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Abstract
The electrical characteristics of carbon nanotube (CNT) thin-film transistors (TFTs) strongly
depend on the properties of the gate dielectric that is in direct contact with the semiconducting
CNT channel materials. Here, we systematically investigated the dielectric effects on the electrical
characteristics of fully printed semiconducting CNT-TFTs by introducing the organic dielectrics of
poly(methyl methacrylate) (PMMA) and octadecyltrichlorosilane (OTS) to modify SiO, dielectric.
The results showed that the organic-modified SiO, dielectric formed a favorable interface for the
efficient charge transport in s-SWCNT-TFTs. Compared to single-layer SiO, dielectric, the use of
organic—inorganic hybrid bilayer dielectrics dramatically improved the performances of SWCNT-
TFTs such as mobility, threshold voltage, hysteresis and on/off ratio due to the suppress of charge
scattering, gate leakage current and charge trapping. The transport mechanism is related that the
dielectric with few charge trapping provided efficient percolation pathways for charge carriers,
while reduced the charge scattering. High density of charge traps which could directly act as
physical transport barriers and significantly restrict the charge carrier transport and, thus, result in
decreased mobile carriers and low device performance. Moreover, the gate leakage phenomenon is
caused by conduction through charge traps. So, as a component of TFTs, the gate dielectric is of
crucial importance to the manufacture of high quality TFTs from the aspects of affecting the gate
leakage current and device operation voltage, as well as the charge carrier transport. Interestingly,
the OTS-modified SiO, allows to directly print horizontally aligned CNT film, and the
corresponding devices exhibited a higher mobility than that of the devices with the hybrid
PMMA /SiO, dielectric although the thickness of OTS layer is only ~2.5 nm. Our present result
may provide key guidance for the further development of printed nanomaterial electronics.
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1. Introduction

Single-wall carbon nanotube (SWCNT) thin-film transistors
(TFTs) have been extensively studied due to their extremely
high mobility, low operation voltage and high operation speed
[1-7]. Compared to single-SWCNT transistors, SWCNT-
TFTs could output a much higher work current and power.
SWCNT-TFTs have previously been fabricated by a com-
plicated photolithography and lift-off process [8—10].
Recently, the fabrication of SWCNT-TFTs by ink-printing
SWCNT solution at a well-defined position on a substrate was
reported, which dramatically simplified the fabrication pro-
cess [11-14]. The performance of the ink-printed SWCNT-
TFTs is strongly dependent on the electronic purity of the
semiconducting nanotube ink. The presence of metallic
SWCNTs could shortcut the source and drain electrodes,
degrading the device performance. Recently, several sorting
methods of SWCNT structures including density gradient
ultracentrifugation, ion-exchange chromatography and gel
chromatography, have been reported [15-18], with which
high-purity semiconducting SWCNT ink could be achieved.

In addition to high-purity semiconducting nanotube ink,
the gate dielectric also plays an important role in achieving
high-performance TFTs. A TFT can be regarded as a capa-
citor, where the gate insulator is sandwiched between the
semiconductor layer and the gate electrode and, under the
applied gate voltage and source-drain voltage, the injected
charge carriers are attracted to the interface of the gate di-
electric and semiconductor layer, where they form the source-
drain current. In TFTs, charge carrier transport primarily
occurs within the first few monolayes of the semiconductor
films next to the gate dielectric, which is not only dependent
on the microstructures of the semiconductor layer but is also
strongly influenced by the surface properties of the gate
insulator. So the first few semiconducting layers next to the
dielectric interface are of vital importance because they
dominate the charge carrier transport of the device. The
dependence of TFT response characteristics on dielectric
roughness can attribute to three factors. First, the efficient
percolation pathways for charge carriers is dramatically
reduced by the higher dielectric roughness severely limiting
the migration of charge carriers. Second, more trapping sites
are induced by higher roughness. The obvious consequence
of the transport through traps in the devices is the higher level
of leakage current. Finally, the charge carrier transport is
hindered by surface scattering effects caused by the surface
roughness. Moreover, the hysteresis phenomenon is mainly
attributed to the charge trapping at the semiconductor-di-
electric interfaces, it will be noticeable in transfer curves due
to high trap density at the dielectric interface. Therefore,
generally speaking, the gate dielectric should have low
leakage current, minimum density of surface carrier traps and
smooth surface for efficient charge carrier transport, which
thus ensures high device performance. However, inorganic
dielectrics usually induce interfacial scattering and trapping of
carriers [19, 20], and undermines the performance of tran-
sistors. The combination of inorganic and organic layers to
create hybrid gate dielectrics that provide a smooth surface, a

small surface energy and negligible gate leakage has been
reported in the fabrication of organic TFTs [21-23]. Such
hybrid bilayer dielectrics are generally composed of an
inorganic metal oxide layer, ideally one with a large dielectric
constant (e.g., SiO;, Al,O;, HfO,), and an organic self-
assembled monolayer (SAM) molecules or a layer of poly-
mers. Such hybrid gate structure can significantly improve the
crucial performance parameters of the devices, and it can be
exploited to tune the threshold voltage of the TFTs [24-28],
produce low-voltage operating TFTs [29], control the charge-
carrier density [24], and reduce the gate leakage current [30].
However, the application of the inorganic—organic hybrid
gate dielectric in the SWCNT thin film transistors is still
poorly explored.

In this presentation, we investigated the effect of
dielectrics on the performances of SWCNT thin film tran-
sistors fabricated by fully printing technique. PMMA and
OTS were chosen for their diverse dielectric constants. All
s-SWCNT-TFTs with polymer dielectrics show typical p-type
charge transport and high on/off ratios. The present results
show that the use of organic-inorganic hybrid bilayer
dielectrics reduces charge trapping and leakage current,
leading to a clear improvement in the SWCNT-TFT perfor-
mance including high field-effect mobility, large on—off ratio,
low threshold voltages and small hysteresis. Especially, the
OTS gate insulator layer clearly induced the orientation
arrangement of the printed SWCNTs and improved the carrier
mobility of the CNT-TFTs due to the suppression of charge
scattering by the CNT-CNT junctions. Our present work
provides a new way for fabricating high-performance
SWCNT TFTs, accelerating the application of SWCNTs in
micro-devices.

2. Methods

2.1. Preparation of PMMA/SIO. dielectric

The PMMA/SiO, hybrid dielectric was prepared by spin-
coating PMMA solution on a heavily-doped n-type silicon
wafer (p = 0.01 Q2 cm) with an oxide thickness of 500 nm,
which was oxidized by oxygen plasma. Before the deposition
of the PMMA layer, the SiO,/Si substrates were ultra-
sonically cleaned in acetone and ethanol and then dried by N».
A solution 0.4 wt% of PMMA (M,, = 495, Aldrich) intoluene
was spin-coated at 4000 rpm on the SiO, layer for 60 s and
then baked at 180 °C for 1 min on a hot plate. The thickness
of PMMA confirmed to be about 100 nm by atomic force
microscopy (AFM, Multimode 8, Bruker).

2.2. Preparation of hybrid OTS/SiO. dielectric

To make a hybrid dielectric of OTS/SiO, for bottom gate
devices. OTS (Aldrich Co., Ltd) was prepared with a con-
centration of 2.5 x 10™* M in a solvent mixture of 1:3
volume cyclohexane/chloroform. The cleaned substrates
(Si0,/Si) were immersed into the solution of OTS for a time.
After adsorption, the OTS-coated substrates were washed
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Figure 1. (a) Schematic illustration of the layout of the printed thin-film transistors. (b) Optical absorption spectra and (c) Raman
characterization of the semiconducting SWCNT ink. (d) The chemical structures of the organic dielectrics PMMA and OTS (e) and (f)
present the capacitance-voltage (C-V) characteristics of PMMA /SiO, and OTS/SiO, hybrid dielectrics, respectively. The insets in (e) and
(f) show the schematic diagram of the metal-insulator-metal (MIM) structure for the measurement of the dielectric capacitance.

with chloroform for 30 min in an ultrasonic bath to remove
the redundant silane deposits, rinsed in deionized (DI) water
and then dried with blowing nitrogen.

2.3. Fully printing SWCNT-TFTs

An aqueous solution of semiconducting SWCNTs with 0.5
wt% sodium deoxycholate separated from HiPco-SWCNTs
(diameter 0.7—-1.1 nm) with the gel chromatography technique
was used as SWCNT electronic ink [17] (see the details in the
supporting information S1 is available online at stacks.iop.
org/NANO/28/435203 /mmedia). Ink-printing of SWCNTSs
and Ag electrodes was performed using a Sonoplot GIX
Microplotter II as the following steps: (a) SWCNT channel
film was printed with a 30 ym tip. The channel length and
width are 100 and 500 pm, respectively. The procedure was
repeated twice. Then, they were aged overnight and subse-
quently rinsed with DI water to remove the surfactant residue
in the SWCNT film; (b) silver source-drain electrodes with
1 mm” were printed using a 10 um tip; (c) the devices were
annealed in air at 100 °C for 30 min to improve the contact of
the SWCNT thin films and electrodes.

The optical absorption spectra of the SWCNT ink were
recorded by an UV-vis-NIR spectrophotometer (Shimadzu,
UV-3600). The topography of the SWCNT films was
characterized using AFM (Multimode 8, Bruker). The
electrical characterizations of the TFTs were recorded using
a Keithley4200 semiconductor characterization system. The
capacitance values of the dielectrics were measured

utilizing an electrochemical workstation (CH Instruments
model CHI601C).

3. Results and discussions

The bilayer hybrid dielectric configuration for SWCNT-TFTs
is depicted in figure 1(a). All SWCNT-TFT -elements
including Ag electrodes and channels are ink-printed on the
substrates without involving any photolithography patterning
or surface pretreatment steps. The channel length and width
were fixed at 100 and 500 pum, respectively. Figure 1(b)
shows the UV—vis-NIR absorption spectra of the as-prepared
semiconducting SWCNT inks (red trace), which evidences
that the inks are high-purity semiconducting SWCNTSs
(s-SWCNTs) due to the lack of metallic M;; peaks. The
purity was evaluated around 99% by the ratio of the relative
area under the metallic and semiconducting peaks [31, 32].
Raman spectrum further confirmed the absence of metallic
tubes in the s-SWCNT ink (figure 1(c)). The chemical
structures of the organic dielectrics PMMA and OTS are
presented in figure 1(d). The capacitance—voltage (C—V)
characteristics of the hybrid dielectrics PMMA/SiO, and
OTS/SiO, were measured by using the metal-insulator—metal
structure [33] (the insets in figures 1(e) and (f)) and sweeping
from —10V to 410 V at 100 Hz. The growth process of OTS
self assembled molecular film is ‘island’ growth mode by
solution chemical method. Monolayer is very sensitive to
reaction time, different results will be obtained under different
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Figure 2. Electrical performances of SWCNT-TFTs with various dielectrics. (a), (b), (c) Transfer characteristics of the SWCNT devices with
single SiO, of 500 nm, PMMA /SiO, and OTS/SiO, dielectrics at Vps = —1 V. (d), (), (f) Output characteristics with V ranging from —8
to 0 V with a step of 2 V (top to bottom). The thickness of PMMA layer is 100 nm. The OTS layer by immersion for 2 h is about 2.5 nm. The
channel lengths (L) and widths (W) of SWCNT-TFTs were fixed at 100 and 500 pm, respectively.

time, so the OTS-SAM film possessed different thickness
with various amounts of time. Therefore, we measured the
thickness of OTS/SiO, based on various immersion time in
an OTS solution. As shown in figures 1(e) and (f), the
capacitance per unit area is almost constant over the entire
voltage range for both PMMA/SiO, and OTS/SiO, hybrid
dielectrics. With an increase in the thickness of organic
dielectrics, the capacitance clearly decreased.

Figure 2(a) shows the typical transfer characteristics of
the s-SWCNT-TFTs fabricated with single SiO, dielectric
layer of 500 nm (source/drain voltage, Vps = —1 V). It is
clear that the TFTs are p-type with a current on—off ratio
(Ion/ILoge) of ~10°. The mobility (figevice) Of the devices is
about 51 cm? Vs~ ! under the drain voltage of —1 V, which
were calculated from the following equation:

L ) dIDS - L ) g_m
VosGW AV VpsG W'

Hdevice =

ey

where L and W are the device channel length and width, g,, is
the maximum transconductance which is extracted by taking
the derivative of the transfer characteristics. C; is the capa-
citance per unit area of the hybrid dielectrics. For comparison,
we fabricated SWCNT-TFTs with PMMA/SiO, and
OTS/SiO, hybrid dielectrics and characterized their electrical
properties (figure 2(c)), in which PMMA layer is 100 nm and
OTS is ~2.5nm. It is clear that the TFTs are p-type with a
current on—off ratio (I, /Iog) of ~10°. The mobility (figevice)
of the devices reaches 81 cm? (V™! s~ 1) (PMMA /Si0,) and
90cm? (V~'s™! (0TS /Si0,) under the drain voltage of
—1V, which is clearly higher than that of the unmodified

devices. We compared the threshold voltage (Vy,) of various
transistors, the Vg, for the SWCNT-TFTs with single SiO,
dielectric layer is 6.5V, while those of the devices with
PMMA/SiO, and OTS/SiO, hybrid dielectrics decreased
rapidly and the values are 2.6 V and 2.1 V, respectively. The
subthreshold slope (SS), which describes the turn on of the
TFTs, is another measure of device quality, and is defined by
o dW

d(log Ips)
of the TFTs in figure 2, the calculated SS for the SWCNT
TFTs with the PMMA and OTS modified gates are 800 and
760 mV /decade, while that of the devices with single SiO,
gate dielectrics is 1000 mV /decade.

A large hysteresis at sweep cycling for the transfer
characteristics is one of the main problems in s-SWCNT-
TFTs [34, 35], which derived from the interface traps between
the s-SWCNTs and dielectric, as well as the bulk traps in the
gate dielectrics [34-36]. The hysteresis can be evaluated
quantitatively by the difference between two V, at the center
of the maximum and minimum drain currents for forward and
reverse gate-voltage sweeping [37]. The hysteresis of the
devices using the hybrid dielectrics of PMMA/SiO, and
OTS/SiO, are approximately 1.8 and 2 V while that of the
devices with single SiO, is approximately 5 V. The decreased
hysteresis in the organic-modified SWCNT-TFTs should be
due to the suppression of charge trapping by the organic di-
electric. We will discuss this issue later.

Figures 2(d)—(f) delineates the well-behaved output
characteristics for the devices with different dielectrics. The
Ips shows a linear increase with Vpg between —1 and 0V,

. On the basis of the transfer characteristics
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Table 1. Summary of the device performance of SWCNT-TFTs with bare SiO, and bilayer dielectrics.

Dielectric Vae V) gm (uS)  p(em?*V7's™  I./Lg  SS (mV/dec)
Si0, 6.5 11.1 53 7.1 x 10° 1000
PMMA/SiO, 2.6 13.6 85 6.5 x 10° 800
OTS/SiO, 2.1 15.3 91 3.1 x 10° 760
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Figure 3. The distribution of electrical performances of 10 SWCNT-TFTs with single SiO, dielectric (blue), 10 SWCNT-TFTs with PMMA
(100 nm)/SiO, hybrid dielectric (red) and 10 SWCNT-TFTs with OTS/SiO, hybrid dielectric (OTS SAMs formed by 2 h) (green). The
channel length and width for all devices are 100 ym and 500 pm, respectively. (a) On-conductance, (b) transconductance, (c) device

mobility, and (d) on—off current ratio.

and with further increasing the Vpg, the Ipg curve shows
saturation behavior. The CNT-TFT devices with organic—
inorganic hybrid dielectrics offer larger output current
(0.17 mA for PMMA/SiO,; 0.15mA for OTS/SiO;) even
under low-operation voltage (at Vg= -8V and
Vpbs = —10V) (figures 2(d) and (e)) than that of single SiO,
dielectric (0.12 mA). Detailed characteristics of the devices
are reported in table 1.

For fully investigating the effect of the hybrid dielectrics
on the device performances, we compared the electrical
properties of 10 PMMA-modified SWCNT-TFTs and 10
OTS-treated SWCNT-TFTs with those of single SiO,
dielectric devices. Their performances, including on-
conductance, transconductance, field-effect mobility and
Ion/Iose ratio, are summarized in figure 3 (also see table S1).
Each of the performances for the organic-modified SWCNT-
TFTs is higher than that of the devices with single SiO, gate
dielectric. The off-current of the hybrid-gate devices is lower
by an order of magnitude (figure S2), which contributes to a
higher I/l ratio.

In order to fabricate high-speed integrated digital circuits,
each transistor should concurrently have high mobility and
Ion/Ioge ratio. As shown in figure 4(a), the devices with bilayer
hybrid gate dielectrics show consistently higher mobility and
Ion/ Lo ratio compared to that without modification, exhibit-
ing much better performances. We also compared the per-
formances of the PMMA and OTS modified devices with
those of a few recently reported SWCNT-TFTs with single
Si0O, dielectric [11-13, 26, 38—40]. As shown in figure 4(b)
(also see table S2), the mobility and I,,/I ¢ ratio of our
SWCNT-TFTs (control devices) with hybrid dielectric are
significantly better than those of the devices recently reported
in the literatures.

Since we used identical channel materials, substrates and
metal electrode in this work, the improved performances of
the organic-modified devices should be ascribed to their
hybrid gate dielectrics. We first investigated the surface
morphologies of the untreated and modified SiO, substrates
using AFM (figure 5). As shown in figures 5(a) and (d), the
surface of pristine SiO, is very rough. After the deposition of
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Figure 4. (a) Comparison of a few recent solution-processed CNT
devices with one SiO, dielectric layer. (b) On—off current ratio
versus mobility of all the devices with organic-modified gate
dielectrics and single SiO, dielectric. The thickness of PMMA layer
is 100 nm. OTS SAMs formed by 2 h. In all the devices, the channel
length and width are 100 gm and 500 pm, respectively. Both the
mobility and on—off current ratio of the modified devices are higher
than that without modification.

organic dielectric, both PMMA /SiO, (figures 5(b), (e) and
S3) and OTS/SiO, (figures 5(c), (f) and S4) hybrid dielectrics
shows smooth surfaces. The analysis of the substrate surface
roughness indicated that the RMS roughness of the pristine
SiO, surface is around 4.27 nm, while those of the
PMMA /SiO, and OTS/SiO, films are 0.27 and 0.15nm,
respectively. According to the multiple-trap-release model,
higher channel charge is accompanied with a better free
charge to total charge ratio, leading to improvement in field
effect mobility [41]. On SiO, dielectric surface with a high
roughness, there will be a lot of defects in the interface, when
the carrier injection from the source, these will be trapped,
and due to the rough surface of the substrate, resulting in
carrier scattering enhancement, which will reduce the field-
effect mobility of the device. In addition, Vy, for the transistor

is referred to charge trapping and the effect of surface scat-
tering at the interface of dielectric/semiconductor layer. In
TFTs operating above threshold, most of the charge induced
by the gate-source voltage is trapped in the numerous traps
and only a fraction of the carriers participates in the current
conduction, which lead to a high Vy,. A better explanation can
be found, if we consider the holes located in roughness
‘valleys’ at the dielectric. The source-drain field only supports
drift movement along the surface and cannot support a charge
movement out of the roughness valley away from the surface,
the more charges are trapped at the interface, the stronger gate
voltage is needed to turn the transistor on. The deposition of a
PMMA layer and OTS-SAM film effectively passivates
charge traps and generates more pathways for the charge
carriers thus benefits the charge transport and obviously
decreases the Vy,. Moreover, on dielectric surfaces with a high
density of trap states, more mobile holes are trapped and do
not make contribution to the drain current of the unmodified
SiO, device in the same time scale, which lead to a decreased
drain current. Besides, the leakage current density of the
device is relatively high due to induced charge trap by
the roughness valleys [42]. The presence of charge traps in
the insulator will generally result in a greatly reduced current
at lower injection levels, since those traps initially empty will
capture, and thereby immobilize, most of the injected carriers.
The equilibrium trap occupancy results from a balance
between capture of electrons into the traps, the electrons will
contribute to the current flow through the insulator. So the
contribution of the charge traps to the gate leakage current
cannot be ignored. Moreover, the current hysteresis originates
from the interface traps distributed between s-SWCNTs film
and the dielectric, as well as the bulk traps in the gate
dielectrics, which due to hole and electron trapping are
explained as follows: (a) hole trapping—during OFF to ON
state, holes get trapped at deep hole traps with increasing
negative gate voltage which screen the applied gate voltage
during reverse scan thereby reducing the effective gate volt-
age and hence causing reduced drain current, (b) electron
trapping-electrons trapped, especially at the dielectric/
semiconductor interface, under positive gate voltages during
off to on state scan induces additional holes at the interface.
Furthermore, the difference in SS approximately reflects the
trapping and defect density of the dielectric layer [43].
Interestingly, the morphologies of the printed SWCNT
films on different dielectrics are different. As shown in
figures 5(g) and (h), the printed SWCNT films on the
untreated SiO, and PMMA /SiO, are random network with-
out any alignment. In contrast, the printed SWCNT film on
the OTS/SiO, gate dielectric exhibits clear alignment
(figure 5(i)). Organic OTS was widely used for the
modification of substrates to prevent the adsorption of
SWCNTs due to the weak interaction between the surfactant-
encapsulated SWCNTs and OTS layer [44]. Here, we found
that the OTS organic layer could induce the alignment of
SWCNTs. The detailed reason is still unclear. We propose
that the interaction between SWCNTs and OTS dielectrics
should play a critical role in the orientation arrangement
of SWCNTs. For SWCNT network film, the number of
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Figure 5. AFM images (10 um x 10 pm) of (a), (d) SiO, dielectric layer; (b), (¢) PMMA (100 nm)/SiO, dielectric layer; (c), (f) OTS/SiO,
dielectric layer (OTS SAMs formed by 2 h). SWCNT film printed on (g) SiO, dielectric layer; (h) PMMA/SiO, dielectric layer; (i)

OTS/SiO, dielectric layer.

tube-to-tube junctions, which limits the charge transport
through the film because of the carrier scattering through
tube-to-tube junctions [45—47], can be reduced by controlling
the alignment of SWCNTS, thereby improving the mobility of
the device. The improved physical contact between carbon
nanotubes increases the overall electrical conductivity of the
channel during charge accumulation in the ‘on’ state, thus,
would lead to smaller values of SS for OTS-treated TFTs.
Moreover, the low SS is indicate a high quality OTS/
SWCNT interface compared with PMMA /SiO, and unmo-
dified SiO,. OTS-SAMs on the dielectric layer could also be a
useful buffer layer effectively passivating the charge traps,
especially the interfacial electron traps induced by the -OH
groups on the SiO, surface, for efficient charge carrier
transport [48, 49]. Due to the hydrophilic surface, the bare
Si0, is easy to absorb water molecules which usually behave
as traps in the devices. The OTS-SAM-modified strongly
hydrophobic dielectric surface should adsorb only small
amounts of water, the reduction of hydroxyl groups and water
molecules on the modified dielectric surface enhanced the
performance of the devices significantly. By reduced charge
transfer, such as surfactants and /or water molecules (oxygen),

absorbed on the surface of the SWCNTSs, the TFTs with OTS-
SAM exhibit relatively low Vy, in comparison with devices
with PMMA /SiO, and bare SiO..

The charge-trap densities in the device channels can be
further calculated using the following equation [50]:

G [Sslog(e) B 1] @
q kT/q

where SS is the subthreshold slope, ¢ is the electronic charge,
C; is the capacitance per unit area, k is the Boltzmann’s
constant, and T is the absolute temperature. The D of the
devices with single SiO, is 0.68 x 10'>cm 2V ™', while the
devices with PMMA/SiO, and OTS/SiO, dielectrics are
0.41 x 10" and 0.48 x 10"?cm 2eV ™" respectively. The
SWCNT-TFTs with organic-modified dielectrics have lower
charge-trap densities for holes. Higher interface charge-trap
density on SiO, substrates likely results from hydroxyl groups
and/or physical defects on their surfaces.

In order to further investigate the role of organic dielectric in
improving the performances of SWCNT devices, the leakage
current of the SiO,, PMMA /SiO, and OTS/SiO, gate dielectrics
were measured by preparing a simple symmetrical structure

Dy =
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Figure 6. Leakage currents for SiO,, PMMA /SiO, and OTS/SiO,
dielectrics. The PMMA thickness is 100 nm and that of OTS
layer 2.5 nm.

(Ag/SiO,/doped Si/Ag, Ag/PMMA/SiO,/doped Si/Ag and
Ag/OTS/Si0,/doped Si/Ag), as shown in figure S5. Figure 6
shows the current as a function of voltage. The result indicates
that the introduction of a PMMA and OTS layer on the surface
of SiO, dielectric reduced the leakage current by three times than
that of single SiO, dielectric. We think that the plasma-grown
SiO, dielectric without modified has very poor insulating prop-
erty, the modification of organic PMMA and OTS significantly
enhance the insulation performance of dielectric. Compared with
the unmodified single SiO,, the hybrid bilayer dielectrics exhibit
a relatively low leakage current. These results are well consistent
with the small off-current of the PMMA and OTS-SAM mod-
ified devices (supporting information, figure S1). In comparison,
note that the test structures including an OTS-SAM exhibit a
very low gate leakage current (~0.8 pA) under the 9.8 V which
is comparable with that of the PMMA/SiO, gate dielectric
despite its much smaller thickness of ~2.5 nm. This confirms
the crucial role of the SAM in determining the insulating
properties of the dielectric stack, despite its small thickness.
A similar conclusion has previously been drawn for organic
SAM-containing sandwich devices [51, 52].

We systematically explored the effect of PMMA thickness
on the performances of SWCNT-TFTs, in which channel length
and width are fixed at 100 and 500 pm. The dielectric properties
of PMMA/SiO, gate dielectric are exhibited in figure 1(d).
Small capacitance per unit area and dielectric constant inevi-
tably lead to a decrease in the production of carriers under the
same gate voltage and thus small on-currents. Therefore, with
an increase in the thickness of PMMA dielectric, we measured
decreased on-currents (figure 7(a)), which negatively con-
tributes to the on/off ratio. Figure 7(a) shows that the on—off
ratio increases rapidly with an increase in PMMA layer thick-
ness from 50 to 100 nm. With a further increase in PMMA
thickness, I,/ I¢ nearly remains at a constant (around 10%. In
addition, we investigated the leakage current of the
PMMA /SiO, gate dielectrics as a function of the thickness of

PMMA layer (supporting information, figure S6). With an
increase in the thickness of PMMA layer to 100 nm, leakage
current decreases rapidly to ~107'" A, indicating that a
reduction in low leakage current by hybrid gate dielectric
mainly contributes to the increased I, /Iog ratio of SWCNT-
TFTs. However, a further increase, especially from 200 to
300 nm, in the thickness of PMMA layer does not lead to a
clear reduction in the leakage current, indicating that 200 nm is
the optimized thickness for preventing leakage current.
Figure 7(b) shows transconductance (g,,), field-effect mobility
(), and the subthresholdslope (SS) of the SWCNT-TFTs as a
function of PMMA thickness. Each feature is optimal for the
devices with 100 nm thick PMMA dielectric. The field-effect
mobility increases with a reduction in the thickness of PMMA
dielectric. This trend can be explained by the multiple trap and
release model [43], in which the field-effect mobility is
dependent on the ratio of the free carriers to total carriers. The
relationship can be expressed as:

ng

o=y X (3

ng + nyg '
where 1, represents the mobility near the majority-carrier
transport band (i.e., conduction band or valence band, depending
on whether one is dealing with an n- or p-type semiconductor),
ng and n, are free and trapped carrier density at the semi-
conductor/insulator interface. As gate voltage increases, the
ratio of free to trapped carrier density increases, resulting in
increased mobility. The similar effect could occur with
increasing dielectric capacitance while keeping gate voltage
unchanged. In the present work, an increase in dielectric capa-
citance resulted from a reduction in PMMA thickness likely
induces a higher ratio of the free carrier density to total carriers
and thus higher field effect mobility. Similarly, SS and g, of the
devices are also strongly related to the gate dielectrics and
capacitances [53]. A higher gate dielectric constant usually
endows the devices small SS and large g,,. This is why the
devices with 100 nm thick PMMA dielectric exhibit a smaller
SS and higher g,,, compared to the thicker PMMA dielectric.
However, a further decrease in the PMMA thickness from 100
to 50 nm leads to a dramatic increase in gate leakage current and
degrades the performances of devices. Here, 100 nm PMMA
layer is the optimized thickness for fabricating high-performance
TFTs. We also measured the roughness of the PMMA dielec-
trics with various thickness. The surface of 100 nm thick PMMA
with a roughness of 0.27 nm is the smoothest (as shown in
figures S3, S7 and S8), the smooth dielectric layer create suffi-
cient pathways for charge carriers, favor effective carrier trans-
port, while reduced the charge scattering, which contributes to
the high performances of devices. Conversely, rough dielectric
surfaces will lead to a high density of trap states and, stronger
surface scattering effects on charge carriers will resulted in a
reduction in charge carrier mobility and the increase of leakage
current density. Synthesizes the above-mentioned factors, the
device with 100 nm PMMA/SiO, dielectric possesses optimal
transistor performance.

The effect of the morphologies of the OTS organic layer
on the performances of the printed SWCNT-TFT devices was
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Figure 8. Electrical properties of SWCNT-TFTs with OTS/SiO,
dielectric layer as a function of various dipping time for a certain
OTS concentration. In all devices, the channel length and width are
100 pm and 500 pm, respectively.

also investigated. Figure S9 presents typical AFM images of
the surfaces of the as-prepared OTS/SiO, hybrid dielectrics
by immersing a freshly SiO,/Si into OTS solution for varied
time. The growth process of OTS SAM film is ‘island’ growth
mode. Area of the OTS-SAM coverage gradually increased
with the treatment time and the complete OTS monolayer was
formed after immersion for 2 h. With an increase in the
immersion time, the average roughness R, of the OTS/SiO,
layer is 0.283 nm, 0.202 nm and 0.119 nm for immersion time
of 0.5, 1 and 2 h. As the SiO,/Si surface was covered by OTS
monolayer, the surface roughness decreased with increasing
immersion time. When a complete monolayer was formed,
the roughness was very small and the film has a smooth
compact morphology. By introducing OTS SAM-SiO,
bilayers dielectric, the surface quality of OTS/SiO, dielectric
was significantly increased and the leakage current was
reduced, thus leading to improved performances of the
SWCNT-TFTs.

We characterized the variation of the electrical properties
of the devices as a function of immersion time for the same
OTS concentration. As shown in figure 8, the transistor per-
formances were improved at the initial stage and leveled off

with immersion time. The mobility of the device reached
90cm®V~'s™! when uniform OTS film was formed after
immsion for 2 h. With further increasing the treatment time,
the thickness of the OTS-SAM remains basically unchanged
at the 2-3 nm level (supporting information figure S10), the
electrical properties of the OTS-modified devices kept
unchanged afterwards [54] and approached to a steady state.
In other words, the optimized treat time of SiO, substrates in
OTS solution for the prepartion of OTS/SiO, should be 2 h.

4. Conclusions

Generally, the semiconductor/dielectric interface plays a
special role on the charge transport properties because the
field-effect current mainly locates in the first few monolayers
of the semiconducting layer near to the gate dielectric. Di-
electric surface roughness was found to drastically decrease
the electrical performances of TFTs, which can be attributed
to an increasing amount of trap states, surface scattering, as
well as the hindering of the movement of charges by the
roughness valleys on dielectric surfaces. While the gate
leakage current results from the conduction of electrons in the
traps. Modification of this interface therefore offers a general
way to improve carrier transport accordingly. We fabricated
high-performance fully printed CNT-TFTs by using
PMMA /SiO, and OTS/SiO, inorganic—organic bilayer as
gate dielectrics, which reduced charge trapping, carrier scat-
tering and gate leakage. The optimized thicknesses of PMMA
and OTS are 100 and ~2.5 nm.

More importantly, we discover that OTS monolayer on
SiO, efficiently induced the orientation arrangement, which
could reduce the junction—junction scattering. The corresp-
onding devices exhibit a higher mobility and smaller SS than
those of the devices fabricated on PMMA /SiO, while keep-
ing the on/off ratio at a high level of 10°. The present result
provides a new way to produce aligned SWCNT film and
fabricate high-performance SWCNT-TFTs. This strategy has
significant potential for applications in electronics, photo-
electronics, and biosensor etc.
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