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Abstract 

 
The outstanding electrical and mechanical properties of single-walled carbon nanotubes 

(SWCNTs) may offer solutions to realizing high-mobility and high-bendability thin-film 
transistors (TFTs) for the emerging flexible electronics. This thesis aims to develop low-
cost ink-jet printing techniques for high-performance TFTs based on pristine SWCNTs. The 
main challenge of this work is to suppress the effects of “metallic SWCNT contamination” 
and improve the device electrical performance. To this end, this thesis entails a balance 
between experiments and simulations. 

 
First, TFTs with low-density SWCNTs in the channel region are fabricated by utilizing 

standard silicon technology. Their electrical performance is investigated in terms of 
throughput, transfer characteristics, dimensional scaling and dependence on electrode 
metals. The demonstrated insensitivity of electrical performance to the electrode metals lifts 
constrains on choosing metal inks for ink-jet printing.  

 
Second, Monte Carlo models on the basis of percolation theory have been established, 

and high-efficiency algorithms have been proposed for investigations of large-size stick 
systems in order to facilitate studies of TFTs with channel length up to 1000 times that of 
the SWCNTs. The Monte Carlo simulations have led to fundamental understanding on stick 
percolation, including high-precision percolation threshold, universal finite-size scaling 
function, and dependence of critical conductivity exponents on assignment of component 
resistance. They have further generated understanding of practical issues regarding 
heterogeneous percolation systems and the doping effects in SWCNT TFTs.  

 
Third, Monte Carlo simulations are conducted to explore new device structures for 

performance improvement of SWCNT TFTs. In particular, a novel device structure 
featuring composite SWCNT networks in the channel is predicted by the simulation and 
subsequently confirmed experimentally by another research group. Through Monte Carlo 
simulations, the compatibility of previously-proposed long-strip-channel SWCNT TFTs 
with ink-jet printing has also been demonstrated. 

 
Finally, relatively sophisticated ink-jet printing techniques have been developed for 

SWCNT TFTs with long-strip channels. This research spans from SWCNT ink formulation 
to device design and fabrication. SWCNT TFTs are finally ink-jet printed on both silicon 
wafers and flexible Kapton substrates with fairly high electrical performance.  
 

Key words: 
Single-walled carbon nanotube, thin film transistor, ink-jet printing, Monte Carlo 
simulation, stick percolation, composite network, flexible electronics. 
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1. Introduction 

 

In 1993, a Japanese research group led by Professor Iijima reported their discovery of a 

new kind of nanostructured materials: single-walled carbon nanotubes (SWCNTs) [1]. As 

shown in Fig. 1.1, an SWCNT represents a long and thin cylinder (with a diameter typically 

about 1 nm) of carbon atoms each sitting on one of the six corners of a honeycomb hexagon 

connected by the strong chemical bonds through the so-called sp
2 hybridization. An 

SWCNT can also be thought of as a ribbon of graphene rolled into a seamless, one-atom-

thick cylinder. Such a unique quasi one-dimensional structure produces a range of 

intriguing properties. In particular, SWCNTs are mechanically strong, flexible, and 

electrically conductive or semiconducting [2]. Semiconducting SWCNTs possess fairly 

large band gaps which can produce high ON/OFF current ratios (generally 104-106) for 

logic electronic devices such as field-effect transistors (FETs) [3]. In 1998, the first FETs 

based on individual SWCNTs were fabricated [4,5], which extended the promising 

application of SWCNTs into the field of electronics [6-9]. Thereafter, the demonstration of 

their ballistic transport or diffusive transport with long mean free paths (on the order of 1 

µm) [7,10] and extraordinarily high mobility (~ 100,000 cm2/V s) [11] at room temperature 

suggests their potential to outperform conventional inorganic materials and predominate in 

next-generation nanoelectronics [12].  

 

Figure 1.1. Schematic illustration of an SWCNT, a long and thin cylinder of carbon atoms. 

 

At present, however, at least two significant technological challenges need to be overcome 

in order to further develop FETs based on individual SWCNTs. One is the electrical 
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heterogeneity of as-synthesized SWCNTs [12]. It is well known that SWCNTs are actually 

a mixture of two-thirds semiconducting SWCNTs (s-SWCNTs) and one-third metallic 

SWCNTs (m-SWCNTs). In addition, s-SWCNTs are inhomogeneous in the sense that their 

electrical properties vary with the tube chirality and diameter [6]. It is hence demanding to 

select SWCNTs of a specific electronic property from the pristine SWCNTs. The other 

challenge is the difficulty in precisely positioning such nanoscale materials for device 

assembly, as required for a deterministic integration into circuits [12]. To alleviate these 

challenges, thin film transistors (TFTs) based on random carbon nanotube networks (CNNs) 

were proposed to provide a viable route to the most immediate electronic applications of 

SWCNTs [13]. The involvement of large numbers of SWCNTs may minimize the device-

level effects of the electrical heterogeneity in SWCNTs and relax the requirements of a 

precise spatial position or orientation of all individual tubes in the networks [12]. As a 

matter of fact, in combination with their excellent mechanical properties, CNN-based TFTs 

have already been demonstrated as promising building blocks for many emerging and 

rapidly growing advanced electronic systems, such as large-area electronics 

(macroelectronics) [14], stretchable electronics [15], and flexible or printed electronics [16-

18]. 

 

In particular, their compatibility with flexible substrates and solution processability [19] 

make SWCNTs ideal materials for the ink-jet printing technique [18]. Ink-jet printing has 

now become a very popular technology for the emerging electronics because of its capacity 

of combining simple additive processing with novel materials [20], reducing fabrication 

processes and saving materials, generating fine and arbitrary patterns [21], and aligning 

well among multiple layers. Together with its high repeatability and scalability, ink-jet 

printing is of potential to effectively reduce the fabrication cost of integrated circuits for 

niche applications such as large-area displays, especially compared with the conventional 

silicon process technology [20]. 

 

Disappointedly, the electrical performance of today’s ink-jet printed SWCNT TFTs [18,22] 

is still inferior primarily because the TFTs mainly suffer from the common challenge in 

CNN-based electronic devices caused by the “m-SWCNT contamination” [23]. 

Nevertheless, there is still possibility to benefit from the fact that m-SWCNTs “only” make 

one third of the pristine SWCNT products. Starting from here, a likely approach to obtain 
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high ON/OFF current ratios is to construct long-channel SWCNT TFTs where individual 

SWCNTs are much shorter than the channel lengths and a transport path should rely on 

percolating CNNs. As long as the SWCNT density is low enough that m-SWCNTs 

themselves cannot form percolating networks and transport paths have to involve at least 

one s-SWCNT, high ON/OFF current ratios can be achieved. However, low-density CNNs 

also lead to a reduced ON current. As a result, the “m-SWCNT contamination” renders 

CNN-based electronic devices in a dilemma that large ON/OFF current ratios and high ON 

currents are difficult to achieve simultaneously. This dilemma may severely restrict the 

electronic applications of such devices.  

 

To suppress the effects of “m-SWCNT contamination”, a variety of approaches have been 

proposed to remove or separate m-SWCNTs from s-SWCNTs, including dielectrophoresis 

[24], selective etching [25], electrical breakdown [26], density-gradient ultracentrifugation 

[27], chemical reaction [28], and DNA-assisted [29] or agarose gel-assisted [30] separation, 

etc. However, these methods to date only achieve low yields or throughputs, but possibly 

involve substantial cost [30] or performance degradation [12]. They are yet to meet the 

requirement of mass production in industrial applications and to become compatible with 

ink-jet printing. On the other hand, engineering as-synthesized SWCNTs into specially 

designed network structures [12] is also possible to provide an excellent solution to 

SWCNT TFTs with both high ON currents and large ON/OFF current ratios. It might offer 

an effective and feasible way for low-cost mass production of high-performance CNN-

based electronic devices.  

 

This thesis aims to develop reliable techniques for ink-jet printing of fairly high-

performance TFTs based on as-synthesized SWCNTs with special network structures. 

Monte Carlo simulation models on the basis of stick percolation are constructed to generate 

fundamental knowledge, explore novel CNN structures for performance improvement, 

estimate their performance limits, evaluate their compatibility with the ink-jet printing 

technique, and guide the device design. Starting from ink formulation, experimental 

verifications are then carried out using both drop-casting and ink-jet printing in 

combination with standard silicon technology.  

 

The thesis is organized as follows. Chapter 2 introduces in detail the device physics of 
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SWCNT TFTs in terms of network characteristics (homogeneous versus heterogeneous) 

and device dimension (short channel versus long channel). Chapter 3 presents our first 

experimental results concerning long-channel TFTs based on low-density random CNNs, 

including device fabrication (relying on conventional silicon technology), performance 

analysis and challenge discussion. This chapter necessitates the employment of well-

designed CNN structures for performance improvement. 

 

Chapter 4 constructs Monte Carlo simulation models on the basis of stick percolation for 

studies of CNN-based TFTs and develops efficient algorithms for the simulation. By 

conducting simulations, Chapter 5 presents crucial results for general stick percolation, 

such as percolation threshold, conductivity exponent and finite-size scaling. It further 

establishes fundamental relationships in heterogeneous stick percolation to estimate optimal 

SWCNT density regions for high-performance TFTs. The physics is also discussed for 

doping effects in SWCNT TFTs. Chapter 6 explores and demonstrates novel CNN 

structures, composite networks and strip-featured networks, to achieve both high ON 

currents and large ON/OFF current ratios for TFTs and evaluate their compatibility with 

ink-jet printing.  

 

Chapter 7 demonstrates our attempts on ink-jet printing of SWCNT TFTs with long-strip 

channels on silicon wafers and flexible substrates (Kapton). Compatible and stable SWCNT 

inks are formulated with proper SWCNT concentration and suitable additives. Appropriate 

printing procedure and post-printing treatments guarantee excellent SWCNT strip patterns. 

Subsequently, SWCNT TFTs are ink-jet printed with high yield and improved electrical 

performance compared with similar efforts based on as-synthesized SWCNTs in the 

literature.  

 

The thesis is concluded with an extensive summary as well as a future outlook in Chapter 8. 
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2. Device Physics 

 

The first employment of SWCNT networks, or CNNs, as the channel materials for TFTs 

was demonstrated by Snow et al. in 2003 [13]. Since then, SWCNT-based TFTs have 

attracted extensive attentions [14] and been proposed as a promising building block for the 

emerging macroelectronics. Plenty of efforts, either experimental or theoretical, have been 

made to probe the performance limits [31-36] and unveil the underlying physics [37-41]. 

SWCNT TFTs are expected to follow a special set of device physics. On one hand, with 

respect to transistors based on conventional semiconductor materials, SWCNT TFTs have 

networked stick-like nanoparticles as the channel materials so that their electrical 

performance should significantly depend on the percolation behaviors of the networks. On 

the other hand, different from conventional percolation systems, CNNs involve both 

metallic and semiconducting materials. Classic percolation theory might not always be able 

to account for the electrical properties of CNNs either. As a result, special theoretical 

models need to be developed for SWCNT TFTs to fully understand the device physics and 

advance the art in this field. Through valuable endeavors of several groups [37-41], fairly 

sophisticate device physics has been established for SWCNT TFTs mainly on the basis of 

the theory for generalized heterogeneous stick percolation, i.e., a system consisting of 

different types of sticks.  

 

In this chapter, the well-established device physics in the literature is introduced briefly. 

First, several typical device architectures are presented. Then, device physics is discussed in 

terms of the CNN characteristics for homogeneous s-SWCNT TFTs (short channel and long 

channel) and heterogeneous SWCNT TFTs. 

 

2.1 SWCNT TFT device architectures  

 

Similar to the structures of conventional field-effect transistors, an SWCNT TFT comprises 

three parts, a dielectric layer, a CNN layer as the channel and three electrodes. Two of the 

electrodes, the source and the drain, directly contact the CNN; the third, the gate, is 

separated from the CNN by the dielectric layer. The current flows between the source and 



Ink-jet printing of thin film transistors based on carbon nanotubes 

 6 

drain electrodes and is controlled by the voltage applied to the gate electrode. As discussed 

below, different architectures of SWCNT TFTs are often utilized dictated by the 

performance request and fabrication convenience.  

 

Figure 2.1. Schematic illustration of SWCNT TFTs: (a) back-gate with bottom-contact 

source/drain; (b) top-gate with top-contact source/drain, (c) back-gate with top-contact 

source/drain; (d) top-gate with bottom-contact source/drain. 

 

According to the layout of the gate, there are two typical architectures for SWCNT TFTs, 

back-gate and top-gate, as illustrated in Fig. 2.1. The former contain SWCNT thin films 

deposited on top of predefined gate electrode and dielectric [Figs. 2.1(a) and 2.1(c)] while 

the latter deposit gate dielectric and electrode onto predefined SWCNT thin films [Fig. 

2.1(b) and 2.1(d)]. Usually it is much more convenient to process gate electrode and 

dielectric prior to SWCNT deposition. Therefore, back-gate TFTs are easy to fabricate and 

extensively used for evaluating properties of SWCNT TFTs. An ideal example for gate 

(b) (a) 

Gate Dielectric 

Gate 

Gate Dielectric 

CNN 

Source Drain 

 

Substrate 

CNN 

Source Drain 

 

Gate 

CNN 

Source Drain 

 

Source Drain 

 
CNN 

Gate 
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Gate Dielectric 

Gate Substrate 

(d) (c) 
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electrode and dielectric in back-gate TFTs is a heavily-doped silicon wafer capped with a 

thin layer of SiO2. However, due to the lack of a proper surface passivation coupled with 

weak resistance of CNNs to environmental impact, back-gate TFTs are usually difficult to 

produce reproducible and reliable performance. In addition, for circuit integration it is 

necessary that each device have its own gate, instead of using the entire silicon substrate as 

a common gate. In contrast, the natural passivation from the gate dielectrics in the top-gate 

configuration can yield reliable performance and thereby making the TFTs suitable for 

integrated circuits with complex device-to-device interconnects [12,16]. 

 

Similarly, in terms of the layout of the source/drain electrodes with respect to the SWCNT 

thin films, the architectures of SWCNT TFTs can be classified into bottom contact and top 

contact structures, as also illustrated in Fig. 2.1. Bottom-contact TFTs [Figs. 2.1(a) and 

2.1(d)] have source/drain electrodes predefined before deposition of SWCNT thin films and 

are easy to fabricate. However, it has been demonstrated [42] that bottom-contact TFTs 

often have lower contact conductance than top-contact TFTs [Figs. 2.1 (b) and 2.1(c)].  

 

2.2 SWCNT TFT device physics 

 

 

Figure 2.2. Schematic illustration of a typical CNN. Red and green sticks represent m-

SWCNTs and s-SWCNTs, respectively.  

 

Figure 2.2 illustrates a typical CNN in a TFT. The device has channel length LC and channel 

width W. The SWCNTs are represented by sticks with length LS and number density ρ. So 
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far, no general formula has been proposed to describe the transport behaviors in such TFTs 

because of their complexity. Nevertheless, SWCNT TFTs with certain CNN structural 

characteristics have been well studied theoretically and in some particular cases analytical 

solutions have been acquired. Device physics of such special SWCNT TFTs are discussed 

below. 

 

2.2.1 Homogeneous s-SWCNT TFTs 

 

For simplicity, homogeneous CNNs comprising pure s-SWCNTs or s-SWCNT bundles are 

first considered. Previous studies [39-41] suggest that the current flowing between the 

source/drain electrodes in SWCNT TFTs mainly depends on the device geometry and 

carrier transport. Explicitly, it can be described as [40] 

 

( )DGS

C

S

S

D VVfL
L

L

L

A
I ,, 2 ×










= ρξ ,             (2.1) 

 

where A is a proportionality constant dependent on gate dielectric capacitance, SWCNT 

diameter, and SWCNT-SWCNT interaction. The function ξ(x) describes the effects of 

geometrical parameters (LS, LC and ρ) and the function f(x) describes the effects of bias 

conditions (drain bias VD and gate bias VG). The expressions of ξ(x) and f(x) are both 

expected to depend on the device characteristics and carrier transport properties and are 

discussed in detail as follows.  

 

(1) Short-channel device (LC < LS)  

 

(i) Ballistic limit. When the channel length LC is much shorter than the mean free path λ, i.e., 

LC < λ, ballistic transport through the tubes can be assumed [39]. Therefore, ( )DG VVf , is 

given by [6, 41] 

 

( ) ( ) TthGDG vVVVVf −=, ,              (2.2) 

 

where Vth is the threshold voltage and vT is the thermal velocity. Furthermore, if the tube 
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density is below the percolation threshold ρc, i.e., ρ < ρc, the tube-tube interaction can be 

neglected and the transport is independent of channel length but directly proportional to the 

number of tubes Ns bridging source and drain [39]. Therefore, if the orientation of all tubes 

are randomly distributed [14,39,41],  
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where Dc is the linear tube density.  

 

(ii) Diffusive limit. When LC >> λ, the transport is assumed to be diffusive and ( )DG VVf , is 

given by [40] 

 

( ) ( ) 2, DDthGDG VVVVVVf β−−= ,             (2.4) 

 

where β is a constant and usually takes the value of 1/2. In this case, the transport in each of 

the bridging tubes is inversely proportional to intercepted channel length. Therefore [41],  
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(2) Long-channel device (LC > LS)  

 

In long-channel devices, no tube can bridge the source/drain electrodes and tube-tube 

interactions are significant. Therefore, usually only diffusive limit can be anticipated. 

Equation (2.4) is still valid at very high tube density (ρ >> ρc) [40]. However, in this case, ξ 

cannot be analytically solved though is still found to be independent of bias conditions. It 

now follows [40]  
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,              (2.6) 

 

where m is an exponent dependent on the tube density. Roughly, m scales inversely as ρLS
2 

[37,40]. 

 

2.2.2 Heterogeneous SWCNT TFTs 

 

In practice, TFTs made of as-synthesized SWCNTs actually feature heterogeneous CNNs in 

the sense that approximately only two thirds of the SWCNTs are semiconducting and the 

remaining one third metallic. The involvement of “m-SWCNT contamination” makes the 

CNN structure much more complicated and in principle no sophisticated physics has been 

established for such heterogeneous SWCNT TFTs. Nevertheless, some critical behaviors 

have been well understood based on the physics for homogeneous s-SWCNT TFTs. 

 

It is well accepted in theoretical studies [37] that (1) the conductance of m-SWCNTs (Gm) 

is almost independent of the gate bias VG, (2) at ON state, the conductance of s-SWCNTs 

(Gs) is similar to Gm, and (3) at OFF state, Gs is significantly lower than Gm. Therefore, for 

short-channel (LC < LS) devices, almost inevitably there are m-SWCNTs directly bridging 

the source/drain electrodes and hence the ON/OFF current ratio usually cannot exceed ~3 

[12]. As a result, short channel is not a viable device structure for heterogeneous SWCNT 

TFTs. 

 

In contrast, for long-channel (LC > LS) devices, since no individual tube can span the 

source/drain directly, carriers must transport through percolating paths consisting of 

networks of SWCNTs. As long as the networks do not contain abundant percolation paths 

comprising only m-SWCNTs, high ON/OFF ratios can be achieved. Such characteristics of 

heterogeneous SWCNT TFTs determine their special scaling behaviors [37]. At ON state, 

since Gm ≈ Gs, the TFTs can be treated as homogeneous CNNs and Eq. (2.6) is valid, i.e., 

the ON-state current ION ~ ( ) ON1 m
CL . At OFF state, the contribution of s-SWCNTs is 

negligible and the TFTs can also be treated as homogeneous CNNs only with m-SWCNT 
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and the OFF-state current IOFF ~ ( ) OFF1 m
CL . Note that the effective SWCNT density at ON 

state (including both m-SWCNTs and s-SWCNTs) is about three times that at OFF state 

(only including m-SWCNTs). Since in Eq. (2.6) the exponent m scales inversely with the 

density, mON < mOFF is excepted. This suggests that in heterogeneous SWCNT TFTs, the 

ON-state current ION follows different scaling rules from the OFF-state current IOFF. 

Furthermore, the ON/OFF current ratio behaves as 

 

( )
( )

( ) ONOFF

OFF

ON

1

1
~

OFF

ON mm
Cm

C

m
C L

L

L

I

I −
= .             (2.7) 

 

This predicts that the ON/OFF current ratio increases with channel length. 

 

In summary, the previously-established device physics indicates that in many cases, with 

respect to the bias conditions, the transport in SWCNT TFTs follows similar rules [f(VG,VD)] 

to that of conventional MOSFETs. However, with respect to the device structure including 

geometry parameters and CNN density, SWCNT TFTs behave quite differently from 

conventional transistors, especially for long-channel heterogeneous SWCNT TFTs.  

 

When ink-jet printed devices are considered, only long-channel heterogeneous SWCNT 

TFTs are usually available due to the resolution limit of current ink-jet printers. Therefore, 

particular attention should be paid to this specific device structure as well as to statistical 

effects during the development of ink-jet printing techniques for SWCNT TFTs. Chapter 3 

will discuss our experimental results of SWCNT TFTs fabricated by lithography technique 

and further emphasize the importance of device structures. 
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3. SWCNT TFTs by Means of Silicon Technology 

 

Compared with conventional silicon technology, ink-jet printing is an emerging and rather 

not fully explored technique. Besides the low resolution and relatively poor positioning and 

alignment, some critical limitations still exist for ink-jet printing of electronic devices and 

circuits. For example, nowadays not all available metals in microelectronics can be ink-jet 

printed, such as Al, Pd, Ti, etc. There are no sophisticated methods to formulate inks for 

these metals. Today, only Ag is widely used in ink-jet printing techniques. These 

restrictions severely affect many fundamental researches on electronics of SWCNT TFTs.  

 

Solution casting or spin coating of interesting materials to predefined source/drain and gate 

electrodes by means of silicon technology is a convenient and effective method for 

evaluation of the printability of certain materials so as to facilitate study of device 

performance. As a matter of fact, by virtue of solution casting, scientists [19] have 

demonstrated some printable solutions for SWCNT-based electronic devices. In this thesis, 

prior to moving into a complete solution with ink-jet printing, SWCNT TFTs are also 

fabricated by combining solution casting and silicon technology in order to address 

important issues for ink-jet printing. This chapter first introduces the device fabrication for 

such SWCNT TFTs, then analyzes their electrical performance, and finally concludes with 

some suggestions for the development of ink-jet printing techniques. The discussion in this 

chapter refers to Papers II and III. 

 

3.1 Device fabrication  

 

Since the TFTs here are fabricated by casting SWCNT solutions or suspensions onto a 

silicon substrate with predefined electrodes, the device architecture here adopts the back-

gate device structure with bottom-contact source/drain [Fig. 2.1(a)]. The procedure for 

device fabrication includes substrate preparation, solution formulation, and drop casting.  
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3.1.1 Substrate preparation 

 

 

Figure 3.1. Schematic device structure for a back-gate SWCNT TFT with bottom-contact 

source/drain on silicon substrate.  

 

 

Figure 3.2. SEM of an electrode pattern fabricated by silicon technology. The picture 

actually contains two devices both with asymmetric (Pd-Al) electrodes. If symmetric (Pd-Pd) 

electrodes are required, the metal Al is not deposited. 

 

As schematically shown in Fig. 3.1, the CNN-based transistors were fabricated on a 

heavily-antimony-doped silicon substrate capped with a ~150-nm-thick SiO2. The SiO2/Si 

structure served as the gate during electrical characterization for the devices. The 

source/drain electrodes were formed following the lift-off technique in the conventional 

silicon technology. First the wafer with the SiO2 was coated by a layer of photoresist. Then 

the wafer was exposed and developed to obtain the designed patterns for source/drain 

electrodes. Afterwards, the metal film (~ 40 nm thick), such as Pd, Al, together with the thin 
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adhesive layer of Ti film (~ 2 nm thick), was deposited using electron-beam evaporation. 

Finally, the remaining photoresist was stripped together with the unwanted metals to 

complete the substrate preparation. The resultant electrode pattern is shown in Fig. 3.2. The 

width of the source/ drain electrodes varies from 1 to 100 µm and the source-to-drain gap 

(channel length) from 1 to 200 µm. As shown in Fig. 3.2, the devices may include both 

symmetric (Pd-Pd) electrodes and asymmetric (Pd-Al) electrodes. 

 

3.1.2 Solution formulation 

 

       

Figure 3.3. AFM images for (a) the channel region between the Al (lower) and Pd (upper) 

electrodes of a CNN device and (b) one corner of a CNN region, indicating that all 

SWCNTs lie inside the window defined by lithography.  

 

The SWCNTs used in the present work were commercially available from Carbon 

Nanotechnologies Inc., Houston and fabricated by means of high-pressure conversion of 

CO (HiPco). To formulate the SWCNT suspensions for drop casting, SWCNTs were 

dispersed into deionized water (DI water) with the surfactant (~1 wt.%) of sodium 

dodecylbenzene sulfonate (SDBS) or sodium dodecylsulfate (SDS). Then ultra-sonication 

for ~30 min was applied, followed by centrifugation at 16,000 g for over 10 hours in order 

to precipitate big bundles of SWCNTs. In the end, only the upper part of clear suspension 

was retrieved as the final SWCNT solution for device fabrication. Since the device physics 

has been well studied both experimentally and theoretically in the literature [37,40] for 

high-density (ρ >> ρc) long-channel SWCNT TFTs, this chapter only deals with low-density 

(ρ ~ ρc) long-channel SWCNT TFTs [Fig. 3.3(a)]. In order to obtain low-density SWCNTs, 

more DI water might be further added to dilute the starting SWCNT solution.  

 

(a) (b) 
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3.1.3 Drop casting 

 

To ensure a good adhesion of SWCNTs, the wafer surface was first functionalized with an 

NH2-terminated self-assembled monolayer by immersion in a 1-mM chloroform solution of 

3-aminopropyl-triethoxysilane for 30 min, and then baked at 110 oC for 10 min [43]. The 

wafer was subsequently coated with a 1.2-µm-thick photoresist (a standard positive novolac 

resist, SPR 700-1.2). Rectangular windows extending to the electrode pairs were opened by 

means of photolithography in order to define the channel regions. Afterwards, the SWCNT 

solution was cast onto the wafer surface. Shortly after the solution became dried through 

natural evaporation, the photoresist was removed to obtain the final SWCNT TFTs. The 

SWCNT density is around 2 µm-2 and the average SWCNT length is about 1.5 µm (Fig. 

3.3). It is worth noting that the combination of solution casting and lift-off technique allows 

for precisely positioning of SWCNTs. Figure 3.3(b) shows the AFM image of one corner of 

a CNN region. It is clear that all the SWCNTs stay within the predefined area.  

 

3.2 Electrical performance  

 

All the device electrical performance in this chapter was characterized using an HP4516A 

precision semiconductor parameter analyzer in ambient environment at room temperature.  

 

3.2.1 Transfer characteristics 
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Figure 3.4. Transfer (ID-VG) characteristics of a typical SWCNT TFT (LC = 30 µm and W = 

100 µm) with symmetric Pd-Pd electrodes, displayed in linear (left vertical axis) and 

logarithmic (right vertical axis) scales. 
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As shown in Fig. 3.4, the device exhibits unipolar p-type transistor behavior with the 

threshold voltage Vth = -14.5 V and ON/OFF ratio over 103. The effective mobility can be 

estimated according to the following equation, 

 

( )

Dox

CGD
eff

VWC

LVI ∂∂
=µ .              (3.1) 

 

For this device, the peak transconductance is 
GD VI ∂∂ ≈ 8.2×10-9 A/V at VD = -5 V. And 

the capacitance is calculated from the simple parallel-plate capacitor model as Cox= ε0εr/tox 

= 2.30×10-8 F/cm2. As a result, µeff ≈ 0.02 cm2/V s is obtained. This value is rather low and 

only comparable to some organic semiconductors (usually < 0.1 cm2/V s) [44]. 

 

3.2.2 Performance scaling 
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Figure 3.5. Plots of (a) ON current and (b) ON/OFF current ratio against W/LC for large 

SWCNT TFTs (with Pd-Pd symmetric electrodes) of various channel dimensions (LC 

ranging from 20 µm to 200 µm and W from 50 µm to 100 µm).  

 

The device preparation procedure described above leads to a relatively high yield of the 

TFTs. Out of the randomly-selected 50 long-channel devices, 37 TFTs are obtained and 26 

of them display effective gate modulation with an ON/OFF current ratio over 103 without 

any further elaborated control of the SWCNT density or any post-treatment aiming at 

elimination of the m-SWCNTs. The devices include various length (from 3 µm to 200 µm) 

and width (from 1 µm to 100 µm). Such a high yield permits the studies on scaling 
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behaviors for the low-density SWCNT TFTs. Figure 3.5 shows how ION and ION/IOFF vary 

with the device width-to-length ratio W/LC. Neither ION nor ION/IOFF indicates any clear 

dependence on W/LC. Therefore, the scaling rules expected by Eqs. (2.6) and (2.7) might 

not apply to these low-density SWCNT TFTs. The reason might be that near percolation 

threshold, the CNN is very sensitive to the SWCNT density. Therefore, a little fluctuation 

in the SWCNT density may generate a huge change in the electrical performance resulting 

in unexpected scaling behavior. 

 

3.2.3 Effects of electrode metals 

 

 

Figure 3.6. ID-VG curves for SWCNT TFTs with (a) asymmetric Pd-Al electrodes and (b) 

symmetric Pd-Pd electrodes.  

 

The effects of electrode metals on the electrical performance are also studied by comparing 

devices with asymmetric and symmetric source/drain electrode metals. For this purpose, 

each device was measured twice by exchanging the source and drain terminals. Figures 

3.6(a) and 3.6(b) show the transfer characteristics for SWCNT TFTs of Pd-Al and Pd-Pd 

electrodes, respectively. Literature data indicate that Pd is suitable for Ohmic contact with 

s-SWCNT while Al is for Schottky contact [9,45,46]. Therefore, it is reasonable to expect 

that the electrical behaviors would be significantly different between SWCNT TFTs with 

Pd and Al as the source electrodes. However, it is of interest and importance to note that no 

matter whether the source/drain electrodes are symmetric or asymmetric, an exchange of 

the source and drain terminals during the ID-VG measurement gives no substantial difference 

in device performance, in terms of the ON-state current, OFF-state current as well as the 
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threshold voltage. It is therefore inferred that the electrode/SWCNT contacts play a 

negligible role in the electrical performance of SWCNT TFTs.  

 

 

Figure 3.7. ID-VD curves for the corresponding diode-connected transistors in Fig. 3.6 with 

(a) asymmetric Pd-Al electrodes and (b) symmetric Pd-Pd electrodes. 

 

The reason that the electrical performance of SWCNT TFTs is insensitive to the electrode 

materials might still be ascribed to the “m-SWCNT contamination” in the sense that m-

SWCNTs may cause short-circuit between the CNNs and the electrodes. As a result, the 

contact property seems not to be controllable by selecting desired metal electrodes. For this 

reason, it is inconvenient to fabricate Schottky diodes or rectifiers by using different types 

(Ohmic or Schottky) of metals to form asymmetric contacts with CNNs, though this 

method has been verified for fabrication of Schottky diodes based on individual s-SWCNTs 

[45,46]. Rectifiers represent another important family of active devices in microelectronics 

and are also indispensible for developing circuits and systems in macroelectroincs. It is thus 

highly likely that the “m-SWCNT contamination” in CNNs has inhibited an effective way 

to fabricate rectifiers straightforwardly based on undoped CNNs, except for the p-n diodes 

which involving complicated partial doping of a CNN [32]. In this study, it is demonstrated 

that the diode connection mode of an SWCNT TFT may be an ideal solution for such 

rectifiers. As shown in Fig. 3.7, by connecting the source and the gate of a CNN-based 

transistor, we immediately observed excellent rectifying characteristics when performing 

two-terminal current-voltage measurements between the cathode (source) and anode (drain) 

of the resulting rectifier. The forward/reverse current ratio can exceed 105.  
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Based on the similar mechanism of diode-connected transistors, our research suggests that 

for back-gate transistors constructed on SiO2/Si substrates, rectifier behavior can be 

observed even when the source and gate are not connected, i.e., when the substrate is 

floating. This issue is not unique to CNN-based rectifiers. It also applies to rectifiers based 

on individual s-SWCNT or even silicon. 

 

 

Figure 3.8. Two-dimensional numerical simulation results for the potential distribution in 

various substrates (before depositing SWCNTs) where the left electrode above is set to 

ground: heavily-doped Si substrate with the right electrode being biased at (a) +10 V and 

(b) -10 V, insulator substrate with the right electrode being biased at +10 V (c), and (d) 

lightly-doped Si substrate with the right electrode being biased at +10 V. The gate oxide 

SiO2 is 150 nm thick. 

 

As revealed by the simulation results in Fig. 3.8, if the substrate is a heavily-doped silicon, 

the substrate potential is independent of the source/drain biases even when it is intentionally 

kept floating. Therefore, there can be potential difference between the source and substrate 

(gate), which can act as the gate-to-source drive voltage VGS. Under positive bias, the 

grounded electrode (source) actually acts as the drain and the biased electrode (drain) 

actually as the source. Hence, the floating substrate, which is nearly uniformly set to zero 

potential by the source through the capacitive coupling [Fig. 3.8(a)], provides a negative 

VGS and helps to turn on the transistor. Under negative bias, the grounded electrode acts as 

the source and the biased electrode as the drain. Then, the substrate can only provide zero 

VGS [Fig. 3.8(b)] and cannot turn on the transistor. Therefore, the device attains a high 

forward current at positive bias and a low reverse current at negative bias even when the 

substrate (back gate) is intentionally unbiased. This phenomenon is called self-gating 
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induced rectification. On the other hand, when the substrate is a lightly-doped silicon or an 

insulator, its potential varies laterally between the two locations beneath the source/drain 

electrodes [Figs. 3.8(c) and 3.8(d)] and hence self-gating becomes insignificant.  

 

However, though the self-gating induced rectification is able to serve as two-terminal 

rectifiers, it is evidently different from the rectifier behaviors of a normal p-n diode or 

Schottky diode. According to the mechanism, the self-gating induced rectification always 

attains a high forward current at positive bias and a low reverse current at negative bias no 

matter which electrode is biased or grounded, that is to say, self-gating induced rectification 

only depends on bias and there is no polarity of the electrodes. As shown in Fig. 3.9(a), 

after switching the probes during the measurement, the I-V characteristics almost remain 

identical. In contrast, for a conventional diode, the two I-V curves should be symmetric 

about the origin of the coordinates after exchanging the probes [Fig. 3.9(b)]. Therefore, 

self-gating induced rectification presents an anomalous rectification but it is easy to be 

confused with the conventional rectifier behaviors. Particular care must be taken of the 

effects of self-gating induced rectification in practice. 
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Figure 3.9. Two-terminal I-V curves for SWCNT TFTs with Pd-Pd symmetric electrodes on 

(a) heavily-doped Si wafer and (b) glass substrates before (squares) and after (circles) 

switching the probes. Note that most of the devices fabricated on heavily-doped silicon 

wafer exhibited rectification behavior like that in (a) while only a few devices fabricated on 

glass substrate exhibited rectification like that in (b). 
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In conclusion, high-yield TFTs with large ON/OFF ratio can be achieved by using low-

density SWCNT networks. In addition, its diode connection mode is an ideal solution for 

CNN-based rectifiers with excellent performance of forward/reverse current ratio over 105. 

However, low-density SWCNT TFTs suffer from low mobility and unclear scaling 

behaviors, which may restrict their practical applications in electronics. As a result, low-

density SWCNT TFTs might not be a good solution to ink-jet printed electronic devices. On 

the other hand, this chapter demonstrates that the electrical performance of SWCNT TFTs 

is insensitive to the electrode materials most likely due to the effects of “m-SWCNT 

contamination”. This is an important and useful conclusion for ink-jet printing of SWCNT 

TFTs since it opens the door for more mature metal inks such as silver to be printed for 

fabrication of SWCNT TFTs. 

 



4. Monte Carlo Simulation Models 

 23 

 

4. Monte Carlo Simulation Models 

 

In the preceding chapters, it was demonstrated that low-density SWCNT TFTs might not be 

suitable for applications in electronic circuits. Therefore, high-performance SWCNT TFTs 

are likely to rely on high-density CNNs. However, in high-density SWCNT TFTs, the 

device performance can be defeated by the “m-SWCNT contamination”; the m-SWCNTs 

may form all-metallic conduction pathways from source to drain and electrically short the 

devices, resulting in small ON/OFF current ratios. Encouragingly, our researches indicated 

that for high-density SWCNT TFTs with some novel device structures, all-metallic 

percolation paths can be effectively suppressed. Consequently, high-performance TFTs with 

both high ON state current and large ON/OFF current ratio can be attained. The 

characteristics of such device structures include special CNN morphology and/or device 

geometry. An effective and convenient way to explore or demonstrate such novel device 

structures is to conduct Monte Carlo simulations on the basis of stick percolations [14,16]. 

This chapter introduces the percolation models as well as some high-efficiency algorithms 

for Monte Carlo simulations. The discussion in this chapter refers to Papers I, V, VI, and 

VII. 

 

4.1 Generalized stick percolation models  

 

The models in our work consider two-dimensional percolation systems consisting of width-

less sticks. In principle, the models use sticks to represent SWCNTs and the formed 

percolation systems to model the CNNs. The electrical properties of the CNNs are 

calculated from solutions of simultaneous equations based on Kirchoff’s current law (KCL). 

In order to be able to consider as many complicated factors as possible for approaching true 

SWCNT TFTs, generalized stick percolation models are described in detail as follows. 

 

As illustrated in Fig. 4.1, an SWCNT TFT is of channel length LC and width W. The source 

(drain) electrode is attached to the left (right) boundary of the CNN. Each SWCNT is 

treated as a “stick” with a fixed length LS. Since typical CNNs contain both m-SWCNTs 

and s-SWCNTs, a fixed fraction, 1/n, of the SWCNTs are randomly chosen as m-SWCNTs 
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and the rest as s-SWCNTs, as respectively represented by the red and green sticks in Fig. 

4.1. The boundary conditions can be free boundary conditions (fbc), limited boundary 

conditions (lbc) or periodic boundary conditions (pdc). For fbc, a part of a stick is permitted 

to exceed the boundaries. For lbc, the part of a stick beyond the boundaries is trimmed. For 

pdc, the part of a stick beyond one of the boundaries reappears on the opposite side [39]. 

The stick systems are percolating if there exists at least one continuous path comprising 

intersecting sticks to connect the source and drain boundaries. Every two intersecting sticks 

(SWCNTs) produce one junction. The junction between two m-SWCNTs (MM), two s-

SWCNTs (SS) or one m-SWCNT and one s-SWCNT (MS) has different electrical 

conductance [47]. 

 

 

Figure 4.1. Schematic illustration of an SWCNT TFT for the percolation model. All 

SWCNTs are represented by sticks, red ones for m-SWCNT and green ones for s-SWCNT. 

The nanotube network consists basically of three kinds of components: SWCNTs (m or s), 

electrode-SWCNT contacts (ES or EM) and intertube junctions (SS, MM or MS). The 

hatched areas mark two examples of percolation paths. 

 

During simulation, when two sticks intersect at a position within the channel region, an 

internal junction is created at the intersection. When a stick intersects with the source or 

drain boundary, an external junction is created at the intersection. If the system is 

percolating, all the junctions along the percolation path(s) are marked as “active” junctions. 

Afterwards, KCL is applied at every active internal junction in order to establish 
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simultaneous equations and calculate the system conductance. In terms of SWCNT 

properties (m-SWCNT or s-SWCNT), each stick is assigned an appropriate stick resistivity 

or resistance. In terms of junction properties (MM, SS or MS), each active internal junction 

is assigned a proper junction resistance. In terms of the electrode/SWCNT contact 

properties, each active external junction is attached to a proper contact resistance. Each 

active internal junction is associated with two electric potentials, Vi and '
iV , corresponding 

to the electric potentials of the two sticks at the junction position. Since the internal (stick-

stick) junctions are of a finite conductance, Vi is usually not equal to '
iV . Then, the equations 

in terms of KCL are written for both Vi and '
iV  at every active internal junction. All active 

external junctions connecting the source and drain are applied with the source bias VS and 

drain bias VD, respectively, which serve as the boundary conditions of the KCL 

simultaneous equations. By solving these equations, the transported current in the TFT can 

be readily represented by the sum of currents flowing into (out of) all external junctions 

connecting the source (drain) boundary. And in the end, the SWCNT TFT conductance can 

be obtained from dividing the transported current by the applied drain-to-source bias 

difference VDS = VD - VS. 

 

4.2 Component conductance 

 

E E

ES ESs SS

MM EMEM m m

MS MS

(d)

s

 

Figure 4.2. Equivalent circuit scheme of a typical high-density nanotube network 

consisting of m-SWCNT and s-SWCNT sub-networks connecting each other by MS 

junctions.  

 

The roles of each of the components in Fig. 4.1, i.e., m-SWCNTs, s-SWCNTs, ES, EM, 
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MM, SS, and MS, in an SWCNT TFT are illustrated by an equivalent circuit in Fig. 4.2. 

Before setting up the KCL simultaneous equations to calculate the SWCNT TFT 

conductance, all the components should each be assigned with a reasonable conductance. 

Usually they can be obtained from two ways: numerical calculations based on established 

models and experiential values from previous experiments. 

 

4.2.1 Model calculated component conductance 

 

Figure 4.3 shows the geometry of all the classic physical models for the components in 

SWCNT TFTs. The component conductance can be calculated based on Poisson equation, 

Landauer formula and WKB approximation. The details are described in Paper V.  
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Figure 4.3. Geometries of the components in the simulated SWCNT TFTs for (a) an SWCNT, 

(b) an ES/EM contact, and (c) an MS junction.  

 

4.2.2 Experiential component conductance  

 

In order to avoid complicated model calculations, it is convenient to adopt previous 

experiment results for the component conductance. However, in experiments usually the 

conductance of a whole transistor is measured. It is not easy to distinguish the contribution 

of the electrode/SWCNT contact from that of the SWCNT itself. Therefore, in our work the 

electrode/SWCNT conductance is not explicitly considered. Instead, the SWCNT takes the 

average or apparent conductance of the whole device (including electrode/SWCNT contact 

and SWCNT). At ON state, the conductance along an SWCNT, either m-SWCNT or s-

SWCNT, is assumed to be uniform and can therefore be calculated using ( )lGG q += λλ , 
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where Gq = 1.54×10-4 S is two units of the quantum conductance [10], l is the length of the 

SWCNT segment, and λ is the electron mean free path that is taken as 1.0 µm for m-

SWCNTs and 300 nm for s-SWCNTs [48]. Also according to Ref. [47], the intertube 

junctions have the following conductance: 0.03Gq for the MM junctions, 0.015Gq for the 

SS junctions and 0.0003Gq for the MS junctions. As for the gate modulation, the OFF 

conductance of s-SWCNTs is assumed to be 10-6 lower than the ON conductance described 

above, since the ON/OFF current ratio is usually about 106 for well-performing transistors 

based on individual SWCNTs [10]. The conductance of m-SWCNTs and that of intertube 

junctions are assumed identical in both ON and OFF states. 

 

4.3 High-efficiency algorithms for large-size systems 

 

At present, the minimum device dimension fabricated by ink-jet printing is usually more 

than 50 µm while the SWCNT length is typically only a few µm. Therefore, the ink-jet 

printed SWCNT TFTs often correspond to large-size percolation systems with system size 

L > 50. In order to effectively study the percolation behaviors and electrical properties for 

such large-size systems, high-efficiency algorithms need to be developed in order to 

evaluate the system percolation status (whether percolating or not) and calculate the system 

conductance. For simplicity, the algorithms here only consider square systems, but their 

applications in the more general rectangle systems are straightforward. 

 

4.3.1 Percolation status 

 

In contrast to the classical lattice percolation where all the lattices are regularly deposited 

[49], stick percolation is a kind of irregular percolation, or continuum percolation. In stick 

percolation systems, two sticks lie in the same cluster if they intersect. The system 

percolates if there is at least one cluster connects the two opposite boundaries, for example, 

the source and drain boundaries in SWCNT TFTs. Usually, the simulation for continuum 

percolation requires much more calculation efforts than those for lattice percolation, 

especially in the case of large-size system (L is large). Because of this reason, previous 

simulations of stick percolation are only performed for small amounts of sticks (≤103) or at 

small numbers (<104) of realizations.  
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In our work, a high-efficiency algorithm has been developed on the basis of the tree-based 

algorithm of Newman and Ziff [50,51] and the subcell algorithm [52]. Suppose that the 

square system is of size (square length) L, the stick is of unity length l and there are in total 

n sticks. As shown in Fig. 4.4, the system is virtually divided into L × L subcells (or sub-

squares), each with unity length l. Each stick is registered into the subcell in which the 

center point lies. In terms of such a registration, a stick in a subcell (e.g., the one with solid 

boundaries in Fig. 4.4) is only possible to intersect sticks in the same or the neighboring 

subcells (the shaded ones in Fig. 4.4) since the distance between its center and any stick 

center in other subcells is greater than l, the maximum center distance of two intersecting 

sticks. Then, it is only needed to check the connectivity property between the newly-

generated stick and those sticks belonging to the same or neighboring subcells. 

 

X

Y

 
Figure 4.4. Schematic illustration of stick percolation in a square system (L=5). Each stick 

is of unity length l=1 and described by its center site and orientation. For clarity, most 

sticks are presented here only by their centers (black dots). The two interesting system 

boundaries (the left and right ones) are described also by L connecting sticks. The system is 

divided into L×L subcells (dashed lattices) with unity length l. Each stick is registered in 

the subcell where its center lies. It is explicitly shown that a stick in a subcell (with solid 

boundaries) is impossible to intersect any sticks at other subcells than the same one or its 

neighbors (the shaded ones).  

 

As in Ref. [50], a tree structure is used to store the stick clusters. Benefiting from the 
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“union-find” algorithm and “path compression” technique for the tree structures [50], it is 

very efficient to obtain the spanning probability Rn,L for n sticks on the system of size L. 

Convolving all the measured observables Rn,L with the Poisson distribution can generate a 

common “canonical ensemble” of R(N,L) for any density N as 

 

Ln

n

n

R
n

e
LNR ,

0
!

),( ∑
∞

=

−

=
λλ

,             (4.1) 

 

where λ=NL
2 for any N with arbitrary precision. Therefore, this algorithm, in combination 

with the subcell algorithm, only takes time O(N2
L

2), i.e., ~ O(n), to produce R(N,L) for all 

available N, which is a significant improvement over previous algorithms for stick 

percolation and comparable to those efficient algorithms for lattice percolation [50]. 

 

4.3.2 Conductance calculation 

 

The most time-consuming part in the simulation is the conductance calculation. It depends 

on the solution of the KCL simultaneous linear equations, which in matrix form are 

 

Ax = b              (4.2) 

 

where A is determined by the stick deposition and component conductance, b is determined 

by the boundary conditions (external active nodes and their biases) and the unknown x 

represents the potentials on all the internal active nodes. When the percolation system is of 

large size, A can become too large to handle by direct methods such as the Cholesky 

decomposition. For the systems of interest in our studies, A is always sparse, symmetric 

and positive definite. It is hence effective to implement the iterative method, preconditioned 

conjugate gradient method (with Jacobi preconditioner) to solve Eq. (4.2). 

 

The algorithm of the preconditioned conjugate gradient method used in our work is adopted 

from Wikipedia (http://en.wikipedia.org/wiki/Conjugate_gradient_method) and listed in 

Table 4.1. For our work, x0 is initially set to 0 and the preconditioner M is the diagonal of A. 

In addition, for further optimization, all dangling sticks along with the corresponding 
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junctions that do not carry any current [49] are erased prior to establishing KCL 

simultaneous linear equations. For large-size systems near the percolation threshold, this 

treatment can also save considerable calculation time. 

 

 

Table 4.1. The algorithm of the preconditioned conjugate gradient method to solve equation 

Ax = b [Eq. (4.2)]. x0 is the initial guess of the solution, M is the preconditioner and the 

subscript “T” represents the transpose. 

 

In summary, this chapter establishes the percolation models for Monte Carlo simulations 

and introduces high-efficiency algorithms for large-size systems compatible with ink-jet 

printed SWCNT TFTs. Their applications in addressing fundamental issues for stick 

percolation and exploring novel device structures for high-performance SWCNT TFTs will 

be introduced in the following chapters. 

 

r0 := b -Ax0 

z0 := M-1
r0 

p0 := z0 
k: = 0 
repeat 

kk

kk
k

App

zr
T

T

:=α  

xk+1 := xk + αkpk 
rk+1 := rk - αkApk 

 
if rk+1 is sufficiently small then exit loop end if 

 

zk+1 := M-1
rk+1 
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k
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T

1
T

1: ++=β  

pk+1 := zk+1 + βkpk 
k: = k + 1 
 

end repeat 

The result is xk+1 
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5. Fundamental Results in Stick Percolation 

 

The Monte Carlo simulation models and the proposed high-efficiency algorithms have 

enabled us to address several fundamental issues in stick percolation theory. These issues 

are of crucial importance to electronics based on SWCNT TFTs and hence essential to ink-

jet printing of SWCNT TFTs. The issues include percolation threshold, finite-size scaling 

and critical conductivity exponent for stick systems, the percolation behaviors in 

heterogeneous percolation, and the physics of doping effects in SWCNT TFTs. The 

discussion in this chapter refers to Papers I, V, VI, and VII. 

 

5.1 Percolation threshold 

 

Percolation threshold is the critical value of the occupation probability at which an infinite 

system percolates for the first time. With respect to stick percolation systems, the 

percolation threshold should refer to the critical stick density Nc. The stick density N is 

measured by the number of sticks per unit area. Previously the percolation threshold has 

been reported for 2D stick systems in terms of critical stick length lc, as 

2/Nlc π =2.118±0.045 [53], which is equivalent to Ncl
2 = 4.2362/π or Ncl

2 = 5.71 ± 0.24 

according to the excluded volume (area) theory [54,55] that 22 lNNl cc = . However, this 

value is rather rough and could be unsuitable for studying many critical behaviors at the 

percolation threshold for stick systems. Unfortunately, no further work has provided a more 

precise value. 

 

By virtue of our Monte Carlo models and the high-efficiency algorithms, the spanning 

functions R(N,L) are well established, as shown in Fig. 5.1(a), for 2D homogeneous square 

stick systems with free boundary conditions at large system size (L is up to 256) on the 

basis of a large number (> 107) of realizations. It is expected that the “finite-size percolation 

threshold”, N0.5(L), given by the solution of R[N0.5(L),L]=0.5, converges to the true Nc as 

 

...)( /11
5.0 +−=− −− v

c cLNLN ,              (5.1) 
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where c is a constant and v is the correlation-length exponent (v=4/3 for two-dimensional 

systems), as shown in Fig. 5.1(b). The best fit of N0.5(L) to Eq. (5.1) gives an estimate of 

Nc=5.63726±0.00002. For a general stick length l, the percolation threshold should 

therefore be 

 

Ncl
2=5.63726±0.00002.              (5.2) 

 

It is consistent with, but significantly more precise than, the previous result [53]. 
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Figure 5.1. Monte Carlo simulation results for stick percolation on square systems with 

free boundary conditions. (a) Spanning probability R as a function of stick density N for 

different system sizes L. The horizontal dashed line represents R=0.5. (b) Estimated critical 

density N0.5(L), for L=32, 36, 40, 48, 64, 128, and 256, as a function of L
-1-1/v

. (c) L(R-0.5) 

vs. log2(L) for N near Nc, with L=4, 8, 16, 32, 64, 128, and 256. (d) Finite-size scaling plot 

of R after finite-size corrections with Nc=5.63726. 

 

5.2 Finite-size scaling 

 

Percolation theory [56] predicts that in general, for square systems with free boundary 

conditions, the spanning function in a percolation system follows  
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( ) LbxFLNR /)(, 0+≈ ,              (5.3) 

 

where the fist term F(x) is the scaling function with ( ) v
c LNNx

/1−=  and the second term 

is the finite-size correction with b0 being a constant. F(x) has the following polynomial 

form for small x 

 

...)( 3
310 +++= xaxaaxF ,              (5.4) 

 

with ai (i = 0,1,2,…) as constants. The system symmetry and self-duality require that a0 = 

1/2 and ai = 0 for other even i [56,57].  

 

Figure 5.1(c) plots L(R-0.5) against L at different N near Nc for stick systems and 

demonstrates that all the curves converge to the same value when L → 0, which validates 

Eq. (5.3) for stick systems and implies that a0 = 1/2. The plots of the scaling function F(x) 

for different L in Fig. 5.1(d) show excellent scaling behaviors for stick systems. Replacing x 

with Axx =ˆ  in Eq. (5.4), one can obtain a universal finite-size scaling function (UFSSF) 

form [56] of Eq. (5.4) as L++++= 5
5

3
3 ˆˆˆ

2

1
)ˆ(ˆ xKxKxxF . The data in Fig. 5.1(d) can give 

a perfect fit by this UFSSF with K3=-1.055±0.002, K5=0.783±0.004, and A= xF ∂∂ )0(  =a1= 

0.106910±0.000009. It agrees excellently with the UFSSF for regular lattice percolation, 

where K3=-1.02±0.02 [58] and K5≈1 [59]. This agreement confirms that stick percolation 

shares the same UFSSF as lattice percolation. 

 

5.3 Critical conductivity exponent 

 

It is well known that for a percolation system, its conductivity σ near the percolation 

threshold pc behaves [49] as σ ~ (N-Nc)
t, where t is the critical conductivity exponent. It has 

been demonstrated that continuum percolation systems share the same value of t ≈ 1.30 as 

for lattice percolation systems [49,52,54]. However, recent studies [60] propose that in 

CNNs or stick systems, t should vary with the ratio of stick-stick junction resistance (Rj) to 

stick resistance (Rs), i.e., Rj/Rs. 

 



Ink-jet printing of thin film transistors based on carbon nanotubes 

 34 

-6 -4 -2 0 2 4 6
0.94

0.95

0.96

0.97

0.98

 

 

 Arithmetic 
 Geometric
 Harmonic

t/
v

log
10

(R /R )  j     s

-6 -4 -2 0 2 4 6

1.2

1.3

1.4

 

 

 Arithmetic
 Geometric
 Harmonic

t

 log
10

(R /R ) 

~

  j     s
 

Figure 5.2. Rj/Rs dependence of (a) t/v for systems exactly at the percolation threshold and 

(b) t
~

 for stick system of L=20 and with (N-Nc)/Nc between 0.3 and 1, extracted from the 

three kinds of mean (arithmetic, geometric and harmonic) conductivities. 

 

In order to make clear the dependence of t on Rj/Rs, systematic Monte Carlo simulations 

have been conducted in our work. It is found that exactly at the percolation threshold, t is 

independent of Rj/Rs. By varying Rj/Rs in a wide range from 10-5 to 105, the critical 

exponents are all found at t/v = 0.960±0.010 or t = 1.280±0.014, as shown in Fig. 5.2(a). 

However, for systems well above the percolation threshold, the conductivity exponents are 

no longer the critical t, but the apparent conductivity exponents t
~

. As shown in Fig. 5.2(b), 

t
~

is significantly dependent on Rj/Rs. This dependency can be well described with an error 

function of the logarithm of Rj/Rs as )(erf~)(~
0 xAtxt += , where x = 1og10(Rj/Rs), 0

~
t  and A 

are constants, and erf(x) is the error function. 

 

5.4 Heterogeneous percolation theory 

 

Heterogeneous percolation systems, such as the practical CNNs consisting of m-SWCNTs 

and s-SWCNTs, if conducting, are categorized in four groups according to their percolation 

characteristics: (i) only m-SWCNT paths exist (OMP); (ii) only s-SWCNT paths exist 

(OSP); (iii) both m-SWCNT and s-SWCNT paths exist (BOTH); and (iv) neither m-

SWCNT nor s-SWCNT path exists but the whole network is percolated by a mixed path 

comprising m-SWCNTs and s-SWCNTs (MIX). It is readily expected that when the CNN 

attains OSP, the corresponding TFT can simultaneously achieve large ION/IOFF and high ION 

(a) (b) 
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throughout the studied coverage range.  
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Figure 5.3. Simulation (discrete symbols) and modeling (continuous curves) results of the 

percolation probability for different percolation characteristics: overall SWCNT 

percolation R(p) (overall), s-SWNT percolation R(2p/3), m-SWNT percolation R(p/3), OSP 

percolation ROSP(p), and MIX percolation RMIX(p). p = 2
SLρ  is the normalized density 

(coverage).  

 

Figure 5.3 shows the Monte Carlo simulation results as discrete symbols for the overall 

spanning probability R(p) as well as the probability of m-SWCNT percolation (comprising 

OMP and BOTH), MIX, and OSP at different p for a CNN with LC = 5 µm, LS = 3 µm, and 

m-SWCNT fraction fM = 1/3. It is clear in Fig. 5.3 that there is a density range over which 

OSP predominates. Such a density range can be called OSP density window. Theoretical 

deductions (see Paper I for details) reveal that if the half-probability coverage is defined as 

µ , i.e., µ = N0.5(L) or R(µ)=0.5, the OSP-dominant region, or the OSP density window is 

roughly given by 

 

µµ npnn <<− )1(               (5.5) 

 

5.5 Physics of doping effects 

 
Systematic studies [Paper V] based on the comprehensive heterogeneous stick percolation, 

with classic model calculated component conductance, have also unveiled the underlying 

physics of doping effects in high-density SWCNT TFTs, especially for the applications of 

sensors. It is found that upon low-level doping, the electrode-SWCNT contacts are the 



Ink-jet printing of thin film transistors based on carbon nanotubes 

 36 

responsible regions for the conductance change of ON-state SWCNT TFTs, due to their 

high sensitivity to doping and significant contribution to the overall TFT conductance 

(owing to their appropriate conductance). SWCNTs themselves are of too high conductance 

but low doping sensitivity, symmetric intertube junctions (MM and SS) are insensitive to 

doping, and asymmetric intertube junctions (MS) have extremely low conductance and 

therefore give rise to negligible influence to the overall TFT conductance. As a result, 

neither SWCNTs nor intertube junctions can make significant contribution to the overall 

TFT conductance response. This conclusion is in contrast to previous studies which 

assumed that upon doping, the responsible region of the SWCNT TFTs is the channel. On 

the other hand, simulations demonstrate that the presence of symmetric intertube junctions 

may reduce the sensitivity of the overall TFTs and lead to the channel-length dependent 

sensitivity, i.e., the sensitivity decreases with increasing channel length upon low-level 

doping. 

 
In this chapter, some important fundamental results have been introduced for stick 

percolation, including the high-precision percolation threshold, finite-size scaling function, 

critical conductivity exponents, heterogeneous percolation theory, and the physics of 

doping effects in SWCNT TFT-based sensors. These results are generally important and 

also crucial for developing ink-jet printing techniques for SWCNT TFTs as well as their 

applications in sensors. 
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6. Novel Device Structures 

 

The main goal of the Monte Carlo simulations in this thesis is to explore novel device 

structures for SWCNT TFTs aiming to improve the electrical performance with both high 

ON-state current and large ON/OFF current ratio. Certainly, these device structures should 

be compatible with ink-jet printing techniques. Using simulations, so far we have managed 

to explore one novel device structure of composite CNNs and validate the compatibility 

with ink-jet printing of the strip-featured SWCNT TFTs, which was proposed and 

demonstrated previously based on silicon technology [16]. The discussion in this chapter 

refers to Papers IV and VIII. 

 

6.1 SWCNT TFTs with composite CNNs 

 

It has been well demonstrated both theoretically [38] and experimentally [36] that aligned 

SWCNTs can significantly enhance the drive current (ON-state current ION) in short-

channel devices (LC < LS). With aligned SWCNTs, the length of percolation paths bridging 

the source and the drain is reduced, resulting in an increased ID. However, for long-channel 

SWCNT TFTs with LC > LS, the alignment causes reduction of the probability for each 

nanotube to form junctions with its neighbors [37] and hence reduces the number of 

available percolation paths. As a result, a decreased ION is found. Apparently, a perfect 

alignment is not optimal since the CNN would carry less current than partially aligned or 

even randomly oriented CNNs [37,38]. Our simulation work has reproduced this tendency 

[Fig. 6.1(a)]. However, it is also indicated that a partially aligned CNN may not be an 

optimal solution for SWCNT TFTs either. As shown in Fig. 6.1(b), when a partially aligned 

CNN reaches the peak ON-state current at a certain alignment (marked with the dashed 

lines in the figure), the ON/OFF current ratio decreases severely. In Fig. 6.1, the CNN 

alignment is measured by an angle θa.  

 

Our simulations demonstrate that utilizing composite CNNs presents an effective means to 

improve the electrical performance of CNN TFTs. Such composite CNNs comprise two sets 

of SWCNTs. A primary set consists of dense arrays of almost perfectly-aligned long 
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SWCNTs along the transistor channel direction [Fig. 6.2(a)]. A secondary set is composed 

of short SWCNTs with a density far below the percolation threshold. These short SWCNTs 

can be randomly distributed [AR-CNN, Fig. 6.2(b)] or perpendicularly aligned to the 

primary set [AA-CNN, Fig. 6.2(c)]. At least, three advantages can be found with the 

concept of composite CNNs in terms of performance improvement. First, the use of aligned 

long SWCNTs reduces the length of the percolation paths. Second, the addition of short 

SWCNTs increases the percolation probability and hence the number of available 

percolation paths. Last, the combination of long and short SWCNTs effectively reduces the 

probability of metallic percolation paths, as justified by the OSP probability in Fig. 6.1(c). 

As a result, the composite CNN TFTs can simultaneously achieve the desired high ION and 

large ION/IOFF (see Fig. 6.1). 
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Figure 6.1. Simulation results showing how (a) ION, (b) ION/IOFF and (c) OSP probability 

ROSP vary with the degree of alignment θa for three different cases. LC = 5 µm. Squares: 

Primary, with single CNNs comprising SWCNTs of LS = 3 µm and ρ = 10 µm
-2

. Circles: 

AR-CNN, the primary CNN plus a secondary CNN with randomly oriented short SWCNTs 

of L = 0.1 µm and ρ = 60 µm
-2

. Triangles: AA-CNN, the primary CNN plus a secondary 

CNN with vertically aligned short SWCNTs of L = 0.1 µm and ρ = 60 µm
-2

; identical θa for 

both primary and secondary CNNs. 

 

The superiority of the concept of composite CNNs for SWCNT TFTs has been confirmed 

experimentally by other researchers [61]. The structure of such composite CNNs is likely to 

be suitable for ink-jet printing as well. Short SWCNTs are currently available, and a 
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number of methods to trim SWCNTs to a range of short lengths can be found in the 

literature, such as fluorination [62], oxidation by acids [63], sonication and homogenization 

[64]. The challenge is how to fabricate aligned SWCNTs through ink-jet printing. A 

possible solution might rely on the method [65] of large area-aligned arrays from direct 

deposition of SWCNT inks. This method thermally treats the deposited polymer-

composited SWCNT inks and obtains unique arrays of well-aligned SWCNTs self-assemble 

across large fissures of the depositions. If the conductance of the deposition is dominated 

by the fissures, it is possible to realize our composite CNN structure by first printing long-

SWCNT/polymer inks followed by thermal treatments, and then printing short SWCNT 

inks. In practice, however, a process for fissure-leading alignment of SWCNTs is currently 

absent at our lab and verification of this idea for ink-jet printing SWCNT TFTs with 

composite CNN structures has to be put aside due to time constraints.  

 

 

Figure 6.2. Percolation paths in CNNs of 5 µm×1 µm dimension for (a) Primary, with 

single CNNs comprising SWCNTs of LS = 3 µm, ρ = 10 µm
-2

, and θa = 0.5
o
; (b) AR-CNN, 

with a secondary CNN of randomly oriented short SWCNTs of L = 0.1 µm and ρ = 60 µm
-2

; 

and (c) AA-CNN, with a secondary CNN of vertically aligned short SWCNTs of L = 0.1 µm, 

ρ = 60 µm
-2

, and θa = 90
o
. Open circles mark the intertube junctions in the percolation 

paths. 

 

6.2 SWCNT TFTs with long-strip channels 

 

It has been proposed previously [16] that, through the combination of soft lithography and 

reactive-ion etching, cutting fine lines in large-area high-density CNNs to produce parallel 
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SWCNT strips is an effective way to eliminate pure m-SWCNT transport pathways, 

without significant reduction of the effective carrier mobility. Compared with the original 

SWCNT TFTs, the resulting “strip-featured” SWCNT TFTs can have considerable increase 

in ON/OFF current ratio by up to four orders of magnitude only at the expense of ON-

current degradation by less than a factor of 2.  

 

Furthermore, a follow-up systematic work [23] outlines a set of design rules to guarantee 

high performance; the strip width Wstrip should be smaller than the SWCNT (stick) length LS, 

i.e., Wstrip/LS < 1. However, this requirement is demanding for ink-jet printing techniques 

available nowadays. As mentioned earlier, usually a commercial ink-jet printer can reliably 

produce lines no narrower than ~ 50 µm, whereas the SWCNT length is typically around a 

few µm. Therefore, ink-jet printed strips should often have Wstrip/LS > 10, which seriously 

violates the proposed design rules.  

 

In this chapter, more stick percolation systems are studied and the applicability of strip-

featured SWCNT TFTs in ink-jet printing techniques is evaluated on the basis of the 

heterogeneous percolation theory and Monte Carlo simulations for large-size stick systems 

to account for strips of Wstrip/LS > 10. 

 

The essential physics of the strips is still to achieve OSP-dominated SWCNT TFTs. As 

discussed earlier in Chapter 5, the OSP density window width WOSP is determined by the 

half-possibility density µ . According to Eq. (5.5), WOSP = 1.5µ  if the m-SWCNT fraction 

remains fM = 1/3 for TFTs based on pristine SWCNTs. To understand the superiority of the 

strips for SWCNT TFTs from the viewpoint of percolation theory, the percolation behaviors, 

especially the half-possibility density µ , must be well studied first for systems with strip 

(rectangle) structures.  

 

A rectangular system is characterized by its length-to-width ratio, r, see Fig. 6.3(a). Figures 

6.3(b) and 6.3(c) show the spanning probability as a function of density for rectangular 

stick systems with different r and Wstrip. It is clear that for any fixed Wstrip, with the increase 

of r, the spanning probability curves, surely including the half-possibility density µ , shift in 

the high-density direction. This means that a large r corresponds to a large µ  or a large WOSP. 

As a result, long and narrow strips (rectangles with large r) are superior to square systems 
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of similar (channel) length with respect to the electrical performance of SWCNT TFTs. It 

should be pointed out that even with large Wstrip [Fig. 6.3(c)], the superiority of large-r 

systems still holds though the increase of µ  is not so significant as that in systems of small 

Wstrip [Fig. 6.3(d)]. This implies that by choosing suitable SWCNT density, strips with large 

r are also, in principle, compatible with the ink-jet printing techniques to fabricate relatively 

high-performance SWCNT TFTs with large Wstrip/LS, though the performance is not 

expected to be as excellent as those with very small Wstrip/LS.  
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Figure 6.3. (a) Schematic SWCNT (stick) strips for Monte Carlo simulation, red and green 

sticks represent m-SWCNTs and s-SWCNTs, respectively. (b) and (c) Spanning probability R 

as a function of stick density p for strip width, Wstrip/LS =10 (b) and Wstrip/LS =40 (c), with 

different length-to-width ratio r. From left to right, the curves are for r = 1, 2, 4, 8, and 16. 

Each of the curves is obtained from 10
6
 realizations in the Monte Carlo simulations. The 

intersection between a curve and the horizontal dashed line (R=0.5) indicates the half-

probability density µ. (d) Dependence of the half-probability density µ on the length-to-

width ratio r for Wstrip/LS =10 and Wstrip/LS =40. 

 

In summary, in order to improve the electrical performance of SWCNT TFTs, this chapter 

explores, by using Monte Carlo simulation, a novel device structure of composite CNNs. 
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Such a composite CNN comprises a primary set of perfectly-aligned long-SWCNTs arrays 

and a secondary set of short-SWCNT networks. It further demonstrates that the strip 

structures proposed previously by other studies are also compatible with ink-jet printing 

techniques. The following chapter will discuss our experiments of ink-jet printed SWCNT 

TFTs with long-strip channels. 
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7. Ink-jet Printing of SWCNT TFTs With Long-Strip Channels 

 

The studies in Chapter 6 based on Monte Carlo simulations and heterogeneous stick 

percolation predict that CNNs consisting of wide strips (with respect to SWCNT length, 

Wstrip/LS >> 1) with large length-to-width ratio r are still of potential to retain fairly high 

electrical performance and suitable for ink-jet printed SWCNT TFTs, though the 

performance is expected to be inferior to those devices comprising narrow strips (Wstrip/LS < 

1). This chapter presents the practical ink-jet printing techniques for strip-featured SWCNT 

TFTs and their electrical properties. The discussion in this chapter refers to Paper VIII. 

 

7.1 Ink-jet printing techniques 

 

In practice, the ink-jet printing procedures for SWCNT TFTs include substrate selection 

and architecture design, SWCNT ink formulation, and device fabrication by means of ink-

jet printing. The ink-jet printer used in this thesis is Fujifilm Dimatix DMP-2800. 

 

7.1.1 Substrate selection and device architecture design 

 

In our studies, two types of substrates are considered for the ink-jet printed SWCNT TFTs. 

One is, as previously, heavily-doped silicon wafer capped with a thin layer (~ 150 nm thick) 

of SiO2, and the other is a kind of flexible plastic foil, Kapton. 

 

It is very convenient to print SWCNT TFTs on top of SiO2/Si substrates by taking the back-

gate device architecture [Fig. 2.1(c)] with heavily-doped silicon as the gate electrode and 

SiO2 as the gate insulator. Due to the excellent capacitance performance of SiO2/Si 

substrates, the electrical properties of the printed SWCNT TFTs can be reliably studied. 

However, in order to meet the interest in the emerging flexible electronics, SWCNT TFTs 

are also printed on flexible substrates (Kapton, Fig. 7.1) with the top-gate device 

architecture [Fig. 2.1(b)].  

 

Besides SWCNTs, all the electrodes, including source/drain and gate, are also printed by 
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the ink-jet printing. The electrodes are printed using commercial silver inks while the 

SWCNT inks are formulated in-house. 

 

 

Figure 7.1. SWCNT TFTs printed on Kapton. 

 

7.1.2 SWCNT ink formulation 

 

There are sophisticated skills in the literature for preparation of SWCNT solutions or 

suspensions especially in the aqueous solvents. However, in order to achieve optimal 

performance of the printer and produce reliable printed patterns, the inks should possess 

proper fluidic characteristics, including viscosity and surface tension [66,67]. It is found in 

our studies that in combination with an appropriate kind of polymer, polyvinyl-pyrrolidone 

(PVP), water-based SWCNT solutions have proper fluidic characteristics and hence are 

compatible for ink-jet printing. Although the preparation of similar SWCNT solutions has 

already been introduced previously [65], their compatibility with ink-jet printing was not 

studied. It is now demonstrated in this study. The ink formulation is very simple and only 

includes dispersion of SWCNTs into water in the presence of surfactant SDBS (~ 0.1% by 

weight), with the assistance of bath ultrasonication for half an hour. This was followed by 

addition of PVP and then a second sonication for a few minutes. Usually, such kind of 

SWCNT inks can be stable for several months. However, the performance of the printing 

and the electrical property of the printed devices are strongly influenced by the 

concentration of PVP in the inks. There should be sufficient PVP in the inks since PVP is an 

excellent additive for the SWCNT ink. It can increase the ink viscosity, debundle SWCNTs, 
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stabilize the inks for a long time, and improve the printed device patterns. On the other 

hand, there should not be too much PVP in the inks. The ink with too much PVP may have 

too high viscosity and cannot drip out of the nozzles. In addition, PVP itself is insulating 

and too much PVP can severely degrade the conductance of the printed SWCNT TFTs. Our 

studies suggest that the optimal SWCNT ink for high printability and good electrical 

performance includes 2 mg/ml PVP and 0.2 mg/ml SWCNTs. For this ink, the printed 

SWCNT strips are uniform (20-40 nm thick) and most nanotubes are fairly individual 

SWCNTs or small bundles with the length around 1 µm, and distribute randomly and 

uniformly in PVP. 

 

7.1.3 Device printing 

 

For SWCNT TFTs fabricated on silicon wafers, the printing procedure is fairly simple. First 

the SWCNT strips are printed using the SWCNT/PVP ink. Then the source/drain electrodes 

are printed using the commercial silver inks followed by baking in an oven at 150 oC for 

around 30 min. Note that the source/drain electrodes are printed at the two ends of each 

SWCNT/PVP strip in order to realize the top-contact configuration in Fig. 2.1(c), instead of 

the bottom -contact in Fig. 2.1(a). Finally, a layer of 10-nm-thick Al2O3 thin film as the 

passivation layer is deposited by means of Atomic Layer Deposition (ALD) at 150 oC.  

 

      

Figure 7.2. Optical images of ink-jet printed strip-featured SWCNTs on (a) SiO2/Si and (b) 

Kapton. All the electrodes, Source (S), Drain (D) and Gate (G) are printed using a 

commercial silver ink. In (b), beneath the gate electrode, there is a 50-nm-thick layer of 

Al2O3 thin film as the gate insulator. 

 

For SWCNT TFTs on Kapton, the fabrication procedure is also rather straightforward. First 

 S D 

(a) (b) 

SWCNT/PVP 

SWCNT/PVP 

S D 
G 

100 µm 100 µm 
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the SWCNT strips are printed on Kapton, followed by printing of silver source/drain 

electrodes at the two ends of each strip. Then a layer of 50-nm-thick Al2O3 thin film as the 

gate dielectrics is deposited by ALD at 150 oC. At the end, the silver gate electrode is 

printed on top of the Al2O3 gate dielectric and located above the channel (SWCNT/PVP) 

region. Figure 7.2 shows optical images of the final printed devices on silicon and Kapton. 

In both cases, each device can comprise one single strip or multiple (5 or 10) strips. 

 

7.2 Electrical properties 

 

7.2.1 SWCNT TFTs on silicon 

 
On silicon wafer, over 1000 TFTs have been printed with either single strip or multiple 

strips. Each strip has a width around 100 µm and a length varying from 200 µm to 1000 µm. 

For these devices, the ON current decreases with the increasing channel length LC whereas 

the ON/OFF current ratio increases with the increasing LC. In addition, they follow the 

scaling rules [Eqs. (2.6) and (2.7)] as ION ~ 55.1−
CL and ION/IOFF ~ 14.3

CL . SWCNT TFTs with LC 

~ 1000 µm have the best electrical performance; about 50% of which have ION > 250 nA at 

VD = 5 V and VG = 40 V, and meanwhile ION/IOFF > 150. Typically, the effective mobility of 

these devices is µeff ≈ 0.6 cm2/V s. As a result, it is clear that wide strips (Wstrip/LS ~ 100) 

may still offer SWCNT TFTs with good performance provided that the length-to-width 

ratio r is sufficiently large. This experimental observation has thus verified the previous 

simulation results. 

 

Furthermore, for SWCNT TFTs with multiple strips, the performance can be further 

improved. Now, ION can exceed 10-6 A at VD = 5 V, ~10 times higher than that of the single-

strip TFTs, while their ION/IOFF is still around 100. Therefore, multiple-strip SWCNT TFTs 

yield better device performance than single-strip ones. 

 

Note that the passivation layer is crucial for our ink-jet printed SWCNT TFTs. Figures 7.3(a) 

and 7.3(b) exhibit, respectively, the transfer characteristics of a printed one-strip (1000 µm 

long) SWCNT TFT before and after deposition of an Al2O3 passivation layer. Without 

passivation, the ON/OFF ratio can exceed 700 with the ON current approaching 7×10-8 A at 

VD = 5 V. The transfer characteristics display obvious ambipolar behavior with the 
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transition voltage at VG = -20 V. However, at the OFF state, the absolute value of the drain 

current does not agree well with the source current, which could be caused by surface 

leakage since the gate leakage current is much smaller than the source/drain currents. With 

the passivation, the source and drain currents coincide with each other. Furthermore, the 

ON current of the n-type branch increases by about three times. On the contrary, the 

ON/OFF current ratio decreases by about three times. In addition, the transition gate 

voltage between the p-type and n-type branches shifts to a more negative value and the 

device looks more like an n-type transistor. Therefore, it can be concluded that the 

deposition of the Al2O3 layer has significant influences on the device property. The cause 

for this influence needs to be explored. Usually TFTs comprising pure SWCNTs exhibit p-

type transistor behavior; see Figs. 3.4 and 3.6. The ambipolar behavior of the present 

devices might result from the addition of PVP, which covers the SWCNTs without making 

them exposed to the air.  

-40 -20 0 20 40
10

-11

10
-10

10
-9

10
-8

10
-7

10
-6

 

 

Source

Drain

-40 -20 0 20 40
10

-11

10
-10

10
-9

10
-8

10
-7

10
-6

 

 

Source

Drain

VG (V)

I
(A

)

VG (V)

I
(A

)

VD = 5 VVD = 5 V

 

Figure 7.3. Transfer characteristics of an ink-jet printed SWCNT TFT with one single strip 

(a) before and (b) after deposition of Al2O3 passivation layer. The strip is 100 µm wide and 

1000 µm long. 

 

7.2.2 SWCNT TFTs on Kapton 

 

The transfer and output characteristics are also studied for SWCNT TFTs fabricated on 

Kapton. The electrical performance of one of the best devices is shown in Fig. 7.4. ION is 

around 25 nA at VD = 5 V with ION/IOFF about 25. The effective mobility is µeff ≈ 0.07 cm2/V 

s. However, the applied gate bias has to be limited within the range between -5 V and 5 V 

(a) (b) 
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since when VG was over 10 V, a large gate current was observed likely caused by 

breakdown of the Al2O3 thin film. Compared with those results of the devices on silicon 

wafer, SWCNT TFTs on Kapton have a somewhat degraded electrical performance. The 

reason might be that Al2O3 on Kapton is inferior in capacitance performance as compared 

to SiO2 on silicon substrates. 
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Figure 7.4. (a) Transfer and (b) output characteristics for a top-gate single-strip SWCNT 

TFT fabricated on Kapton. The strip is about 1000 µm long and 100 µm wide. In (b), VG 

decreases from 5 V to 0 V in steps of 1 V from the top curve to the bottom one. 

 

In summary, this chapter develops the ink-jet printing technique for SWCNTs and presents 

the inkjet printed SWCNT TFTs featuring long-strip channels. This effort is guided by our 

Monte Carlo simulations presented earlier in the preceding chapters. As a result, high-yield 

SWCNT TFTs can be printed on silicon wafer with ON current > 250 nA at VD = 5 V and 

ON/OFF ratio > 150. SWCNT TFTs with multiple strips can achieve ON current > 1 µA 

and ON/OFF ratio ~ 100. With the assistance of ALD-deposited Al2O3 as the gate dielectric, 

SWCNT TFTs can be printed on Kapton. The best performance so far is ON current ~ 25 

nA at VD = 5 V and ON/OFF ratio ~ 25. The effective mobility is ~ 0.6 cm2/V s for the TFTs 

on silicon and ~ 0.07 cm2/V s on Kapton. These results are encouraging with better 

performance than ink-jet printed SWCNT TFTs reported in the literature [18,22]. Compared 

with those devices under similar circumstances, the present SWCNT TFTs have an increase 

by about 10 times in effective mobility and meantime an increase by at least 25 times in 

ON/OFF current ratio. They further justify our proposal, based on Monte Carlo simulations, 

of ink-jet printed SWCNT TFTs with channels shaped in long strips. 
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8. Summary and Future Outlook 

 

This thesis presents my endeavor in developing ink-jet printing techniques for relatively 

high-performance TFTs based on pristine SWCNTs. The main challenge of this work is to 

suppress the undesired effects of “metallic SWCNT contamination”. 

 

At first sight, low-density CNNs could be a good solution. Prior to the real ink-jet printing, 

SWCNT TFTs have been fabricated through drop casting in combination with silicon 

technology. It is found that high-yield TFTs with high ON/OFF current ratio can be 

achieved by using low-density SWCNT networks. In addition, its diode connection mode 

presents an attractive solution for CNN-based rectifiers with excellent performance of 

forward/reverse current ratio over 105. However, low-density SWCNT TFTs suffer from 

low mobility, poor reproducibility, and unclear scaling behaviors. These drawbacks put 

severe challenges to the applications of low-density SWCNT TFTs in electronic circuits. As 

a result, low-density SWCNT TFTs are unlikely to be a good solution to ink-jet printed 

electronic devices. Nevertheless, it has also been demonstrated that the electrical 

performance of such SWCNT TFTs is insensitive to the electrode materials probably also 

due to the effects of “metallic SWCNT contamination”. This observation is not only 

interesting but more importantly also of advantages for ink-jet printing of SWCNT TFTs 

since it allows plenty of metal inks, e.g., the mature silver ink, to be considered for 

fabrication of SWCNT TFTs. 

 

A more effective and feasible way to improve the electrical performance of SWCNT TFTs 

is to employ high-density CNNs with novel device structures. In order to explore such 

device structures, Monte Carlo models on the basis of generalized stick percolation have 

been established. The conductance of the stick percolation systems representing CNNs is 

calculated by employing Kirchoff’s current law. The conductance of the SWCNTs, 

SWCNT-SWCNT junctions and SWCNT-electrode contacts are obtained from either model 

calculations or experiential data. In particular, since a normal ink-jet printer can only 

produce large-dimension devices due to its low spatial resolution, high-efficiency 

algorithms based on subcells and tree-based algorithms have been proposed to investigate 
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percolation behaviors for large-size stick systems. Furthermore, preconditioned conjugate 

gradient method has been employed to calculate the conductance for these systems.  

 

By conducting Monte Carlo simulations, important conclusions have been reached for 

fundamental issues in stick percolation. First, the percolation threshold for 2D square stick 

systems has been estimated with high precision as Ncl
2 = 5.63726± 0.00002. Second, it has 

been demonstrated that stick systems, as a representative of continuum percolation systems, 

shares the same universal finite-size scaling function as lattice percolation systems. Third, it 

has been made clear that the critical conductivity exponent for stick systems exactly at the 

percolation threshold is independent of the stick-to-junction resistance ratio, whereas the 

apparent conductivity exponents for stick systems well above the percolation threshold 

significantly vary with this ratio. These results are essential to stick percolation theory and 

hence to its application in electronics concerning SWCNT TFTs. The extensive simulation 

work has also led to fundamental knowledge for heterogeneous stick systems or CNNs in 

that the SWCNT density window, within which only semiconducting SWCNT percolation 

dominates, depends on the half-probability density (the density where the spanning 

probability is 0.5) and the fraction of m-SWCNTs. Finally, simulations demonstrate that the 

responsible region for the doping effects on SWCNT TFTs is the electrode/SWCNT 

contacts, in contrast to the previous assumption of the channel. This confirmation can be of 

important implications in applications of SWCNT TFTs as gas or bio-chemical sensors. 

 

The Monte Carlo simulations have led to prediction of a novel device structure for high-

performance SWCNT TFTs, i.e., composite CNNs. This concept has subsequently been 

confirmed experimentally by other researchers. This structure comprises a primary set of 

perfectly-aligned long-SWCNTs arrays and a secondary set of short-SWCNT networks. 

The aligned long SWCNTs reduce the length of the percolation paths and the short 

SWCNTs increase the percolation probability and hence the number of available 

percolation paths. Moreover, the combination of long and short SWCNTs effectively 

reduces the probability of metallic percolation paths. Therefore, most TFTs with such 

composite CNNs are expected to achieve high ON current and large ON/OFF current ratio 

simultaneously. In addition, Monte Carlo simulations have also demonstrated the 

compatibility of previously-proposed “strip-featured” SWCNT TFTs with ink-jet printing. 

With the increase of the length-to-width ratio of SWCNT strips (rectangular CNNs), the 
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half-probability density shifts to higher value (thus allowing for higher ION) and hence 

results in wider density window at which only semiconducting SWCNT percolation 

dominates (thus permitting higher throughput). This conclusion implies that long and 

narrow strips are good device structures for performance improvement of SWCNT TFTs. 

 

In practical ink-jet printing, the composite CNN approach awaits experimental realization 

due to the challenge in fabrication of aligned SWCNT. Instead, we have fabricated strip-

featured SWCNT TFTs by means of ink-jet printing on both silicon wafer and flexible 

Kapton substrates. The SWCNT ink is formulated with the assistance of an insulating 

polymer PVP. The electrodes are all also ink-jet printed using commercial silver ink. As a 

result, high-yield SWCNT TFTs can be printed on silicon wafer with an ON/OFF ratio > 

150 and ON current > 250 nA at VD = 5 V. With ALD-deposited Al2O3 as the gate insulator, 

SWCNT TFTs have also been printed on Kapton with the best performance so far of ON 

current ~ 25 nA at VD = 5 V and ON/OFF ratio ~ 25. These results are much better than 

previously reported ink-jet printed SWCNT TFTs in the literature. Compared with those 

literature devices under similar circumstances, our SWCNT TFTs have an increase by about 

10 times in effective mobility and meantime an increase by at least 25 times in ON/OFF 

current ratio. 

 

However, the printed TFTs are still far from satisfactory and there is need for further 

development of the ink-jet printing techniques in order to improve the performance of 

SWCNT TFTs. Some potential efforts are suggested as follows. 

(1) It is valuable to evaluate the electrical performance of SWCNT TFTs with composite 

CNNs fabricated by ink-jet printing. For this purpose, more sophisticated ink-jet printing 

techniques need to be developed in order to produce aligned SWCNT arrays.  

(2) The Monte Carlo simulations suggest that narrower strips can yield better performance 

than wide ones. Therefore, advanced ink-jet printer with high resolution (~ a few µm) 

[68,69] need to be developed and employed aiming to improve the performance of strip-

featured SWCNT TFTs. 

(3) More advanced SWCNT inks need to be formulated without involvement of insulating 

polymers in order to increase the device conductance. 

(4) For SWCNT TFTs on flexible substrates, superior gate dielectrics, such as ion gels [70], 

are needed to achieve high performance.  
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