
FU
LL P

A
P
ER

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 105wileyonlinelibrary.com

counterpart of s-SWCNT dispersions that 
are prepared via density gradient ultra-
centrifuge, polymer-sorted s-SWCNTs 
dispersions are easier, less costly and 
less time-consuming to prepare. Recent 
studies have shown broad application 
of polymer-sorted s-SWCNTs in elec-
tronic devices, including FETs, [ 16–20 ]  light-
emitting transistors, [ 21 ]  photodetectors 
and photovoltaics. [ 22–24 ]  Recent work by 
Qian and co-workers has further demon-
strated that FETs based on polymer-sorted 
s-SWCNTs can show comparable carrier 
mobility to those fabricated using com-
mercially available semiconducting carbon 
nanotube inks. [ 19,25,26 ]  Additional related 
work detailing polymer-wrapped SWCNTs 
and their applications in electronic devices 
are captured in a recent review. [ 27 ]  So far, 
most studies have focused on under-
standing the structure of polymers and 

their selectivity for particular SWCNTs; [ 9–15 ]  the preparation 
of SWCNT dispersions; [ 18–21 ]  and the optimization of fabrica-
tion processes with the aim of improving the performance of 
devices comprising pre-sorted SWCNTs. [ 19,28 ]  Issues, such as 
the nature of charge transport in such networks, remain largely 
unexplored. 

 In this present study, we examine the electrical characteris-
tics of polymer-sorted s-SWCNTs-based transistors as a func-
tion of temperature and elucidate the carrier transport mecha-
nism. We observe a decrease in carrier mobility of s-SWCNT 
network-based FETs and a simultaneous reduction in hysteresis 
with decreasing temperature. We also observe a correlation 
between the extent of hysteresis and the number of charges 
in the conduction channel, which suggests that the observed 
hysteresis originates from the screening of charges that are 
transferred from the carbon nanotubes to hydroxyl groups at 
the dielectric surface. [ 29 ]  Temperature-dependent-resistance 
extracted from the I-V characteristics of FETs comprising 
polymer-sorted s-SWCNTs networks further suggest fl uctua-
tion-induced tunneling (FIT) as the mechanism responsible for 
charge transport.  

  2.     Results and Discussion 

  Figure    1  a shows the absorbance spectra of polymer-sorted 
s-SWCNTs and surfactant-dispersed carbon nanotubes normal-
ized at the second optical transition of semiconducting carbon 
nanotubes at 1013 nm, and of pristine poly[(9,9-dioctylfl uorenyl-
2,7-diyl)-alt-co-(6,6′-{2,2′-bipyridine})]), PFO-BPy, in toluene. 
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  1.     Introduction 

 Single-walled carbon nanotubes (SWCNTs) are promising 
materials for electronic device applications and have garnered 
tremendous interest in the last decade. [ 1–3 ]  Even though the 
mobility of individual pristine semiconducting SWCNTs have 
been reported to be 100,000 cm 2 /V s, [ 4 ]  batches of as-synthesized 
carbon nanotubes, which always comprise a mixture of semi-
conducting and metallic species, have shown far inferior elec-
trical properties. The presence of metallic tubes within carbon 
nanotube networks hampers the switching of fi eld-effect tran-
sistors (FETs), and when present in quantities exceeding perco-
lation thresholds, can even short-circuit the devices. Recently, 
progress in the preparation of semiconducting carbon nano-
tube “inks”, namely dispersions of high purity semiconducting 
carbon nanotubes (s-SWCNTs), has in part brought us closer 
to realizing solution processable SWCNT network-based tran-
sistors with high on/off ratios. [ 5,6 ]  Many macromolecule-based 
dispersants, such as single-stranded DNA, [ 7 ]  DNA-based block 
co-polymers, [ 8 ]  polythiophenes, [ 9 ]  polyfl uorene and its deriva-
tives, [ 10–15 ]  etc., have shown selectivity towards semiconducting 
carbon nanotubes. Compared to the commercially available 
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The spectrum of sorted carbon nanotubes shows low absorb-
ance in the 620–820 nm range. Since absorption in this region 
corresponds to the optical transition of metallic tubes, this 
observation evidences that PFO-BPy preferentially selects for 
semiconducting SWCNTs. Absorbance below 400 nm mainly 
originates from residual polymer; the absorption peak at 363 nm 
is the same as that in the spectrum of pristine polymer in tol-
uene. In order to evaluate the weight ratio between PFO-BPy 
and the carbon nanotubes, we fi rst calculated the absorption 
coeffi cient of PFO-BPy at its peak absorption in toluene 
(100.8 ml/mg-cm). The absorbance coeffi cient of semicon-
ducting carbon nanotubes at its second optical transition peak 
at 1013 nm was estimated to be 36.5 ml/mg-cm, comparable to 
an absorbance coeffi cient of 34.9 ml/mg-cm that was reported 
at 937 nm. [ 30 ]  Given the absorbance coeffi cients of the polymer 
and the dispersed carbon nanotubes, we back-estimated the 
weight ratio of PFO-BPy to carbon nanotubes in our dispersion 
to be 1.2. Figure  1 b shows the Raman spectrum of a SWCNT 
fi lm acquired with an excitation wavelength of 532 nm. This 
excitation wavelength is in resonance with semiconducting 
carbon nanotubes. The G band at 1590 cm −1  is attributed to tan-
gential mode vibrations of the carbon atoms in the SWCNTs 
while the D band at 1340 cm −1  is attributed to the presence of 
defects and other disorder in the SWCNTs. [ 31 ]  From the radial 
breathing mode (RBM) resonance at 168 cm −1  in the Raman 
spectrum, we estimated the diameter of the dispersed carbon 
nanotubes to be 1.4 nm. [ 32 ]  Figure  1 c shows an AFM image of 

sparse polymer-sorted SWCNTs deposited on SiO 2 . Of 50 indi-
vidual carbon nanotubes, we measured the average length to be 
560 ± 140 nm. The average height was found to be in the range 
of 2–3 nm as shown in Figure  1 d. That the average diameter of 
the polymer-sorted SWCNTs is larger than that estimated from 
the RBM mode in the Raman spectrum can be attributed to 
the presence of PFO-BPy that is presumed to wrap around the 
carbon nanotubes.  

  Figure    2  a contains the transfer characteristics of a fi eld-
effect transistor having a 32-nm thick SWCNTs network in its 
channel (5 µm channel length) at different temperatures. The 
transistor shows p-type behavior as the gate bias is swept from 
60 to −30 V. We observe a monotonic decrease in source-drain 
current (I DS ) with decreasing temperature, and a concomitant 
decrease in its threshold voltage from 33.4 V to 5.8 V. Figure  2 b 
summarizes the source-drain currents at the on and off states 
of the transistor as a function of temperature. The on-state cur-
rent, taken at gate bias (V G ) = −30 V, decreases from 23.7 µA 
at 293 K to 4.9 µA at 78 K; while the off-state current, taken at 
V G  = 60 V, also decreases, albeit more substantially by more 
than two orders of magnitude from 93.5 nA to 0.4 nA over the 
same temperature range. As a consequence, the on/off current 
ratio increases signifi cantly from 250 at 293 K to 12250 at 78 K. 
That both the on- and off-state currents decrease with tempera-
ture indicates thermally activated charge transport and rules 
out the possibility that residual metallic SWCNTs are dictating 
transport in our devices.  
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 Figure 1.     a) Optical absorption spectrum of polymer-sorted semiconducting carbon nanotubes (solid line) and surfactant-dispersed carbon nanotubes 
(dotted line) studied in this work normalized at the second optical transition of semiconducting carbon nanotubes at 1013 nm, and the pristine polymer 
(dashed line), normalized at the absorption peak at 363 nm. b) Raman spectrum of SWCNT fi lms on Si/SiO 2  substrate. c) Atomic force microscopy 
(AFM) image of s-SWCNTs dispersed on a SiO 2  substrate. d) Height profi le of three different SWCNTs from the AFM image showing the average 
diameter of polymer-sorted carbon nanotubes in the range of 2–3 nm.
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  Figure    3  a summarizes the hole mobility and hysteresis in 
voltage in the aforementioned FET as a function of tempera-
ture. The hole mobilities were calculated from the transfer 
curve in the linear regime using Equation  ( 1)   below:

   
= × × ×g
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 where  g m   is the transconductance,  L  and  W  are the channel 
length and width, respectively, of the transistor.  VDS    is source-
drain bias, and  C ox   is the gate capacitance. Here we esti-
mated the capacitance by assuming a dielectric constant of 
11.5 nF/cm 2  for the 300-nm thick SiO 2  gate dielectric. With 
decreasing temperature, we observe a monotonic decrease in 
hole mobility from 4.3 cm 2 /V s at 293 K to 1.4 cm 2 /V s at 78 K. 
Interestingly, the decrease in mobility observed here cannot be 
adequately described by the Arrhenius temperature depend-
ence over the entire temperature range (Arrhenius fi t to the 
data shown in Figure S1 of Supporting Information). Specifi -
cally, the temperature dependence of mobility deviates substan-
tially from the Arrhenius form at temperatures below 150 K, an 
observation we will elaborate upon later in this paper.  

 Additionally, we observe a simultaneous reduction in hyster-
esis upon cooling. For ease of comparison, we have defi ned hys-
teresis (ΔV) as the difference between the gate voltages needed 
to induce an average of the maximum and minimum drain 
currents during forward and reverse sweeps; [ 33 ]  ΔV decreases 

from 6.1 V at 293 K to 1.5 V at 78 K. Previous 
studies have suggested that such hysteresis 
in SWCNTs-based FETs arises from defects at 
the carbon nanotube-dielectric interface. [ 34–36 ]  
Specifi cally, SWCNTs can act as leaky capaci-
tors so carriers in the nanotubes can charge 
and discharge the hydroxyl groups on the 
dielectric surface. In the case of a p-type 
SWCNT FET, these hydroxyl groups trap 
electrons during the forward sweep and 
the trapped electrons increase screening of 
the gate dielectric, which in turn facilitates 
hole conduction. During the reverse sweep, 
the trapped electrons are released and they 
can combine with holes in the carbon nano-
tubes in the conduction channel. This action 

in turn causes a negative shift in threshold voltage. Vijayara-
ghavan and co-workers have accounted for such hysteresis 
with a capacitive charging model, in which the magnitude of 
the hysteresis is proportional to the number of carriers that are 
present in the device channel. [ 37 ]  Inspired by this model, we 
explored the relationship between carrier concentration and 
device hysteresis in our carbon nanotube network-based FETs. 
Because the carrier concentration in a given FET channel is 
proportional to the ratio of conductance (G) and carrier mobility 
(u), or G/u, plotting the quantity G/(uΔV) should reveal the pro-
portionality between carrier concentration and device hyster-
esis. [ 37 ]  Figure  3 b plots G/(uΔV) where u is extracted at V G  = 0 V 
as a function of temperature. That the average value is 1.3 ± 
0.3 and invariant indicates that the proportionality between car-
rier concentration and device hysteresis is maintained over the 
entire temperature range. This analysis suggests that devices 
comprising polymer-sorted s-SWCNT also undergo the same 
trapping and detrapping mechanism under operation as that 
observed in other SWCNT FETs. 

 In order to verify that the temperature dependence of the 
electrical characteristics of s-SWCNT FETs is independent of 
channel length, we conducted similar measurements on devices 
having channel lengths that varied from 1 to 30 µm. In each 
case, we observed a decrease in the source-drain current, a neg-
ative shift in the threshold voltage and a reduction in hysteresis 
with decreasing temperature. We have also prepared and char-
acterized FETs based on 7-nm thick SWCNT networks; these 

devices, too, showed the same temperature 
dependence with devices having 32-nm thick 
SWCNT networks. These experiments sug-
gest the temperature dependence of electrical 
characteristics outlined above to be general 
and independent of device geometry. 

 Given that both the carrier concentration 
and the mobility contribute to the resistance 
extracted from the I-V characteristics of FETs, 
and the carrier concentration decreases with 
decreasing temperature in our devices, as evi-
denced by the negative threshold voltage (V th ) 
shift with decreasing temperature, we have 
chosen to examine the resistance at a con-
stant carrier concentration to isolate the tem-
perature dependence of mobility from that of 
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 Figure 2.    a) Representative transfer characteristics I DS -V G  of device at V DS  = −0.5 V (W: 80 µm 
and L: 5 µm) in the temperature range of 78 K to 293 K. b) On- and off-state currents in 
polymer/s-SWCNT network-based FETs as a function of temperature.

 Figure 3.     a) Hole mobility and hysteresis in polymer-sorted s-SWCNT network-based FET as 
a function of temperature; b) variation of the ratio of conductance (G) of s-SWCNT network, 
carrier mobility (u) at V G  = 0 V, and hysteresis (ΔV) in FETs with temperature.
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the carrier concentration. We show in  Figure    4   the temperature 
dependence of resistance, extracted from the I-V characteristics 
of FETs having two different carbon nanotube network thick-
nesses at a constant carrier concentration, that is, at (V G -V th ) of 
−20 V. Previous studies have shown charge transport in pristine 
carbon nanotube networks comprising both metallic and semi-
conducting carbon nanotubes to obey the variable-range hop-
ping (VRH) model. [ 38 ]  A recent report by Yanagi and co-workers 
demonstrated that transport in high purity SWCNT networks to 
also obey the VRH model, although the dimensionality of car-
rier hopping depends on the fraction of metallic carbon nano-
tubes in the networks. Indeed, charge transport in fi lms that 
contain as little as 1% metallic SWCNTs can also be adequately 
described by the VRH model. [ 39 ]  We thus initially expected 
charge transport in our polymer-wrapped semiconducting 
carbon nanotube networks to exhibit the same temperature 
dependence. We fi nd instead the temperature dependence of 
our devices to be better described by the fl uctuation induced 
tunneling (FIT) model of Sheng (VRH fi ts to our data are pre-
sented in Figures S2 and S3 of Supporting Information): [ 40 ] 

    
∝
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 where R is the sheet resistance,  T  is temperature,  T 1   is the 
temperature required for an electron to traverse the insulating 
gap and is thus proportional to the activation energy, and  T 0   
is the temperature above which thermally activated conduction 
over the barrier begins to occur. This model assumes a spatially 
parabolic energy barrier represented by  T 1   = πSV k e wE2 /0

2 , and 
 T 0   = πSV w k e mB4 / 20

3/2 2 2 2� , where  S  and  w  are the junction 
surface and width, respectively.  V 0   is the depth of the potential 
well,  m  is the electron mass,  e  is the electron charge,  k B   is Boltz-

mann constant and 
π
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2
�  is Planck constant. The tem-

perature dependence of the FET mobility reported in Figure  3 a 
also obeys the FIT model (data and fi t shown in Figure S4 of 
Supporting Information).  

 This FIT model reduces to the Arrhenius temperature 
dependence when the temperature is above T 0 . At tempera-
tures below T 0 , carriers cannot overcome the barrier so tem-
perature-independent tunneling instead dominates. This model 
has been applied to a variety of systems with heterogeneous 

microstructures, including microcrystal-
line silicon, [ 41 ]  TiO 2  thin fi lms, [ 42 ]  carbon 
nanotube bundles, [ 43 ]  and carbon nano-
tube-polymer composites. [ 44 ]  The study by 
Emmanuel and co-workers, for example, 
nicely demonstrates that transport in com-
posite fi lms comprising a mixture of metallic 
and semiconducting carbon nanotubes 
embedded in an insulating polymer matrix 
obeys the FIT model, when in the absence 
of the polymer matrix, transport is described 
by the VRH model. This fi nding thus impli-
cates the role of the insulating polymer 
matrix in creating a transport barrier between 
individual carbon nanotubes. [ 44 ]  

 That charge transport in our polymer-
sorted s-SWCNT networks obeys the FIT model as well suggests 
that the PFO-BPY coating similarly isolates individual carbon 
nanotubes. Different from macroscopic composites in which 
carbon nanotubes are dispersed in a polymer matrix, our carbon 
nanotube networks must be dispersed on a fi ner, molecular scale 
given our preparation technique. Compositionally, at a few weight 
percent loading, the macroscopic composites also comprise 
substantially less carbon nanotubes compared to our polymer-
sorted semiconducting carbon nanotube networks (carbon 
nanotube loading estimated at 45 wt% based on absorbance). 
Yet, the similarity in temperature dependence of the resistance 
implicates inter-tube tunneling as the bottleneck to charge trans-
port in both polymer-sorted semiconducting carbon nanotubes 
and in macroscopic carbon nanotube-polymer composites. 
Additional evidence supporting this claim stems from measure-
ments on PFO-BPY-only FETs, which reveal the polymer to be 
electrically inactive. The presence of PFO-BPY on the surface of 
carbon nanotubes must thus isolate neighboring carbon nano-
tubes, effectively hindering inter-tube charge transport. 

 The best-fi t parameters of T 1  and T 0  appear to be dependent 
on the thickness of polymer-sorted s-SWCNT fi lm. We fi rst 
observe a decrease in resistance with the increase in fi lm thick-
ness, which can be ascribed to an increased amount of con-
ducting path. The parameters T 1  and T 0  were found to be 2457 K 
and 681 K in 7-nm thick SWCNT fi lm and 1361 K and 318 K in 
32-nm thick fi lm, respectively. The decrease in T 1  translates to 
a decrease in activation energy from 0.21 eV to 0.12 eV with 
increasing fi lm thickness. Considering the percolative nature of 
carbon nanotube networks, this activation energy must describe 
the overall barrier of the percolative path for charge transport 
between macroscopic electrodes. Compared to a thin s-SWCNT 
network, a thicker s-SWCNT network comprises more path-
ways for charge transport. The reduced activation energy meas-
ured in these fi lms thus refl ects the sampling of lower barrier 
pathways (i.e., pathways with less inter-tube junctions between 
electrodes) for macroscopic charge transport.  

  3.     Conclusion 

 Our fi ndings implicate the polymer dispersant to play a non-
negligible role in charge transport of potentially commercially 
relevant polymer-sorted s-SWCNTs networks. The incorporation 
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 Figure 4.     a) Temperature-dependent sheet resistance of a 7-nm thick s-SWCNT fi lm; b) a 
32-nm thick s-SWCNT fi lm, extracted from I-V characteristics of FETs at V G -V th  = −20 V. Sym-
bols are experimental data and the solid lines are fi ts to the data using the fl uctuation-induced 
tunneling (FIT) model.
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of polymer dispersants having different electronic proper-
ties should thus impact charge transport of polymer sorted 
s-SWCNT networks accordingly.  

  4.     Experimental Section 
  Dispersion : Polymer-sorted SWCNT dispersions were prepared 

following the procedure reported by Mistry et al. [ 30 ]  Arc-discharge carbon 
nanotubes and poly[(9,9-dioctylfl uorenyl-2,7-diyl)-alt-co-(6,6′-{2,2′-
bipyridine})]), PFO-BPy, were obtained from Nanolab and American 
Dye Source, respectively. A solution, comprising 10 mL of toluene with 
45 mg of raw SWCNTs and 45 mg of polymer, was sonicated for 30 min. 
We adopted a two-step ultracentrifuge process per Bisri et al., to extract 
the polymer-wrapped semiconducting-enriched carbon nanotubes, and 
then to further remove excess polymer from the sorted tubes. [ 18 ]  

  Device Fabrication : Bottom-gate, top-contact fi eld-effect transistors 
comprising polymer-sorted SWCNT networks were fabricated on heavily 
doped Si substrate with a thermally grown 300-nm thick silicon dioxide as 
gate dielectric. Contact pads having Ti (5 nm)/Au (50 nm) were defi ned 
by standard photolithography, electron-beam evaporation and lift-off. 
We prepared SWCNT-based FETs by vacuum fi ltration. In this case, the 
SWCNT dispersion was fi ltered through 1.33 cm 2  mixed cellulose ester 
membranes (Millipore, pore size 220 nm). The fi lter cake comprising 
SWCNTs was then transferred onto Si/SiO 2  substrates with pre-defi ned 
contact pads by dissolving the membrane in acetone and methanol. 
E-beam lithography was performed to defi ne palladium source/drain 
electrodes (70-nm thick) and to make electrical connections to the 
contact pads. A fi nal photolithography step was performed to pattern the 
active channel region. Oxygen plasma treatment removed the SWCNTs 
outside the channel regions and electrically isolated neighboring devices. 

  Instruments : Absorbance measurements were performed on a Varian 
Cary 5000 spectrometer. Raman spectroscopy was performed using a 
Horiba ARAMIS Raman spectrometer with an excitation wavelength of 
532 nm. Atomic Force Microscopic (AFM) images were collected using a 
Veeco Dimension NanoMan AFM. The average thicknesses of the carbon 
nanotube networks were measured using a KLA surface profi lometer. 

  Electrical Characterization : SWCNT transistors were placed in a 
Lakeshore probe station (Lake Shore Cryotronics, Inc., Westerville, 
USA) and cooled with liquid nitrogen. The electrical characteristics 
were measured in vacuum (< 5 × 10 −5  Torr) using an Agilent 4155C 
semiconductor parameter analyzer as a function of temperature from 
293 K to 78 K. The device channel width was kept constant at 80 µm with 
variable channel lengths ranging from 1 to 30 µm.  

  Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  
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