
METHOD OF MODIFYING ELECTRICAL PROPERTIES OF CARBON NANOTUBES USING
NANOPARTICLES Cross-Reference to Related Application  [0001]This
application claims the benefit of priority of United States Provisional
Application No. 61/301,791, filed 5 February 2010, the contents of which
being hereby incorporated by reference it its entirety for all purposes.
Technical Field [0002]Various embodiments relate to the field of carbon
nanotubes, and for example, alternative method of modifying or enhancing
the electrical properties of carbon nanotubes. Background
[0003]Single-walled carbon nanotubes (SWNTs) have attracted much attention
due to their great potential for post-silicon electronics. Ultra-thin SWNT
networks have been successfully demonstrated as promising and low-cost
materials for field-effect transistors (FETs). Nevertheless,
high-performance solution-processable SWNT networks, which are suitable for
printable electronics, still demand more investigations. The major hurdle
to obtain high-performance SWNT-network FETs is the difficulty in obtaining
high mobility and highly semiconducting devices due to the co-existence of
metallic (M) and semiconducting (S) tubes in the SWNT-network.
[0004]Attempts to separate M-SWNTs and S-SWNTs, to specifically grow S-
SWNTs, and to enhance the semiconducting characteristics of the devices by 



application of chemical treatments on SWNTs or devices, however, are
achieved with  limited success in high-yield and high-reproducibility of
device fabrication. Recently, semiconducting FET devices based on
tens-nm-thick SWNT films using the nanotubes treated with density gradient
ultra-centrifugation (DGU) or modified with organic diazonium salts, or
modified with organic radicals have been fabricated. The advantage of using
thick SWNT film (tens-nm thick) is to increase the percolation paths and to
reduce the device-to-device variations. But the performance (e.g. mobility)
of such devices are compromised by the presence of surfactants. Surfactants
are usually used for the device fabrication owing to their high efficiency
in dispersing SWNTs. They are widely used for DGU-based and
dielectrophoresis-based separation techniques. However, the residual
surfactant molecules degrade the electrical performance of SWNT devices by
increasing the electrode-nanotube resistance, the local electrostatic
environments of the SWNTs, and the inter-tube resistance which is the
dominanting factor to restrict the conductance of SWNT network. Summary
[0005]Various embodiments provide for an alternative method for enhancing
the charge mobility in carbon nanotubes, which overcomes, or at least
alleviates, the above problems. [0006]Various embodiments provide a coating
layer on SWNT-network FETs which coating layer is able to efficiently
screen off the impurity charges from surfactants, and consequently largely
enhance the device field effect mobility and suppress their hysteresis.
[0007]Various embodiments provide a method of modifying the electrical
properties of carbon nanotubes. The method may include:   (i) providing a
substrate having carbon nanotubes deposited on a surface of the substrate;
and  (ii) depositing on the carbon nanotubes a coating layer having a
mixture of nanoparticles, a matrix in which the nanoparticles are dissolved
or stabilized, and an ionic liquid. 



[0008]Various embodiments provide a field-effect transistor. The
field-effect transistor may include carbon nanotubes modified by:  (i)
providing a substrate having carbon nanotubes deposited on a surface of the
substrate; and  (ii) depositing on the carbon nanotubes a coating layer
comprising a mixture of nanoparticles, a matrix in which the nanoparticles
are dissolved or stabilized, and an ionic liquid. [0009]Various embodiments
provide a mixture for forming a coating layer. The mixture may include
nanoparticles, a matrix in which the nanoparticles are dissolved or
stabilized, and an ionic liquid. [0010]Various embodiments provide a
coating layer. The coating layer may include a mixture of nanoparticles, a
matrix in which the nanoparticles are dissolved or stabilized, and an ionic
liquid. [0011]Various embodiments relate to a use of a mixture including
nanoparticles, a matrix in which the nanoparticles are dissolved or
stabilized, and an ionic liquid, wherein the mixture may be deposited on
carbon nanotubes to modify the electrical properties. Brief Description of
the Drawings  [0012]In the drawings, like reference characters generally
refer to the same parts throughout the different views. The drawings are
not necessarily drawn to scale, 



emphasis instead generally being placed upon illustrating the principles of
various embodiments. In the following description, various embodiments of
the invention are described with reference to the following drawings.
[0013]Fig. 1 shows (a) a schematic illustration for a back-gated transistor
based on SWNT networks; and (b) transfer characteristics for a transistor
of (a) before and after coated with Sylgard@l 84 silicone elastomer base
containing 20 wt% of EMIM-TFSI. [0014]Fig. 2 shows (a) effect of the wt% of
EMIM-TFSI added to the Sylgard@184 silicone elastomer matrix (1g) on the
mobility enhancement ratio for the SWNT transistors (the SWNT network
transistors tested were with initial mobility at approximately 5-8 m2/Vs);
and transfer curves for the devices before and after coated with (b) pure
PDMS, (c) PDMS with silica nanoparticles and (d) PDMS with silica
nanoparticles and EMIM-TFSI. [0015]Fig. 3 shows the output characteristics
(Id vs. drain voltage Vd) of the transistor (a) before and (b) after laying
down the mixture. The slightly rectifying (asymmetric) I-V curve shown in
(a) suggests that the pristine device exhibited Schottky-like contacts
likely at metal-SWNT interface. The I-V curves become linear after coated
with the mixture. [0016]Fig. 4 shows the mobility enhancement factor
plotted as a function of the initial device mobility. The initial mobility
of the transistors ranges from 0.015 to 10.8 cm2Ns. [0017]Fig. 5 shows the
typical transfer characteristics for a transistor before and after coated
with epoxy (MR 4H A/B, Miradur, Singapore).  



WO 2011/096898PCT/SG2011/000053 [0018]Fig. 6 shows the transfer curves for
a SWNT network transistor before and after coated with PDMS layer (with
silica nanoparticles and EMIM-TFSI) at the center of the channel.
[0019]Fig. 7 shows the mobility enhancement ratio is positively related to
the initial hysteresis of the SWNT network transistors. Data points include
both the devices coated with non-crosslinkable Sylgard@184 silicone
elastomer base containing 20 wt% of EMIM-TF SI and those with RTV enhanced
times of mobility after coating with PDMS. [0020]Fig. 8 shows (a) the
typical transfer curves for the SWNT network transistor before and after
annealing in air at 260 C for 2 h, and after coating elastomer base
containing 20wt% of EMIM-TFSI; (b) the effect of the annealing time (at 260
C in air) for the pristine transistors on the mobility enhancement ratio
after coating Sylgard@l 84 silicone elastomer base added with 20wt% of
EMIM-TFSI. Description  [0021]The following detailed description refers to
the accompanying drawings that show, by way of illustration, specific
details and embodiments in which the invention may be practised. These
embodiments are described in sufficient detail to enable those skilled in
the art to practise the invention. Other embodiments may be utilized and
structural, logical, and electrical changes may be made without departing
from the scope of the invention. The various embodiments are not
necessarily mutually exclusive, as some embodiments can be combined with
one or more other embodiments to form new embodiments. [0022]In the
following description non-limiting embodiments of the process will be
explained.  



WO 2011/096898PCT/SG2011/000053 [0023]According to various embodiments, it
has been surprisingly found that the electrical properties of carbon
nanotubes may be modified in a simple, cost-effective, and
solution-processable method. Various embodiments relate to a method of
modifying the electrical properties of carbon nanotubes by depositing a
coating layer over the carbon nanotubes. By modifying the electrical
properties of carbon nanotubes, improved chemical and physical
characteristics may be obtained which increases the possible applications
of such modified carbon nanotubes. For example, the mobility of FET devices
based on SWNT-networks may increase 3 to 4 times after coating, and at the
same time the hysteresis may be significantly reduced. The enhancement of
electrical properties may be due to the screening effect of the charges
from residual surfactant molecules by the coating. The pronounced
enhancement in the field-effect mobility and decrease of hysteresis of SWNT
network devices were achieved simply by coating a layer of a matrix
containing dissolved or stabilized nanoparticles and liquid ions. The
method allows a 3 to 4 fold increment of mobility to be achieved. The use
of surfactants in aqueous solutions is presently the most efficient manner
to disperse SWNTs for solution-based fabrication processes. Although the
thermal annealing may be used to burn off the surfactants to a certain
extent, the annealing usually degrades rather than enhances the device
mobility. The current absence of practical surfactant-free processes makes
the present approach very useful in fabrication of high-performance
devices. [0024]Generally, a nano-structured material, such as nanotubes,
refers to a material with dimensions in the nanometer range.
Nano-structured materials can be classified into the following dimensional
types: Zero dimensional (OD): nanospherical particles (also called
nanoparticles); one dimensional (1D): nanorods, nanowires (also called
nanofibers) and nanotubes; and two dimensional (2D): nanoflakes,
nanoflowers, nanodiscs and nanofilms.  WO 2011/096898PCT/SG2011/000053
[0025]A carbon nanotube as used in various embodiments may be a cylinder of
rolled up graphitic sheets. Single-, double- and multi-walled carbon
nanotubes are known and can equally be used in the method of the present
invention. The carbon nanotubes may be of any desired length, such as in
the range from about 0.1 nm to about 10 Jim, such as from about 1 nm to
about 5 pin or from 10 nm to about 1 i.tm. In various embodiments, the
carbon nanotubes may have a length of at most about 2 !am or a length in
the range from about 0.5 Rrn to about 2 min or from about 1 jim to about 2
pm. The conductivity of the carbon nanotubes used may be freely selected
according to any specific requirements. Depending on the arrangement of the
carbon hexagon rings along the surface of the nanotubes, carbon nanotubes
can be metallic or semiconducting. Any such carbon nanotubes may be used in
a method according to various embodiments. [0026]Carbon nanotubes exist in
different forms, such as single-walled carbon nanotubes (SWNT),
double-walled carbon nanotubes (DWNT), multi-walled carbon nanotubes
(MWNT), or modified multi-walled carbon nanotubes. Although various
embodiments described herein relate to SWNT, it is to be understood and
appreciated that other forms or configurations of the carbon nanotubes may
also be useful. [0027]A SWNT is a seamless cylinder formed from one
graphite layer. For example, carbon nanotubes can be described as a
graphite plane (so called graphene) sheet rolled into a hollow cylindrical
shape so that the structure is one-dimensional with axial symmetry, and in
general exhibiting a spiral conformation, called chirality. A single-wall
nanotube can be defined by a cylindrical sheet with a diameter of about 0.7
to about 20 nm, such as about 1 to about 20 nm. 



[0028]A DWNT has two layers of graphite sheets rolled in to form a tube
shape. The two layers of graphite sheets can form a concentric cylinder.
The nanotubes are  considered as a cross between SWNT and MWNT as they can
have the electronic properties of the SWNT, and the mechanical strength of
MWNT. DWNT may be semiconducting or metallic. [0029]A MWNT has multiple
layers of graphite rolled in on to form a tube shape. The nanotubes can
also exist in forms in which they have hydrophilic groups such as hydroxyl
group, pyrenes, esters, thiols, amines, a carboxyl group and mixtures
thereof on their surface. [0030]Carbon nanotubes may be prepared by several
different methods known in the art. For example, SWNT may be grown by
carbon monoxide (CO) disproportionation (decomposition into C and CO2) at
700-950 C in flow of pure CO at a total pressure that typically ranges from
1 to 10 atm using a catalyst comprising cobalt (Co) and molybdenum (Mo) on
a mesoporous silica support, leading to so-called CoMoCAT(r) S'WNTs. Using
this method, diameter control of SWNTs can be achieved. Another possibility
is the synthesis using high pressure carbon monoxide (HiPCo) leading to
so-called HiPco SWNTs. Generally, in a HiPco method, metal catalyst is
formed in situ when Fe(C0)5 or Ni(C0)4 is injected into a reactor along
with a stream of CO gas at a temperature range of about 900-1100 C at a
pressure of about 30 to 50 atm. The metal catalyst formed can be in the
form of nanometer sized particles. HiPCo SWNTs may be produced following
the disproportionation of CO by the metal catalyst particles. In various
embodiments, all types of SWNTs may be used for the enrichment process. In
various embodiments, CoMoCATO and HiPco SWNTs were used to demonstrate the
usability of the polymers described herein. [0031]Various embodiments
provide a method of modifying the electrical properties of carbon
nanotubes. The method may include:   (i) providing a substrate having
carbon nanotubes deposited on a surface of the substrate; and  (ii)
depositing on the carbon nanotubes a coating layer including a mixture of
nanoparticles, a matrix in which the nanoparticles are dissolved or
stabilized, and an ionic liquid. 



[0032]A thin coating layer of the mixture containing nanoparticles, a
matrix in which the nanoparticles are dissolved or stabilized, and an ionic
liquid coated on SWNT network FETs is able to efficiently screen off the
impurity charges from surfactants, and consequently largely enhance the
device field effect mobility and suppress their hysteresis. The Hall effect
measurements also corroborate the large enhancement in mobility after
coating. This simple strategy promises applications in high-performance and
printable SWNT-based macroelectronics. [0033]In various embodiments, the
carbon nanotubes are single-walled carbon nanotubes. The single-walled
carbon nanotube of the invention may be used as field-effect transistor
(FET) device. [0034]Thus, various embodiments further provide a method for
manufacturing a field-effect transistor. The method may include: (i)
modifying the electrical properties of at least one carbon nanotube, the
modifying comprising: providing a substrate having carbon nanotubes
deposited on a surface of the substrate; and depositing on the carbon
nanotubes a coating layer comprising a mixture of nanoparticles, a matrix
in which the nanoparticles are dissolved or stabilized, and an ionic
liquid;  (ii) forming the field-effect transistor using the at least one
modified carbon nanotube as an active area of the field-effect transistor,
in which active area a conductive channel may be formed. [0035]Fig. la
shows a schematic illustration of a back-gated FET based on SWNT networks,
prepared using the nanotubes modified by, for example, organic radicals.
Basically, the FET structure involves two metal electrodes designated as
"source" (S) and "drain" (D) connected by a semiconducting active area, on
which a semiconducting or conductive channel may be formed in response of
suitable electrical potentials at the source, the drain and the gate of the
FET structure. The metal electrodes and the conductive channel may be
formed on a top surface of a substrate. The substrate may be a Si02/Si
substrate, for example. In conventional FET devices, the conductive channel
may be made of Si. In the FET of various embodiments, the conductive
channel may be replaced by carbon nanotubes modified according to various
embodiments. The FET using carbon nanotubes as an active area of the FET
that is made with the modified carbon nanotubes according to various
embodiments exhibits high semi-conducting characteristics. 



[0036]One advantage of various embodiments is that the modification method
is simple, low-cost, scalable, safe, and with high yield and high quality.
The FET devices may show higher mobility after deposition of a coating
layer of the invention. The FETs obtained with the modified carbon
nanotubes of various embodiments may find applications in macroelectronics,
printable electronics (such as ink jet printed electronics), and flexible
electronics. [0037]The SWNTs modified according to various embodiments may
be used in addition to the above in several applications, for example as
electronic component. Examples of further applications of carbon nanotubes
include, but are not limited to,  conductive and high-strength
nanotube/polymer composites, catalysts, transparent electrodes, sensors and
nanoelectromechanical devices, additives for batteries, radiation sources,
semiconductor devices in general (e.g. transistors, see above),
ultracapacitors or interconnects. In an illustrative example of such
further applications, the use of metallic carbon nanotubes (whether
single-walled or multi-walled tubes) in the fabrication of transparent
conductive electrodes for photovoltaic applications has been investigated
recently for their potential to address some of the shortcomings of current
indium tin oxide electrodes. In particular, metallic carbon nanotubes
modified according to various embodiments of the present method may show
modified electrical properties such as enhanced conductivity suitable for
use as conductive electrodes. [0038]A coating layer is then deposited on
the carbon nanotubes. The coating layer may include a mixture of
nanoparticles, a matrix in which the nanoparticles are dissolved or
stabilized, and an ionic liquid. The coating layer may be deposited
directly on the SWNT network in ambient. [0039]In various embodiments, the
nanoparticles may be selected from the group consisting of silica, ZnO,
Ti02, Al203, Fe304, Pe203, clay, opal, glass, aerogel, and mixtures
thereof. It is to be understood and appreciated that other small-sized
particles which can be stabilized in a matrix to provide enhanced
field-effect mobility and decrease hysteresis of SWNT network devices are
also useful. [0040]In one embodiment, the nanoparticles are silica. For
example, the nanoparticles may be dimethylvinylated and trimethylated
silica nanoparticles. 



[0041]In various embodiments, the matrix in which the nanoparticles may be
dissolved or stabilized may include an elastomer. [0042]In various
embodiments, the matrix may be a silicone elastomer. [0043]In various
embodiments, the matrix may be polydimethylsiloxane (PDMS).  WO
2011/096898PCT/SG2011/000053 [0044]It is to be understood and appreciated
that other solvent systems that are able to dissolve or stabilize the
nanoparticles may also work as suitable matrices. [0045]In various
embodiments, the ionic liquid may be an organic azolium salt. [0046]In
various embodiments, the ionic liquid may be 1-ethy1-3- methylimidazolium
bis(trifluoromethylsulfonyl)imide (EMIM-TFSI). The chemical structure of
EMIM-TFSI may be illustrated as follows: CH3 + 



0 0 II-II FC-S-N-S -CF3 3IIU `CH300 [0047]The mixture including the
nanoparticles, a matrix in which the nanoparticles are dissolved or
stabilized, and an ionic liquid may be mixed prior to coating on carbon
nanotub es. [0048]In various embodiments, the nanoparticles may be
dissolved in the matrix prior to mixing with the ionic liquid. [0049]In
various embodiments, the matrix having dissolved or stabilized
nanoparticles therein may be a silicone elastomer base. [0050]In one
embodiment, the matrix having dissolved or stabilized nanoparticles therein
may be Sylgard@184 (Dow Corning Corporation). 



[0051]In various embodiments, the mixing prior to coating may be carried
out by standard mixing methods known in the art. Any suitable mixing device
may be used, wherein the embodiments are not limited to a particular
device. In various embodiments, the mixing may be carried out, but is not
limited to, by stirring or shaking the mixture.  WO
2011/096898PCT/SG2011/000053 [0052]In various embodiments, the mixing may
be carried out for about 1 to about 30 minutes, such as about 1 to about 20
minutes or about 1 to about 15 minutes. For example, the mixing time may be
about 15 minutes. All mentioned time specifications may be the lower or
upper limit of a respective time range. [0053]In order that the embodiments
may be readily understood and put into practical effect, particular
embodiments will now be described by way of the following non-limiting
example. Example Fabrication of Single-Walled Carbon Nanotubes-based
Field-Effect Transistor [0054]Carbon nanotubes, SWeNT@SG 65, were purchased
from South West Nanotechnologies (USA) and were used without further
purification. The solution for semiconducting device fabrication was based
on controlled chemical modification of CoMoCat SWNTs with radicals produced
by an organic radical initiator, 1,1'- azobis(cyanocyclohexane) (ACN).
Briefly, 0.3 mg of SWNTs was dispersed in 30 mL of DMF solution via
probe-ultrasonication for 30 min (Sonics & Materials Inc., Model: VCX 130).
Then, 1 mL of DMF solution containing 25 mg/mL ACN was added to 10 mL SWNT
suspension, followed by 30 min ultrasonication. After reaction with ACN,
the suspension was filtered through a 0.25 Jim PTFE membrane, followed by
repeated washing with DMF and acetone to remove the residuals. The powders
collected from PTFE membrane were re-dispersed in a 2 wt % of
co-surfactants which consists of sodium dodecyl sulfate (SDS) and sodium
cholate hydrate (SC) (weight ratio=1:4). The nanotube bundles in the
suspension were removed by centrifugation at 20000 rpm for 90 min. The
resulting supernatant was then used for fabrication of thin-film
field-effect transistors (FETs).  WO 2011/096898PCT/SG2011/000053 



[0055]The SWNT FETs (SNFETs) were fabricated by drop-casting the suspension
of modified SWNTs across two Au electrodes (100 nm thick) pre-patterned on
top of Si02/Si substrate to form conducting channel approximately 50 1-1111
long and approximately 25 um wide. The gate dielectrics Si02 is 300 nm
thick. For the drop-cast procedure, 25 uL of SWNT suspension was dropped
onto the devices, followed by drying at room temperature and rinsing of
de-ionized water. The procedure was repeated until the density of
ACN-functionalized SWNTs is high enough to reach the desired current level.
Furthermore, all electrical measurements were carried out in ambient
conditions using a Keithley semiconductor parameter analyzer Model 4200-
SCS. The extraction of field effect mobility was based on the slope of the
transfer curve. [0056] To investigate the mobility enhancement effect, the
PDMS elastomer, Sylgard@l 84 silicone elastomer base (1g; Dow corning
corporation, Midland, MI, USA), was firstly mixed with various amounts of
1-ethy1-3-methylimidazolium bis(trifluoromethylsulfonyl)imide (EMIM-TFSI))
under continuous stirring for 15 min before coating. Then the mixture was
coated on SWNT network transistor directly in ambient. For the mechanism
study part, silica nanoparticles (particle size: 7 nm; surface area: 390 40
m2 per gram) are from Sigma-Aldrich. Pure PDMS, poly(dimethylsiloxane) with
methoxy terminated (Average M", approximately 27000) is also purchased from
Sigma-Aldrich. Electrical Measurements and Characteristic Studies
[0057]Fig. lb displays the transfer curves (drain current Id vs. gate
voltage Vg) of the SWNT-network FET before and after depositing a layer of
Sylgard@184 silicone elastomer base mixed with 20 wt% of
(1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide) (EMIM-TFSI;
chemical structure shown in Fig. 2a).  The Sylgard@l 84 silicone elastomer
base is a viscous fluid, composed of PDMS (>60%) and dimethylvinylated and
trimethylated silica nanoparticles, and it becomes opaque after adding
EMIM-TFSI. The mobility of the pristine device increased significantly from
8.1 cm2/Vs to 28.5 cm2Ns after covering with the silicone/EMIMTFSI mixture.
The output characteristics for this device were shown in Fig. 3. It is
noted that the field effect mobility was extracted based on the slope of
the transfer curve as described in Chem. Rev., 2007, 107(4), 1296-1323 and
the Vg 'scan was taken from positive to negative voltage for mobility
extraction. Such a mobility enhancement effect was observed on the
transistor devices with wide range of mobility from 0.015 cm2Ns to
approximately 10.8 cm2Ns as shown in Fig. 4. This is also similarly
observed for the devices prepared from other sources of SWNTs including
commercially available CoMoCAT, HiPCO and Arc-discharge based tubes. The
mobility enhancement may be unique to the silicone/EMIM-TFSI system. Other
types of coatings, such as water, organic solvents, epoxy resins, thermal
glues, polyethylamine, polymethacrylic acid and different photoresists have
been tested, but these materials generally caused decrease in the device
mobility (Fig. 5). [0058]Fig. 2a shows that the mobility enhancement ratio
(the enhanced mobility to the initial mobility) for the SWNT network
transistors strongly depends on the amount of EMIM-TFSI added to the
Sylgard@l 84 silicone elastomer base. The mobility enhancement occurs once
the silicone liquid turns opaque. As no crosslinking reagent was added to
the silicone elastomer base, the induced opacity is not related to the
gelation or crosslink of PDMS polymer chains. Instead, the opacity is
likely resulted from the aggregation of the silica nanoparticles in the
mixture, which will be discussed later.  WO 2011/096898PCT/SG2011/000053 



[0059]It is arguable that the mobility increase could be due to the changes
in environmental dielectrics, i.e. from the dielectric constant
approximately 1 (in air) to approximatelt 2.5 (in PDMS).
Dielectric-enhanced mobility has been reported for graphene based
transistors. However, the results in Fig. 2b (coating with pure PDMS)
clearly suggest that the dielectric change is also not a dominating factor.
To further clarify the causes of mobility enhancement, it is confirmed that
PDMS added with only silica nanoparticles (without EMIM-TFSI) (Fig. 2c) or
PDMS with EMIM-TFSI (without silica) (data not shown) both reduced the
device mobility. The mobility enhancement was only observed when the PDMS
layer was mixed with both silica nanoparticles and EMIM-TFSI as shown in
Fig. 2d. Taken all the observations described, the aggregation of silica
nanoparticles induced by liquid ions EMIM-TFSI seems to play the key role
in enhancing the mobility, while the PDMS layer serves as the matrix to
host silica nanoparticles and liquid ions. [0060]To further understand the
mechanism, the coating at the center of the conducting channel without
covering the metal-SWNT junctions was tested. As shown in Fig. 6, the
mobility can still be enhanced even when the coating is limited to the
conducting channel, suggesting that the observed effects are essentially
related to conducting channels. [0061]The results shown in Fig. 1 have
revealed that the mobility enhancement occurs simultaneously with the
hysteresis change. Fig. 7 shows that the mobility enhancement ratio was
less significant when the hysteresis of the pristine transistor (before
coating) was smaller, where the hysteresis was quantified based on the
method reported in J. Phys. Chem. C. 2009, 113, 4745-4747. The hysteresis
in SWNT transistors is caused by the trapped charges between SWNTs and
environmental dielectrics or charges introduced by residual surfactants. It
has been verified that the  coating with pure PDMS polymers does not change
the hysteresis of the present devices (Fig. 2b). Hence, the observed
hysteresis reduction is not resulted from the change of environmental
dielectrics. Instead, it is likely due to suppression of the influences
from the residual surfactants. This notion is further corroborated by a
separate experiment that thorough water rinsing to reduce the residual
surfactants led to lower enhancement ratio of approximately 2.3 as compared
to that from devices without thorough rinsing (approximately 4.2).
Furthermore, the pristine devices were annealed at 260C in air for various
time periods to burn off (or oxidize) the residual surfactants. As
expected, with the increasing annealing time, the devices exhibit a lower
mobility enhancement ratio after coating silicone/EMIM-TFSI (Fig. 8)
[0062]To further clarify the effect of silicone/EMIM-TFSI coating, Hall
effect measurement based on Van der pawl method (Phihps Research Reports,
1958, 13, 1-9) was performed to extract the mobility, carrier
concentration, and sheet resistance of the SWNT networks (1 cm x 1 cm).
Table 1 shows that the extracted Hall mobility for all these films
increases after coating, consistent with the FET device results. In
general, the sheet resistance slightly increases after coating, which is
consistent with the observation of output characteristics in Fig. 3. The
sheet resistance increase is due to the decrease of hole concentration
after coating, indicating that the screening of the negatively charged
surfactants also reduces the hole concentration in SWNTs. Silica
nanoparticles carry positive surface charges in a neutral environment and
the interparticle electrostatic repulsion keeps them well separated and
dispersed in PDMS. With the incorporation of liquid ions, the interparticle
electrostatic repulsion appeared to be inefficient, due to the extensively
high ionic strength of the liquid ions and the resulting surface-charge
screening. Hence, silica nanoparticles tend to form clusters or
aggregations, resulting in its opacity in PDMS as observed. It is believed
that the  negative ions from residual surfactants around SWNTs may be
attracted by or trapped into the silica-liquid ion aggregations, leading to
the screening of charge from surfactants and the enhancement of effective
mobility of the SNFETs. Sample 



Process Mobility (cm2/Vs) Sheet resistance (Ohm/sq.) Hole conc. (1cm2)
Before 8.07 8.51x105 9.45x1011  



After 24.71 7.35x105 4.32x10"  Before 7.63 2.19x106 8.58x10"  After 25.40
2.43x106 



1.33X1011  Before 2.73 2.56x106 1.04x1012  After 4.44 3.15x106 4.81x1011
Before 



1.67 1.20x106 3.18x1012  After 3.41 1.29x106 1.45x1012 5 Before 1.46
4.37x105 1.05X1013 



After 6.24 6.80x105 1.69x1012  Table 1. Parameters extracted from Hall
effect measurements. [0063]The embodiments illustratively described herein
may suitably be practiced in the absence of any element or elements,
limitation or limitations, not specifically disclosed herein. Thus, for
example, the terms "comprising", "including", "containing", etc. shall be
read expansively and without limitation. Additionally, the terms and
expressions employed herein have been used as terms of description and not
of limitation, and there is no intention in the use of such terms and
expressions of excluding any equivalents of the features shown and
described or portions thereof, but it is recognized that various
modifications are possible within the scope of the invention claimed. Thus,
it should be understood that although the present invention has been
specifically disclosed by specific embodiments and optional features,
modification and variation of the inventions embodied therein herein
disclosed may be resorted to by those skilled in the art, and that such
modifications and variations are considered to be within the scope of this
invention.  WO 2011/096898PCT/SG2011/000053 100641The invention has been
described broadly and generically herein. Each of the narrower species and
subgeneric groupings falling within the generic disclosure also form part
of the invention. This includes the generic description of the invention
with a proviso or negative limitation removing any subject matter from the
genus, regardless of whether or not the excised material is specifically
recited herein. 



100651Other embodiments are in the following claims. In addition, where
features or aspects of the invention are described in terms of Markush
groups, those skilled in the art will recognize that the invention is also
thereby described in terms of any individual member or subgroup of members
of the Markush group. [0066]While the invention has been particularly shown
and described with reference to specific embodiments, it should be
understood by those skilled in the art that various changes in form and
detail may be made therein without departing from the spirit and scope of
the invention as defined by the appended claims. The scope of the invention
is thus indicated by the appended claims and all changes which come within
the meaning and range of equivalency of the claims are therefore intended
to be embraced.  Claims 1.A method of modifying the electrical properties
of carbon nanotubes, comprising:      providing a substrate having carbon
nanotubes deposited on a surface of the substrate; and      depositing on
the carbon nanotubes a coating layer comprising a mixture of nanoparticles,
a matrix in which the nanoparticles are dissolved or stabilized, and an
ionic liquid. The method of claim 1,     wherein the nanoparticles are
selected from the group consisting of silica, ZnO, Ti02, Al203, Fe304,
Fe203, clay, opal, glass, aerogel, and mixtures thereof. The method of
claim 2, 



wherein the nanoparticles comprise silica. 4.The method of claim 3,
wherein the silica nanoparticles comprise dimethylvinylated and
trimethylated silica nanoparticles. The method of any one of the preceding
claims, wherein the matrix comprises an elastomer. 6.The method of claim 5,
wherein the elastomer comprises silicone.  WO 2011/096898PCT/SG2011/000053
7. The method of claim 6, wherein the silicone elastomer comprises
polydimethylsiloxane.  8. The method of any one of the preceding claims,
wherein the ionic liquid comprises an organic azolium salt. The method of
claim 8, 



whereintheionicliquidis1-ethy1-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide. 10. The method of any one of the
preceding claims, wherein the carbon nanotubes comprise single-walled
carbon nanotubes. 11. The method of any one of the preceding claims,
wherein the substrate forms part of a transistor or resistor. 12. The
method of claim 11, wherein the substrate forms part of a field-effect
transistor. 13. The method of any one of the preceding claims, wherein the
coating layer is deposited in ambient. 14. The method of any one for the
preceding claims,       wherein the mixture of nanoparticles, a matrix in
which the nanoparticles are dissolved or stabilized, and an ionic liquid is
mixed prior to coating on carbon nanotub es. 15. The method of claim 14,
wherein the mixture is mixed for about 1 to about 30 minutes prior to
coating on carbon nanotubes. 16. The method of any one of the preceding
claims,     wherein the nanoparticles are dissolved in the matrix prior to
mixing with the ionic liquid. 



17. The method of claim 16, wherein the matrix is a silicone elastomer
base. 18. The method of claim 17, wherein the matrix is Sylgard@l84. 19.
The method of any one of the preceding claims, wherein the substrate forms
part of a conductive electrode. 20. A method for manufacturing a
field-effect transistor, the method comprising: modifying the electrical
properties of at least one carbon nanotube, the modifying comprising:
providing a substrate having carbon nanotubes deposited on a surface of the
substrate; and  depositing on the carbon nanotubes a coating layer
comprising a mixture of nanoparticles, a matrix in which the nanoparticles
are dissolved or stabilized, and an ionic liquid;      forming the
field-effect transistor using the at least one modified carbon nanotube as
an active area of the field-effect transistor, in which active area a
conductive channel may be formed.  21. A field-effect transistor comprising
carbon nanotubes modified using a method of any one of claims 1 to 18.  22.
A mixture for forming a coating layer, wherein the mixture comprises
nanoparticles, a matrix in which the nanoparticles are dissolved or
stabilized, and an ionic liquid.  23. A coating layer comprising a mixture
of nanoparticles, a matrix in which the nanoparticles are dissolved or
stabilized, and an ionic liquid. 24. A field-effect transistor comprising a
coating layer of claim 23, wherein the coating layer is deposited on a
substrate.  25. Use of a mixture comprising nanoparticles, a matrix in
which the nanoparticles are dissolved or stabilized, and an ionic liquid,
wherein the mixture is deposited on carbon nanotubes to modify the
electrical properties. 


