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T
he performance of organic thin film
transistors (OTFTs) has improved
considerably over the last decades

owing to important progress in organic
semiconductor synthesis and device
engineering.1�4 The electrical characteris-
tics of OTFTs are, however, limited by the
contacts, whose resistance depends criti-
cally on the electrostatics and on the local
details of the electrodes/organic semicon-
ductor interface.5�8 For instance, charge
carrier injection efficiency can be limited
by the presence of Schottky barriers that
originate from an offset between the metal
workfunction and the highest occupied mo-
lecular orbital (HOMO, for hole injection) or
the lowest unoccupied molecular orbital
(LUMO, for electron injection) of the organic
semiconductor,9,10 or to additional offsets
induced by local charge transfer to accep-
tor/donor states. The presence of impuri-
ties, morphological discontinuities, interfa-
cial traps, and structural disorder in the
organic film at the electrode interface are
other factors affecting the energy level
alignment and the charge carrier injection
properties.11�13 Low injection efficiency has
been so far a severe performance hurdle for
bottom contact OTFTs (with bottom gate),
that is, the most interesting geometry for
organic microelectronics. Although
progress has been achieved using thiol self-
assembled monolayers,14�17 a universal ap-
proach to optimize the charge injection ef-
ficiency in OTFTs remains to be developed.

The use of carbon nanotubes (CNTs) to
optimize charge carrier injection in OTFTs
is attractive because their one-dimensional
(1D) structure can induce strong electro-
static effects at the electrode/semiconduc-
tor interface. One-dimensional electrostatic
effects around CNTs were clearly identified

in carbon nanotube field-effect transistors
and shown to promote charge carrier tun-
neling across the contact Schottky
barriers.18�22 Other advantages for the use
of CNTs are high electrical conductivity, ease
of processing, compatibility with flexible elec-
tronics, and chemical inertness.23 CNT elec-
trodes have already been used in organic
electronic devices. Hole injection has been
demonstrated in organic light emitting di-
odes (OLEDs) and in p-type OTFTs.24�28 Re-
cently, OLEDs having CNT layers as anode
and cathode have been reported.29

In this work, we investigated the perfor-
mance of CNT arrays as source/drain elec-
trodes for n-type phenyl-C61-butyric acid
methyl ester (PCBM) OTFTs on a SiO2/Si sub-
strate. As shown in Figure 1a, the CNT elec-
trodes consist of a disordered array of indi-
vidual (or small bundle of) nanotubes
having one end connected to a large metal
(Ti) pad and the other end embedded in the
organic semiconductor layer. This elec-
trode geometry preserves the 1D structure
of the nanotubes and aims to provide opti-
mum conditions enabling 1D electrostatics.
Compared to conventional Au source/drain
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ABSTRACT We investigated the performance of carbon nanotube (CNT) array electrodes applied to n-type

and ambipolar phenyl-C61-butyric acid methyl ester (PCBM) thin film transistors on a SiO2 dielectric substrate.

Compared to conventional Au electrodes, CNT arrays provide better injection efficiency, improved switching

behavior, higher electron mobility, and lower contact resistance. Experiments on ambipolar PCBM transistors

indicate that the injection performance is enhanced by the electrostatics of the CNT contacts, which promotes

electron and hole tunneling across Schottky barriers at the PCBM/nanotube interface. The use of CNT arrays is a

valid replacement to low workfunction metals, which are often reactive in air and difficult to process. Our work

paves the way for a widespread use of carbon nanotube array electrodes in high-performance n-type and p-type

organic thin film transistors.
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electrodes, CNT arrays provide better electron injec-
tion efficiency, improved switching behavior, higher
electron mobility, and lower contact resistance. After
vacuum annealing, the n-type PCBM OTFTs were con-
verted to ambipolar and used to investigate electro-
static effects induced by the arrays at the CNT/PCBM in-
terface. Our experiments support the main hypothesis
that 1D electrostatic effects can be used to enhance
charge carrier injection in organic semiconductors and
demonstrate that carbon nanotube arrays are a viable
contact scheme for making higher performance organic
field-effect transistors.

RESULTS AND DISCUSSION
We fabricated bottom contact (bottom gate) OTFTs

having source (S) and drain (D) electrodes made of ar-
rays of individual (or small bundle of) single-wall CNTs
(the so-called hairy electrodes).24 The CNTs (few
micrometers in length) were attached to the SiO2 sur-
face by the means of concentric Ti (S/D) contact pads.
The CNT length from the metal contact edge was
roughly 200 nm (Figure 1a). The concentric electrode
geometry (Figure 1b,c) is the most suitable to evaluate
the electrode injection performance because it allows
to circumvent parasitic currents.30,31 As an organic semi-
conductor, we selected PCBM (Figure 1d), which is a
benchmark material for n-type OTFTs,32�36 and it is
widely employed as an electron acceptor in organic
photovoltaic cells.37

The output characteristics, taken without thermal
annealing, in vacuum (10�7 Torr), at 300 K of PCBM
OTFTs employing CNT array electrodes (hereafter re-
ferred to as CNT OTFTs, Figure 2a) and benchmark Au
electrodes (Au OTFTs, Figure 2c) show unipolar n-type
transistor behavior. The comparison highlights the su-
perior performance of the CNT over Au electrodes. As
emphasized by the output characteristics at low drain
voltage (Vd) (Figure 2b,d), CNT OTFTs show linear drain
current�drain voltage (Id�Vd) characteristics and good

injection efficiency. On the contrary, Au OTFTs show a
sublinear behavior, which indicates that electron injec-
tion is strongly limited by the presence of an injection
barrier. CNT OTFTs also show higher saturation Id and
electron mobility (�e). For the device characteristics re-
ported in Figure 2, in the saturation regime (gate volt-
age, Vg � 20 V), we extracted �e � 2 � 10�2 cm2 V�1 s�1

for CNT OTFTs (turn-on voltage, VON � 4.5 V; threshold
voltage, VT � 6 V; and on/off ratio, ION/IOFF � 106) and �e

� 1 � 10�3 cm2 V�1 s�1 for Au OTFT (VON � 5 V; VT �

10 V; and ION/IOFF � 105). At higher Vg (e.g., Vg � 40 V),
we typically find �e � 1.0 � 10�2 (�10%) cm2 V�1 s�1

for CNT OTFTs and �e � 6.0 � 10�3 (�30%) cm2 V�1 s�1

for Au OTFTs (see Figure S1 in Supporting Information,
and Figure 5b,d). Thus, the difference between the �e of
CNT and Au OTFTs decreases with Vg, which indicates
that the CNT contact scheme provides significantly bet-
ter performance at low gate field (voltage). The same
behavior is observed with the drain voltage (Figure S2
in Supporting Information): in the linear regime (Vd � 2
V), �e for CNT OTFTs is about 2 orders of magnitude
larger than �e for Au OTFTs, whereas in the saturation
regime (Vd � 20 V), �e for CNT OTFTs and for Au OTFTs
has similar values. The differences in mobility are there-
fore the most significant at small drain and gate fields,
which are conditions where contact barriers, instead of
channel resistance, dominate the total resistance of the
devices. It is worth noticing that the �e of our devices,
obtained without any treatment of the SiO2 surface, is
similar to that of state-of-the-art bottom contact PCBM
OTFTs.32 Moreover, the Arrhenius plots of �e for CNT
and Au OTFTs (Figure S2 in Supporting Information) in-
dicate that the electron transport is thermally acti-
vated, which is expected for disordered organic semi-
conductors.41 Last, Ti electrodes with no CNT lead to
extremely poor OTFT performance (Figure S3 in Sup-
porting Information), which proves that the large ma-
jority of the electrons in CNT OTFTs are indeed injected
from the nanotube arrays.

Figure 1. Scanning electron microscopy image (1 KeV, 7 �A) of single-wall CNT array electrodes (a); top view (b) and cross
section (c) scheme of concentric source (S) and drain (D); molecular structure of PCBM (d); energy band diagram of PCBM with
respect to a workfunction of 4.8 eV (close to that of CNTs).38 For PCBM, we used a LUMO energy of 4.3 eV, which is on the
high end of the values reported by the literature, i.e., �3.7 to �4.3 eV,39 and a HOMO energy of 6.0 eV (e).40
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The contact resistance (Rc) of the CNT OTFT devices

was extracted from the device resistance (Ron) calcu-

lated for variable channel length (L), owing to the lin-

ear Id�Vd relationship at low Vd (Figure 3).7,9,42 Extrapo-

lation at L � 0 of Ron at Vg � 15 V and Vg � 20 V (for 0

V �Vd � 3 V) gives a Rc of �200 k� (the normalized

contact resistance, RcW � 50 k� cm). For Au OTFTs, Rc

could not be extracted due to the nonlinear Id�Vd rela-

tionship at low Vd.43 However, literature data (at similar

Vg) for Rc of bottom contact PCBM OTFTs with Au elec-

trodes (with similar channel width, W) are in the tens of

M� range,44 which again indicates a substantially lower

value for our CNT OTFT. The Rc here measured with

our CNT OTFTs is overall low for bottom contact de-

vices, although lower values with metal electrodes have

been previously obtained.45,46

The transfer characteristics in the linear and satura-

tion regimes (Figure 4a�d) demonstrate the superior

performance of CNT over Au OTFTs, that is, a higher ION/

IOFF, a lower VT and a steeper subthreshold swing (SS �

dVg/dlog10Id). The most striking differences are found in

the linear regime at Vd � 2 V, where Id is more than 2 or-

ders of magnitude higher for CNT OTFTs (Figure 4a,c).

Moreover, in the subthreshold region, Id increases expo-

nentially with Vg for CNT OTFTs whereas it increases

more gradually for Au OTFTs. For CNT OTFTs, SS is typi-

cally about 400 mV/decade,47 which is small for OTFT

but large compared to SS of state-of-the-art metal-

oxide-semiconductor field-effect transistors (MOSFETs)

having no Schottky barrier (SS � 60 mV/decade at room

temperature).48 Moreover, SS for CNT OTFTs does not

show clear temperature (T) dependence between 200

and 380 K (Figure S4 in Supporting Information),

whereas SS is proportional to T for silicon MOSFETs.48

Assuming a low density of interfacial traps, the larger

than expected SS and the absence of T dependency are

signatures of contact switching and of the presence of

a Schottky barrier at the contacts.19 These results also

suggest that the injection involves tunneling across a

contact barrier.

Figure 2. Output characteristics (Id versus Vd at various Vg) at 300 K of PCBM OTFTs with CNT (a) and Au (c) S/D electrodes
for Vg � 0, 5, 10, 15, 20 V (the highest currents being measured at Vg � 20 V). Output characteristics for 0 � Vd � 5 of the
same devices with CNT (b) and Au (d) electrodes. Vd has �50 mV steps (W/L � 2000/10 �m/�m).

Figure 3. Channel resistance (Ron) vs channel length (L) for
CNT OTFTs (0 V � Vd � 3 V, W � 2000 �m, and L � 10, 15,
30, 40, and 50 �m). The extrapolation of Ron at L � 0 gives
the contact resistance Rc.
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Compared to the Au, CNT OTFTs present smaller Id

hysteresis between the forward and reverse Vg sweeps

(Figure 4b,d). The hysteresis is typically attributed to

trapping/detrapping of charge carriers.49,50 As the de-

vices studied here present similar PCBM/oxide inter-

faces and only differ by their injecting electrodes, this

result points to a lower concentration of interfacial traps

at the CNT/PCBM interface.24,51 Overall, all of our experi-

mental results prove that CNT array electrodes provide

better performance than Au electrodes, especially at

low bias. Thus, we conclude that the CNT arrays im-

prove the injection as well as the overall performance

of n-type OTFTs.

To further explore the performance enhancement

induced by the CNT contacts, the unipolar n-type PCBM

OTFTs were converted to ambipolar OTFTs by vacuum

(10�7 Torr) annealing at 400 K for 16 h. The yield of con-

version for more than 10 devices is close to 100%. The

conversion from unipolar n-type to ambipolar transport

is shown in the output (Figure 5a�d) and in the trans-

fer characteristics (Figure 6) for both CNT and Au

OTFTs (after annealing, we extracted �h � 10�4�10�5

cm2 V�1 s�1, whereas no significant hole transport had

been measured before annealing). The same conver-

sion has been previously observed in bottom contact

PCBM OTFTs employing a HMDS passivated SiO2 dielec-

tric and Au electrodes.32 On a bare SiO2 dielectric, uni-

polar to ambipolar conversion upon vacuum annealing

has been observed for a few organic transistors40,52

and for CNT (not organic) transistors.22,53 Recent experi-

ments on CNT transistors have shown that the conver-

sion to ambipolar transport is due to the desorption of

O2 and H2O molecules (i.e., the oxygen�water redox

couple) adsorbed at the surface of the SiO2.54 Because

of the similarities between these works and our experi-

ments on OTFTs, we ascribed the conversion to a simi-

lar charge transfer mechanism that involves molecular

traps and Fermi level pinning at the SiO2 surface.

The better performance of the CNT OTFTs over Au

OTFTs can be qualitatively understood by analyzing

the characteristics of the devices in relation with the dif-

ferent electrode/organic interfaces. Because the CNT ar-

rays are composed of isolated CNTs embedded into

the organic films (Figure 1), the electrodes induce a

Figure 4. Transfer characteristics (Id versus Vg) in the linear regime (Vd � 2 V) at 300 K of PCBM OTFT with CNT array (a) and
Au (c) electrodes in semilog plot; transfer characteristics in the saturation regime (Vd � 20 V) at 300 K of PCBM OTFT with
CNTs (b) and Au (d) in semilog and linear plots. Vg has 100 mV steps (W/L � 2000/10 �m/�m).
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minimum perturbation to the organic layer.24 Thus, it

is expected that the CNT contact scheme, compared to

Au, provides better structural ordering of organic layers

and lower impurity and trap densities. This is consis-

tent with the smaller hysteresis and SS found in the

characteristics of the CNT OTFTs (Figure 4). However,

structural defects and traps can only add series resis-

tance (and hysteresis) to the device characteristics,

which cannot explain the electric field dependence of

the Id�Vd. Therefore, a complete picture of the situation

can only be drawn if additional contributions from the

device Schottky barriers at the PCBM/electrode inter-

face are included in the discussion.

Past works on silicon MOSFETs have extensively cov-

ered the topic of Schottky barrier transistors, and this

knowledge is useful in order to identify specific signa-

tures of Schottky barriers to the OTFT characteristics.55

The main evidence is the nonlinear Id�Vd at low Vd and

current leakage in the subthreshold region, which are

both clearly seen in our Au OTFT characteristics (Figures

2c,d and 5c,d). Surprisingly, the Id�Vd characteristics of

the CNT OTFTs (Figure 2a,b), including the ambipolar

devices (Figure 5a,b), are all linear (ohmic) in the ON

state, even at very low Vd. This feature rather suggests

that the CNT electrodes present no Schottky barrier.

This assumption, which might be realistic only in the

presence of a strong pinning of the Fermi level on the

LUMO, can however be ruled out in our case for the fol-

lowing reason. For ambipolar OTFTs, because of the

PCBM band gap, a Fermi level pinning on the LUMO

level would indeed decrease the barrier for electron in-

jection but, at the same time, increase the barrier for

hole injection. The Id�Vd characteristics of the ambipo-

lar CNT OTFTs are ohmic for both hole and electron

branches (Figure 5a,b), which indicates that the barri-

ers are transparent electrically. We believe this point is

key to understanding the exceptional performance ob-

served with CNT array electrodes.

Figure 5. Images of p-type (a,c) and n-type (b,d) output characteristics for CNT OTFT and Au OTFT after vacuum annealing
(16 h at 400 K). |Vd| steps are 100 mV in panels a, b, and d and 500 mV in panel c. The curves at Vg � 0 V and Vg � 10 V in panel
b and Vg � 0 V in panel d are shown in the magnified right y scales. Note that Vg � 0, 10, 20, 30, 40 V in panels a, b, and d
and that Vg � 0, 10, 20, 30, 40, 50 V in panel c (W/L � 2000/30 �m/�m).

Figure 6. Ambipolar transfer characteristics at Vd � 20 V of
CNT (red markers, full line) and Au (blue markers, dashed
line) OTFTs (c) after vacuum annealing (16 h at 400 K). |Vg|
steps are 1000 mV (W/L � 2000/30 �m/�m).
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It is reasonable to expect large Schottky barriers be-
tween both the Au and CNT electrodes and the PCBM
layer. One can roughly estimate the barrier heights us-
ing available literature data as follows: Assuming an un-
pinned Fermi level (i.e., low density of interface states),
the Fermi level of single-walled CNT contacts (work-
function is about 4.8 eV)38 is offset by at least 	0.5 eV
with respect to the LUMO (i.e., between 3.7 and 4.3 eV
relative to the vacuum level)39 and by 	1.2 eV with re-
spect to the HOMO (i.e., 6.0 eV relative to the vacuum
level)40 of PCBM (see Figure 1e). The workfunction of
evaporated Au lies between 4.4 and 4.6 eV, which
should lead to similar offsets.56 With these estimates in
hand, it is interesting to note that the electron currents
of both CNT and Au OTFTs at high |Vg| are more than 1
order of magnitude larger than the hole currents (see
ambipolar devices in Figure 6), thereby supporting a
lower barrier height for electron injection (assuming
similar mobility for electrons and holes). This is consis-
tent with the estimates of about the position of the en-
ergy levels, which gives asymmetrical barriers to the
PCBM LUMO and HOMO levels (see Figure 1e).

There are indirect evidences in the comparison be-
tween CNT and Au OTFTs that support our hypothesis
of 1D electrostatic effects with the CNT array electrodes.
As mentioned above, the CNT arrays (Figure 1a) present
individual CNTs having a form factor that favors 1D
electrostatics. In contrast, the Au contacts are better de-
scribed using bidimensional (2D) electrostatics. The lat-
ter case, that is, a metal electrode in contact with a
semiconductor, has been extensively studied in the
context of regular MOSFETs.57 In the presence of large
Schottky barriers (i.e., larger than kT � 0.026 eV), the 2D
electrostatic effects have little influence on the length
scale of the band bending (more precisely here the en-
ergy level shift for the organic materials) at the contacts.
The length scale in 2D is mainly set by the gate oxide
thickness (here tox 	 100 nm), and the depletion zone
is generally large in width. As a result, tunneling injec-
tion across the Schottky barrier is suppressed at low
field.48 The absence of tunneling at low Vd induces non-
linear Id�Vd, which is a typical signature of Schottky bar-

riers in regular 2D MOSFET structures.55 It is therefore

not surprising that the characteristics observed for most

bottom contact OTFTs, including our Au OTFTs (Fig-

ures 2c,d and 5c,d), are nonlinear. A different scenario

is possible in the presence of 1D electrostatics because

the 1D fields are strongly enhanced in the contact re-

gion. Experiments and theoretical simulations on CNT

transistors have demonstrated that 1D Schottky barri-

ers extend for only a few nanometers and result in short

depletion zones for which strong tunneling injection is

possible.19�22 That is, even in the presence of large

Schottky barriers, the Id�Vd characteristics of 1D sys-

tems are linear at low Vd because of strong tunneling

across the barrier. This signature is consistent with the

characteristics observed in our CNT OTFTs. Although

the details of the electrode�semiconductor interface

are different in this comparison,58 the results with CNT

OTFTs contain good evidences of 1D electrostatic ef-

fects in the contact region. Obviously, further work will

be required to evaluate quantitatively the impact of the

nanotube geometry on carrier injection mechanism.

In summary, we have demonstrated that a better

carrier injection in PCBM films is obtained with CNT ar-

ray electrodes compared to Au electrodes. For n-type

PCBM OTFTs, the CNT arrays display a close to ideal in-

jection behavior, high FET mobility, low contact resis-

tance, and good subthreshold characteristics. For ambi-

polar PCBM OTFTs, CNT electrodes also show improved

injection performance for both types of carriers com-

pared to Au electrodes. These results indicate that our

OTFT function as Schottky barrier transistors.19 The bet-

ter carrier injection in CNT OTFTs is qualitatively ex-

plained by an enhancement of the tunneling across

the Schottky barrier due to 1D electrostatics effects in-

duced by the form factor of the CNTs. The exceptional

injection efficiency of CNTs represents a novelty in or-

ganic electronics. CNT arrays are a valid replacement to

low workfunction metals, which are often reactive in

air and difficult to process. Our work paves the way for

a widespread use of CNTs as electrodes in both p- and

n-type OTFTs.

METHODS
Sample Preparation and Measurements. Bottom contact, bottom

gate transistors were prepared on a highly doped (n-type) Si(100)
wafer covered with a 100 nm thermally grown SiO2 dielectric
(32 nF cm�2 capacitance). Carbon nanotube hairy electrodes
(Figure 1a) were fabricated using a subtractive patterning tech-
nique.24 A dense network of individual or small bundle single-
wall carbon nanotubes (SWCNTs) was deposited in three steps
from a 2% sodium cholate dispersion of SWCNT (1 � 10�4 mg/
mL) in water. The CNT solution was first vacuum filtered on an
amino-cellulose filter and then transferred to a SiO2 surface that
was previously treated with hexamethyldisilazane (HMDS) to im-
prove nanotube adhesion. The filter was last dissolved in ac-
etone. Ti concentric source/drain contacts (20 nm thick) were
patterned on top of SWCNTs by photolithography and lift off.

The samples were then sonicated while immersed in a photore-
sist stripper (AZ300T, Clariant). This sonication removes the nan-
otubes not directly attached to the Ti contacts and cuts the re-
maining CNT to an average length of 200 nm, yielding hairy
electrodes, as shown in Figure 1a. The substrates so obtained
were annealed in vacuum at 800 K for 1 h to decrease the con-
tact resistance between nanotubes and Ti. This annealing step
also led to the desorption of HMDS deposited at the beginning
of the processing, leaving a bare SiO2 surface.59 To benchmark
our nanotube electrodes, we also fabricated Au electrodes (thick-
ness 40 nm) with a Ti adhesion layer (thickness 4 nm) having
identical concentric geometry. To facilitate the comparison with
CNT electrodes, these substrates were also annealed in vacuum
at about 800 K for 1 h. Devices with channel width, W � 2000
�m, and channel length, L � 10, 15, 30, 40, and 50 �m, were
used.
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Substrate Cleaning and PCBM Deposition. Prior to organic semicon-
ductor deposition, substrates with CNT electrodes were cleaned
by low power sonication in acetone and isopropyl alcohol. Au
electrodes were cleaned by the same treatment followed by UV/
ozone exposure.

Thin films of phenyl-C61-butyric acid methyl ester (PCBM,
Kintec, Figure 1d) were deposited by spin coating (1000 rpm, 1
min) from a 9 mg/mL solution in anhydrous chlorobenzene (Al-
drich) under N2 atmosphere. The samples were briefly exposed
to air before electrical measurements.

Electrical Measurements and Device Parameter Extraction. Electrical
measurements were performed in the dark and under vacuum
(10�7 Torr) using an Agilent (B1500A) semiconductor parameter
analyzer and a Desert Cryogenic electrical probe station. To ex-
clude the presence of CNTs between the S/D electrodes, sub-
strate for CNT OTFTs were also measured before PCBM
deposition.

The field-effect mobility, �e, at saturation was calculated ac-
cording to the formula Id � (W/2L)�eCi(Vg � VT)2, where Id is the
drain current at the saturation, Vg the gate voltage, W the chan-
nel width, L the channel length, Ci the capacitance per unit area
of SiO2 (32 nF cm�2), and VT the threshold voltage. VT was deter-
mined from the transfer curve in the linear regime (Vd � 2 V) by
extrapolating the intersection of Id with the gate voltage (Vg) axis;
�e in the linear regime was calculated from the transconduc-
tance, dId/dVg, according to the formula �e � (dId/dVg)(L/WCiVd),
where Vd is the drain voltage. The turn-on voltage (VON) was de-
termined as the Vg at which the current abruptly increases in the
semilog plot of the transfer characteristics.

The contact resistance (Rc) was extracted extrapolating the
device resistance (Ron) at L � 0 in plots of Ron versus channel
length. Ron was determined as dVd/dId from the linear region
(0�3 V) of the Id versus Vd plots of CNT OTFTs at Vg � 15 V and
Vg � 20 V.

Scanning Electron Microscopy (SEM) Imaging. SEM images of the
CNT hairy electrodes were acquired using a Hitachi field emis-
sion S-4700 microscope.
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