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Chapter 3 

Anomalous Carrier Transport in 

Ambipolar Field-Effect Transistor of 

Large Diameter Single-Walled Carbon 

Nanotube Network 

 

 

In this chapter we perform a study of the carrier transport mechanism in 

ambipolar FET of semi-aligned network of polymer-wrapped carbon nanotubes. 

The ambipolar characteristics persist with much improved on/off ratio values (10
6
) 

when the FET is cooled down to liquid N2 temperature. We observe that the 

mobility value of both holes and electrons decrease by cooling, but with some 

anomalies as a slight increase below 150 K. We conclude that the origin of the 

observed anomalous temperature-dependent carrier transport is due to the 

transition from a transport regime dominated by intertube interactions, which are 

influenced by the wrapping polymer, to a regime dominated by the intratube 

carrier transport that is determined by the 1D transport properties of the SWNTs. 

 

 

 

 

S. Z. Bisri, V. Derenskyi, W. Gomulya, J. M. Salazar Rios, M. Fritsch, N. Fröhlich, 

S. Jung, S. Allard, U. Scherf, M. A. Loi, Adv. El. Mat. 2016 



 60 
 

3.1 Introduction 

Despite the great progress that has been made in reproducible fabrication of 

SWNTs-based FETs, to date, the nature of the charge carrier transport in nanotube 

networks are still rarely being discussed. The reported low mobility in most nanotube 

networks (<10 cm
2
/V.s),

[1,2]
 in comparison with the one that can be attained by individual 

SWNTs (ca. 10
5
 cm

2
/V.s),

[3,4]
 makes researchers believe that charge transport in this system 

is limited by the network arrangement and by other components fractions (polymers, 

surfactants, impurities, and other moieties) which are present in the network, instead of 

being the property of the individual tubes. These factors undermine the prospects for 

utilization of SWNTs in both high performance electronic devices as well as in niche 

applications as flexible electronics.  

Different authors have attempted to explain the transport mechanism in the 

network. Some reports proposed that the transport in SWNT networks, prepared by 

covalent functionalization, obeys the variable-range hopping (VRH) model with 

dimensionality that depends on the fraction of metallic tube species present in the 

network,
[5]

 or alternatively, the length of the carbon nanotubes.
[6]

 Other authors include the 

possibility of Tomonaga-Luttinger-liquid behavior,
[7]

 which arise from the 1D nature of the 

transport. Recently, Gao and Loo proposed that the charge carrier transport behavior in 

sSWNT networks is thermally activated, but it is non-Arrhenius and can be better fitted 

using a fluctuation-induced tunneling (FIT) model.
[8]

 While this proposal is very intriguing, 

the experiments were conducted using unipolar (p-type) FETs made with a network of 

sSWNT wrapped by poly[(9,9-dioctylfluorenyl-2,7-diyl)-alt-co(6,6‟-{2,2‟-bipyridine})] 

block copolymer(PFO-BPy) that demonstrated modest mobility and on/off ratio. Therefore, 

these experiments give only a partial view of the SWNT network transport. Carbon 

nanotubes are intrinsic semiconductors and therefore ambipolar. However, several 

problems in the sample preparation and measurements can suppress the transport of 

electrons preventing gaining a complete picture of the charge carrier transport. Only with a 

well-controlled device fabrication process and measurement protocol,
[1,2]

 ambipolar FET of 

SWNTs with high carrier mobility and on/off ratio can be obtained.  
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3.2 Study of the temperature-dependent carrier transport in 

large-diameter sSWNT networks 

Single walled carbon nanotubes network field-effect transistors (FETs) were 

fabricated on 230 nm SiO2 dielectric with Au interdigitated bottom contact electrodes 

(Figure 1a). The whole device fabrication was performed inside a N2 glovebox. Large 

diameter arc-discharge-synthesized (SO) semiconducting nanotubes were deposited from 

toluene-based solution onto the transistor channel using the blade coating technique to 

obtain a semialigned sSWNT network (see atomic force micrograph in Figure 1b). These 

large diameter nanotubes were selectively dispersed using the polymer-assisted separation 

method with poly(9,9-di-n-dodecylfluorenyl-2,7-diyl) (PF12) to obtain highly pure 

semiconducting nanotube solution.
[9]

 The nanotube solution was enriched to remove the 

residual polymer chains, so that only those chains wrapped around the sSWNT remain.
[1]

 

The absorbance spectra of the sSWNT solution after separation and after the subsequent 

enrichment are shown in Figure 1c.  
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Figure 1. a) Structure of the field-effect transistor using semialigned polymer-wrapped 

single-walled carbon nanotubes (SWNT). b) Atomic force microscopy (AFM) image of the 

semialigned SWNT network deposited on the device structure. The image scan is 8 µm × 8 

µm. c) Comparison of ID-VD output characteristics of the ambipolar FET (L = 20 µm; W = 

10 mm) measured at room temperature (black line) and at 77 K (red line). The left part (-20 

V < VD < 0 V) shows the hole accumulation by increasing gate voltage from 0 V to -50 V 

with 10 V increment; the right part (0 V < VD <20 V) shows the electron accumulation by 
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increasing gate voltage from 0 V to 50 V with 10 V increment. d) Absorption spectra of 

PF12-wrapped SO-nanotubes before (black line) and after (red line) enrichment. 

The FETs were measured in a cryostat probe station with liquid N2 cooling. 

Subsequent to their insertion into the cryostat, the samples were annealed at 105
o 

C for 24 h 

in ultrahigh vacuum to remove any possible adsorption of oxygen or moisture occurred 

during sample transfer.  

The ID-VD output characteristics of the FET measured at room temperature (300 K) 

and at 77 K are compared in Figure 1d. The device demonstrates ambipolar transistor 

behavior. At room temperature, clear saturation regimes were observed for both holes and 

electron accumulations at VG = +10 V. At higher VG values, the ID-VD trends of both holes 

and electrons enhancements approached their respective pinch-off points. At 77 K, the 

device still shows ambipolar transport with distinguishable linear and saturation regimes for 

both holes and electrons, in particular at low VG values. At low drain voltage value (VD < 5 

V), the linearity of the ID demonstrates the nearly Ohmic injection of both holes and 

electrons, which remains unchanged by decreasing the temperature. The contact resistance 

values for both holes and electron injections at room temperature and low temperature 

condition were extracted using the Y-function method.
[10]

 The increase of contact resistance 

by decreasing the temperature is lower than a factor of two. At 300 K, the contact resistance 

of holes and electrons are 114.50 Ω∙mm and 34.19 Ω∙mm, respectively. At 77 K, the values 

became 269.80 Ω∙mm for holes injection and 96.35 Ω∙mm for electrons injection. The 

maxima of the contact resistance values are 148.94 Ω∙mm (at 125 K) and 447.04 Ω∙mm (at 

150 K), for electrons and holes, respectively. The obtained contact resistance values are 

relatively low, indicating only a small influence from the mismatch between the Fermi level 

of the Au metal electrodes and both valence and conduction bands of the large diameter 

sSWNTs. This also indicates that the presence of the polymer wrapping does not seriously 

affect the charge carrier injection. The extracted contact resistance values are used to obtain 

the intrinsic (contact-resistance-free) channel mobility values.  
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Figure 2. a) Temperature dependent evolution of the p- and n-channel ID-VG transfer 

characteristics of the ambipolar FET. b) The temperature dependence of the current 

modulation ratio (on/off ratio) of the FET for both hole and electron enhancement regimes. 

In the displayed ID-VG transfer characteristics (Figure 2a), the room temperature 

on/off ratio values for hole and electron accumulation in this large diameter SWNT FETs is 

in the order of 10
4
. This value confirmed the results obtained in ambipolar FET of similar 

polymer-wrapped large diameter SWNT gated using ionic liquid based gel.
[9]

 However, this 

on/off is lower than the state-of-the-art SWNT network FET, which was demonstrated 

using semialigned small diameter HiPCO nanotube wrapped by P3DDT polymer that 

exhibited less pronounced ambipolar transport and more holes dominated characteristics.
[2]
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Cooling down the ambipolar FET to 77 K only a slight decrease of the on-current 

for both holes and electron is observed. On the other hand, the off-current values decrease 

at low temperature of more than 2 orders of magnitudes. At 77 K, the on/off ratio of the 

ambipolar FET reaches 10
6
 for both holes and electron accumulations (Figure 2b). The off-

current can originate either from carrier trap states or from mobile charged impurities.
[11,12]

 

The increase of the on/off ratio, predominantly caused by the decrease of the off-current, by 

lowering the temperature indicates that the trap states become inaccessible from either the 

valence and conduction bands. Furthermore, the mobile charge impurities (if any) would 

not be able to contribute to charge carrier transport at low temperature. The high on/off 

ratio through off-current lowering also confirms that the SWNT network does not contain 

metallic species. If the source of the high off-current at room temperature would have been 

the large number of metallic SWNTs, the current would not decrease at low temperature. It 

is also important to underline that all measured FETs have a relative short channel length 
6
 is the highest ever reported for ambipolar FET 

using large diameter (> 1.2 nm) sSWNTs.    

The effective mobility values of holes and electrons were extracted from the 

simplified Y-function of the ID-VG transfer characteristics in the linear regime (VD << VG). 

A simplified Y-function can be expressed as
[10]

  

  
  

√  
 √       

  
  
(      ) 

where LC and WC are the channel length (LC = 20 µm) and width (WC = 1 cm), respectively, 

and gm is the transconductance (dID/dVG). We use the parallel plate model for the 

capacitance where           ⁄          ⁄  with ε is the dielectric constant and tox is 

the thickness of the SiO2, since the density of the carbon nanotubes on the channel is well 

above the percolation limit.
[1,2]

 Moreover, the network of SWNTs is only partially aligned. 

Figure 3a shows the temperature dependent mobility values for both holes and electrons of 

the sSWNT FET extracted from the transfer characteristics at |VD| = 5 V (linear regime). In 

comparison with standard FET mobility deduction,
[13]

 the usage of Y-function allow us to 

obtain the mobility values which are free from the influence of contact resistance.
[10]

 At 

room temperature, the mobility values for holes and electrons are as high as 5.68 cm
2
/V∙s 

and 10.39 cm
2
/V∙s, respectively. Between 300 K and 175 K, both hole and electron 

mobility monotonously decreases with decreasing temperature. At 150 K, the electron 
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mobility became 2.16 cm
2
/V∙s. On the other hand, the minima of the holes mobility 

occurred at 200 K with a value of 2.14 cm
2
/V∙s. The decrease of the charge carrier mobility 

values of both holes and electrons is consistent with an Arrhenius-like trend. However, 

below 150 K, the mobility values deviate from these linear trends. Both hole and electron 

mobility increase anomalously when the temperature is further lowered below 125 K down 

to 77 K reaching 3.96 cm
2
/V∙s and 3.29 cm

2
/V∙s, respectively. These anomalies in the 

mobility variation were only observed in FETs with preferred alignment of the tubes 

parallel to the channel. The FETs with random network and orthogonal alignment to the 

channel length did not demonstrate such occurrence.  

The behavior of the threshold voltage (VTh) for holes and electron accumulations in 

the ambipolar FET is shown in Figure 3b. The displayed threshold voltage values were 

extracted using the linear extrapolation of the transconductance (GMLE) method,
[14,15]

 

which are consistent with those obtained from Y-function method. At room temperature, 

the VTh values are -4.5 V and 4.9 V for holes and electron, respectively. The threshold 

voltage shifted towards negative values, the hole VTh became -17.8 V at 225 K, and the 

electron VTh to -3.4 V at 250 K. Lowering the temperature, further shifts back the threshold 

voltage values closer to the room temperature voltage. From 150 K down to 77 K, the hole 

VTh remains at around -10.3 V and the electron VTh at 7.5 V. The trend of the threshold 

voltage indicates that the density of electrons and holes do not significantly change with the 

temperature. Furthermore, the shift of the threshold voltage in the mid-temperature range 

happens simultaneously for holes and electrons. This might be attributed to the shift of the 

SWNT network Fermi level, instead of the variation of charge carrier trapping behavior 

either for holes or electrons. The shift of the Fermi level could be triggered by 

conformational changes and/or bonds shrinking of the polymer chains, which in the mid-

temperature range may be substantial. Interestingly, from this mid temperature deep and 

going towards lower temperatures, a constant shift of the VTh values toward the initial room 

temperature values is observed. Therefore, the anomalous behavior of the charge carrier 

mobilities is not the result of the change of accumulated carrier density. 



 67 
 

 

Figure. 3.  a) Temperature-dependent intrinsic (contact resistance free) mobility values of 

holes (green squares) and electrons (red circles). (Inset) Logarithmic plot of the temperature 

dependent carrier mobility, which fits an Arrhenius trend above 175 K b) Temperature 

dependence of the threshold voltage values for hole and electron accumulation. 
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Arrhenius plots of conductivity versus temperature (log σ vs T
-1

) of holes and 

electrons at different applied VG are shown in Figure 4a,b, respectively. In general, a linear 

relation of log σ vs T
-1

 suggests that the transport follows the nearest-neighbor-hopping 

(NNH) mechanism within the given temperature range. This appears to be valid only within 

the temperature range of 200 K – 300 K. The hopping activation energy of holes decrease 

from 122.4 meV at VG = -20 V to become 27.3 meV at VG = -50 V. For electrons, the 

activation energy values are much smaller than for holes, 67.5 meV at VG =10 V which 

monotonously decrease to 27.5 meV at VG = 50 V.  

 

Figure 4.  a) Temperature dependence of the holes, and b) electrons conductivity at fixed 

VD = -5 V (for holes) and 5 V (for electrons) at different applied VG. The conductivity 

values were extracted by assuming the thickness of the accumulation layer to be 5 nm, i.e. 

equivalent to the whole thickness of the nanotube network film. c) Temperature dependence 

conductivity of holes and d) electrons at fixed VG = 50 V and different VD. 

The obtained activation energy values are much smaller than what have been 

reported previously for the other semiconducting single-walled carbon nanotube networks. 

In particular, the holes activation energy is half of what has been reported by Gao and 

Loo
[8]

 and it can be further reduced by the application of higher gate voltage. This indicates 
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the high purity of our sample, which contains a high amount of semiconducting SWNT 

species and a minimum amount of residual polymer chains. It is also important to underline 

that this is the first report of the electron activation energy of SWNT networks, owing to 

the strong ambipolar behavior of our FETs.      

At much lower temperature (<225 K, in Figure 4a,b), the conductivity trend 

deviated from the simple linear relation mentioned above. At low VG, both hole and 

electron conductivity values reach a minimum and stabilize in a plateau. At VG = -20 V, 

holes conductivity reaches the minimum value at around 225 K. At VG = 10 V, the 

minimum of the electron conductivity is reached at 125 K. At higher VG values (|VG| ≥ 30 

V), both holes and electrons demonstrated anomalous increase of conductivity after passing 

the respective minima by further lowering the temperature. The holes conductivity 

increases then reaches a plateau at temperature lower than 100 K. The increase of the 

conductivity is much more pronounced for holes than for electrons, and the increase 

persists until the temperature reached the lowest measurable temperature with our 

experimental apparatus (77 K). These conductivity anomalies strongly suggest that in 

semialigned nanotube network, the transport mechanism cannot be simply explained by 

hopping; either it is a simple thermally activated Arrhenius-type hopping, or a variable-

range hopping. 

The origin of this anomalous behavior of electron and hole conductivity can be 

explained by the interplay between the percolation-type charge carrier transport in the 

nanotube network and the intrinsic charge carrier transport of the individual SWNTs. In this 

SWNT network, which was fabricated using enriched semiconducting nanotube solution, 

the only remaining polymer chains are those wrapping the individual nanotubes.
[1,9]

 In order 

to have charge carrier transported from one nanotube to another, holes or electrons should 

tunnel through the polymer chains that wrap the tubes. The intertube distance can be as 

small as 1 nm, but it is also determined by the conformation of the alkyl arms of the 

polymer acting as steric hindrance. While some of the alkyl arms are wrapping the 

nanotubes, some others, are perpendicular to the nanotube plane.
[9]

 At low temperature, 

these standing alkyl arms could be prone to retract towards a hugging conformation
[16,17]

 or 

to interlock with the alkyl chains from neighboring polymer wrapped nanotube. Therefore, 

the inter-tube distance can become shorter. While the potential barrier for charge carrier 

hopping may remain unchanged, the intertube distance would make easier for the charge 

carrier to tunnel through the reduced barrier width. This is completely different from the 
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fluctuation induced tunneling (FIT) model used for other nanotube networks,
[8]

 in which the 

barrier width and height (due to polymer) are considered to be constant in form of a 

parabolic energy barrier representation; thus cannot explain the increase of conductivity in 

the lower temperature regimes.  

It is known that a ballistic transport regime can be detected in carbon nanotubes. In 

this regime, the conductivity will increase by the decrease of temperature.
[18]

 In our PF12-

wrapped SWNT, the length of the nanotubes can be as long as 2.5 µm;
[9]

 thus, it is possible 

that there are percolation path with a limited number of nanotube-nanotube junctions (less 

than 10). Therefore, in semi-aligned pure sSWNT networks, the charge carrier transport at 

low temperature can be dominated by the intrinsic nature of few of the individual carbon 

nanotubes, masking the collective behavior that is dominant at higher temperature. FETs 

with shorter channel length show much earlier onset of mobility increase at low 

temperature. Nevertheless, we cannot completely ignore the possibility that the residual 

metallic species of the SWNTs may also become the origin of the conductivity increase. 

However, the optical absorption spectra (Figure 1d) of the SWNT solution indicates 

minimum signature of metallic species. Moreover, the FET devices exhibit high on-off ratio 

both at room temperature (Figure 2a), and importantly, at low temperature. The high on/off 

ratio at low temperature is also mainly contributed by the low off-current of both holes and 

electrons, which is a strong proof that metallic tubes do not influence the transport 

properties of these devices.  

The above observations make clear that polymer-wrapped semiconducting SWNT 

networks are complex hybrid material system. The properties of the network films are 

strongly determined not only the properties of the sSWNTs and the polymer used, but also 

the interaction between them. One of the non-trivial behaviors is, for example, the 

structural change of the polymer by temperature, due to the constriction of the nanotube as 

the consequence of wrapping. The peculiar feature observed here increase the interest 

toward the investigation of the temperature dependent transport behavior in the other 

ambipolar FETs based on polymer-wrapped SWNTs with different backbones, different 

SWNT diameters, as well as different type of networks (random or aligned), including 

devices with record high on/off ratio of 10
8
.
[2]

 It would signify our understanding regarding 

the interweaving electronic properties between the SWNTs and the polymer species that 

wrapped them. 
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3.3 Conclusion 

In conclusion, we reported temperature dependent transport measurement of 

ambipolar FETs using semialigned network of large diameter SWNT as active material. 

Anomalous temperature dependent nonlinear transport was observed for both holes and 

electrons. The nonlinear behavior deviates from both hopping transport and fluctuation 

induced tunneling mechanism. Furthermore, conductivity enhancement was observed at 

temperatures below 150 K. This behavior appears as determined by the intrinsic transport 

properties of the single tubes averaged by the network properties. The increase of the on/off 

ratio at low temperature makes us exclude for an effect determined by the few metallic 

tubes eventually present in the channel.  

3.4 Experimental Section  

Preparation of polymer-wrapped semiconducting SWNT dispersion: Some 

details of the purification and separation of the semiconducting SWNT using poly(9,9-di-n-

dodecylfluorene-2,-diyl) (PF12) has been explained in our previous reports.
[9]

 PF12 was 

solubilized in toluene with concentration of 0.3 mg/mL. Similar weight of single-walled 

HiPCO nanotubes (Unidym, Sunnyvale, Ca) was added into the polymer solution. The 

solution was then sonicated using high power cup-horn sonicator, before it underwent a 

two-step ultracentrifugation to remove bundles, carbon contaminants and metallic 

nanotubes. The first step was done at 40000 rpm (190000g) for 1 h. The formed pellet 

contained precipitated bundles was then removed. The upper part of supernatant containing 

the polymer-wrapped SWNT was again centrifuged at 55000 rpm (367000g) for 5 h. The 

individualized SWNTs, which are pelletized by this process, were then re-dispersed in 

toluene. The purity of the SWNT solution was confirmed by the solution absorption 

spectra, which was acquired using UV/Vis/NIR spectrophotometer (Shimadzu UV-3600). 

Fabrication of field-effect transistors of semi-aligned SWNTs: The FET 

structures were fabricated on top of highly-doped Si wafer substrate with 230 nm thick 

thermally grown SiO2, which is used as the gate dielectric of the device. To form a semi-

aligned nanotube network, blade coating technique was performed using an automatic film 

applicator (Zehntner ZAA 2300, Switzerland). The deposition was performed with the 

substrate heated up to 55 
o
C. 20 µL of SWNT solution was dropped on the substrate and the 
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flat blade move above the substrate to spread the solution and remove its excess. To 

increase the nanotube density in the film, the process was repeated 10 times. Finally, the 

fabricated devices were heated at 140
o
C for 3 h in the same glovebox where they were 

fabricated. The atomic force microscope (AFM, Bruker MultiMode 8), operated in tapping 

mode, was used to image the semi-aligned network.  

Low temperature measurements of the ambipolar FET: The FETs were 

measured using a low temperature probe station cryostat (Janis-ST500) equipped with 4 

probe arms and a biased sample chuck, which are connected to Agilent E5270B Precision 

Measurement Mainframe. The ambipolar FETs were shortly exposed (< 5 min) to the 

ambient conditions when they were transferred from the inert glovebox into the cryostat. 

The devices were pumped down in the cryostat, and annealed at 105
o
C for 24 h in order to 

remove any adsorbates. After annealing, all FETs tested have restored their ambipolar 

characteristics. The samples were then cooled down by using liquid nitrogen, reaching the 

bottom (stable) temperature of 77 K. In addition to the drain current (  ) and source current 

(  ), the gate current (  ) was also measured. The measured    values are always much 

lower than    and   , in general at least 1-order of magnitude lower of the off-current state. 

Some experiments were also repeated in a cryogen-free refrigeration system 

(Pascal-OP101DE-12). These experiments were performed only down to 77 K to be 

consistent with the other measurements. The FET parameters were measured also using 

Agilent E5270B Precision Measurement Mainframe. 
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