTs such as atomic force microscopy 

(AFM) and transmission electron microscopy (TEM) are time-consuming, tedious and sensitive to 
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sample preparations. This work involves developing an easy-to-operate and less time-consuming 

technique known as gel electrophoresis and simultaneous Raman scattering and 

photoluminescence spectroscopy (GEP-SRSPL). By taking advantage of the length fractionation 

of SWCNTs in gel electrophoresis (GEP) as well as the previously established relationship 

between the photoluminescence (PL) quantum yield and the SWCNT length, the present work 

established, both theoretically and experimentally to allow for the determination of the length 

distributions of an individualized SWCNT sample. The conventional atomic force microscopy 

(AFM) and the newly developed GEP-SRSPL method were applied to examine the length 

distribution of an individualized SWCNT sample prepared by sonication and ultracentrifugation. 

The results show good agreement, which confirms the GEP-SRSPL method as a viable and easy-

to-operate technique in characterizing the length distribution of SWCNTs. 

My future work will examine the effect of different length distributions of individual 

SWCNTs on the piezoresistive behavior of a mechanically drawn SWCNT thin films. Other 

proposed works include the anisotropic effect on the piezoresistive behavior of a mechanically 

drawn SWCNT thin film. Preliminary experiments showed that for an aligned SWCNT thin film 

with an orientation order parameter of 2.2, the sheet resistance of SWCNTs in the transverse 

direction to strain is ~3 times greater than when they are oriented along the strain direction. Lastly, 

we will investigate the difference in the  piezoresistive behavior of a mechanically drawn thin film 

for both MWCNTs and SWCNTs to clarify  the difference in the electronic structure of CNTs and 

how it relates to the strain sensitivity e.g. MWCNTs are mostly metallic in nature while SWCNTs 

are mostly semiconducting.  

 



 

9 
 

CHAPTER TWO 

LITERATURE REVIEW 

This chapter reviews the two types of CNT based strain sensors namely the individual CNT 

based strain sensors and the ensemble CNT strain sensors. The individual CNT based strain sensors 

have been found to have excellent piezoresistive properties with reported gauge factors (GFs) of 

up to 3000 [20]. In addition, these GFs have been shown by both experimental and theoretical 

studies to be structurally dependent on the nanotubes [20]. In contrast to individual CNT based 

strain sensors, the ensemble CNT based strain sensors have very low GFs e.g. for a SWCNT thin 

film strain sensor, the GF is ~1 [45]. As a result, studies which are mostly numerical have revealed 

the dependence of piezoresistivity on key parameters like CNT type [28], concentration [7, 29], 

aspect ratio [24, 28], orientation and alignment [30-34], fabrication method [26], polymer matrix 

(energy  barrier, Poisson’s ratio, elastic modulus) [32, 35, 36], and temperature [37-39]. The 

fundamental understanding of piezoresistive mechanism in an ensemble CNT based strain sensor 

still remains unclear, largely due to discrepancies in the outcomes of these numerical studies. 

Besides, there have been little or no experimental validations of these studies. 

The intrinsic resistance of an individual SWCNT changes when  their electronic band gap 

is modified as a function of the mechanical strain (see Figure 2.1) [18]. The implication of this 

phenomenon can result in electromechanical properties such as piezoresistance. When combined 

with mechanical properties it may lead to the development of SWCNT-based mechanical sensors 

as well as more complex applications, such as electromechanical switches [55]. This excellent 

piezoresistive strain responses of individual SWCNTs were confirmed by various groups [16, 18, 

19]. These studies reported the change in conductivity of individual SWCNTs with strain using an 

atomic force microscope (AFM) tip or nanoelectromechanical (NEM)-sensing devices. For 
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example, Tombler et al. used an AFM tip to stretch, and therefore strain, a suspended individual 

metallic SWCNT (5, 5). They observed during stretching that the conductance changed by two 

orders of magnitude and explained it by local deformation of the tube at the tip-tube contact. In a 

contradictory work done by Maiti et al [56], they argued that if the SWCNT was a quasimetallic 

tube (12,0) then uniform axial strain could clarify the experimental outcome due to band gap 

opening as illustrated in Figure 2.1. 

The GF (or measure of sensitivity) of an individual SWCNT is defined as the relative 

change in resistance to the mechanical strain  and has been shown to be approximately 3000 [20]. 

This GF, in addition, is widely dependent on the electronic structure of SWCNTs [18, 19] and has 

been revealed to be positive or negative [17]. According to the work done by Yang et al., the 

Hückel tight binding model was used to confirm that SWCNT band gap could increase or decrease 

depending on the chirality of the SWCNT. They showed that the sign on the band gap is influenced 

by the chiral indices (n,m)  and more specifically, it depends on the value of (n – m) mod 3 [22]. 

Quasimetallic or small band-gap semiconducting (SGS) SWCNTs have been shown to have higher 

piezoresistive GFs between 600 and 1000 under axial strains than metallic or large band-gap 

semiconducting SWCNTs [19]. The result indicates the SGS SWCNTs are potentially suitable for 

highly sensitive electromechanical sensors and could represent a novel kind of strain gauge 

material. This property makes individual SWCNTs the basis for high resolution NEM sensors. 
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Figure 2.1: (a) Axially stretched zigzag SWCNT and the corresponding dispersion relation near 
EF with stretching (dotted line) and without stretching (solid line) (b) schematic experimental 
configuration for studying the electromechanical response of an individual SWNT [18]. 

 
According to their electronic band structure, a SWCNTs having chirality with  mn   tubes 

with no band gap is metallic and semiconducting, when mn  there is some band gap. The subset 

with qmn 3 (where q is an integer) shows a small band gap induced by curvature of the 

graphene sheet and is called small band gap semiconducting (SGS) SWCNTs. The unstrained state 

of metallic SWCNT shows no band gap while within the semiconducting SWCNTs and SGS 

SWCNTs, the zero strain band gap of the specific tube varies inversely with the diameter or square 

of the diameter respectively. Therefore, the band gap of semiconducting SWCNT can be 

approximated by 
d

a
EGap

3

2 00 
  [57] and likewise for the SGS SWCNT, the approximated zero 

strain band gap can be given by 2

2
00

4d

a
EGap


  [58] . The tight binding overlap integral  0  is 2.6eV 

[59],  d is the tube diameter, and a  is the length of the graphene lattice unit vector (~2.49 Å). 0
GapE  

is ~ 0.1 to 2eV for average semiconducting SWCNT and 0
GapE  can be very small for SGS SWCNT 

e.g. ~ 10 meV for a diameter d = 2 nm.  

 (a) 

(b) 
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Several models have been used to illustrate the electronic properties of SWCNT under strain. For 

example, Yang et al. reported the effect of  axial strain    on band gap energy for  semiconducting 

and metallic SWCNTs [22]. 

    



d

dE
EE

gap

GapGap  0
                                                         Eq. (2.1) 

       3cos1312sgn
3

2
0

0  p
d

a
EGap                                         Eq. (2.2) 

If torsional strain  is also considered, then the elongation    and torsion    dependent band gap 

opening can be approximated by [22]  

                               3sin3cos1312sgn
3

2
, 0

0  p
d

a
EGap                      Eq. (2.3) 

where   is the Poisson’s ratio of the tube ~ 0.20. The sign of the band gap follows the 

  pqmn  3  rule, where q is an integer and  1,1,0 p . The band gap opening, and hence 

the piezoresistance of SWCNTs itself, strongly depends on the nanotube family and the chiral 

angle. For example, the band gap of metallic SWCNTs (n ≠ m) belonging to the class p = 0 

increases with strain, while semiconducting SWCNTs of class p = +1 also show an increase in 

band gap with strain. The semiconducting SWCNTs of class p = 1  show a decrease in band gap 

with strain. Moreover, the chiral angle  has strong influence on the band gap opening rate and 

e.g. for armchair tubes, ( =30o), no band gap opening at all will occur. 

The equations (2.1) and (2.2) work well for larger diameter (>1 nm) [18] of semiconducting and 

metallic SWCNTs.  Kleiner et al. took into account the smaller diameter of SWCNTs in which the 
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curvature effect significantly affects the strain dependent band gap [23]. The band gap of SGS 

SWCNTs as a function of chirality and deformation can be expressed as 

        3cos
2

3

4
sgn

2

2
0











ab

d

a
EGap                                          Eq. (2.4) 

and with addition of torsional strain, we have 

      3sin
2

3
3cos

2

3

4
sgn,

2

2
0 abab

d

a
EGap 








              Eq. (2.5) 

where b is the linear change in transfer integral with change in bond length (~3.5eV/Å).  

A maximum band gap change d

dEGap  100meV/% (which is comparable to  that of typical 

bulk semiconductors)[18] and d

dEGap    75meV/%   is predicted from equations (2.3) and 

(2.5) respectively. 

The sensitivity of SWCNTs for axial strain    and torsional strain    is dependent on  

as defined in equations (2.3) and (2.5), which describe the change of strain as a function of change 

in the electronic band gap energy. By including the strain dependent band gap opening in the 

thermal activated transport model, the piezo résistance   ,R  is given by [18]. 
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cR  is the contact resistance;  is the average transmission coefficient; h is Plank’s constant; eis 

the charge on an electron; k is the Boltzman constant; T is the temperature in degree Kelvin and  

 ,GapE  is the band gap as a function of strain    and torsion   . The piezoresistive sensing 

property is defined by gauge factor (GF), which is the relative change in SWCNT resistance 

divided by the strain.  

GF = 

1

R

R
                                                                                       Eq. (2.7) 

The GF of an individual SWCNT can be found by substituting equation (2.6) into equation (2.7). 

If we assumed that the strain experienced by SWCNT was only axial and no torsional, making  

= 0 and RRc  , then   

               GF 

1exp

exp

0
0

0
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             Eq. (2.8) 

(See [60].) 0  is the pretension strain. The gauge factors of different types of SWCNTs can be 

calculated by inserting equation (2.2) for semiconducting SWCNTs with 
d

a
EGap

3

2 00 
 and 

inserting equation (2.4) for SGS SWCNTs with 2

2
00

4d

a
EGap


  into equation (2.8). 

The equation (2.8) predicts an exponential dependence of gauge factor on strain. It can be seen 

from the equations that the maximum magnitude of gauge factor occurs for zig-zag (n, 0) SWCNTs 
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and the gauge factor decreases to a value of zero for armchair (n, n) SWCNTs as the chiral angle 

increases as shown in Figures 2.2a and 2.2b. 

 

 

Figure 2.2: Piezoresistive gauge factor of individual SWCNTs. (a) experimental data for 
piezoresistive gauge factor currently available (b) theoretical curves for different nanotubes 
labelled by their chiral indices (n,m) [21]. 

 

Even though individual CNTs display exceptional piezoresistive sensing properties for 

prospective applications as strain sensors, there are some practical challenges due to complex 

assembly process related with integration into micro/macroscopic sensors. Nevertheless, different 

methods have been proposed in scaling up these nano-scale sensors by either forming a thin film 

of coating of CNTs on a polymer substrate [24] or fibers [61], a free standing thin film  of CNTs 

(“Bucky papers”) [13-15] or by dispersing the CNTs in a polymer matrix [7, 10-12]. The 

electromechanical effects exploit the piezoresistive phenomenon of the electrically conductive 

path formed by CNTs in films or polymer matrices, e.g. the behavior described by a variation in 

resistivity as a function of the structural deformation acquired by external load.  For instance, when 

a CNT thin film or nanocomposite is subjected to a tensile load, the percolated network is altered, 

causing a rise in the resistivity. This rise in the resistivity is associated with the modification of 

contact arrangements and tunneling distance between CNTs.  

(a) (b) 
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In principle, the piezoresistivity observed in the strain sensors made from an ensemble CNT based 

material can be mainly ascribed to conductivity change of an individual CNT, variation of 

conductive networks with strain, such as loss of contact between the CNTs and tunneling effect in 

neighboring CNTs (see Figure 1.1).  

The tunneling resistance, tunnelR  was derived by Simmons [40] and then approximated for 

CNT/polymer composite by  and Hu et al. [42] and Yasuoka et al. [62]               











h

ms

mAe

sh

AJ

V
Rtunnel




24
exp

22

2

’                                                                   Eq. (2.10) 

where J is the tunneling current density,  V is the electrical potential difference,  e is an elementary 

charge, m is the mass of an electron, h is Plank’s constant,  is the height barrier (for epoxy, 0.5-

2.5 eV), s is the distance between CNTs, and A  is the cross sectional area of tunnel (cross sectional 

area of CNT is approximately used). Figure 2.3a shows SEM image of the possible tunneling effect 

among CNTs. A schematic diagram of a CNT pair is shown in Figure 2.3b, where electron 

conduction occurs between two tubes through the minimum inter-tube gap and through the tube 

themselves. The diagram illustrates change of tunneling resistance between neighboring CNTs 

when mechanical strain is applied to the sensor.  
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Figure 2.3: (a) SEM images of possible tunneling effects among CNTs [26] (b) schematic view 
of CNT conductive network including tunneling effect [31]. 

 

From the equation (2.10), tunneling resistance tunnelR increases exponentially with the average 

inter-tube distance (s). Approximately, the average inter-tube distance is assumed to change 

proportionally to applied strain. As a result, a non-linear relationship between the electrical 

resistance and applied strain is expected. Especially for the case of low CNT loading around 

percolation threshold (<1 wt.%) and higher strains, this non-linear behavior is more obvious which 

indicates that tunneling effect plays a dominant role [42]. However, the piezoresistivity can be 

regarded as linear in case of high loading. Furthermore, it was found that optimum strain sensor 

sensitivity is greatest at percolation threshold for an ensemble CNT based strain sensor and can be 

influenced by various parameters e.g. orientation/alignment, length and diameter of a CNT, 

polymer tunneling barrier height and CNT type [7, 11, 13, 26, 31, 42, 47-49].  

Presently, studies concerning the tunneling resistance and the various parameters affecting 

the piezoresistive properties of an ensemble CNT strain sensor are limited to numerical studies 

[26, 27, 31-33, 42, 43, 54, 63] with very few experimental validations which are mainly focused 

on orientation/alignment  [30, 44]. Moreover, the numerical studies used to exploring the effect of 

these parameters on the piezoresistivity behavior have been conflicting.  For example, Hu et al. 

used a multi-scale three-dimensional (3D) statistical resistor network model to study the 

(b) (a) 
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piezoresistivity behavior of a CNT/polymer nanocomposite strain sensors by incorporating the 

tunneling effect between the neighboring CNTs and consequently, the influence of various 

processing parameters/materials properties (e.g. alignment of CNTs, concentration, cross-section 

area of tunnel current and height of barrier) on the sensor sensitivity were also studied [26, 63]. 

Figures 2.4a and 2.4b show a 3D representative unit cell and a 3D resistor network model with 

randomly distributed CNTs respectively used in the numerical simulations.  

 

                                                                                          

Figure 2. 4:  (a) Schematic view of a representative 3D element with randomly dispersed CNTs 
(b) a resistor model with randomly distributed CNTs [26, 63]. 

 

Figure 2.5a elaborates on the effect of alignment of CNTs on the sensor sensitivity. We can see 

from the plot of the resistance change versus the strain that increase of θ leads to a higher 

piezoresistivity of the sensor.  This implies that a state of complete randomly oriented CNT is 

preferable. As shown in the Figure 2.5a, when θ = 0o, all CNTs are parallel to the strain direction. 

In this situation, the inter-tube distance between CNTs in the direction vertical to strain direction, 

which may cause the possible tunneling resistance change does not vary significantly. As a result, 

(b) 

 

(a) 
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the tunneling resistance does not change considerably in this situation. But when θ = 90o, CNTs 

are randomly oriented and for that reason, there are many potential locations where tunneling 

resistance can be changed due to an applied strain in any in-plane direction. Figure 2.5b shows 

numerical results of piezoresistivity of the sensor at different CNT loadings. When the CNT 

loading becomes lower (~1.0 wt. %), the gauge factor of the new sensors increases remarkably. 

However, for high weight fractions of CNTs, such as 4.5 wt. %, the sensor performance is reduced.  

The main mechanism behind this phenomenon can be explained as follows. Normally, the 

variation in the resistance under strain is mainly caused by a breakup of CNT conductive network 

or tunneling effect. For lower CNT loading with a sparse network, the breakup of few conductive 

paths can lead to a huge increase of sensor resistance, which eventually leads in higher sensor 

sensitivity. But for higher CNT loading having an intensive CNT conductive network, the breakup 

of few conductive paths cannot cause a significant change of total sensor resistance. Weak 

nonlinear piezoresistivity is observed in cases of lower CNT loading which has been attributed to 

tunneling effect among neighboring CNTs [26, 42]. Figures 2.5c and 2.5d show the influence of 

cross sectional area of tunneling, A (approximately to the cross-sectional area of CNT) and barrier 

height λ on the strain sensor sensitivity respectively. The sensor piezoresistivity increases as the 

tunneling area decreases while it increases with barrier height λ. From equation (2.10), it can be 

found that the decrease of tunnel area result to increase in tunneling resistance which eventually 

leads to an apparent increase in the total initial resistance of the composites.   
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Figure 2.5:  (a) CNT alignment models and sensor sensitivity (b) numerical piezoresistivity of 
sensor for various CNT loadings (c) influence of A (cross sectional areas of tunnel- diameter of 
CNTs) (d) influence of λ: the height of barrier [26]. 

 

Wang et al. also reported their investigations about the mechanism and optimization of 

piezoresistive CNT/polymer nanocomposite which was based on numerical simulations and 

(a) 

(b) (c) 

(d) 
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analysis using a 3D simulation model [43]. They established that the electrical conductance of a 

CNT/polymer composite is dependent on the resistor network composed of CNT segments and 

CNT junctions as shown in Figures 2.6a and 2.6b. Among all CNTs embedded in the polymer 

matrix, only CNT segment that participates in the conductive paths have contributions to the 

network conductance (highlighted in Figure 2.6b). Neighboring CNTs are not connected by 

perfectly ohmic contacts in practice, but connected by tunneling transport of electron through 

junction gaps. Therefore, the effective resistor network is composed of nanotube resistance RN of 

all the conductive CNT segments and tunneling resistance RJ  of all the junctions between the 

conductive CNT segments.  

 

Figure 2.6:   Schematic illustration of (a) an electrical conductive CNT network in a polymer 
matrix and (b) its detail network components [43].  

 

The CNT junction resistances were found to be the main component of the network conductance 

as well as the piezoresistive effect by means of numerical simulations and analysis. The junction 

gap change caused by strain was analyzed and the average junction gap variation (AJGV) was 

introduced as quantitative expression of the conductance variation of the CNT network. The 

orientation and diameter of CNTs, the Poisson’s ratio of the polymer, and the concentration of 

CNTs were found to be the main factors that dominate the AJGV (see Figures 2.7 a, b, and c).  An 

(a) (b) 
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optimized design principle for piezoresistive CNT/polymer composites was concluded as: normal 

orientation of the CNTs to strain, CNTs with large diameters, polymer with low Poisson’s ratio, 

and a low concentration beyond percolation can improve the piezoresistivity (Figure 2.7d). They 

also established that the effect of aspect ratio AR on AJGV alongside with piezoresistive effect can 

be neglected.    

                       

                     

Figure 2. 7:  AJGV of CNT networks versus (a) Poisson’s ratio and (b) diameter (c) orientation 
degrees of CNT (d) optimizing the piezoresistive CNT/polymer composite based on AJGV [43].  

 

In a similar work by Gong et al., a 3D multiscale percolation CNT network model was developed 

to examine the mechanism of piezoresistivity of CNT-polymer composites, in which  the effect of 

CNT deformation (wall indentation and tube bending) is considered for the first time [27, 54]. 

Figure 2.8a shows the electrical resistance of CNT-polymer composites represented by the 

(a) (b) 

(d) 

 

(c) 
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resistance of CNT percolating network inside the composites. The CNT bending and wall 

deformation model at a CNT junction is also shown in Figure 2.8a.  The new finding showed that 

strain-induced CNT deformation is a dominant mechanism of piezoresistivity in addition to the 

exponential variation of tunneling resistance. Study of different parameters on the piezoresistivity 

of CNT-polymer composites also showed that sparse conductive network with lower CNT 

loadings, shorter length and larger diameter, higher Poisson’s ratio of polymer, and lower intrinsic 

resistance of CNTs all lead to higher piezoresistivity. The outcome of the intrinsic conductivity, 

length and diameter of CNT on the piezoresistivity is shown in Figures 2.8c, d and e respectively. 

Table 2.1 shows the effect of various parameters for optimizing the piezoresistive performance of 

an ensemble CNT based strain sensor by different authors. The fundamental understanding of 

piezoresistive mechanism of an ensemble CNT based strain sensor remain unclear, largely due to 

discrepancies in the theoretical and numerical investigations of the piezoresistivity  behavior of 

ensemble CNT based strain sensor. To address these inconsistencies, an experimental investigation 

on the mechanism and the optimizing principle appears to be the only methodology. Therefore, by 

means of experimental validations, we will examine the effect of key parameters such as 

orientation and alignment, network density of SWCNTs and diameter of SWCNT bundles on the 

tunneling resistance and strain sensitivity of SWCNT thin films. More also, to study the influence 

of SWCNT length on the  piezoresistive behavior of SWCNT thin film, information about the 

average size and size distribution is necessary. With that in mind, we will use our previously 

developed preparative ultracentrifuge method (PUM) and a newly developed gel electrophoresis 

and simultaneous Raman and photoluminescence spectroscopy (GEP-SRSPL) to characterize the 

average length dimension and length distribution of SWCNT dispersions.          
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Figure 2.8:  Schematic of (a) an electrical conductive CNT network in a polymer matrix with 
detailed CNTs and CNT junctions in network. Impact of (b) CNT intrinsic conductivity (c) 
length and (d) diameter on piezoresistivity sensitivity of CNT-polymer composites [27, 54].   

 

 

 

 

 

 

(b) (a) 

(d) (e) 
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Table 2.1 The effect of various parameters for optimizing the gauge factor of an ensemble CNT 
based strain sensors 

  

 

C = concetration,  L = length, D = diameter, AR = aspect ratio, θ = alignment  λ = polymer barrier 
height, ν = possion’s ratio (polymer) , σCNT =  intrinsic  conductivty of CNT      = decrease                      

     = increase              = no effect.  

 

 

 

 

 

 

Author C L D AR θ λ ν σCNT 

Hu et al. [26]  

Wang et al. [43]   

Gong et al. [27, 54]  

Rahman et al. [32]   

Theodosiou et al. [33]       
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CHAPTER THREE 

EFFECT OF ORIENTATION ON THE PIEZORESISTIVITY OF 

MECHANICALLY DRAWN SINGLE WALLED CARBON NANOTUBE 

(SWCNT) THIN FILMS 

3.1  Introduction 

The piezoresistive performance of individual SWCNTs has been investigated extensively 

by different research groups [16-21]. Very high piezoresistive gauge factors between ~200 to 

~3000 have been reported for an individual SWCNT [17, 19, 20]. This property makes individual 

SWCNTs highly promising for high resolution/sensitivity NEMs strain sensors.  However, due to 

the nano-scale dimension of SWCNTs and their chirality heterogeneity, there have been 

tremendous difficulties in consistently fabricating individual SWCNT based devices for practical 

use. To overcome such difficulties, different methods have been proposed in scaling up these nano-

scale sensors by either forming a thin layer of coating of SWCNTs on a polymer film or fiber 

substrate [24, 61]  a free standing thin film of SWCNTs (“Bucky papers”) [13-15] , SWCNT yarns  

[64, 65] or  by dispersing the SWCNTs in a polymer matrix [7, 10-12]. The piezoresistive property 

of SWCNT-based sensors (SWCNT thin films or SWCNT/polymer nanocomposites) is somewhat 

different from that of an individual nanotube. In particular, the SWCNT based strain sensors have 

a relatively low piezoresistive gauge factor in comparison to that of individual SWCNTs. The 

piezoresistive gauge factor for SWCNT based strain sensor has been reported to vary from 0.5 to 

22.4 [24]. The relatively low strain sensitivity of SWCNT based strain sensor has been attributed 

by Hu et al. [26] to that the intrinsic piezoresistivity of an individual carbon nanotubes (CNTs) 

does not play a major role in affecting the piezoresistivity of such sensors, but rather the tunneling 
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resistance change in neighboring CNTs and significant variation of conductive networks formed 

by the CNTs, e.g., loss of contact among CNTs.  

Among the different factors, such as CNT concentration [7], aspect ratio [24, 28] types of 

polymer matrix [32, 35, 36] and temperature [37-39], the orientation/alignment of CNTs is 

considered to be critical in dictating the piezoresistive behavior of CNT-based strain sensors. To 

this regard, both theoretical simulation [31-33, 43] and experimental  research [30, 44] efforts have 

been devoted to understand the effects of CNT orientation/alignment on the piezoresistive gauge 

factor of CNT/polymer composite strain sensors. Nevertheless, one finds apparently contradictory 

findings/conclusions from these previous works.  The simulation work by Hu et al. [31] on a 3D 

CNT network concluded that the sensor sensitivity increases with decrease of the orientation order, 

because the random distribution of CNT can increase the tunneling resistance locations in a 

network.  On the contrary, Rahman et al. [32] simulated the piezoresistive response of 2D CNT 

network, which suggested that the gauge factor increases with increasing the CNT orientation first 

and then decreases when the CNTs are highly aligned. The gauge factor increase with CNT 

orientation has been attributed to the increased tube-tube distance and consequently the tunneling 

resistance of the CNT network. However, this view is challenged by the simulation work of Ye et 

al. [43] based on a 3D hard-core model with a soft tunneling shell. It has been found that when a 

strain is applied, some junctions are enlarged and some are reduced due to lateral deformation. As 

a consequence, they concluded that, to improve the piezoresistivity of a CNT/polymer composite, 

it is highly desirable for the CNTs to have a normal orientation to the strain direction. Multiscale 

simulation studies on 2D and 3D CNT network by Theodosiou et al. [33] also indicated that a high 

degree of CNT alignment facilitates the piezoresistive sensitivity of CNT/polymer composites, but 

for a different reason. In their study, the intrinsic piezoresistivity of CNTs rather than the tunneling 
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resistance was attributed as the major contribution to result in the resistance change of the 

composite. Hu et al. [63] recently reported a similar multi-scale simulation study on the 

piezoresistivity of CNT/polymer composites – a 3D CNT random network in polymer matrix. 

They argued that, as compared to the tunneling effect and the change of the internal conductive 

network, the contribution of the intrinsic piezoresistivity of CNTs is quite small.  It should be noted 

that the effect of CNT orientation considered in [63] was limited to its influence on the tunneling 

resistance and is not applicable to the piezoresistive response of the CNT/polymer composite 

induced by the network variation and the intrinsic piezoresistivity of CNTs.  

In contrast to the intensive and extensive simulation works, few experimental works has 

been attempted to study the orientation effect on the piezoresistivity of CNT/polymer composites. 

By using electric field [44] and injection molding process [30] to align CNTs, Oliva-Aviles et al. 

and Parmar et al. respectively showed that the piezoresistive sensitivity of CNT/polymer 

nanocomposites increased with increasing the degree of alignment of CNTs. That the CNT 

alignment facilitates higher gauge factor is also implied in our previous work [24]. It was 

demonstrated that the SWCNT thin film tested at large deformation (~30% tensile strain) showed 

enhanced piezoresistive sensitivity as compared to the same film tested at small deformation (< 2 

% tensile strain). With applying magnetic field in the spray-coating process to align iron oxide 

nanoparticle decorated CNTs, Miao et al. [66] studied the piezoresistive anisotropy of aligned 

CNT network. It was found that, when the CNT coverage density was low, the aligned network 

had a significantly higher (slightly lower) gauge factor in the transverse (aligned) direction than 

the randomly aligned CNT network. With increasing the CNT coverage density, such difference 

gradually diminished. The observed anisotropic piezoresistivity of CNT network has been 

attributed to the different tube-tube contact response with respect to CNT alignments. Given the 
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progress being made, however, there is still a lack of experimental studies to systematically vary 

and quantify the degree of orientation of CNTs and understand their effects on the piezoresistivity 

of CNT based strain sensors. In this paper, we made use of spray coating technique to fabricate 

thin films of SWCNTs on polyethylene terephthalate (PET) film. Subsequent mechanical 

stretching of the PET substrate to different draw ratios at an elevated temperature allowed for the 

fabrication of oriented SWCNT thin films with varied degrees of orientation, of which the 

corresponding piezoresistivity was then evaluated by the coupled electrical-mechanical tests. With 

assistance of polarized Raman spectroscopy and scanning electron microscopy, the orientation 

order and morphologies of the stretched SWCNT thin films were quantitatively and qualitatively 

evaluated. Such acquired systematic results ultimately lead to a quantitative relationship between 

SWCNT alignments and piezoresistive gauge factors. The experimental results obtained in this 

work expect to be useful to further our understanding of the effects of CNT orientation/alignment 

on the piezoresistive behavior of CNT based strain sensors. 

3.2 Experimental section 

3.2.1 Preparation and characterization of SWCNT dispersions  

According to the experimental procedures well-established in our previous work [24, 67-

69] , the SWCNT dispersion was prepared by sonicating 16 mg of purified SWCNT powders 

(HiPco SWCNTs, batch #115 supplied by Unidym Inc. The same brand was used to be supplied 

by Carbon Nanotechnologies Inc.) in 100 ml of 0.7 wt.% sodium dodecylbenzenesulfonate (SDBS, 

99% Sigma-Aldrich, CAS 3-25155-30-10) deionized water solution using horn sonicator (Misonix 

sonicator 3000, Frequency 20 KHz) in an ice bath. The sonicator was operated in pulse mode (on 

10s, off 30s) with the power level set at 45W for specified sonication duration. In particular, 2 hrs 

and 10 hrs of effective sonication duration were used to prepare the SWCNT dispersions denoted 
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by S2hr and S10hr for later use in preparing SWCNT thin films. To examine the dispersion quality, 

a Varian Cary 5000 UV-Vis-NIR spectrometer was used to record the absorption spectra of the as-

sonicated SWCNT dispersion in the range of 400 nm – 1200 nm by using 0.7 wt. % SDBS/water 

solution as a reference. The Raman scattering and photoluminescence spectra of the SWCNT 

dispersions were collected by A Renishaw inVia Raman microscope in backscattering geometry. 

A 785 nm laser was used as the excitation light source. The spectra were acquired with a 5 × 

objective.   

3.2.2 Fabrication, characterization, and piezoresistivity evaluation of mechanically- 

drawn SWCNT thin films   

According to the procedure disclosed in [24, 61], the undrawn SWCNT thin films were 

prepared by spraying coating 20 ml of the dispersion obtained previously (S2hr and S10hr) using 

an Iwata Eclipse HP-BS airbrush operated at 200 kPa on a thin biaxially oriented polyethylene 

terephthalate (PET) film (Goodfellow corp., 90 m in thickness). The PET substrate was heated 

by a hot plate (1000-1 Precision Hot Plate, Electronic Micro System Ltd.) set at 90oC to accelerate 

water evaporation and facilitate the formation of SWCNT thin film. In the spray process, the 

airbrush was manually controlled to confine the deposition of SWCNT dispersion in a 4 cm × 4 

cm square area to result in a thin film of same size. The as-sprayed SWCNT thin films were then 

submerged in de-ionized water overnight to remove the residual SDBS molecules. The immersion 

treated films were then dried at room temperature to give the undrawn S2hr and S10hr SWCNT 

thin films. The immersion/drying process is a critical step in preparing high-quality SWCNT thin 

films [24, 70]. The strong capillary force induced by water evaporation in the immersion/drying 

process facilitates the coherence of SWCNTs and their adherence to PET substrate. The adhesion 

of SWCNTs to PET is mainly attributed to the intimate contact between them and the resultant 
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strong van der Waals (vdW) interactions. As a consequence of the good adhesion between 

SWCNTs and PET substrate, the SWCNT thin film can be aligned by subsequently stretching the 

PET substrate without introducing the thin film peel-off issue. The development of micro-crack 

defects instead of peel-off failure in the highly stretched SWCNT thin film (Figure 8) provided 

additional evidence to show the good adhesion between SWCNTs and PET substrate.   

To prepare the mechanically-drawn SWCNT thin films, the undrawn film ( = 1.0) cut into 

a strip of width W0 = 0.4 cm was stretched by a Q800 dynamic mechanical analyzer (DMA, TA 

instruments) with the gauge length set at L0 = 0.8 cm. The strip to be stretched was first equilibrated 

at 220 oC for 10 mins and then isothermally drawn to the specified final length L at a strain rate of 

1%/min. While the stretched strip was maintained at the final length, the furnace was cooled down 

to room temperature to finally give the mechanically-drawn SWCNT thin film with the desired 

draw ratio ( = L/L0).  With this procedure, a series of SWCNT thin films (including the undrawn 

film of  = 1)   with draw ratio of  = 1.2, 1.5, 2.0, 2.2, 2.5, 2.75 and 3.2 were prepared for both 

S2hr and S10hrthin film samples. To examine the sample preparation induced experimental errors 

on the gauge factor and orientation order parameter of the SWCNT thin films, two additional series 

of undrawn and drawn films at each above mentioned draw ratio were also prepared.   

The morphologies of SWCNT thin films of different draw ratios were imaged by using a 

scanning electron microscope (SEM, JEOL 7400) with an acceleration voltage of 10 kV.  Before 

imaging, the sample was sputter-coated with gold at 10 mA for 60 seconds and mounted on a metal 

stub by using a double-side electrically-conductive adhesive carbon tape.   

The optical absorbance of SWCNT thin films stretched to different draw ratios was 

measured by a Varian Cary 5000 UV-Vis-NIR spectrometer with air as the reference.   Polarized 
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Raman spectroscopy was applied to quantitatively determine the degree of orientation of the 

mechanically-drawn SWCNT thin films.  In brief, the polarized Raman spectra of the stretched 

SWCNT thin films were collected at room temperature by a Reinshaw inVia Raman microscope 

in a backscattering configuration using a 785 nm excitation laser with the nominal power set to 30 

mW.  A 5× objective was used to focus the laser beam to result in a beam size of approximately 

100 µm × 150 µm.  A computer-controlled rotational stage was used to rotate the film sample 

around the laser beam to vary the angle , which was formed between the polarization direction 

of the incident laser beam and the drawing direction of the SWCNT thin film, from 0o to 180o at 

an interval of 15o. At each ,   both VV and VH Raman spectra were acquired in the range of 100 

cm-1 to 3200 cm-1. In VV configuration, the polarization of the incident laser beam is parallel to 

that of the scattered beam; and in VH configuration, the polarization of the incident laser beam is 

perpendicular to that of the scattered beam. According to the procedures given in [71], one can 

then extract the orientation order parameter of SWCNTs by using the Raman intensity variations 

for both VV and VH spectra with respect to the azimuthal angle .     

Coupled electrical–mechanical test was applied to evaluate the piezoresistivity of the 

unstretched and stretched SWCNT thin films. All specimens were subjected to cyclic tensile 

deformation applied by Q800 dynamic mechanical analyzer (DMA, TA instruments) at room 

temperature. The typical settings in the tensile test were 0.4 mm gauge length and with the strain 

ramped at 4%/min under a sinusoidal cyclic loading from 0% to 0.7%.  During the DMA cyclic 

tensile deformation, the electrical resistance R of the SWCNT thin film in the drawing direction 

was simultaneously recorded via two-probe method by a Keithley 2401 Source Meter that was 

controlled by homemade LABVIEW user interface. The sheet resistance - R, which is a measure 

of the resistivity of a thin film sample, was similarly determined accordingly to R = R  (W/L), 
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where W is the width of the thin film and L is the gauge length. The protocol for electrode 

preparation in the two-probe resistance measurement included: 1) silver paste was first applied to 

the two end-sides of the rectangular SWCNT thin film; 2) subsequent to the drying of silver paste, 

the strip sample to be tested was fixed and tightened to the DMA clamps, on which the copper 

wire was attached and secured by adhesive conductive copper for connection with the Keithley 

Source Meter. Figure 3.2c shows a picture of the SWCNT thin film fixed by DMA clamps and the 

corresponding schematic drawing to show the electrode configurations. This two-probe testing 

protocol has been verified by a 4-probe electrode configuration test of SWCNT thin film sensors 

as shown in our previous work [53].      

3.3 Results and discussions 

3.3.1 Characterization of SWCNT dispersions   

The UV-vis-NIR spectra of the two as-sonicated SWCNT dispersions - S2hr and S10hr, 

are shown in Figure 3.1a. The well resolved absorption peaks observed in the range of 500 nm - 

850 nm is attributed to the excitonic optical transition E22
s of SWCNTs that is related to the second 

one-dimensional van Hove singularities [72]. It signifies the good dispersion quality for both S2hr 

and S10hr, in which the SWCNTs were present not in large bundles/aggregates but rather mostly 

enriched with small bundles or individual tubes. Otherwise, if aggregation/bundling occur, one 

should observe considerably broadened absorption spectra [73]. Our previous research [67, 68, 70, 

74] has focused on developing repeatable, reproducible, and ease-to-use methods for in-situ 

characterizing the structures of SWCNTs in the dispersion and establishing the related processing-

structure-property relationship. These past work have qualitatively and quantitatively established 

the effects of sonication on the structural changes of SWCNT bundles. Namely, the sonication 

simultaneously introduces both cutting and exfoliation effects to SWCNTs. The cutting results in 
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shortening of the SWCNT bundle length; and the exfoliation facilitates the bundle diameter 

reduction. According to one of such previous work [70], the average bundle diameter and length 

of SWCNTs sonicated for 2hr (S2hr) and 10hr (S10hr) were respectively 6.2 and 2030 nm and 3.7 

and 557 nm.   

 

 

 

 

 

 

 

 

 

 

Figure 3.1: Spectroscopic characterization of S2hr and S10hr SWCNT dispersions.  (a) UV-Vis-
NIR absorption spectra. The absorbance is normalized by the value at the wavelength of 400 nm. 
(b) Raman scattering spectra. Solid arrow and dashed arrow respectively indicate the Raman (D-
band at 1293 c cm-1) and photoluminescence features that qualitatively characterizes the SWCNT 
defective states. 
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Figure 3.1b also compares the simultaneously acquired Raman and photoluminescence 

spectra of S2hr and S10hr SWCNT dispersions. This allows for examining the defective states of 

SWCNTs [68, 75-77]. Clearly, both S2hr and S10hr dispersion show very strong and similar 

photoluminescence features and very weak D-band intensity, which suggests that the defects 

introduced to SWCNTs by the currently used sonication conditions (10hr and 2hr) were minimal.  

3.3.2 Piezoresistivity evaluation of SWCNT thin films   

The piezoresistive behaviors of the SWCNT thin films of different draw ratios were 

evaluated by measuring the change in electrical resistance upon the application of  a cyclic tensile 

strain. Figures 3.2a and 3.2b show the representative piezoresistive response of the unstretched (

 = 1) and the stretched (  = 3.2) S2hr SWCNT thin films, repectively. Clearly, the 

piezoresistivity or resistance-strain behavior for both the stretched and unstretched SWCNT thin 

films show good linearity. The cyclic testing results shown in Figure 3.2 was only used for the 

purpose to evaluate the pieozresistive response of SWCNT thin films. The  repeatability and 

stability of SWCNT thin film based sensors, which is essential for their use as reliable strain 

sensors/gauges, has been examined through 10,000 cyclic tests and the results can be found from 

our previous work [78]. The gauge factor (GF), a measure of the strain gauge sensitivty, for all the 

SWCNT thin films was evaluated according to:  

GF  = R
R                                                                                                                   Eq. (3.1) 

where R is the initial resistance of the film and  R  is the change in resistance when the applied 

strain is  . Given the linear dependence of the film resistance on the strain, a linear fitting was 

applied to the strain-resistance data for all the SWCNT thin films to obtain the corresponding 

gauge factors. Figure 3.3 compares the GF results for both S2hr and S10hr thin films at different 
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draw ratios. Within the experimental errors, there is a clear positive correlation between the draw 

ratio and gauge factor for both S2hr and S10hr SWCNT thin films. For S2hr thin films, the gauge 

factor of the highly stretched sensor ( = 3.2, GF = 7.19  4.76) increases by ~ 6× as compare to 

that of the unstretched one ( = 1, GF = 1.30  0.14). A similar ~ 3× increase of the GF upon 

stretching for S10hr SWCNT thin film was also observed (GF = 1.47  0.53 for  = 1 and GF = 

4.70  1.63 for  = 3.2).  

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2: Relative changes in electrical resistance for S2 hr SWCNT thin films under cyclic 
tensile test. (a) Unstretched thin film with draw ratio  = 1.0; and (b) Stretched thin film with draw 
ratio  = 3.2. (c) Electrode preparation for two-probe electrical resistance measurments of SWCNT 
thin films. 1 – PET substrate; 2 – SWCNT thin film; 3 – DMA clamp; 4 – Silver paste; 5 – copper 
wire; 6 – adheisve copper tape   
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Figure 3.3: Effect of mehcanically drawing on the guage factor of S2hr and S10hr SWCNT thin 
films. The error bar is 1-standard deviation obtained from the testing results on three replicated 
samples at each draw ratio for both S2hr and S10hr SWCNTthin films.  
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the GFs for S2hr are equal to that for S10hr; and the alternative hypothesis is Ha: the GFs for S2hr 

are not equal to that for S10hr. One finds the calculated value for the t statistics of  = 1 samples 

(t = -0.5371) and  = 3.2 samples (t = 0.8572), both are within the range of [-t0.05 (4) . t0.05 (4)] = [-

2.1318 . 2.1318]. It suggests that we should accept Ho at the significance level of 0.1 – at the same 

draw ratio, the GFs for S2hr sample are no difference from that for S10hrs. Given this statistical 

hypothesis testing result, we are not in a position to check the effect of SWCNT bundle diameter 

on the piezoresistivity of SWCNT thin film based sensors by comparing with the numerical 

simulation studies as reported in [31, 43]. As argued in [31], the smaller diameter of CNTs results 

in a reduced tunnel area that leads to a higher tunneling resistance and therefore high piezoresistive 

sensitivity. In contrast, the work in [43] identified that the average junction gap variation increases 

with the CNT diameter. As a consequence, the larger diameter of CNTs can lead to a higher 

tunneling resistance change and therefore high piezoresistive sensitivity. The contradictory 

prediction in [31, 43] and on the effect of CNT diameter seems to originate from the negligence of 

the 3D nature of the tube-tube junction. In the former case, the 2D aspect of the junction (tunnel 

area) was emphasized; and in the latter case, the 1D aspect of the junction (junction gap) was 

considered. Further experimental works are necessary to clarify this outstanding issue.   

Regardless of the effect of SWCNT bundle diameter, the positive correlation between the 

draw ratio and the gauge factor of SWCNT thin films shown in Figure 3.3 is consistent with the 

experimental findings previously reported in [24, 30, 44]. That is, the CNT alignment has a 

profound effect on the sensitivity of CNT based strain sensors. The higher degree is the CNT 

alignment, the higher is the gauge factor. As discussed next, this qualitative effect can be further 

understood upon quantifying the degree of CNT orientations and establishing its relationship to 

the piezoresistive sensitivity of SWCNT thin films.         
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3.3.3 Quantitative characterization of SWCNT orientation in the mechanically-drawn 

SWCNT thin films 

Polarised Raman spectrosopy has been commonly used for characterizing and quantifying 

the orientation of SWCNTs  [71, 80, 81]. According to [71],  and considering the 2D uniaxial 

planar orientation of SWCNTs in a mechanically-drawn SWCNT thin film, we can 

correspondingly derive the polarized Raman intensity for both VV and VH configurations as 

following:  
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where   and  are the angle formed between the drawing direction and a SWCNT and the 

polarization direction of the incident laser beam, respectively. f() is the orientation distribution 

function of SWCNTs in the thin film. The wrapped Cauchy distribution [82-84] has been 

succesfully used for describing the orientation distribution of a quasi-2D fiber network, e.g., paper. 

Considering the structural similarity bewteen SWCNT thin film and paper, we herein use the same 

function:  
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                           Eq. (3.2c) 

to approxiamte the SWCNT oriention distribution in the mechancially-drawn SWCNT thin films. 

In Eq. (3.2c), S is the orientation order paratmeter. It takes a value of 0 for a random distribution 

and 1 for a perfectly oriented SWCNT thin film. With the help of Eq. (3.2a-3.2c), one can fit the 

experimentally collected Raman spectra in VV and VH configuration to readily determine the 
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order parameter S for a given SWCNT thin film sample. As a representative example, Figure 3.4a 

and 3.4b respectively shows the azimuthal anlge  dependent VV and VH polarized Raman 

spectra in the range of 1500 cm-1 to 1700 cm-1 for S2hr SWCNT thin film with  = 3.2. The Raman 

peaks located around 1590 cm-1 are attributed to the tangential stretching G-mode of SWCNTs and 

were commonly used in quantifying their orientation states [81, 85, 86]. In accordance with the 

prediction by Eq. (3.2a) and (3.2b), the G-mode peak intensity in VV configuration (Figure 3.4a) 

monotonically decreases from  = 0o to  = 90o; and it peaks at  = 45o in VH configuration 

(Figure 3.4b).  This point is more clearly shown in Figure 3.4c, where the integrated area intensity 

of the G-mode is plotted against . Shown in the same figure also includes the theoretically fitted 

VV and VH polarized Raman inensity according to Eq. (3.2). With fitting, the orientational order 

parameter S = 0.51 can be accordingly extracted.  

The same procedure has been applied to determine the values of S for both S2hr and S10hr 

thin films of different draw ratios. The results plotted against the draw ratio are shown in Figure 

3.5. Within the experiemntal error, it seems that, at the same draw ratio, there is no signficiant 

difference of the order parameters for S2hr and S10hr SWCNT thin films. Moreover, one can 

clearly identify a logarithmic increase of the order parameter S with the draw ratio. An emiprical 

relation of S = 0.475ln provides a nice fitting to quantify the order parameter of a mechanically 

drawn SWCNT thin film at draw ratio . This relation along with the positive correlation between 

 and GF as observed in Figure 3.3 once again confirm that, with increasing the degree of SWCNT 

alignment, the piezoresistive sensitivity of SWCNT thin film increases.    
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Figure 3.4: Polarized Raman G-mode spectra at varied azimuthal angle  in (a) VV configuration 
and (b) VH configuration, and (c) the experimentally determined and theroretically fitted 
azimuthal angle  dependent integrated area intensity for S2 hr SWCNT thin film with draw ratio
 = 3.2 .    
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Figure 3.5:  The orientational order parameter S for the mechanically-drawn SWCNT thin films 
with different draw ratios.  
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multi-scale modeling studies recently performed by Seidel et al. [89, 91] even suggested that, when 

the bonding between CNTs and polymer matrix is perfect and there is no mixed piezoresistivity 

issue, the mechanism (1) makes much smaller contribution than the mechanism (2) to the 

piezoresistive response of CNT/polymer composites.  The importance of mechanism (2) in the 

piezoresistive response of CNT/polymer composites relies on the tunneling effect induced 

exponential dependence of the tube-tube contact or tunneling resistance (Rc) on their distance 

separation (d): Rc   d  exp (d/dc) [36, 42, 89], where dc is a length parameter that depends on the 

height of the energy barrier that the charge carriers need to overcome for the tunneling to occur. 

As a consequence of this exponential relationship, a vast of CNT/polymer composite piezoresistive 

sensors [26] and references therein] have shown non-linear dependence of the sensor resistance on 

the externally applied mechanical strains. This non-linear piezoresistive behavior was considered 

as a signature to indicate that the tunneling effect was in play responsible for the observed 

piezoresistive response [28, 42, 91]. It should be noted that, when d is small (for small deformation) 

and/or dc is large (for low energy barrier), a series expansion of the Rc -  d functional relation can 

easily prove that the dependence of the tunneling resistance Rc on d is approximately linear. As 

such, one should not exclude the tunneling effect as a possible mechanism to explain the linear 

piezoresistive response observed in some CNT/polymer piezoresistive sensors [28, 36, 44]. The 

mechanism (3) - loss contact of CNTs has been considered as a separate mechanism to explain the 

piezoresistivity of some CNT/polymer piezoresistive sensors [11, 31, 88]. Geometrically, the loss 

of contact defines the change of tube-tube distance d from zero to a finite value. However, when 

considering the tunneling nature of the charge transport in CNT networks and the non-zero 

equilibrium tube-tube distance [92], such a definition may not be appropriate. A practical 

approach, as implemented in [33, 91], is instead to define the loss of tube-tube contact when d > 
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dc. With this criterion, one may infer that the mechanism (3) could become important to contribute 

to the piezoresistive response of CNT/polymer composite for large deformation and/or sparse CNT 

networks. The mechanism (3) - loss contact of CNTs has been considered as a separate mechanism 

to explain the piezoresistivity of some CNT/polymer piezoresistive sensors [11, 31, 88]. 

Geometrically, the loss of contact defines the change of tube-tube distance d from zero to a finite 

value. However, when considering the tunneling nature of the charge transport in CNT networks 

and the non-zero equilibrium tube-tube distance [92], such a definition may not be appropriate. A 

practical approach, as implemented in [33, 91], is instead to define the loss of tube-tube contact 

when d > dc. With this criterion, one may infer that the mechanism (3) could become important to 

contribute to the piezoresistive response of CNT/polymer composite for large deformation  

The above discussed working mechanism(s) for CNT/polymer composites expect to be 

applicable to our SWCNT thin film piezoresistive sensors, though the charge transport in SWCNT 

thin films is dictated not by tunneling but by variable range hopping [70]. On the basis of the above 

mentioned three different mechanisms, in the following, we will focus on discussing and 

understanding the piezoresistive response of the mechanically drawn SWCNT thin films. Unlike 

the CNT/polymer composite piezoresistive sensors, there is no polymer matrix in presence in 

SWCNT thin films. As a consequence, the externally applied mechanical stress is mostly 

transferred to each individual SWCNT through their entanglements, which can be easily relaxed 

through sliding, rotation, and rigid body displacement. For this reason as well as the ones being 

identified in [33, 91] and discussed earlier, we believe that the mechanism (1) – the intrinsic 

piezoresistivity of SWCNTs plays a minor role in dictating the piezoresistive response of our 

SWCNT thin film sensors. This leaves (2) – tunneling effect and (3) – disruption of CNT network 

as the probable major mechanism(s) responsible for the piezoresistivity of SWCNT thin films. The 
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subsequent discussion attempts to understand the relative importance of these two mechanism(s) 

and their relationship to the mechanical drawing effect.    

According to the simulation studies [32, 43], the variation of CNT orientation induces the 

change of tube-tube distance in a CNT-based piezoresistive sensor. As a consequence, the 

tunneling resistance of the CNT network is accordingly modified to cause the orientation-

dependent piezoresistive sensitivity. If the tube-tube distance increases with the degree of CNT 

orientation [32], the gauge factor would increase with increasing the CNT orientation. To examine 

this point (indirectly), the area, optical absorbance, and sheet resistance for S2hr SWCNT thin 

films drawn to different draw ratios were measured. It is argued that, if the tube-tube distance 

increases with SWCNT orientation, the film area would increase to cause a decrease of the 

SWCNT packing density/areal density. As a result, the optical absorbance would decrease and the 

sheet resistance would increase.  

 Normalized by its initial area – Area(=1), the area values for S2hr SWCNT thin 

film at different draw ratios - Area() were shown in Figure 3.6. The inset of Figure 3.6 is a 

representative example to show the sample of  = 2.2 and the corresponding image analysis scheme 

for area calculation. The area increase with draw ratio is evidently shown in Figure 13.6, and it 

can be nicely described by a power-law relation Area()/Area(=1) = 0.63. The area increase is 

not an unexpected result when considering that the SWCNT thin film deforms coincidently with 

the PET substrate. Let x, y, and z be respectively the draw ratio of the PET substrate in the 

direction of through-thickness, in-plane transverse, and mechanical drawing. If there is no 

slippage, the draw ratio for SWCNT thin film in the direction of in-plane transverse and 

mechanical drawing should be the same as y and z. With the following two assumptions: 1) the 

Poisson ratio of PET film in the thickness direction is the same as that in the transverse direction; 
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and 2) there is no volume change of PET substrate in the  stretching process,  then for uniaxial 

stretching (x = y), we have  zy
2 = 1. With this relation, we can readily arrive at 

Area()/Area(=1) = zy = z
0.5. This theoretically predicted power-law relation qualitatively 

agrees with that observed experimentally, though with a smaller exponent value (0.5 vs. 0.63). The 

discrepancy might be attributed to that the deformation of SWCNT thin film is not truly uniaxial 

because its two ends were clamped in the stretching process. Another possibility for this 

discrepancy could be attributed to that the top surface of SWCNT thin film is traction free but the 

bottom surface is constrained by the PET substrate. As a consequence, the deformation of SWCNT 

thin film shows different Poisson effect across the film thickness. On the bottom (film/PET 

interface), the Poisson effect is dictated by the PET substrate; and on the surface (film/air 

interface), it responds more in line with the Poisson’s ratio of the SWNCT network.  The area 

increase of the mechanically drawn SWCNT thin film has a profound effect on the packing density 

of SWCNTs in the thin film and therefore its electrical property and piezoresistive behavior. With 

increasing the SWCNT thin film area, the areal density m – mass of SWCNTs per unit area expects 

to reduce.  By using the optical absorbance at 785 nm, the areal density m for the S2hr SWCNT 

thin films of different draw ratio was calculated according to Lambert-Beer’s law -  

  mCtAbs   , where  Abs  is the optical absorbance of a stretched SWCNT thin film with 

draw ratio  ,    is the optical absorption cross section of SWCNTs  and takes a value of 1.03 ± 

0.15  10-18 cm2/C-atom at 785 nm  [68], C  is the concentration of SWCNTs and t is the film 

thickness. The results are shown in Figure 3.7a.  

As expected, the areal density of SWCNTs decreases with increasing the draw ratio. 

Nevertheless, the areal density reduction determined by the optical absorbance measurement is far 

greater than that estimated from area increase. E.g., when comparing the areal density for the un-
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stretched thin film versus the one with draw ratio of  = 3.2, the optical method results in a 

reduction factor of ~ 11 (figure 3.7a) and the area measurement gives a value of ~ 2.0 (figure 3.6). 

        

 

 

 

 

 

 

 

 

Figure 3.6:   Effect of mechanical drawing on the area change – Area()/Area(=1) of SWCNT 
thin film. The initial area - Area(=1) averaged over all seven stretched thin film was 0.32  0.02 
cm2. The inset shows the optical image of the S2hr thin film stretched to  = 2.2. With image 
analysis, the boundary of the stretched part (enclosed in the dashed box) was traced for integarion 
to calculate the film area.    

 

It is believed that, due to substrate reflection/absorption, SWCNT thin film inhomogeneity induced 

scattering loss and micro-crack formation in highly stretched film (Figure 3.8),   the complication 

on the accuracy of the optical absorbance measurement might be responsible for such a 

discrepancy. Regardless of such complications, figure 3.7b plotted the sheet resistance R against 

the areal density m for the mechanically drawn S2hr SWCNT thin films. 
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Figure 3.7: The effect of mechancial drawing on the areal density and sheet resistance of S2hr 
SWCNT thin films. (a) draw ratio vs. areal density; (b) areal density vs. sheet resistance; and (c) 
draw ratio vs. sheet resistance.   

 

A power-law relation R  m -1.6 is clearly borne out, which suggests the significant sheet 

resistance increase caused by the areal density reduction. Without introducing the uncertainties in 

evaluating the areal density, Figure 3.7c also shows the sheet resistance of S2hr SWCNT thin films 

at different draw ratios to reveal the effect of mechanical drawing. A strong non-linear relationship 

between R and  can be clearly identified and approximated by a log-linear relation - lnR  . 
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As compared to the un-stretched sample ( = 1), a 3.2 times increase of the draw ratio ( = 3.2) 

resulted in a sheet resistance increase by a factor of ~ 66. As argued previously, the piezoresistive 

response of SWCNT thin films is mainly dominated by the mechanism (2) – tunneling effect and 

(3) – CNT network disruption. The experimentally observed log-linear relation lnR   is in line 

with such arguments. We first consider the contribution of tunneling effect to this log-linear 

relation. When tunneling effect is in play and the mechanical deformation is large such that d/dc > 

~ 0.1, a strong non-linear (exponential) dependence of the electrical resistance on mechanical 

strain would be observed. As shown in our previous work [24] and the present work (figure 3.7c), 

this is indeed the case for SWCNT thin films when they were tested at large mechanical 

deformation (tensile strain > 20%). For quite a few MWCNT/polymer composite systems reported 

in the literature, e.g., in [11, 31, 42, 63], the non-linear resistance response occurred when the 

tensile strain was only ~ 1%. However, at the same level of tensile strain, the resistance of SWCNT 

thin films, both un-stretched and stretched, shows excellent linear response (figure 3.2). That the 

non-linear resistance response of SWCNT thin films can only be observed at relatively large strain 

is attributed to several reasons. One is that the energy barrier for charge transport in SWCNT thin 

film, either through tunneling or hopping, is smaller since there is not insulating polymer matrix 

in such a system. As a consequence, dc in SWCNT thin film is much greater than that in 

CNT/polymer composites. Another one may be due to the smaller diameter of SWCNTs, which 

could enhance the local electric field to facilitate field-assisted tunneling effect and therefore 

increase dc. The last one is the relatively high volume fraction of SWCNTs in the thin film that 

may result in a decreased d.  For those three reasons, d/dc for SWCNT thin film is much smaller 

than that for MWCNT/polymer composites. It therefore leads the SWCNT thin film with a linear 

dependence of Rc on d at small deformation and a non-linear response at large deformation.  
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In addition to tunneling effect, the CNT network disruption could also contribute to the 

log-linear relation - lnR   observed for SWCNT thin films. As shown recently by Seidel et al. 

[91], with introducing interfacial separation/damage between CNTs and polymer matrix, the non-

linear piezoresistive response in CNT/polymer composites can be further intensified. This same 

mechanism may apply to the highly stretched SWCNT thin films, in which severe CNT network 

disruption and even micro-crack damages were developed. To show this point, Figure 3.8 

compares the SEM images of the S2hr SWCNT thin films at different draw ratios. The unstretched 

SWCNT thin film ( = 1.0) is featured by a randomly entangled SWCNT bundles/ropes. The 

densely packed SWCNT network results in a large number of intimate SWCNT-SWCNT 

contacts/junctions and the related conductive pathways to give high electrical conductivity or low 

sheet resistance. With increasing the draw ratio to = 1.2 and  = 1.5, the alignment of the SWCNT 

rope/bundles in the drawing direction becomes apparent. At this stage, the integrity of the 

entangled SWCNT network is maintained. Upon stretching the thin film to  = 2.0, one can clearly 

visualize the formation of slender micro-cracks. With further increasing the draw ratio ( = 2.2, 

2.5, 2.75, and 3.2), the micro-cracks, in terms of both number and size, gradually grow and connect 

to each other to lead to the thin film an “island-bridge” structure. The SWCNTs in the “island” has 

a less degree of alignment and packing density than those in the “bridge” region. The “island-

bridge” structures induced by micro-crack formation in the highly drawn SWCNT thin films mimic 

the interfacial separation/damage studied by Seidel et al. [91] in CNT/polymer composites, which 

further intensify the non-linear response of the sheet resistance R with respect to the draw ratio  

and therefore the piezoresistive sensitivity.      

On the basis of the above discussion, it is clear that the tunneling effect and CNT network 

disruption/damage both mechanisms contribute to the piezoresistive response of the mechanically 
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drawn SWCNT thin films. At relatively small draw ratio (< 2.0), the mechanical drawing mainly 

induces the directional alignment of SWCNTs as well as the reduced areal density. The 

piezoresistive response of SWCNT thin films in this regime is mainly contributed by the tunneling 

effect. With further increasing the draw ratio greater than 2.0, the mechanical stretching causes 

severe CNT network disruption/damage to intensify the non-linear piezoresistive response of the 

sheet resistance of SWCNT thin films and therefore lead to higher gauge sensitivity.     

 

 

 

 

 

 

 

 

 

 

 

Figure 3.8:  SEM images of the mechanically drawn S2hr SWCNT thin films to show the stretching 
induced morphological  changes of SWCNT network. All the scale bars are for 1 m. The arrow 
indicates the stretching direction. For better visualization, the representative SWCNT 
bundles/ropes and microcracks were respectivley highted by dashed lines and dashed ellipses.  
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3.4 Conclusion 

An experimental study was conducted to systematically evaluate the piezoresistivity of 

mechanically drawn SWCNT thin films. Polarized Raman spectroscopy was used to quantify the 

degree of orientation of the mechanically drawn SWCNT thin films. This in conjunction with the 

morphological characterization and measurement of stretching induced changes of film area and 

sheet resistance allow identifying the critical roles of SWCNT orientation, packing density, and 

micro-crack formation in dictating the piezoresistive response of SWCNT thin film strain sensors. 

The methodology and the acquired experimental evidence presented in this study is valuable to 

help clarifying that the tunneling effect and severe CNT network disruption/damage both 

mechanism(s) are important in responsible for the piezoresistivity of the mechanically drawn 

SWCNT thin films. At relatively small draw ratio, the former mechanism is (< 2.0), the 

mechanical drawing mainly induces the directional alignment of SWCNTs as well as the reduced 

areal density. The piezoresistive response of SWCNT thin films in this regime is mainly 

contributed by the tunneling effect. With further increasing the draw ratio greater than 2.0, the 

mechanical stretching causes severe CNT network disruption/damage to intensify the non-linear 

piezoresistive response of the sheet resistance of SWCNT thin films and therefore lead to higher 

gauge sensitivity. The experimental methodology presented in this work for establishing the 

processing-structure-property-performance relationship of a scalable spray technology and in-line 

characterization technique can be valuable in providing manufacturable thin film piezoresistive 

sensors of tunable sensitivity.  
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CHAPTER FOUR 

INFLUENCE OF NETWORK DENSITY ON THE PIEZORESISTIVITY OF 

MECHANICALLY DRAWN SWCNT THIN FILMS 

4.1 Introduction 

The piezoresistivity of mechanically drawn  single-walled carbon nanotubes (SWCNT) 

thin films  was studied in our recent work [53] and it was proven to be dependent on the degree of 

SWCNT alignment. We examined the strain-dependent electrical resistance features of the drawn 

and undrawn SWCNT thin films using experimental set-up to simultaneously measure electrical 

resistance and strain, and found repeatable relations in resistance versus strain. With use of 

polarized Raman spectroscopy, we were able to establish a relationship between piezoresistive 

gauge factor (GF) and orientation of SWCNTs. The strain sensitivity of a randomly oriented 

SWCNT thin film with draw ratio ( = 1) increased 6× when stretched to a   = 3.2. At relatively 

small draw ratios ( < 2.0), the piezoresistivity observed in these thin film strain sensors was 

essentially ascribed to the tunneling effect. However, at higher draw ratios ( > 2.0), the 

mechanical stretching of the SWCNT thin film causes severe CNT network disruption/damage to 

intensity a non-linear piezoresistivity  and consequently higher strain sensitivity [53]. This induced 

network CNT disruption/damage (or micro-crack formation) at higher draw ratios can be attributed 

to the high packing density of the SWCNT thin film network [53].  

On the other hand, both experimental [7, 11, 26, 28, 31, 36, 42, 44, 48, 62, 66, 88, 93-98] 

and numerical/theoretical [26, 27, 31-33, 42, 43, 48, 54, 62, 63] studies have shown that CNT 

network density can play significant role in the variation of the GF. In general, the sparse network 

density have been known to have better GF than the dense and normal networks [26, 27, 31-33, 
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42, 43, 48, 54, 62, 63]. This phenomenon implies that the total electronic conductive path 

diminishes as the network density decreases, resulting in an increase in the inter-tube distance, 

thereby  increasing the tunneling/hopping effect and strain sensitivity [42]. For a network density 

with sparse morphology, we can actually say a greater number of the nanotubes are not in contact 

with each other thus allowing conduction by tunneling (e.g. a non-linear piezoresistivity). 

However, for the network density with a dense morphology, majority of the nanotubes are mostly 

in close contacts which allows conduction type to imitates an ohmic conductivity (e.g. a linear 

piezoresistivity). The highest GFs are commonly observed in nanocomposites with CNT volume 

fractions close to the percolation threshold [7, 11, 13, 26, 42, 47-49]. For example, Kang et al. 

stated that the GFs of SWCNT/PMMA nanocomposite film range from 1 to 5.2 depending on the 

content of CNTs in the polymer [7]. The best GFs are between 3.4 and 4.3 when the nanotube 

loading is near percolation threshold [94]. Eventually, in all these studies, the sensitivity of the 

composite sensors was observed to decrease as the CNT volume content was increased. Exception 

to these studies are the works of  Loh et al. [99] and Luo et al. [45]. Loh et al.  described  the 

increase in GF of a SWCNT-PSS/PVA film with increase in CNT loading due to formation of 

more CNT junctions [99]. While in the work of Luo et al., the GF of the sensors for a small tensile 

deformation (less than 2%) was found to have negligible dependence on the film thickness while 

for large tensile deformation (20-30%), the thicker films exhibited higher GFs [45]. Therefore, by 

controlling the CNT network density offers excellent opportunities as strain sensors for specific 

applications.  

The alignment of thin films having sparse network density further limits the conductive routes, by 

this means, intensifies the tunneling effect and subsequently the GF. Moreover, a non-linear 

piezoresistivity has been related to strain sensors with sparse percolation CNT network with lower 
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CNT loading i.e. an indication that tunneling effect plays a dominant role. Whereas, linear 

piezoresistivity have been identified with strain sensors having denser percolation network with 

higher CNT loading level [26, 48, 100]. Besides, the formation of micro-cracks at higher draw 

ratios can more or less be eliminated with the use of sparse network density due to formation of  

well aligned nanotubes [53]. In this study, the SWCNT thin films with different network densities 

were made by varying the spray coating duration on polyethylene terephthalate (PET) films. 

Subsequent mechanical stretching of the PET substrate to different draw ratios at an elevated 

temperature allowed for the fabrication of oriented SWCNT thin films with different network 

densities, of which the corresponding piezoresistivity was then evaluated by the coupled electrical-

mechanical tests. With assistance of polarized Raman spectroscopy and scanning electron 

microscopy, the orientation order and morphologies of the stretched SWCNT thin films were 

quantitatively and qualitatively evaluated. The outcome of this study can shed more light on the 

influence of network density and alignment on the tunneling resistance and piezoresistive gauge 

factor of SWCNT thin films.   

4.2 Experimental section 

4.2.1 Preparation and characterization of SWCNT dispersions  

SWCNT dispersions were prepared by sonicating 16 mg of purified SWCNT powders 

(HiPco SWCNTs, batch #115 supplied by Unidym Inc.) in 100 ml of 0.7 wt.% sodium 

dodecylbenzenesulfonate (SDBS, 99% Sigma-Aldrich, CAS 3-25155-30-10) deionized water 

solution using a horn sonicator (Misonix sonicator 3000, Frequency 20 KHz) in an ice bath. The 

sonicator was operated in pulse mode (on 10s, off 30s) with the power level set at 45W for the 

specified sonication duration. An effective sonication duration of 2hr. (denoted by S2hr.) was used 

to prepare the SWCNT dispersions and later used in preparing SWCNT thin films. To examine the 
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dispersion quality, a Varian Cary 5000 UV-Vis-NIR spectrometer was used to record the 

absorption spectra of the as-sonicated SWCNT dispersion in the range of 400-1200 nm by using 

0.7wt.% SDBS/water solution as a reference. The Raman scattering and photoluminescence 

spectra of the SWCNT dispersions were collected by a Renishaw inVia Raman microscope using 

backscattering geometry. A 785 nm laser was used as the excitation light source. The spectra were 

acquired with 5× objective. High-resolution transmission electron microscopy (HR-TEM, JEM-

ARM200cF, JEOL Ltd.) was applied for qualitative examination of the morphologies of SWCNTs. 

The TEM samples were prepared by drop casting and drying SWCNT dispersions on a Lacey grid 

(300 mesh Cu: Ted Pella).  

4.2.2 Fabrication, characterization, and piezoresistivity evaluation of mechanically- 

drawn SWCNT thin films   

According to the procedure previously disclosed in literature [24, 61], the undrawn 

SWCNT thin films with different number of layers of SWCNT network were prepared by 

controlling the spraying time, and precisely, each spraying time yields one layer of SWCNT 

network on the PET film (Goodfellow corp., 90 m in thickness). By adjusting the number of 

deposited layers, the thickness or network density of the SWCNT network can be controlled. With 

a SWCNT dispersion volume of 1ml per spraying time, 1-layer, 3-layer, 10-layer and 20-layer thin 

films of SWCNT network were fabricated using an Iwata Eclipse HP-BS airbrush operated at 200 

kPa on a thin biaxially oriented PET film. The PET substrate was heated by a hot plate (1000-1 

Precision Hot Plate, Electronic Micro System Ltd.) set at 90oC to accelerate water evaporation and 

facilitate the formation of SWCNT thin film. In the spray process, the airbrush was manually 

controlled to confine the deposition of SWCNT dispersion in a 2 cm × 2 cm square area to result 

in a thin film of same size. The as-sprayed SWCNT thin films were then submerged in de-ionized 
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water overnight to remove the residual SDBS molecules. The immersion treated films were then 

dried at room temperature to give the undrawn SWCNT thin films. The immersion/drying process 

is a critical step in preparing high-quality SWCNT thin films [24, 70]. The strong capillary force 

induced by water evaporation in the immersion/drying process facilitates the coherence of 

SWCNTs and their adherence to PET substrate [53].  

To prepare the mechanically drawn SWCNT thin films, the undrawn film ( = 1.0) cut into a strip 

of width W0 = ~ 0.3 cm was stretched by a Q800 dynamic mechanical analyzer (DMA, TA 

instruments) with the gauge length set at L0 = ~ 0.8 cm. The strip to be stretched was first 

equilibrated at 220 oC for 10 mins and then isothermally drawn to the specified final length L at a 

strain rate of 1%/min. While the stretched strip was maintained at the final length, the furnace was 

cooled down to room temperature to finally give the mechanically-drawn SWCNT thin film with 

the desired draw ratio ( = L/L0).  With this procedure, a series of SWCNT thin films (including 

the undrawn film of  = 1)  with draw ratios of  = 1,1.5,2,2.5,2.85 and 3.2 were prepared each  

for the 1-layer, 3-layer, 10-layer, and 20-layer SWCNT thin film samples. To examine the sample 

preparation induced experimental errors on the gauge factor and orientation order parameter of the 

SWCNT thin films, two additional series of undrawn and drawn films at each above mentioned 

draw ratio were also prepared.   

The morphologies of SWCNT thin films of different draw ratios were imaged by using a scanning 

electron microscope (SEM, JEOL 7400) with an acceleration voltage of 4kV. Before imaging, the 

sample was sputter-coated with gold at 10 mA for 60 seconds and mounted on a metal stub by 

using a double-side electrically-conductive adhesive carbon tape.   
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The optical absorbance of unstretched and stretched SWCNT thin films was measured by a Varian 

Cary 5000 UV-Vis-NIR spectrometer with air as the reference. Polarized Raman spectroscopy was 

applied to quantitatively determine the degree of orientation of the mechanically-drawn SWCNT 

thin films.  In brief, the polarized Raman spectra of the stretched SWCNT thin films were collected 

at room temperature by a Renishaw inVia Raman microscope in a backscattering configuration 

using a 785 nm excitation laser with the nominal power set to 30 mW.  A 5× objective was used 

to focus the laser beam to result in a beam size of approximately 100 µm × 150 µm.  A computer-

controlled rotational stage was used to rotate the film sample around the laser beam to vary the 

angle , which was formed between the polarization direction of the incident laser beam and the 

drawing direction of the SWCNT thin film, from 0o to 180o at an interval of 15o. At each ,   both 

VV and VH Raman spectra were acquired in the range of 100 cm-1 to 3200 cm-1. In VV 

configuration, the polarization of the incident laser beam is parallel to that of the scattered beam; 

and in VH configuration, the polarization of the incident laser beam is perpendicular to that of the 

scattered beam. According to the procedures given in [71], one can then extract the orientation 

order parameter of SWCNTs by using the Raman intensity variations for both VV and VH spectra 

with respect to the azimuthal angle .     

Coupled electrical–mechanical testing was applied to evaluate the piezoresistivity of the 

unstretched and stretched SWCNT thin films [53]. All specimens were subjected to cyclic tensile 

deformation applied by Q800 dynamic mechanical analyzer (DMA, TA instruments) at room 

temperature. The typical settings in the tensile test were 0.4 mm gauge length and with the strain 

ramped at 6%/min under a sinusoidal cyclic loading from 0% to 0.7%.  During the DMA cyclic 

tensile deformation, the electrical resistance R of the SWCNT thin film in the drawing direction 

was simultaneously recorded via two-probe method by a Keithley 2401 Source Meter that was 
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controlled by homemade LABVIEW user interface. The sheet resistance - R, which is a measure 

of the resistivity of a thin film sample, was similarly determined accordingly to R = R  (W/L), 

where W is the width of the thin film and L is the gauge length. The protocol for electrode 

preparation in the two-probe resistance measurement included: 1) Silver paste was first applied to 

the two end-sides of the rectangular SWCNT thin film; 2) Subsequent to the drying of silver paste, 

the strip sample to be tested was fixed and tightened to the DMA clamps, on which the copper 

wire was attached and secured by adhesive conductive copper for connection with the Keithley 

Source Meter [53].  

4.3 Results and discussions 

4.3.1 Characterization of the SWCNT dispersions  

The dispersion efficiency was evaluated using absorption spectroscopy [53]. Figure 4.1a 

depicts the absorption spectrum of the S2hr. SWCNT dispersions used for making the SWCNT 

thin films. Similarly with the spectra in [53], the well resolved absorption peaks observed in the 

range of 500-850 nm  signify the existence of smaller SWCNT bundles and the good dispersion 

quality of the S2hr. SWCNT dispersions. In addition, the simultaneous Raman and 

photoluminescence spectroscopy (SPSPL) was used to examine the defective states of SWCNTs 

in the dispersions. Studies have shown that defects can occur on the side-walls of SWCNTs as a 

result of intense sonication which may influence the performance and the piezoresistive gauge 

factor of a CNT based strain sensor [38, 101]. The Figure 4.1b clearly shows very strong 

photoluminescence features and weak D-band intensity, which suggest that the defects introduced 

to SWCNTs by the currently used sonication conditions were minimal as also confirmed in [53].  

The TEM images in Figures 4.1c and 4.1d similarly confirm that the SWCNTs in the dispersions 

exist in smaller bundles and aggregates.  
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Figure 4.1: Spectroscopic and morphological characterization of the S2hr SWCNT dispersions.     
(a) UV-Vis-NIR absorption (b) Raman scattering spectra - solid arrow and dashed arrows 
respectively indicate the Raman D-band at 1293 cm-1 and photoluminescence features that 
quantitatively characterize the SWCNT defective states. Both (c) and (d) show the TEM images 
of the S2hr. SWCNT bundles in dispersions. An evidence that SWCNTs in the dispersions exist 
in smaller bundles and aggregates.    
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4.3.2 Morphological characterization of SWCNT thin films   

The duration of spraying time was varied to have SWCNT thin films of different numbers 

of deposited layers e.g. 1 layer, 3 layers, 10 layers, and 20 layers. It should be noted that with 

different numbers of layers deposited on the PET substrates, the SWCNT network packing density 

is modified. Figures 4.2a-f show the SEM images for the 1-layer SWCNT thin films at different 

draw ratios,  =1, 1.5, 2, 2.5, 2.85, and 3.2 respectively. For the unstretched SWCNT thin films 

with draw ratio  = 1, the network morphology shown in Figure 4.2a confirms a randomly oriented 

SWCNTs that are sparsely deposited on the PET substrate. This image however confirms the low 

cocentration  of SWCNT bundles with fewer numbers of SWCNT-SWCNT contacts/junctions and 

the related conductive pathways to give low eletrical conductivity or high sheet resistance. The 

further stretching of the 1-layer SWCNT thin films to higher draw ratios  resulted in SWCNT 

alignment. The Figures 4.2b-f confirm the morphological change in the network as the draw ratio 

increases. Due to the less entangled network density of the 1-layer SWCNT thin films, higher 

degree of alignment were achieved as a result of increase in the nanotube mobility with strain. 

Figures 4.3a-f show SEM images of 3-layer and 10-layer SWCNT thin films and for each of these 

thin films, the images represent the unstretched thin films with  = 1.0, (i.e. Figures 4.3a and 4.3d 

for the 3-layer and 10-layer SWCNT thin films respectively)  and stretched SWCNT thin films 

with  =2.0 (Figures 4.3b and 4.3e for 3-layer and 10-layer SWCNT thin films respectively) and 

 =3.2 (Figures 4.3c and 4.3f for 3-layer and 10-layer SWCNT thin films respectively). For the 

unstretched SWCNT thin films, the images indicate an increase in the nanotube concetration as 

the network density becomes more densely packed due to additional deposition of SWCNT layers. 

More also, unlike the stretched 1-layer and 3-layer SWCNT thin films with well-aligned SWCNTs, 
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the stretched 10-layer and 20-layer SWCNT thin films (Figure 4.4) revealed the formation of 

micro-cracks specifically at higher draw ratios [53].  

4.3.3 Quantitative characterization of SWCNT orientation in the mechanically drawn 

SWCNT thin films 

The degree of alignment of SWCNTs in the aligned thin film network was evaluated by 

polarised Raman spectroscopy [71, 80, 81]. The polarized Raman spectra were attained at different 

azimuthal angles  using the VV polarization configuration, with the polarization of the incident 

and scattered radiation both parallel to each other. SWCNTs are well-known to display very high 

polarizability in all Raman modes, particularly in the RBM band (150-250cm-1) and G-band 

(1594cm-1) [102]. 

 

 

 

 

 

   

 

 

 

 

 

Figure 4.2:  SEM images of the mechanically drawn 1-layer SWCNT thin films. (a)  = 1.0 (b)  
= 1.5 (c)  = 2.0  (d)  = 2.5 (e)  = 2.85 (f)  = 3.2, to show the stretching induced morphological 
changes of SWCNT network. All the scale bars are for 1 m. The arrow indicates the stretching 
direction. 
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Figure 4.3:  SEM images of the mechanically drawn 3-layer SWCNT thin films. (a)  = 1.0 (b)  
= 2.0 (c)  = 3.2 , and 10 -layer SWCNT thin films, (d)  = 1.0 (e)  = 2.0 (f)  = 3.2 to show the 
stretching induced morphological changes of SWCNT network. All the scale bars are for 1 m. 
The arrow indicates the stretching direction. 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.4: SEM images of the mechanically drawn 20-layer SWCNT thin films. (a)  = 1.0 (b)  
= 1.5 (c)  = 2.0  (d)  = 2.5 (e)  = 2.85 (f)  = 3.2, to show the stretching induced morphological 
changes of SWCNT network. All the scale bars are for 1 m. The arrow indicates the stretching 
direction. 
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For all Raman modes, maximum intensity is achieved when polarization of the incident 

radiation is parallel to the nanotube axis and strongly suppressed when perpendicular. This 

orientation–dependence of the Raman scattering is attributed to the polarization behavior of 

SWCNTs. The absorption of the light polarized parallel to the nanotube axis is up to ~20× stronger 

than for perpendicularly–polarized light, which in turn influences the resonance enhancement for 

the Raman spectra of nanotubes [103]. Figure 4.5a shows the G-mode Raman spectra of 

mechanically drawn SWCNT thin film with  = 3.2 in the VV configuration for various azimuthal 

angle  between the SWCNT axis and polarization of the incident laser beam. In accordance with 

the prediction by Eq. (3.2a) and (3.2b), the Raman scattering intensity (Figure 4.5a) monotonically 

decreases with increasing azimuthal angle i.e.  = 0o to  = 90o. With the help of Eqs. (3.2a-3.2b), 

one can fit the experimentally collected Raman spectra in VV configuration to readily determine 

the  orientaion order parameter S for a given SWCNT thin film sample [53] . This point is more 

clearly shown in Figure 4.5b, where the integrated area intensity of the G-mode is plotted against 

. Shown in the same Figure also includes the theoretically fitted VV polarized Raman intensity 

according to Eq. (3.2). With fitting, the orientational order parameter S = 0.81 can be accordingly 

extracted for the 1-layer SWCNT thin film with  = 3.2. 

This same procedure was used to determine the values of S for all SWCNT thin films with 

varying network densities. Figure 4.6a shows the different values of S for 1-layer, 3-layer, 10-

layer, and 20-layer SWCNT thin films at different draw ratios. It is apparent from this figure that 

S increases with increasing draw ratio [53] and besides, at a given draw ratio, the values of S is 

dependent on the network density. In other words, the sparse network density showed higher 

degree of alignment when stretched than the corresponding thin films with dense network density. 
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Figure 4.5: (a) Polarized Raman G-mode spectra at varied azimuthal angle  in VV configuration, 
and (b) the experimentally determined and theroretically fitted azimuthal angle  dependent 
integrated area intensity for 1-layer SWCNT thin film with draw ratio  = 3.2 .    

 

           

Figure 4.6: (a) The orientation order parameter S for the mechanically drawn SWCNT thin films 

at different draw ratios and film thickness (b) G-band Raman intensity ratio 
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scattering for the perpendicular polarization settings i.e.  = 90o [103]. Therefore, the G-band 

intensity ratios between the two directions i.e.   = 0o and   = 90o can also be used to quantify 

the degree of alignment of SWCNTs. Figure 4.6b shows the intensity ratio 
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cm-1 for SWCNT thin films of different network densities at various draw ratios. Similarly with S, 

the 
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increases with increasing draw ratio and moreover, it was also shown to be 

dependent on the network density.  

The high degree of alignment associated with the 1-layer SWCNT thin film can be attributed to 

the presence of less entangled SWCNT bundles in the network making them more prone to form 

well aligned SWCNTs in the stretching direction as shown in figure 4.6a. As more layers of 

SWCNT network are deposited, the value of S is gradually reduced which is more likely due to 

the very high degree of entanglement of SWCNT bundles in the network. This occurrence can 

ascribed to a reduction in the mobility of SWCNT bundles at high concentration, which aids the 

agglomerations of entangled SWCNTs and hence difficult SWCNT alignment. Moreover, unlike 

the 1-layer and 3-layer SWCNT thin films that formed well aligned SWCNT bundles at higher 

draw ratios (see Figures 4.2 and 4.3), the 10-layer and 20-layer SWCNT thin films reveal formation 

of micro-cracks (see Figures 4.3 and 4.4). In general, we can conclude from these findings, that 

the there is a strong relationship between the network packing density and the degree of alignment 

of the mechanically drawn SWCNT thin films.  

4.3.4 Piezoresistivity evaluation of SWCNT thin films   

The piezoresistive properties of the SWCNT thin films were obtained upon moderate cyclic 

elongation (~0.7%). Figures 4.7a and 4.7b show the strain and fractional resistance change
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 RR /  obtained simultaneously during cyclic tension-compression for a 1-layer SWCNT thin 

film with =1 and =3.2 respectively. Besides, when compared with the thin films with densely 

packed SWCNTs used in [53], the 1–layer SWCNT thin films also showed a similar performance 

e.g. fast response under cyclic loading and unloading with an excellent repeatability, stability, and 

linearity. 

The sensitivity of the strain sensor is termed as the gauge factor (GF) and is described by equation 

(4.1), 


RR

GF
/

                                                      Eq. (4.1) 

where R is the initial resistance of the film and R is the change in resistance when the applied 

strain is  . Given the linear dependence of the film resistance on the strain, a linear fitting was 

applied to the strain-resistance data for all of the SWCNT thin films to obtain the corresponding 

GFs. Figure 4.7c compares the GF results for the 1-layer, 3-layer, 10-layer, and 20-layer SWCNT 

thin films. For 1-layer SWCNT thin films, the GF of the highly stretched sensor (=3.2, GF = 

7.88±0.265) increases by ~8× as compared to that of the unstretched one (=1, GF = 1.0±0.285). 

Likewise for the 3-layer SWCNT thin films, the GF of the highly stretched sensors (=3.2, G.F = 

5.22±0.6) increases by ~3× as compared to that of the unstretched one (=1, GF = 1.96±0.25). 

Also for the 10-layer SWCNT thin films, the GF of the highly stretched sensor (=3.2, GF = 

4.22±0.38) increases by ~4× as compared to that of the unstretched one (=1, GF = 1.06±0.28). 

Finally, for the 20-layer SWCNT thin films, the GF of the highly stretched sensor (=3.2, GF = 

2.611±0.22) increases by ~1.5× as compared to that of the unstretched one (=1, GF = 1.96±0.25). 
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Figure 4.7: The variation of ΔR/R  (dashed line) and strain (solid line) with time during cyclic 

tensile loading for 1-layer SWCNT thin films  with (a)  = 1 and (b)  = 3.2. There is an excellent 
agreement between the SWCNT thin film strain sensor’s response and the loading profile.                
(c) relationship between gauge factor and the draw ratio for SWCNT thin films of different 
network densities.  
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We can clearly see from the Figure 4.7c that the GF increases with increasing draw ratio for all 

SWCNT thin films regardless of the network density. Most importantly, the 1-layer SWCNT thin 

films with =3.2 showed the most significant increment in the GF i.e. ~700% greater than the1-

layer SWCNT thin films with =1. Whereas, the 20-layer SWCNT thin films in comparison, 

showed an insignificant improvement in the GF e.g. ~33%. Furthermore, when the GF is compared 

at low draw ratios, i.e.  =1 and 1.5, no considerable variation is observed. However, for the 

SWCNT thin films with  >1.5, the network density seems to have a compounding effect on the 

GF e.g. higher GFs were associated with SWCNT network with low packing density which then 

eventually decreases as the network becomes densely packed. In general, we can then conclude 

that SWCNT alignment [53] with the nature of the network density has a significant effect on the 

strain sensitivity of SWCNT thin films. This is also in agreement with other findings where sparse 

network density with lower CNT loading has higher strain-induced change rates of junction 

numbers or percolation paths than denser network density with higher CNT loadings. An 

elucidation where network with lower CNT loading is more sensitive to applied strain. To further 

understand the mechanism involved in this type of piezoresistivity, the influence of SWCNT 

orientation and network density on the inter-tube distance is examined in the subsequent sections.   

The mechanism behind the GF dependent on network density of mechanically drawn SWCNT thin 

films as shown in Figure 4.7c is noted as follows. First, the general working mechanism in a 

piezoresistive CNT-based strain sensors is essentially credited to (1) intrisic piezoresistivity of 

individual CNTs due to mechanical deformation, (2) change in distance between neighbouring 

CNTs, promoting tunneling or hopping effect, and (3) significant variation of conductive CNT 

network due strain e.g. loss of contact among CNTs. Given the similarity of the network structures 

formed by CNTs in CNT/polymer nanocomposites and those in SWCNT thin films, one expects 
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these previously identified mechanism(s) could also be applicable to SWCNT thin film 

piezoresistive sensors. Nevertheless, considering the lack of load-transfer medium, i.e., polymer 

matrix, in SWCNT thin films, we believe the contribution of factor (1) to the piezoresistivity of 

SWCNT thin film is negligible, since the externally applied mechanical strain/stress cannot be 

efficiently transferred to the individual tubes to induce their deformation. Instead, it mainly causes 

the variation of the conductive paths/network formed by SWCNTs as well as the changes of inter-

tube (or inter-SWCNT bundle) distance. This leaves the working mechanisms (2) and (3) to be 

responsible for the piezoresistive response of SWCNT thin film sensors. The importance of 

mechanism (2) in the piezoresistive response of CNT/polymer composites relies on the tunneling 

effect induced exponential dependence of the tube-tube contact or tunneling resistance (Rc) on 

their distance separation (d): Rc   d  exp (d/dc) [36, 42, 89], where d is the inter-tube distance 

and dc is a length parameter that depends on the height of the energy barrier that the charge carriers 

need to overcome for the tunneling to occur. As a result of this exponenetial relationship, it may 

be estimated  that when d is large for larger deformation, the tunneling effect  among SWCNTs 

increases non-linearly, which results in a non-linear sensor piezoresistivity. On the other hand, 

when d is small for smaller deformation, the dependence of the tunneling effect on d is 

approximately linear. The mechanism (3) - loss contact of CNTs has been considered as a separate 

mechanism to explain the piezoresistivity of some CNT/polymer piezoresistive sensors [11, 31, 

88]. Geometrically, the loss of contact defines the change of tube-tube distance d from zero to a 

finite value. However, when considering the tunneling nature of the charge transport in CNT 

networks and the non-zero equilibrium tube-tube distance [92], such a definition may not be 

appropriate. A practical approach, as implemented in [33, 91], is instead to define the loss of tube-

tube contact when d > dc. With this criterion, one may infer that the mechanism (3) could become 
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important to contribute to the piezoresistive response of CNT/polymer composite for large 

deformation. According to our most recent study [53], the alignment of SWCNTs by mechanical 

drawing of a SWCNT thin film caused an increase d and therefore a rise in Rc and GF. Two main 

working mechanisms were ascribed to the  piezoresistive response of these strain sensors e.g. the 

tunneling effect and the CNT network disruption/damage [53]. At relatively small draw ratio (< 

2.0), the mechanical drawing mainly induces the directional alignment of SWCNTs which results 

to an increase in d. The piezoresistive response of SWCNT thin films in this regime was said to be 

approximately linear and predominantly initiated by the tunneling effect. With   >2.0, the 

mechanical stretching resulted into severe CNT network disruption/damage to intensify the non-

linear piezoresistive response of the sheet resistance of SWCNT thin films and therefore lead to 

higher strain sensitivity. The severe CNT network disruption which lead to the development of 

micro-cracks in the microstructures of stretched thin films can be attributed to the high packing 

density of SWCNTs in the network [53]. However, with the use sparsely connected SWCNT 

network, creations of micro-cracks are not only eliminated but higher degree of alignments are 

relatively achieved as shown in Figures 4.2 and 4.3. Sparse  network density with low CNT loading 

can be defined as one having a single layer to very few layers of SWCNTs (e.g. 3 layers) deposited 

on PET substrates. Therefore, a very few numbers of nanotubes are connected to each other 

resulting in a network with fewer junction of SWCNTs or  less conductive paths. On the other 

hand, the dense network density with high CNT loading contain more additional numbers of layers 

of SWCNT networks (e.g. 10 to 20 layers) deposited on the PET substrates. This produces more 

junctions between the tubes, leading to more conductive paths in the percolating networks.  For 

the unstretched SWCNT thin films, the average value of d increases with the sparsity of the 

network and decreases as the network becomes  more densely packed. Besides, since tunneling 
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occurs only between nearest neighboring SWCNTs, the minimum distance between any arbitrary 

pair of tubes determines the tunneling probability [32]. As Rc depends on average value of d , the 

SWCNT thin films with sparse network density will have higher values of the  Rc  because of 

greater average values of d. As the network of the SWCNT thin films become more densely packed 

due to the additional layers of SWCNT network, the inter-tube tunneling effect disappears 

gradually and the average value of d  decreases. According to figure 4.7c, for all unstretched 

SWCNT thin films with  = 1, the network density do not appear to have any significant influence 

on the GF. This observation is also in agreement with the work of Luo et al. [45] where the GF of 

the sensors for a small tensile deformation (< 2%) was found to be close to unity and showed 

negligible dependence on the film thickness. The reason for this behavior is that a variation in Rc 

due to a small change in d for small deformation induced a linear piezoresistivity regardless of the 

film network densities. However, unlike the randomly oriented sparse SWCNT network with 

lower nanotube loading, the piezoresistivity behaviour of most randomly oriented CNT/polymer 

composite systems shows GF dependent on network density. Higher strain sensitivity can be 

obtained with lower nanotube loading used for the SWCNT thin film due to the tunneling effect 

induced non-linear piezoresistivity for small deformation e.g. ɛ ~1%. One of several reasons that 

could be attributed to this phenonmenon is that the energy barrier for charge transport in a 

CNT/polymer composite, either through tunneling or hopping, is larger than that of a SWCNT thin 

film since there is an insulating polymer matrix in such as system. As a result, the value of dc in a 

CNT/polymer composite is much smaller than in SWCNT thin film. The presence of an insulating 

polymer in CNT/polymer composites may also result to an increase in average d. Therefore, the 

average value of 
cd

d for CNT/polymer composites is much higher than that of the SWCNT thin 

films and consequently, Rc and GF. It therefore leads the randomly oriented network of 
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CNT/polymer composite with a non-linear depedence and that of  SWCNT thin film with a linear 

dependence of Rc on d for small deformation. However, at higher CNT loading and for small 

deformation, the piezoresistive behavior of a CNT/polymer composite is moderately linear with 

low GF due to decrease in 
cd

d . However, with further stretching of the SWCNT thin films to 

higher draw ratios e.g.  = 1.5, 2, 2.5, 2.85, and 3.2, the GFs showed a considerable dependency 

on the draw ratio and network density (see figure 4.7c). The SWCNT thin films of sparse network 

densities showed better GF than that of the dense network densities. When the thin films are 

stretched, there is a directional alignment of the nanotubes along the stretching direction which 

further result to increase in the average value of d  and consequently Rc [53]. In addition, Figure 

4.4 shows that the orientation of SWCNTs with draw ratio is dependent on the network density. 

Higher values of S are associated with the sparse network density and increases as the draw ratio 

increases. The less entangled SWCNT bundles encountered in this type of network density are 

prone to form well aligned SWCNTs due to increase in mobility of the nanotubes with stretching. 

These thin films will definitely exhibit greater values of 
cd

d and Rc. On the other hand, the 

densely packed SWCNT networks consist of agglomeration of highly entangled SWCNT bundles 

which result in a decreased nanotube mobility and hence difficult SWCNT alignment.  

Figure 4.8a shows the areal density of all SWCNT thin films with varying network densities 

stretched at different draw ratios. The areal density m – mass of SWCNTs per unit area was 

determined by the optical absorbance measurements. By using the optical absorbance at 785 nm, 

the areal density m for the SWCNT thin films of different draw ratios  was calculated according to 

Lambert-Beer’s law -    mCtAbs   , where  Abs  is the optical absorbance of a stretched 

SWCNT thin film with draw ratio  ,    is the optical absorption cross section of SWCNTs  and 
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takes a value of 1.03 ± 0.15  10-18 cm2/C-atom at 785 nm  [68], C is the concentration of 

SWCNTs and t is the film thickness. The areal density increases with increasing SWCNT loading 

and film thickness due to more layers of SWCNT network deposited on the PET substrates. The 

thin films of sparse morphology showed little or no change in areal density, while as expected, 

thin films of dense morphology decreases with increasing draw ratio. E.g., the optical method for 

the 1-layer SWCNT thin film resulted in a minor increase in absorbance when stretched to higher 

draw ratios, whereas the 3-layer SWCNT thin films did not show any significant change. The 

reason being that the unstretched 1-layer SWCNT thin films showed lower absorbance because of 

the sparsely deposited randomly oriented SWCNTs. The stretched thin films with well aligned 

SWCNTs showed higher absorbance. On the other hand, a decline in the areal density with 

increasing draw ratio of the 10-layer and 20-layer thin films were also observed. This is most likely 

due to the reduction in optical absorbance as a result of micro-cracks in the network.    

Figure 4.8b shows the sheet resistance of 1-layer, 3-layer, 10-layer, and 20-layer SWCNT thin 

films at different draw ratios to reveal the effect of mechanical drawing. The sheet resistance 

increases with just how sparse the deposited network is and a further increment with alignment of 

SWCNTs in the network. This is an indication that the electronic conductive path decreases as the 

network density decreases, resulting in an increase in the sheet resistance. The alignment of the 

SWCNTs will further limit the conductive options by further increasing the inter-tube distance  

which consequently increases Rc and therfore the sheet resistance. A strong non-linear relationship 

between the sheet resistance and draw ratio can be clearly identified for the 1-layer and 3-layer 

thin films. 
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Figure 4.8: The effect of mechanical drawing on the (a) area density, and (b) sheet resistance  

 

From the above discussion, it is clear that the tunneling effect  solely dominates the piezoresistivity 

of the network density with sparse morphology, particularly for the 1-layer and the 3-layer 

SWCNT thin films. Whereas, for the 10-layer and the 20-layer SWCNT thin films, both the 

tunneling effect and the CNT network disruption/damage contribute to the piezoresistivity of the 

mechanically drawn SWCNT thin films [53]. The mechanical drawing of these films resulted in 

the  directional alignment of the SWCNTs which resulted in further increase of the inter-tube 

distance with little or no effect on the areal density. The higher degree of alignment achieved from 

the 1-layer and 3-layer SWCNT thin films is because of the networks consist of less entangled 

SWCNT bundles which readily aligned themselves along the stretching direction. This further 

increment in the inter-tube distance resulted to a non-linear response of the tunneling resistance 

and hence higher gauge factors were achieved. However, for the 10-layer and the 20-layer SWCNT 
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disruption/damage to intensify the non-linear piezoresistive response of the sheet resistance of 

SWCNT thin films and therefore increase in the gauge factors.  

4.4  Conclusion 

An experimental study was conducted to evaluate the impact of network density on the 

piezoresistivity of mechanically drawn SWCNT thin films. By varying the duration of spray 

coating time, nanotube thin films of varying network densities were deposited on PET substrates 

e.g. 1-layer, 3-layer, 10-layer and 20-layer SWCNT thin films. High gauge factors with well- 

aligned SWCNT bundles were displayed by the 1-layer and 3-layer SWCNT thin films. The 1-

layer SWCNT thin film with  = 1 increased ~8× in  the gauge factor when stretched to a  = 3.2. 

On the other hand, the 20-layer SWCNT thin film increased ~1.5× in the gauge factor when 

stretched from  = 1 to  = 3.2. The morphologies of 1-layer and 3-layer SWCNT thin films 

however revealed a sparse conductive network with low SWCNT loading while that of 10-layer 

and 20-layer SWCNT thin films revealed a dense conductive network with a high SWCNT 

loading. We established that the less entangled SWCNT bundles within the sparse  network are 

more prone to form well aligned SWCNTs due to increase in  the mobility of SWCNT bundles 

when stretched. This caused a further variation in the inter-tube distance which eventually initiated 

a non-linear rise in the tunneling resistance. Unlike the SWCNT network density with sparse 

morphology, which has tunneling resistance as the sole mechanism for the piezoresistivity 

behavior, SWCNT network density with the dense morphology has both the tunneling resistance 

and network disruption as the main mechanisms for the piezoresistivity  of the SWCNT thin films.      
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CHAPTER FIVE 

INFLUENCE OF THE DIAMETER OF SWCNT BUNDLES ON THE 

PIEZORESISTIVITY OF MECHANICALLY DRAWN SWCNT THIN 

FILMS 

5.1 Introduction 

 

Our recent studies on the piezoresistivity of  mechanically drawn SWCNT thin film show 

that it can be influenced not only by the orientation of SWCNTs [53] but also by the nature of its 

network density [104]. In brief, a thin film with highly aligned SWCNTs with draw ratio () of 

3.2 and a sparse network density, i.e.1 layer, was shown to exhibit very high gauge factor (GF) 

e.g. ~ 8. This value is ~700% greater than the randomly oriented SWCNT thin film with the same 

network density and ~200% greater than the stretched thin film having the same draw ratio but 

20× thicker [104]. Alignment of SWCNTs in these thin films further limit the conductive path of 

the network, which by this means, intensifies the tunneling effect and then increasing the GF. 

Moreover, in this form of piezoresistivity, which is a non-linear type is usually more pronounced 

when the CNT loading is close to the percolation threshold [7, 11, 13, 26, 31, 42, 47-49].  

In general, it is known that the percolation threshold depends on parameters like  

alignment/orientation [46], concentration [7, 11, 13, 26, 31, 42, 47-49], CNT length/bundle 

diameter [46, 50, 51], types and functionalization of the CNTs [52]. These parameters have also 

been proven to have significant effects on the piezoresistivity of a CNT based strain sensor [27, 

32, 44, 52-54]. Most importantly is the aspect ratio (length-to-diameter ratio) of CNTs, which 

when high, results in lower percolation threshold and low piezoresistivity [26]. Hu et al. suggested 

that the happening of tunneling effect for CNTs of low aspect ratio should be higher than that of 
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CNTs of higher aspect ratio [26]. For that reason, the strain sensors made from CNTs of low aspect 

ratio can possess a higher sensor sensitivity compared with those made from CNTs of higher aspect 

ratio. On the other hand, Wang et al. claimed through simulations that the aspect ratio of CNTs 

does not have a significant effect on the average junction gap variation (AJGV) of CNT network 

and on the piezoresistivity [43]. They further showed that an increase in the diameter of CNTs will 

increase the AJGV and hence the strain sensitivity of the CNT/polymer composite strain sensor 

[43]. Gong et al. studied through simulation the effect of diameter and length of CNTs on the strain 

sensitivity of CNT/polymer composites. Their results also showed an increase in strain sensitivity 

with decreasing CNT length and increasing CNT diameter. They suggested that an essential 

parameter such as high aspect ratio of CNTs will result in more junction numbers within the 

composite and eventually result to low strain sensitivity [27]. In another work of Gong et al., their 

simulation results showed that high aspect ratio of CNTs resulted in an increase in strain sensitivity 

when CNT agglomeration is taken into consideration [54]. Contrary to Wang et al. [43] and Gong 

et al. [27], Hu et al. and Rahman et al. showed from simulation results  that the smaller the cross-

sectional area of the junction (diameter of CNT), the higher the tunneling  resistance and hence 

the strain sensitivity [26, 32]. The outcomes of their investigations also showed that higher 

sensitivity can be achieved for CNTs with low aspect ratio [26, 32]. In the experimental work 

performed by Luo et al., the piezoresistivity of the SWCNT thin films at small tensile deformation 

(less than 2% strain) did not show any dependence on the SWCNT dimension. On the other hand, 

for larger deformation (20%-30%), the strain sensitivity increases when SWCNT bundles of short 

length and thin diameter were used [45].  

In this study, four different types of SWCNT dispersions of different bundle sizes were 

prepared by varying the sonication duration. The exfoliation states of the SWCNT bundles were 
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examined by ultraviolet-visible-near infrared (UV-Vis-NIR) absorption and simultaneous Raman 

and photoluminescence (SRSPL) spectroscopies. Transmission electron microscopy (TEM) was 

used to characterize the morphology of SWCNT bundles in dispersions. These dispersions were 

later made into SWCNT thin films using the spray coating technique on polyethylene terephthalate 

(PET) substrates. Subsequent mechanical stretching of the PET substrate to different draw ratios 

at an elevated temperature allowed for the fabrication of oriented SWCNT thin films with different 

diameter of SWCNT bundles of which the corresponding piezoresistivity was then evaluated by 

the coupled electrical-mechanical tests. With assistance of polarized Raman spectroscopy and 

scanning electron microscopy (SEM), the orientation order and morphologies of the stretched 

SWCNT thin films were quantitatively and qualitatively evaluated. The outcome of this study can 

be used to explain the effect of bundle diameter of SWCNTs on the piezoresistive gauge factor of 

SWCNT thin film strain sensors.                

5.2 Experimental section 

5.2.1 Preparation and characterization of SWCNT dispersions  

SWCNT dispersions were prepared by sonicating 16 mg of purified SWCNT powders 

(HiPco SWCNTs, batch #115 supplied by Unidym Inc.) in 100 ml of 0.7 wt.% sodium 

dodecylbenzenesulfonate (SDBS, 99% Sigma-Aldrich, CAS 3-25155-30-10) deionized water 

solution using horn sonicator (Misonix sonicator 3000, Frequency 20 kHz) in an ice bath. The 

sonicator was operated in pulse mode (on 10s, off 30s) with the power level set at 45W for 

specified sonication duration. While maintaining a fixed SWCNT dispersion composition, we 

varied the effective sonication time (0.5hr, 4hr, 10hr, and 20hr) to tailor the SWCNT bundle 

diameter in dispersions. The SWCNT dispersions were denoted by S0.5hr, S4hr, S10hr and S20hr 

for later use in preparing the SWCNT thin films. To examine the exfoliation states of the as-
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sonicated dispersions, a Varian Cary 5000 UV-Vis-NIR spectrometer was used to record the 

absorption spectra of the as-sonicated SWCNT dispersion in the range of 400-1200 nm by using 

0.7 wt. % SDBS/water solution as a reference. The Raman scattering and photoluminescence (PL) 

spectra of the SWCNT dispersions were collected by a Renishaw inVia Raman microscope in 

backscattering geometry. A 785 nm laser was used as the excitation light source.  The spectra were 

acquired with a 5× objective. High-resolution transmission electron microscopy (HR-TEM, JEM-

ARM200cF, JEOL Ltd.) was applied for qualitative examination of the morphologies of SWCNTs. 

The TEM sample was prepared by drop casting and drying SWCNT dispersions on a Lacey grid 

(300 mesh Cu: Ted Pella).  

5.2.2 Fabrication, characterization, and piezoresistivity evaluation of mechanically drawn 

SWCNT thin films   

According to the procedure disclosed in [24, 61], the undrawn SWCNT thin films were 

prepared by spraying coating 1ml of the dispersion obtained previously (S0.5hr, S4hr, S10hr and 

S20hr) using an Iwata Eclipse HP-BS airbrush operated at 200 kPa on a thin biaxially oriented 

polyethylene terephthalate (PET) film (Goodfellow Corp., 90 m in thickness). The PET substrate 

was heated by a hot plate (1000-1 Precision Hot Plate, Electronic Micro System Ltd.) set at 90oC 

to accelerate water evaporation and facilitate the formation of SWCNT thin film. In the spray 

process, the airbrush was manually controlled to confine the deposition of SWCNT dispersion in 

a 2 cm × 2 cm square area to result in a thin film of same size. The sprayed SWCNT thin films 

were then submerged in deionized water overnight to remove the residual SDBS molecules. The 

immersion treated films were then dried at room temperature to give the undrawn S0.5hr, S4hr, 

S10hr and S20hr SWCNT thin films. The immersion/drying process is a critical step in preparing 

high-quality SWCNT thin films [53]. 
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To prepare the mechanically drawn SWCNT thin films, the undrawn film ( = 1.0) cut into a strip 

of width W0 ~ 0.3 cm was stretched by a Q800 dynamic mechanical analyzer (DMA, TA 

instruments) with the gauge length set at L0 ~ 0.8 cm. The strip to be stretched was first equilibrated 

at 220 oC for 10 mins and then isothermally drawn to the specified final length L at a strain rate of 

1%/min. While the stretched strip was maintained at the final length, the furnace was cooled down 

to room temperature to finally give the mechanically drawn SWCNT thin film with the desired 

draw ratio ( = L/L0).  With this procedure, a series of SWCNT thin films (including the undrawn 

film of  = 1)   with draw ratio of  = 1.5, 2, 2.5, 2.85 and 3.2 were prepared for each of the S0.5hr, 

S4hr, S10hr, and S20hr thin film samples. To examine the sample preparation induced 

experimental errors on the gauge factor and orientation order parameter of the SWCNT thin films, 

one additional series of undrawn and drawn films at each above mentioned draw ratio were also 

prepared.   

The morphologies of SWCNT thin films of different draw ratios were imaged by using a scanning 

electron microscope (SEM, JEOL 7400) with an acceleration voltage of 1kV.  Before imaging, the 

sample was sputter-coated with gold at 10 mA for 60 seconds and mounted on a metal stub by 

using double-sided electrically-conductive adhesive carbon tape.   

Polarized Raman spectroscopy was applied to quantitatively determine the degree of orientation 

of the mechanically drawn SWCNT thin films.  In brief, the polarized Raman spectra of the 

stretched SWCNT thin films were collected at room temperature by a Renishaw inVia Raman 

microscope in a backscattering configuration using a 785 nm excitation laser with the nominal 

power set to 30 mW.  A 5× objective was used to focus the laser beam to result in a beam size of 

approximately 100 µm × 150 µm.  A computer-controlled rotational stage was used to rotate the 

film sample around the laser beam to vary the angle , which was formed between the polarization 
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direction of the incident laser beam and the drawing direction of the SWCNT thin film, from 0o to 

180o at an interval of 15o. At each ,   both VV and VH Raman spectra were acquired in the range 

of 100 cm-1 to 3200 cm-1. In VV configuration, the polarization of the incident laser beam is 

parallel to that of the scattered beam; and in VH configuration, the polarization of the incident 

laser beam is perpendicular to that of the scattered beam. According to the procedures given in 

[71], one can then extract the orientation order parameter of SWCNTs by using the Raman 

intensity variations for both VV and VH spectra with respect to the azimuthal angle .     

Coupled electrical–mechanical testing was applied to evaluate the piezoresistivity of the 

unstretched and stretched SWCNT thin films [53]. All specimens were subjected to cyclic tensile 

deformation applied by Q800 dynamic mechanical analyzer (DMA, TA instruments) at room 

temperature. The typical settings in the tensile test were 0.4 mm gauge length and with the strain 

ramped at 4%/min under a sinusoidal cyclic loading from 0% to 0.6%.  The protocol for electrode 

preparation in the two-probe resistance measurement included: 1) silver paste was first applied to 

the two end-sides of the rectangular SWCNT thin film, 2) subsequent to the drying of silver paste, 

the strip sample to be tested was fixed and tightened to the DMA clamps, on which the copper 

wire was attached and secured by adhesive conductive copper for connection with the Keithley 

Source Meter [53].  

5.3 Results and discussions 

5.3.1 Characterization of SWCNT dispersions and SWCNT thin films    

The absorption spectroscopy can serve as a significant tool to providing quantitative 

information on exfoliated SWCNT concentration in suspensions. The sonication induced 

cavitation leads to progressive exfoliation of larger SWCNT bundles into smaller bundles and 

individual tubes. When the SWCNT bundles are exfoliated, the dispersion efficiency increases and 
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can be determined by relating the intensity of absorption at specific wavelength to concentration 

of SWCNTs suspended in solution through Beer-Lambert law. In Figure 5.1a, stronger absorption 

spectra were observed for dispersions having longer sonication durations due to efficient 

exfoliation. In addition to dispersion efficiency, the absorption spectroscopy also provides 

information about the quality of the dispersion based on the pattern of the spectrum. For the smaller 

SWCNT bundles and isolated tubes, sharp and well-defined peaks are observed in the optical 

absorption spectrum. These peaks arise from allowed SWCNT optical transitions iiE  between the 

Van Hove singularity pairs of the SWCNT density of states. In contrast, these peaks exhibit 

broadening due to presence of larger SWCNT bundles or aggregates [73]. Figure 5.1c shows the 

absorption spectra of the various as-sonicated SWCNT dispersions normalized to a local minimum 

i.e. 420 nm. Our previous research [67, 68, 70, 74] has focused on developing repeatable, 

reproducible, and ease-to-use methods for in-situ characterization of the structures of SWCNTs in 

the dispersion and establishing the related processing-structure-property relationship. These past 

works have qualitatively and quantitatively established the effects of sonication on the structural 

changes of SWCNT bundles. Namely, the sonication simultaneously introduces both cutting and 

exfoliation effects to SWCNTs. The cutting results in shortening of the SWCNT bundle length; 

and the exfoliation facilitates the bundle diameter reduction. According to one of such previous 

works [70], the average bundle diameter and length of SWCNTs sonicated for 0.5hr (S0.5hr), 4hr 

(S4hr), 10hr (S10hr), and 20hr (S20hr) were respectively 12.0 and 3330.3 nm, 3.6 and 1074.1 nm, 

3.7 and 557 nm and  3.05 and 502 nm [70].   
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Figure 5.1: (a) UV-Vis-NIR spectra of the various SWCNT dispersions sonicated at different 
durations e.g. S0.5hr, S4hr, S10hr, and S20hr. (b) same spectra as (a), but normalized at 420nm.  
  

The Raman spectroscopy with photoluminescence (PL) analysis can  also be used to examine the 

extent of bundling or debundling  in a SWCNT dispersion [68]. First, at the excitation wavelength 

of 785 nm, it is well-known that the intensity of a Raman peak at 267cm-1 is quantitatively 

proportional to the degree of bundling [105, 106]. The underlying physics is ascribed to the 

environmental sensitivity of the Raman scattering of the (10,2) nanotube. It stays off resonance 

when individually dispersed, but can be brought into resonance when existing in a SWCNT bundle 

[68]. Furthermore, interaction between nanotubes in bundle states may quench or increase PL 

intensity [107]. If a metallic SWCNT is next to a semiconducting SWCNT, it will simply short-

circuit the excitation gap in the semiconducting SWCNT and quench the PL intensity. But with 

smaller semiconducting SWCNT bundles or individual semiconducting SWCNT, the PL intensity 

tends to increase. Figures 5.2a and 5.2b show a peak fitted RBM Raman spectra in the range of 

150cm-1 to 300cm-1 for S0.5hr. and S20hr. SWCNT dispersions respectively. Peak fitting was also 

done for the PL spectra in range 1000cm-1 to 3200cm-1 for both S0.5hr. and S20hr. (not shown) 

SWCNT dispersions. Figure 5.2c shows the effect of sonication on the RBM Raman scattering 

with a noticeable decrease of the G-band normalized 267cm-1 RBM band with increasing 
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sonication duration. Figure 5.2d shows a prominent increase in the G-band normalized PL (sum) 

intensities with increasing sonication duration.  

       

               

Figure 5.2: Peak fitted radial breathing mode (RBM) spectrum of (a) S0.5hr SWCNT dispersion 
(b) S20hr. SWCNT dispersion. Effect of sonication duration on (c) G-band normalized 
RBM@267cm-1 intensity and (d) G-band normalized photoluminescence (sum) intensities of (6,4), 
(9,1), (8,3),(6,5) and (7,5)  semiconducting nanotubes.  

 

The TEM images in Figures 5.3 a-d show the degree of sonication for the various as-sonicated 

SWCNT dispersions. E.g. a, b, c and d represent the S0.5hr, S4hr, S10hr and S20hr SWCNT 

dispersions respectively. The S0.5hr. SWCNT dispersion shows larger bundle sizes or aggregates 

due to shorter sonication time and lesser exfoliation. As the sonication time increases, the 

exfoliation of SWCNT bundles becomes more intense and accordingly, the bundle sizes are further 

reduced. Figure 5.3b shows presence of smaller bundle sizes of the S4hr. SWCNT dispersion in 
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comparison with the S0.5hr SWCNT dispersion. Likewise, the bundle sizes are further reduced in 

the S10hr. and S20hr. SWCNT dispersions as a result of prolong exfoliation.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 5.3:   TEM micrographs of the as-sonicated SWCNT dispersions (a) S0.5hr (b) S4hr (c) 
S10hr and (d) S20hr  

 

The SEM images in figures 5.4a-f show the unstretched SWCNT thin films with  = 1 and 

stretched SWCNT thin films with  = 2.0 and  = 3.2 for the S0.5hr and S20hr SWCNT thin films. 

A major difference is seen in the morphological structures of the randomly oriented S0.5hr (figure 

5.4a) and S20hr (figure 5.4d) SWCNT thin films in terms of bundle sizes and concentration of 

exfoliated SWCNTs. The S0.5hr SWCNT thin film network showed longer and larger bundle sizes 

of SWCNTs in lower concentration while the S20hr SWCNT thin film network showed shorter 
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and smaller bundle sizes of SWCNTs in higher concentration. These images validate the sonication 

induced exfoliation and cutting of SWCNT bundles in the dispersions. For SWCNT thin films with 

 = 2.0 and  = 3.2 in figures 5.4b, 5.4c, 5.4e and 5.4f, the images show alignment of SWCNTs in 

the stretched direction. By increasing draw ratios from 2.0 to 3.2, the SWCNT bundle diameter 

and entanglement is further reduced as shown in the SEM images in figures 5.4c and 5.4f and by 

these means, improving the degree of alignment, inter-tube distance, tunneling effect, and strain 

sensitivity.     

 

 

 

 

 

  

 

 

 

Figure 5.4: SEM images of the mechanically drawn SWCNT thin films to show the stretching 
induced morphological changes of SWCNT networks. (a) unstretched S0.5hr SWCNT thin films 
with  = 1 (b) stretched S0.5hr SWCNT thin films with  = 2.0 (c) stretched S0.5hr SWCNT thin 
films with  = 3.2 (d) unstretched S20hr SWCNT thin films with  = 1 (e) stretched S20hr SWCNT 
thin films with  = 2.0.  (f) stretched S20hr SWCNT thin films with  = 3.2. The arrows indicate 
the stretching direction. 
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5.3.2 Quantitative characterization of SWCNT orientation in the mechanically drawn 

SWCNT thin films 

The degree of SWCNT alignment in the mechanically drawn SWCNT thin films was further 

investigated by polarized Raman spectroscopy [71, 80, 81]. This is mainly centered on the 

orientation – dependent Raman band intensity of nanotubes (the so-called antenna effect) [81, 

108]. The Raman modes especially the RBM (150cm-1-250cm-1) and G-band (1594 cm-1) show 

maximum intensity when the SWCNT axis is parallel to the polarization of incident radiation (i.e.

o0 ) and is minimal when the SWCNT axis is perpendicular to the polarization of incident 

radiation (i.e. o90 ) [102]. This orientation–dependence of the Raman scattering is attributed 

to the polarization behavior of SWCNTs. The absorption of the light polarized parallel to the 

nanotube axis is up to ~20× stronger than for perpendicularly–polarized light, which in turn 

influences the resonance enhancement for the Raman spectra of nanotubes [103]. Characterization 

of SWCNT alignment is usually obtained in two directions i.e. with the VV configuration where 

both the incident and scattered light are polarized parallel to each other and the VH configuration, 

where the polarization for the incident and scattered light are perpendicular. 

Figures 5.5 a-c show the polarized Raman spectra for the stretched S0.5hr SWCNT thin 

films at different draw ratios i.e. =1.5, =2.0 and =3.2 in the VV configuration. The Raman 

spectra were obtained in two directions, parallel (= 0o) and perpendicular direction (= 90o) 

with respect to the incident polarization. It is clearly seen in the figures that the intensities of 

Raman G-band active mode diminishes with increase of the polarization angles from   = 0o to 

90o. This phenomenon is due to the loss of resonance Raman scattering for the perpendicular 

polarization settings [103]. 
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Figure 5.5  Polarized Raman spectra of S0.5hr SWCNT thin films. (a) =1.5 (b) =2.0 (c) =3.2, 
in the VV configuration and changing the incident polarization from the azimuthal angle   = 0o 
(along alignment direction) to = 90o (perpendicular to alignment direction) (d) polarized Raman 
spectra of S0.5hr SWCNT thin film with =3.2 at varied azimuthal angle  in VV configuration 
(e) the experimental determined and theoretically fitted azimuthal angle dependent integrated 
area intensity for S0.5hr SWCNT thin film with =3.2.    

 

For the S0.5hr. SWCNT thin film with =1.5 in Figure 5.5a, smaller orientation dependence in the 

Raman bands was observed with only a small decrease in the intensity of the G-band when = 

90o. In contrast, the Raman spectra for S0.5hr SWCNT thin films with =2.0 and =3.2 in Figures 

5.5b and 5.5c respectively show much stronger orientation effect. Figure 5.4c show the most 
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intense and apparent reduction in  o

VVI 90  due to presence of well-aligned SWCNTs in the 

network. Figure 5.5d show the tangential mode Raman spectra of the S0.5hr SWCNT thin film 

with =3.2 with the SWCNT axis at different azimuthal angles with respect to the excitation 

polarization direction. In accordance with the prediction by Eqn. (3.2) in [53] , the G-mode peak 

intensity monotonically decreases with increasing angle between the SWCNT axis and the 

polarization direction of the polarizer. This point is more clearly shown in Figure 5.5e, where 

integrated area of the intensity of the G-mode is plotted against . Shown in the same figure also 

includes the theoretically fitted VV polarized Raman intensity according to Eqn. (3.2) in [53]. 

With fitting, the orientation order parameter S = 0.78 can be extracted. As also shown in our 

previous studies [53], when the aligned SWCNT network was studied with polarized VH 

configuration, the intensity variation of the G-mode with change in   showed a different trend 

from the VV configuration. The intensity increase with increasing  and goes through a maximum 

at = 45o and decrease as was increased to 90o. Using the same procedure in [53], the values 

of S was determined for  all SWCNT thin films  at two different draw ratios i.e.  = 2.0 and  = 

3.2. Figure 5.6 shows the relationship between orientation order parameter and sonication duration 

for different as-sonicated SWCNT dispersions. The use of tip sonication to disperse nanotubes can 

result to a simultaneous shortening/cutting (length reduction) and progressive exfoliation 

(diameter reduction) of SWCNT bundles. A monotonic decrease in the values of S for SWCNT 

thin films with  = 3.2 is seen as the bundle diameter becomes smaller with increasing sonication 

time. This could be as a result of the sonication–induced length shortening of SWCNT bundles. 

The longer bundles are prone to have better alignment in the direction of stretching than the shorter 

bundles. This high degree of alignment associated with the SWCNT network of larger bundle 
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diameters indicate greater inter-tube distance between corresponding nanotubes and tunneling 

effect.  

     

Figure 5.6:  The orientation order parameter S for all SWCNT thin films at draw ratio  = 3.2 as a 
function of the sonication duration.  

 

5.3.3. Piezoresistivity evaluation of SWCNT thin films   

The piezoresistive behavior of  the stretched and unstretched SWCNT thin films made from 

the various as-sonicated dispersions were evaluated by measuring the change in electrical 

resistance upon the application of  cyclic tensile strain. Figures 5.7a and 5.7b show the strain and 

fractional resistance change ( RR / ) obtained simultaneously during cyclic tension for S0.5hr 

SWCNT thin films with  = 2.0 and = 3.2 respectively. Clearly, the piezoresistivity or resistance-

strain behavior for the stretched SWCNT thin films show excellent repeatability, stability and 

linearity [53, 104]. The sensitivity of the strain sensor is termed as the gauge factor (GF) and is 

described by equation (5.1), 
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where R is the initial resistance of the film and R is the change in resistance when the applied 

strain is  . Given the linear dependence of the film resistance on the strain, a linear fitting was 

applied to the strain-resistance data for all of the SWCNT thin films to obtain the corresponding 

GFs. Figure 5.7c compares the GF results for S0.5hr, S4hr, S10hr, and S20hr SWCNT thin films. 

Within the experimental errors, there is a clear positive correlation between the draw ratio and GF 

for all thin films. For the S0.5hr SWCNT thin films, the GF of the highly stretched sensor (=3.2, 

G.F = 9.59±0.69) increases by ~9.6× as compared to that of the unstretched one (=1, G.F = 

1.00±0.25). For the S4hr SWCNT thin films, the GF of the highly stretched sensor (=3.2, G.F = 

7.13±0.91) increases by ~6× as compared to that of the unstretched one (=1, G.F = 1.23±0.02). 

While for the S10hr SWCNT thin films, the GF of the highly stretched sensor (=3.2, G.F = 

6.28±0.54) increases by ~4× as compared to that of the unstretched one (=1, G.F = 1.49±0.04). 

And finally for the S20hr SWCNT thin films, the GF of the highly stretched sensor (=3.2, G.F = 

4.16±0.11) increases by ~2× as compared to that of the unstretched one (=1, G.F = 1.899±0.05). 

For the randomly oriented SWCNT thin films with =1, SWCNT bundles with smaller diameters 

displayed better strain sensitivity.  However, with increasing draw ratio i.e. >1, aligned SWCNT 

thin films comprising of larger bundle diameters showed better strain sensitivity. This result is in 

accordance with the findings of [27, 43, 97] where larger diameter of CNTs increases the AJGV 

and shorter sonication duration can lead to a higher tunneling resistance change and therefore 

higher GFs.     
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Figure 5.7: The variation of ΔR/R  (dashed line) and strain (solid line) with time during cyclic 
tensile loading for  the S0.5hr SWCNT thin films. (a)  = 2.0 and (b)  = 3.2 (c) relationship 
between gauge factor and draw ratio for SWCNT thin films of various bundle sizes.   
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In the piezoresistivity of the unstretched and randomly oriented SWCNT thin films with  

= 1 in Figure 5.7c, the GF increase progressively as the bundle diameter reduces. According to 

Simmons equation [31], the inter-tube  tunneling resistance 
cR  between two neighboring CNTs  

depends on the overlapping area at the SWCNT-SWCNT junctions and can be approximated as 

A
Rc

1 . Where A is the effective area of conduction and for simplicity, the cross-sectional area of 

a CNT or CNT bundle is roughly used, that is A = D2 where D is the CNT diameter (individual 

tube) or diameter of SWCNT bundle. For this reason, the tunneling effect will increase effectively 

and subsequently the GF as the bundle diameter gets smaller. According to the optical absorption 

in Figure 5.1a, the concentration of the exfoliated nanotubes increases with sonication duration. 

This infers that SWCNT network with smaller bundle diameter will display more SWCNT-

SWCNT contacts, which increases the density of conductive paths. On the other hand, it is 

expected that the inter-tube distance d and tunneling resistance 
cR for SWCNT network with larger 

bundle diameter will be higher due to lower concentration of exfoliated SWCNT bundles and less 

SWCNT-SWCNT contacts. But according to our previous studies on randomly oriented SWCNT 

thin films with sparse network density, the influence of d on 
cR for smaller deformation exhibits a 

linear form of piezoresistivity. This effect has no significant improvement of the GF regardless of 

the network density or SWCNT loading [104]. This leaves A as the only reasonable parameter 

affecting 
cR  and the GF performance.                                                                

With further increment in the draw ratio, SWCNT network with larger bundle diameter showed 

better strain sensitivity than the smaller bundle diameter. The underlying physics is not yet clear 

but based on our fundamental understanding, we can attribute this behavior to one or a combination 

of these three possible mechanisms i.e. (i) influence of the concentration of exfoliated SWCNT 
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bundles, (ii) reduction in bundle diameter due to mechanical stretching, and (iii) influence of 

bundle length on alignment. SWCNT thin films made from dispersions that were sonicated for 

longer durations consist of higher concentration of exfoliated SWCNTs with smaller bundle sizes 

due to prolong exfoliation. On the other hand, thin film network with larger bundle diameter 

consist of lower concentration of the exfoliated SWCNTs compared to that of thin film network 

with smaller bundle diameter (see figure 5.4a and 5.4d). Therefore, more junctions and conductive 

paths are created with higher concentration of exfoliated SWCNTs. In contrast, the network with 

low concentration of exfoliated SWCNTs, there exist fewer junctions with greater values of d and 

Rc. At higher deformation i.e.  > 1.0, directional alignment of SWCNT bundles occurs and the 

number of SWCNT junctions is reduced as d and Rc is further increased. At this stage, Rc exhibits 

an exponential dependence on d giving rise to a non-linear piezoresistivity and higher GF. 

Furthermore, Rc is significant in the network morphology of SWCNT thin film showing higher 

degree of alignment with lower concentration of exfoliated SWCNTs and larger bundle diameter 

due to the initial greater value of d when   = 1.0. The values of d and Rc decreases gradually with 

increasing contents of nanotubes in the network. On the other hand, several studies on the 

piezoresistivity of CNT-based strain sensors have suggested that concentration is one of the major 

controlling factors. In particular, it was found that the strain sensitivity decreased with increasing 

CNT concentration [26, 27, 31-33, 42, 43, 48, 54, 62, 63]. Increase in tunneling effect and strain 

sensitivity is mostly associated with low CNT loading especially when close to the percolation 

threshold because of greater inter-tube distances between corresponding nanotubes. Another 

possible mechanism is the reduction of the diameter of SWCNT bundles as a result of mechanical 

drawing of the thin films.  As the draw ratio increases, the bundle diameter reduces with increase 

in the degree of alignment of SWCNTs and as they become less entangled. Network of smaller 
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bundle diameter will quickly reach a threshold when tunneling effect is cut-off than the larger 

bundle diameter.  Also, the variation of length of SWCNT bundles can be another contributing 

factor in the GF performance of SWCNT thin films. With the increase in the length of sonication 

time, the length of SWCNT bundles is progressively shortened. However, the effect of length on 

SWCNT alignment shows that longer bundles are prone to better alignment than the shorter 

SWCNTs bundles as seen in figure 5c. This behavior influences d and Rc and subsequently results 

to an increase in GF. Moreover several studies have shown that larger diameter CNT increases the 

GF performance of a CNT-based strain sensor. For example, in the work of Wang et al. where 

larger diameter CNTs in a CNT/polymer composite increase the AJGV and therefore enhances 

piezoresistive performance [43]. AJGV is the quantitative description of conductance variation of 

a CNT network caused by strain. The AJGV in the CNT/polymer composites can be comparable 

to the average value of   d as a result of alignment of SWCNTs in a thin film network. Unlike the 

randomly oriented CNT/polymer composite network, a randomly oriented SWCNT thin film 

network has no energy barrier due to the absence of the insulating layer of a polymer and as a 

result minimizes the tunneling effect. Moreover, the packing density for a SWCNT thin film is 

much higher than that of a CNT/polymer composite making the inter-tube distance between 

corresponding nanotubes much smaller for the thin films. Due to these two reasons, alignment of 

SWCNTs is necessary in the thin film network so as to increase the inter-tube distance, tunneling 

effect and consequently GF. Wong et al. in their simulation work also confirmed that larger CNT 

diameters increase the strain sensitivity of a CNT/polymer composite [27, 54].  
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5.4 Conclusion 

An experimental study was conducted to systematically evaluate the influence of diameter 

of SWCNT bundles on the piezoresistivity of mechanically drawn SWCNT thin films. By varying 

the sonication duration, four different dispersions of various  bundle sizes were prepared and later 

made into SWCNT thin films e.g. S0.5hr, S4hr, S10hr and S20hr SWCNT thin films. Polarized 

Raman spectroscopy and electromechanical testing were used to quantify the degree of orientation 

and gauge factor performance respectively. For the unstretched SWCNT thin films with  = 1.0, 

the SWCNT network with smaller bundle diameter showed higher gauge factor due to increase in 

the tunneling resistance as a result of smaller overlapping area. With further increase in draw ratio 

i.e.  > 1.0, the SWCNT thin film network cosisting of larger diameter bundles showed better 

strain sensitivity. For examaple, the gauge factor of the stretched S0.5hr SWCNT thin film strain 

sensor with draw ratio of 3.2 increased by a factor of ~10 as compared to that of the unstretched 

S0.5hr SWCNT thin film strain sensor with draw ratio of 1. While that of the S20hr SWCNT thin 

film with draw ratio of 3.2 increased by a factor of 2. In general, the mechanism involved in the 

influence of CNT diameter on piezoresistivity of randomly oriented CNT/polymer composite from 

recent studies can  also be comparable to the piezoresistive behavior of aligned SWCNT thin film 

network comprising of larger bundle diameter of SWCNTs.  
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CHAPTER SIX 

GEL ELECTROPHORESIS AND RAMAN MAPPING FOR 

DETERMINING THE LENGTH DISTRIBUTION OF SWCNTS 

6.1 Introduction 

Single-walled carbon nanotubes (SWCNTs) are quasi-one-dimensional materials with 

exceptional electronic, optical and mechanical properties [109, 110]. As a result, they have shown 

great potential for a wide range of  applications in areas ranging from  micro- and nano-scale 

electronics[73], thin film sensors [111], lightweight structural nanocomposite materials[112] to 

biosensors [113, 114]. For most of these emerging applications, the length of SWCNTs is an 

important structure parameter that affects the physical properties of SWCNTs and thus the 

SWCNT-based devices.  For example, the optical properties and quantum yields [115, 116], 

electrical and rheological percolation threshold [117-120], and the stress transfer efficiency or 

mechanical reinforcement in structural nanocomposites [121, 122] all depend on SWCNT length. 

The progress in the potential use of SWCNTs will rely on the skill to exert control over SWCNT 

length as well as to develop the corresponding characterization/measurement techniques. To this 

regard, SWCNT length fractionation has been realized with techniques such as size exclusion 

chromatography (SEC) [123], flow-field flow fractionation (flow-FFF)[124] , cross flow 

filtration[125], gel electrophoresis (GEP)[126] and centrifugation [115, 127]. The ability to 

achieve length-fractionated SWCNTs has enabled the qualitative characterization and 

understanding of the length-dependent SWCNT properties, such as UV-Vis-NIR [115, 127, 128], 

Raman scattering [128, 129] and photoluminescence (PL) spectroscopic properties [128, 130, 

131]. Furthermore, there are also a variety of different techniques available for quantitative 
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characterization of SWCNT length and/or length distribution. These include the commonly 

practiced microscopic imaging techniques such as atomic force microscopy (AFM) and 

transmission electron microcopy (TEM). The size determination based on real-space images is 

quite appealing for these microscopy methods. Nevertheless, the associated issues, such as time-

consuming, subjective and sensitive to sample preparations, are also apparent. The disadvantages 

of the microscopy technique can be overcome by a few recently developed SWCNT size 

characterization methods, which include the preparative ultracentrifugation method (PUM) [67], 

the  static and dynamic light scattering techniques [124, 132-134],  as well as the simple viscosity 

measurements [119, 135]. However, most of these techniques provide the reliable information 

regarding the average length but not the full distribution. Recently, different techniques have been 

developed to characterize the length distribution of SWCNTs in dispersion [136-138]. For 

example, Casey et al. used PL to obtain the length distribution of semiconducting-SWCNTs 

through the study of their highly anisotropic optical properties when aligned by shear flows. A 

method they termed “shear-aligned photoluminescence anisotropy (LASAPA)”[136]. On the other 

hand, Streit at al. made used of a method called length analysis by nanotube diffusion (LAND) to 

analyze the diffusional motions of individual SWCNTs in liquids for information about their length 

distribution[137] while Pease et al. also developed a method known as differential mobility 

analysis (DMA) to characterize the length distribution of SWCNTs. They electro-sprayed the 

SWCNT dispersion and then isolate the charged SWCNTs based on their charge-to-size ratio in 

the DMA. The data from the DMA was then converted into length distribution by a developed 

theoretical model [138]. 

GEP is routinely used in clinical chemistry and biochemistry and molecular biology for 

separation and analysis of a variety of biological macromolecules [139-141]. The use of GEP for 
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concomitant separation of SWCNT length and diameter was also demonstrated by Heller et al. 

[126]. On the other hand, Raman scattering spectroscopy (RSS) is an important spectroscopy 

technique being widely adopted in SWCNT research [128, 129, 142, 143]. In particular, with a 

commercial RSS instrument and without introducing the complicated instrument correction issues, 

Liu et al. have shown that the simultaneously acquired Raman scattering and photoluminescence 

spectra (SRSPL) from SWCNT dispersion  can be quite useful  for assessing the quality of 

SWCNTs in dispersion[75, 144, 145], such as the exfoliation efficiency of SWCNT bundles [145],  

defect density of chemically functionalized SWCNTs [75] as well as the length-dependent 

photoluminescence quantum yield (PL QY) of an individual semi-conducting SWCNT [73, 128, 

131]. By using the combination of GEP and RSS, in this paper, we present a new and simple 

method – GEP-SRSPL that allows for quantitative measurement of the length distribution of 

SWCNTs in dispersion. The simplicity of GEP-SRSPL relies on its combined use of GEP and 

RSS, both of which are being routinely practiced in its own field. In contrast to the previously 

developed techniques that are capable of quantifying the SWCNT size distribution, the GEP-

SRSPL can be easily implemented and operated since it involves only easy-to-access standardized 

instrumentation. 

6.2 Experimental section 

6.2.1 Preparation and Characterization of SWCNT dispersions 

By following a previously developed experimental protocol [145-147], the individualized 

SWCNT dispersion was prepared for the use to demonstrate the GEP-SRSPL method. In brief, 16 

mg purified SWCNTs (Unidym Inc., batch #126) were dispersed in 100 ml of 0.7 wt. % sodium 

dodecylbenzenesulfonate (SDBS, 99% Sigma-Aldrich, CAS # – 25155-30-10) deionized water 

solution using a horn sonicator (Misonix sonicator 3000, Frequency 20 KHz) in an ice bath. The 



 

101 
 

sonicator was operated in pulse operation mode (on 10s, off 30s) with the power level set at 45W 

for an effective sonication duration of 2 hrs. The as-sonicated dispersion (S2hr) was subsequently 

subjected to centrifugation treatment at 200,000 g-force for 2.45hrs by OptimaTM Max 

Ultracentrifuge (Becker Coulter, MLS-50 swinging bucket rotor). The supernatant (S2hr200kg) 

was then collected in a glass vial and stored at room temperature for later use in length distribution 

characterization.  

For both of the as-sonicated and centrifuged SWCNT dispersion, dynamic light scattering 

(DLS) was performed with Delsa Nano C particle Size Instrumentation (Beckman Coulter, Inc., 

scattering angle of 165o, laser wavelength of 658 nm) to determine the bulk averaged translational 

diffusion coefficient ( ) of SWCNTs at 25oC.   By using OptimaTM MAX-XP ultracentrifuge and 

a fixed angle rotor (300, TLA-100.3) as well as Varian Cary 5000 UV-Vis-NIR spectrometer, the 

recently developed preparative ultracentrifuge method (PUM) [67] was applied to determine the 

sedimentation coefficient ( ) for the same sets of dispersion.  The bulk-averaged length ( ) and 

bundle diameter ( ) were then calculated from the PUM determined  and DLS measured  

according to the hydrodynamic model of rigid rods [148]: 
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                                                                                        Eq. (6.2) 

where  and 0 are respectively the density of the dispersed particle and the solvent,  is the 

viscosity of the solvent, k is the Boltzmann constant, and T is the temperature. In the calculation, 

the values of 0,  and T were taken as 1.0 g/cm3, 0.890 dyne.sec/cm2, and 298 K respectively. 

According to [74], the SWCNT density  was respectively taken as 1.20 and 1.07 g/cm3 for the 

as-sonicated and individualized SWCNT dispersion respectively.   
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 High-resolution transmission electron microscopy (HR-TEM, JEM–ARM200cF, JEOL 

Ltd. was applied for qualitative examination of the morphologies of SWCNTs. The TEM sample 

was prepared by drop casting and drying SWCNT dispersion on a Lacey grid (300 mesh Cu: Ted 

Pella). The tapping mode AFM (Veeco Instruments, Inc. Multimode) was used to acquire images 

of the individualized SWCNTs on a silicon wafer substrate under ambient conditions to 

determine the length distribution and validates the GEP-SRSPL results.  

6.2.2 Gel electrophoresis of SWCNTs mapped by simultaneous Raman scattering and 

photoluminescence spectroscopy 

Agarose gel with fixed solid content of 0.7 wt. % was prepared for performing the gel 

electrophoresis of SWCNT dispersion. In brief, 1.05 grams of agarose powder (BE A500, LOT# -

12D2005, MIDSCI – Laboratory Equipment & Supplies) was dissolved in 150 ml of 0.7 wt. % 

SDBS aqueous solution by magnetic stirring at elevated temperature.  The clear agarose solution 

was subsequently cooled to 55oC and then poured into a gel casting tray (15 cm × 10 cm) for 

further cooling and gel formation. During this process, a comb template was inserted for forming 

sample loading well. To perform the gel electrophoresis of SWCNT dispersion, the fully gelled 

agarose slab was carefully placed into the electrophoresis chamber (17.5 cm × 26.5 cm gel tank, 

E1015-10-GT - VMR® Midi plus Horizontal Electrophoresis system), in which 400ml of 0.7 wt. 

% SDBS aqueous solution was filled as the buffer solution. In a typical electrophoresis run, 100 

µl of S2hr200kg dispersion was loaded and subjected to a constant electric field of 10V/26 cm = 

0.385 V/cm for 1 hr. Varied field strength was also examined to verify that, with this field strength 

setting, the electrophoresis of SWCNTs is field-independent. Immediately after the 

electrophoresis, the gel sample was then cut into a small block (2.5cm × 1.5cm× 1.0cm) for 

mapping the Raman scattering spectra of electrophoresed SWCNTs with a Reinshaw inVia Raman 
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microscope. The Raman mapping process was facilitated by a computer-controlled motorized 

XYZ sample stage that has a step resolution of 1 µm. The gel block, which was supported by a 

glass slide and mounted on the XYZ stage, was mapped along the electrophoresis trace with the 

sample well as the origin and equal spaced interval (500 – 1000 µm) for simultaneous collection 

of the Raman scattering and PL emission spectra of electrophoresed SWCNTs.  The spectra were 

collected in backscattering geometry by a 5× objective with a 785 nm (1.58 eV) diode laser as the 

excitation source.  The beam size was approximately 100 µm × 150 µm. For each mapping process, 

a small-sized silicon wafer was positioned beside the sample well as a reference for facilitating 

laser beam focus. No attempt was taken to re-adjust the focus during the mapping process. This is 

critical for eliminating the optics change induced intensity variation so that one can directly 

associate the detected Raman and PL intensity to the SWCNT concentration. The experimental 

procedure for SRSPL mapping was validated by mapping the Raman spectra of a silicon wafer 

placed on a cut gel block. Figure 1 shows the integrated intensity of the 520 cm-1 Raman band of 

the silicon wafer at a series of discrete points along the mapping distance. Over the entire mapping 

range, the relative variation of the intensity was found to be 1.8 %, which reasonably confirms the 

mapping protocols described above.  

6.3  Results and discussions 

6.3.1  Structural characterization of SWCNT dispersion 

The PUM method has been proved to be useful and reliable in characterizing the 

structures of SWCNT dispersions to establish the related processing-structure-property 

relationships [45, 69, 70]. The key of the PUM is the sedimentation function, which is 

defined as a measure of the time change of SWCNT  concentration in a control volume of 

the dispersion when it is subjected to centrifugation process [67]. According to the decay  
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behavior of the sedimentation function with respect to the centrifugation time at a specific 

g-force, one can quantitatively infer the sedimentation coefficient S of SWCNTs  and 

therefore, the particle size by  theoretically fitting the  sedimentation model  derived by 

Mason and Weaver [149] 

 

Figure 6.1: Validation of the experimental procedure for SRSPL mapping of the gel 
electrophoresis of SWCNTs by using the integrated intensity of the 520 cm-1 Raman band of Si 
acquired along the mapping distance. (Error bar: 1 standard deviation). The inset schematically 
shows the mapping setup.    

 

 Figure 6.2a compares the experimentally determined and theoretically fitted 

sedimentation function for the as-sonicated (S2hr) and individualized (S2hr-200kg) 

SWCNT dispersion. The fitted results of the sedimentation coefficients (S) and the 

diffusion coefficients (D) measured by DLS for both S2hr and S2hr-200kg are listed in 

Table 6.1. With the sedimentation coefficient S and diffusion coefficient D determined from 

PUM and DLS respectively, the bulk average length ( ) and bundle diameter (d) were 

calculated using equations 6.1 and 6.2. The results are also listed in Table 6.1. The structural 
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parameters listed in Table 6.1 and the sedimentation function shown in Figure 20a both  

indicate that, upon 200,000 g-force centrifugation for ~ 3 hrs, the large sized SWCNT 

bundles have been successfully removed from S2hr to leave S2hr-200kg sample enriched 

with individual tubes. The UV-vis-NIR spectra, which have been shown to be sensitive to 

the bundling states of SWCNTs [73], were collected to further confirm this point. Figure 

6.2b compares the UV-vis-NIR spectra of the as-sonicated and the individualized 

SWCNTs. Clearly, the spectrum of the as-sonicated dispersion (S2hr) is featured by the 

broadened peak features, which are attributed to the inter-tube interactions existing in a 

thick SWCNT bundle [150]. In contrast, the well resolved sharp peaks observed for S2hr-

200kg indicate the dominance of the individualized tubes in this sample. The TEM images 

shown in Figure 6.2c provide additional evidence to show that the individualized SWCNT 

dispersion (S2hr-200kg) is indeed enriched with individual tubes and small sized SWCNT 

bundles; and the as-sonicated dispersion (S2hr) is dominated by large-sized SWCNT 

bundles. AFM was performed to estimate the length distribution of the individualized 

SWCNT dispersion (S2hr-200kg). Figure 6.2d shows the histogram of the length 

distribution that was acquired based upon 400 different measurements. As can be seen in 

Figure 6.2d, the SWCNT length distribution of S2hr-200kg can be nicely fitted by a 

lognormal distribution with mean value of 489.5 nm and standard deviation of 290.5 nm. 

Some previous work [137] also identified the lognormal length distribution of the SWCNTs 

that were prepared by the similar protocols used in this study. One notes that the SWCNT 

length determined by AFM for S2hr-200kg is significantly lower than that obtained by 

PUM method (Table 6.1). The discrepancy is attributed to that, for a given length 

distribution g(L), the mean value provided by the AFM is a number-averaged quantity -
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  quantity [151]. According to the previously 

obtained lognormal distribution parameters for S2hr-200kg (mean = 489.5 nm and standard 

deviation of 290.5 nm), we can correspondingly estimate the value of 
w

L as 662.6 nm, 

which shows a reasonable agreement with the PUM result as listed in Table 6.1. 

 

Table 6.1:  Summary of the structural parameters of the as-sonicated (S2hr) and the 
individualized (S2hr-200kg) SWCNT dispersion characterized by PUM and DLS methods  

Sample Sedimentation  Coefficient - S 

(× 10-13 sec) 

Diffusion  Coefficient - D 

(× 10-8cm2/sec) 

Length  

(nm) 

Diameter 

(nm) 

S2hr 242.1 0.84  0.05 3400.9 14.9 

S2hr-200kg 3.68 3.6  0.49 832.8 3.1 

                          

6.3.2  Mobility Distribution of SWCNTs Determined by Raman Mapping and Gel  

Electrophoresis 

 

GEP has been proved to be a viable technique to sort SWCNTs by lengths [126]. Under 

the influence of an applied electric field, the SWCNTs of longer length have difficulty traveling 

through the gel and show small mobility; while the SWCNTs of shorter lengths migrate through 

the gel faster and have large mobility.  
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Figure 6.2: (a) Experimentally determined (scattered data) and theoretically fitted (smooth lines) 
sedimentation functions for the as-sonicated (S2hr) and the individualized (S2hr-200kg) SWCNT 
dispersion respectively acquired at a centrifuge field of 13,000g and 65,000g; (b)  UV-vis-NIR 
absorption spectra of S2hr and S2hr-200kg SWCNT dispersion (S2hr-200kg is re-scaled by 15 x); 
(c) TEM images of S2hr-200kg and S2hr. B is for bundle and I is for individual tube. (d) AFM 
results for the length distribution of the individualized SWCNT sample - S2hr-200kg 

 

The electrophoretic mobility  is defined as the migration speed Vm under unit electric field 

strength. With this definition, the SWCNT length-dependent mobility,, measured along the 

electrophoresis trace from the edge of the loading well at distance d is given by: 

 
Et

d

E

V
L m                              Eq. (6.3) 

where t is the time duration of the electrophoresis process and the typical setting in our experiments 

is 1 hr.; and E is the constant field strength. The inset of Figure 6.3 shows a photograph of the 

electrophoresis trace of the S2hr-200kg dispersion. The broad dark band observed in Figure 6.3 
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suggests the sample S2hr-200kg has a broad SWCNT length distribution. In the electrophoresis 

direction indicated by the dashed-line arrow, the SWCNTs with shorter length/higher mobility are 

located in the front of the band and the SWCNTs with longer length/smaller mobility are present 

in the rear of the band. The mobility distribution f () of SWCNTs can be obtained by mapping 

the SWCNT concentration along the electrophoresis trace. This was performed by using the 

simultaneous Raman scattering and photoluminescence (SRSPL) spectroscopy as detailed in the 

experimental section.  

The experimentally acquired SRSPL spectra at discrete distances along the electrophoresis trace 

for S2hr-200kg are shown in Figure 6.3 and represented by the circle symbols. The continuous 

lines represent the peak-resolved spectra obtained by peak-fitting performed with the GRAMS/AI 

spectroscopy software (Thermo Scientific).  Clearly, the intensity of the PL features, which are 

located around 1318 cm-1, 1802 cm-1, 2161 cm-1, 2395 cm-1, and 2883 cm-1 and corresponds to the 

PL emission by (7,5),  (6,5), (8,3), (9,1), and  (6,4) tubes [145], as well as that of the Raman RBM 

(radial breathing mode located in the range of 150 – 300 cm-1) and G-bands (1590 cm-1) all show 

a very similar dependence on the mapping distance. With increasing the distance from the edge of 

the sample loading well, the PL and Raman intensity monotonically increases to reach a maximum 

at ~ 3000 m, and then it gradually decrease to approach zero. Considering that the PL and Raman 

intensity is proportional to the SWCNT concentration, the mobility distribution f () of the 

SWCNTs can then be quantified according to the mapped SRSPL intensity by using the distance-

mobility relation as given in Eq. (6.3). The RBM-band, G-band, and PL features all can be used 

for calculating the f () and result in the same result if the respective integrated intensity (with 

respect to the mapping distance) is appropriately used as the normalization factor.  
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Figure 6.3: SRSPL spectra of S2hr-200kg mapped along the electrophoresis trace at different 
distances. The PL emission band of (6, 5) tube is superposed with the Raman G’ band (2577 cm-

1).  The inset is the photograph of the individualized SWCNTs (S2hr-200kg) experienced gel 
electrophoresis in agarose for 1hr at an electric field of 0.385 V/cm.  

 

Figure 6.4 shows the averaged result of f () for S2hr-200kg determined from all these three 

different bands. It shows a bell-shaped distribution slightly weighted on the low mobility side. 

It should be noted that, the PL quantum yield of SWCNTs has a strong dependence on the tube 

length [21, 57, 58]. The shorter is the length, the smaller is the PL quantum yield. This effect 

creates a difficulty in determining the mobility distribution f () by mapping the PL intensity, since 

the latter quantity is a function of both the SWCNT concentration and the quantum yield (Eq. 

6.9b). As a consequence, the f () would be under-estimated with increasing the mobility. 

However, such a complication does not exist in Raman scattering intensity mapping, since the 

Raman scattering cross section of SWCNTs has a weak or negligible dependence on the tube 

length. This is because the Raman scattering of SWCNTs is mostly determined by the local 
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vibration of the carbon bond structures [1]. As a result, the Raman intensity (Eq. 6.9a) is simply 

proportional to the SWCNT concentration and therefore allows for a reliable estimation of the 

mobility distribution f (). 

 

 

 

 

 

 

 

Figure 6.4: The SWCNT mobility distribution f () of the sample S2hr-200kg derived from the 
GEP-SRSPL mapped Raman intensity for the RBM-band, the G-band, and sum of the PL features. 
The scattered data are the experimental results. The smooth curve is a theoretically fitted result by 

considering the mobility-length relationship of  BLA

1

 and the lognormal distribution - g (L) 

of the SWCNT length determined by AFM measurements. The fitting parameters are A = 1985.3 
and B = 10.2.   

 

To derive the length distribution g (L) from f (), a functional relationship between  and 

L for the SWCNTs is necessary, which, unfortunately, is lacking in the open literature. Given such 

difficulty, we attempted in the present work a simple empirical function 

  BLA
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                                                                                                                  Eq. (6.4) 
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to correlate the GEP mobility  of the SWCNT to its length L, where the coefficients A and B take 

into account the effect of charge density of SWCNTs, gel composition and structures, and 

SWCNT/gel interactions. Qualitatively, Eq. (6.4) is consistent with the experimental observation 

on the sorting of SWCNT length by GEP technique [126]. Namely, the SWCNTs of longer length 

travel through the gel with a smaller mobility. Moreover, the  - L relation in Eq. (6.4) has been 

successfully used to describe the length dependent GEP mobility for a variety of biopolymers, 

such as DNAs with a broad range of length [140],[141],[152] as well as the rod-like bacteriophage 

fd (length varied from 367 nm to 2808 nm) [153]. The theoretical basis of Eq. (6.4) in explaining 

the  - L relation of DNA has been attributed to the reptation of DNA through a porous gel structure 

[154, 155]. The same mechanism also dictates the dynamics of rodlike particles in a polymer liquid 

[156, 157] which is the case for the gel electrophoresis of SWCNTs in agarose. In the sense of 

reptation, it seems that the relation given by Eq. (6.4) that has been tested for DNAs should also 

be applicable to SWCNTs. Lastly, the appropriateness of Eq. (6.4) in describing the  - L relation 

of SWCNTs can be examined by comparing the f () of S2hr-200kg determined by GEP-SRSPL 

with the one derived from its length distribution g (L) as measured by AFM. With the lognormal 

distribution (mean value of 489.5 nm and standard deviation of 290.5 nm) determined by AFM for 

S2hr-200kg, we can accordingly derive its mobility distribution f () by using Eq. (6.4). By setting 

the parameters A = 1985.3 and B = 10.2, the best fitted  f () for S2hr-200kg derived from the 

AFM length distribution was obtained. The result is shown in Figure 6.4. Clearly, except for the 

small portion of the distribution at low mobility end, the f () derived from the AFM measurement 

agrees reasonably well with that directly measured by GEP-SRSPL. This agreement further 

confirms Eq. (6.4) as a useful and reasonable tool in describing the  - L relationship for the GEP 

of SWCNTs. With this relation, the length distribution can be derived from the GEP mobility 
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distribution   f (), if the values of A and B are known. In the next section, we will present an in-

depth analysis to show how A and B can be estimated from the GEP-SRSPL spectra by utilizing 

a previously developed analytical relationship between the SWCNT length and its PL quantum 

yield [75].   

 6.3.3 GEP-SRSPL for Determining the Length Distribution of SWCNTs  

Intensity of Raman scattering and photoluminescence in SRSPL – a theoretical derivation: As 

demonstrated in our previous work [145] and shown by Eq. (6.5), the advantage of using SRSPL 

to characterize SWCNT dispersion is that one can readily acquire the valued information about 

the intrinsic optical absorption cross section - , Raman scattering cross section - , and PL 

quantum yield  of SWCNTs through a ratio of the intensity of a PL band - 
PLI  to that of a 

Raman band, e.g., G-band - IG.   

                         




G

PL

I

I
                                                                                              Eq.(6.5) 

The derivation of Eq. (6.5) has not been disclosed in [145] and will be provided as following .  

We consider an incident laser beam of intensity 0I propagates from air into a SWCNT 

dispersion/gel sample of concentration C. As schematically shown in Figure 6.5, at a distance x 

from the sample surface, the beam intensity attenuates to  xI0  due to absorption and it is given 

by the well-known Lambert-Beer law:   

                           )exp(00 CxIxI                                       Eq.(6.6) 

Denote  xIs  and  xI PL as the differential Raman and PL intensity respectively scattered and 

emitted by SWCNTs that are located between x and xx   and excited by  xI0 . Then, according 

to the definition of  - Raman scattering cross section and  - PL quantum yield, we have: 
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                          xCxIxI  00                                                                           Eq. (6.7a) 

         xCxIxCxIxIPL   00 exp1                                                           Eq. (6.7b) 

It is noted that  xIs  and  xI PL   are subjected to further attenuation before reaching the optical 

detection system. By taking into account the re-absorption issue and using Eq. (6.6), the 

differential scattered and emitted intensity  xI ds  and  xI dPL  recorded by the detector is 

accordingly re-written as:   

        xCxCKIKCxxIxI sds    2expexp 0                        Eq. (6.8a) 

        xCxCxKIKCxxIxI PLdPL    2expexp 0                                                 Eq. (6.8b)                         

The constant K in Eq. (6.8a) and (6.8b) takes into account the instrumentation factor in measuring 

the light intensity, which is the same for both Raman scattering and PL emission in SRSPL.  

Let H  be the sampling depth of a given measurement, then an integration of Eq. (6.8a) and (6.8b) 

from 0 to H gives the total detected Raman and PL intensity. They are: 

     CHKICH
KI

xII

H

dsRaman 



0
0

0

2exp1
2

                                                   Eq. (6.9a) 

     CHKICH
KI

xII

H

dPLPL 
0

0

0

2exp1
2

                                                      Eq. (6.9b)      

Eq. (6.5) is then recovered by taking the ratio of PLI  to 
RamanI . The last equality in Eq. (6.9a) and 

(6.9b) is an approximation when the SWCNT concentration is low.   
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Figure 6.5: A schematic diagram for deriving Eq. (5) to show the process of absorption, PL 

emission and Raman scattering of SWCNTs in a dispersion sample. 0I is the intensity of the 

incident laser beam at  x = 0 (sample/air interface);  xI0 is the intensity of the laser beam at 

distance x into the sample;  xIs  and  xI PL  are the differential Raman and PL intensity 

respectively scattered and emitted by SWCNTs that are located between x  and xx   and excited 

by  xI0 . 

          
Determination of the coefficient A and B in the -L relationship by GEP-SRSPL: It has been 

well established that the PL quantum yield of SWCNT -   strongly depends on the tube length 

and its internal defect density [128, 158, 159]. A closed-form solution of  for a defective 

SWCNT of finite length L  has been developed in our previous work [75], which is given by Eq. 

(6.10):  
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where  (, 0) represents the intrinsic PL quantum yield of a SWCNT with infinite length and zero 

defect density; nv  is a parameter to characterize the defect density, in which l is the exciton 

diffusion length, m is the number density of the internal defects associated with a given SWCNT, 

and 1/L accounts for one defect formed by the two ends the SWCNT of finite length.  Substitute 

Eq. (6.10) into Eq. (6.5) and use the established -L relation Eq. (6.4), we then have 
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     Eq.  (6.11a) 

By defining	  
BlPmlPP  


 321 ,,

0,


 	 and ,4 AP  Eq. (6.11a) can be re-written as a four- 

parameter equation:  

        




4

3
2

1

1

,

2

1

2
ln2

2
ln21

P

P
Pv

v

v

v
vP

I

I

n

n

n

n
n

G

PL














































 












                               Eq.  (6.11b)                        

As a consequence of the relation between the PL quantum yield  of a SWCNT and its length L – 

the shorter is the L, the smaller is the , Eq. (6.11a) or (6.11b) predicts a monotonically decreasing 

behavior of the 
G

PL

I

I
 with increasing . Clearly, by fitting the experimentally measured data set of 
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 vs. 
G

PL

I

I
through GEP-SRSPL, the four unknown parameters P1 – P4 can be determined, from 

which the coefficients A and B of the  - L relation can be accordingly derived as A = P4 and B =

l

P3 . Eq. (6.11b) was applied to fit  vs. 
G

SUMPL

I

I   results of the S2hr-200kg sample acquired from 

the GEP-SRSPL spectra, where SUMPLI    is the intensity summed over all the five PL bands as 

shown in Figure 6.3. With the peak-fitting procedures, one can also use the individually resolved 

PL bands to calculate 
G

mnPL

I

I ),(
 for a specific (n, m) tube. The advantage of using SUMPLI   over 

),( mnPLI   is to avoid the uncertainties/ambiguities involved in the peak fitting process. Figure 6.6a 

shows the experimentally determined  vs. 
G

SUMPL

I

I  for S2hr-200kg averaged over three repeating 

GEP runs. As shown in Figure 6.6a, one notes an initial increasing trend of the 
G

SUMPL

I

I  with  . 

This is a result of the presence of small amount of SWCNT bundles in the S2hr-200kg sample 

(Figure 6.2c). Due to bundling, the PL emission of SWCNTs can be quenched to cause the reduced 

PL intensity and therefore the value of 
G

SUMPL

I

I   [39]. With exclusion of the few data points at 

small values of , the  vs. 
G

SUMPL

I

I  for s2hr-200kg was fitted according to Eq. (6.10b) and the 

results are shown in Figure 6a. 
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Figure 6.6: (a) Relationship between the GEP mobility and the G-band normalized PL intensity – 

G

SUMPL

I

I  for S2hr-200kg sample: the experimental results versus theoretical fitting according to 

Eq. (6.11). The fitting parameters are: P1 = 656.3, P2 = 1.254, P3 = 714.7, and P4 = 1875.1 b) A 
comparison of the length distribution of S2hr-200kg measured by AFM and calculated according 
to its mobility distribution determined by GEP-SRSPL through using the  - L relationship with 
the coefficient A = 1875.1 and B = 10.2. 

 

The coefficient A obtained by fitting the GEP-SRSPL spectra is 1875.1, which agrees very 

well with the value of A = 1958.3 determine by AFM measurements (Figure 6.4). Such agreement 

further confirms the validity of  - L relationship as described by Eq. (6.4) and the usefulness of 

Eq. (6.11) in extracting the structural parameters of SWCNT by using the GEP-SRSPL technique. 

This point can be further strengthened by a good agreement between the length distribution of 

S2hr-200kg determined by AFM and the one calculated according to its mobility distribution 
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through using the  - L relationship with the coefficient A = 1875.1 and B = 10.2. The result is 

shown in Figure 6.6b. By using the coefficient B = 10.2 determined from the AFM measurement 

and the parameter P3 = 714.7 obtained through fitting the GEP-SRSPL spectra, the exciton diffusion 

length l was calculated to be 
B

P
l 3  = 70.1 nm. This value is ~ 3  smaller than that reported in 

the literature [75, 160]. The reason for such a low value of l is not clear, but it is presumably 

related to the relatively high defect density m of the S2hr-200kg sample, which is estimated by 

P2B/P3 = 1.25410.2/714.7 = 0.018/nm.  

6.4  Conclusion 

By taking advantage of the length fractionation of SWCNTs in gel electrophoresis (GEP) as well 

as the previously established relationship between the photoluminescence (PL) quantum yield and 

the SWCNT length, the present work established, both theoretically and experimentally, a new 

method-combined gel electrophoresis and simultaneous Raman scattering and photoluminescence 

spectroscopy (GEP-SRSPL) to allow for the determination of the length distributions of an 

individualized SWCNT sample. The conventional atomic force microscopy (AFM) and the newly 

developed GEP-SRSPL method were applied to examine the length distribution of an 

individualized SWCNT sample prepared by sonication and ultracentrifugation. The results show 

good agreement, which confirms the GEP-SRSPL method as a viable and easy-to-operate 

technique in characterizing the length distribution of SWCNTs.  
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CHAPTER SEVEN 

FUTURE WORKS 

Many important properties of high–performance materials and devices based on SWCNTs 

have shown strong dependence on the length of the constituent SWCNTs. Applications strongly 

influenced by SWCNT length are numerous, for example both theory and experiment agree that 

the electrical percolation threshold of CNT/polymer nanocomposites varies inversely with aspect 

ratio, which is affected by both length and bundle distribution [117-120]. Similarly, electrical 

connectivity in SWCNT thin films, sheets and buckypaper is affected by length and bundle 

distribution. The optical properties and quantum yields, rheological percolation threshold and 

gelation, and the stress transfer efficiency or mechanical reinforcement in structural 

nanocomposites depend on the length distribution of SWCNTs [121, 122].  Hu et al. proposed that 

CNTs with shorter length would have a higher number of tunneling junctions or contacting points 

as compared to CNTs with longer length [26] (see Figure 7.1). As a result, the possibility of 

breakup of this path or happening of tunneling effect for the path containing the CNTs of shorter 

length should be higher than that of CNTs of longer length. Therefore, the strain sensor made from 

CNTs of shorter length can possess a higher sensor sensitivity as compared with a strain sensor 

made from CNTs of longer length. Similar results were achieved by the numerical simulations of 

Gong et al. [27, 54] where there was a decrease in piezoresistivity as the length of the CNT 

increases as shown in Figure 2.8d [54]. On the other hand, Wang et al. also concluded that the 

CNTs with shorter length will lead to higher piezoresistivity of the CNT/polymer composite [43]. 

To examine the effect of SWCNT length on the performance of mechanically drawn SWCNT thin 

films, individual SWCNTs are prepared through sonication and centrifugation process and are 

made into thin films through spray coating on PET substrates. The importance of using individual 
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SWCNTs is to reduce the complexity of the SWCNT diameter on the gauge factor. Preparative 

ultracentrifugation method (PUM) and newly developed gel electrophoresis and simultaneous 

Raman and photoluminescence spectroscopy (GEP-SRSPL) will be used to evaluate the average 

length and length distribution of the SWCNT dispersion respectively. By mechanically drawing 

of the SWCNT thin films, the degree of alignment of SWCNT differs. Polarized Raman 

spectroscopy and electro-mechanical testing will be used to evaluate the degree of alignment and 

gauge factor performance respectively.      

 

Figure 7.1: Influence of CNT length on the piezoresistivity of a CNT based strain sensor  [26]. 

 

We would also investigate the anisotropic effect on the piezoresistivity of mechanically 

drawn SWCNT thin films. For the purpose of this experiment, two types of SWCNT thin films 

will be considered - (i) thin films with SWCNTs oriented in the transverse direction to applied 

strain and (ii) thin films with SWCNTs oriented along the direction of applied strain. Preliminary 

experiments showed that for a mechanically drawn SWCNT thin film with orientation order 

parameter of 2.2, the sheet resistance of SWCNTs in the transverse direction to strain is three times 

greater than SWCNTs oriented in the normal direction to strain. This phenomenon indicates that 

the tunneling effect is far greater when SWCNTs are oriented in the transverse direction to strain 

than when they are oriented along the strain direction.     
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Figure 7.2:  Anisotropic effect on the piezoresistivity of SWCNT thin films (a) CNT oriented 
normal to strain (b) CNTs oriented in a transverse direction to applied strain. 

 
The piezoresistivity of mechanically drawn MWCNT and SWCNT thin films is studied to 

examine the influence of their electronic structures on the strain sensitivity. MWCNTs have been 

shown to be mainly metallic in nature while SWCNTs behave mostly as semiconductors (e.g.  

consist of ~67% semiconducting tubes). Our preliminary results showed that the gauge factor of 

aligned MWCNTs with draw ratio 3.2 is about four times higher than that of aligned SWCNTs 

with the same draw ratio. Figures 7.3a and 7.3b show the Raman spectra for MWCNTs and 

SWCNTs. The absence of photoluminescence peaks for the MWCNT Raman spectrum confirms 

the lack of semiconducting tubes. Figures 7.4a and 7.4b show the TEM micrographs for MWCNTs 

and SWCNTs sonicated for 0.5 hr. The Figure 7.4c compares the gauge factors for stretched 

MWCNT and stretched SWCNT thin films at higher draw ratios e.g. 2.5, 2.85, and 3.2. The gauge 

factors for the aligned SWCNT thin films with  = 2.5, 2.85, and 3.2 are 7.910±0.865, 

(a) (b) 
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9.143±0.834 and 9.596±0.629 respectively. While gauge factors of the aligned MWCNT thin films 

are 25.56±2.47, 26.008±2.20 and 34.715±6.7758 for  = 2.5, 2.85 and 3.2 respectively.  

             

 

Figure 7.3 Raman spectra for (a) MWCNT dispersion, and (b) SWCNT dispersion  
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Figure 7.4:   TEM image for S0.5hr. dispersion of (a) MWCNT (b) SWCNT. The gauge factor as 
a function of draw ratio for (c) aligned MWCNT, and (d) aligned SWCNT thin films. 
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