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The potential to perform at low voltages is a unique feature of carbon nanotube thin-film transistors
(CNT-TFTs) when compared to more common TFT material options, such as amorphous Si or
organic films. In this work, CNT-TFTs are fabricated using high-purity CNTs (verified electrically
to be ~99% semiconducting) on an embedded gate device structure, which allows for scaling of the
dielectric (equivalent oxide thickness ~ 3 nm) and yields a high gate capacitance. The high gate ca-
pacitance, coupled with the high semiconducting purity, leads to devices with excellent low-voltage
performance having an average subthreshold swing of ~200mV/decade (low of ~90 mV/decade)
and on/off current ratios of 10°. Testing hundreds of the CNT-TFTs on a chip at various channel
lengths and widths provided a first look at the distribution of key performance metrics across a sub-
strate. Favorable trade-offs between on-current and on/off current ratio were observed along with
high field-effect mobility and narrow distributions in both the threshold voltage and subthreshold
swing. The methods and results demonstrated here show that the low-voltage performance of CNT-
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Thin-film transistors (TFTs) are ubiquitous structures
used in the electronics industry for various macroelectronic
applications including displays and sensors. Single-walled
carbon nanotube (CNT) films are an excellent candidate for
use as the channel material due to their superb electrical
properties, mechanical flexibility, and compatibility with vir-
tually any substrate."”'! Advances in solution processing,
especially solution-based isolation of semiconducting CNTs,
enables the fabrication of CNT-TFTs that outperform the
industry standard, amorphous Si-TFTs. Such CNT-TFTs are
fabricated using simple solution-based deposition techniques
that are performed at room temperature and are compatible
with virtually any substrate.'*'®

Typical applications for macroelectronic devices and
circuits (i.e., mobile and/or flexible displays, remote sensors,
and circuits) will benefit from, and likely require, low-
voltage performance as power is generally limited in their
configurations. Low-voltage operation requires that the TFT
switches to the on-state over a small gate voltage range and,
additionally, has good transport properties to provide suffi-
cient drive current. The subthreshold swing (SS) of a device
characterizes how much gate voltage is needed to switch
from the off- to the on-state, and the channel mobility is a
good figure of merit for how much current the transistor can
drive. Both SS and mobility are improved by the use of
CNT-TFTs compared to other available solutions. While
single-CNT devices—where the CNT channel(s) spans the
source and drain—can exhibit excellent low-voltage per-
formance,'®?> CNT-TFTs typically have much larger sub-
threshold swings (~5-1V/decade).®®'*****  Exceptions
to this trend in the literature are devices fabricated with
self-assembled monolayer (SAM) based dielectrics® or ionic
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gel dielectrics where SS is reported as low as 130 mV/dec-
ade*>—the fundamental limit at room temperature is 60 mV/
decade. Although these examples demonstrate the ability of
low-voltage performance, a route using a more conventional
and scalable device architecture has been elusive.
Furthermore, it is important to demonstrate the reproducibil-
ity of such low-voltage CNT-TFTs by examining large dis-
tributions of devices across a substrate.

In this work, semiconducting CNTs are used as the
channel material for TFTs with an embedded gate structure
that enables exceptional performance at low operating volt-
age with average SS of 200mV/decade (as low as 90 mV/
decade). The CNTs are sorted using column chromatography
with a semiconducting purity greater than 99% verified both
optically (UV-vis-NIR absorption spectroscopy) and with
electrical measurements, as reported in an earlier work.'’
Raman spectroscopy on the CNT films confirms that addi-
tional defects are not introduced as a result of the solution
processing. The embedded gate structure circumvents the
difficult task of growing high quality dielectrics on carbon
nanotubes;*® allowing for employment of thin (10 nm) high
quality HfO, films as the dielectric as well as the ability to
gate the devices individually. The thin dielectric (equivalent
oxide thickness (EOT) of approximately 3 nm) yields a large
gate capacitance, enabling the low SS. The use of high-purity
semiconducting carbon nanotubes coupled with the embed-
ded gate structure results in the exceptional low voltage per-
formance in these CNT-TFTs.

The device fabrication and layout are illustrated in
Figure 1. The wafer consists of highly resistive silicon with 1
um of thermally grown SiO,. Gate trenches are patterned
with photolithography followed by reactive ion etching
(RIE) to produce 50nm deep trenches in the SiO, (Figure
1(a)). The gate trench is then filled with tungsten metal and
chemically mechanically polished (CMP) to planarize the
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FIG. 1. Schematic of the process flow for embedded gate CNT-TFTs, including (a) the etching of the gate trench into the substrate, (b) filling and polishing of
the W metal gate, (c) deposition via ALD of 10nm of HfO,, and the (d) modification of the gate oxide with poly-l-lysine followed by CNT deposition. The
final device structure that includes the electrode deposition is illustrated in Figure 2(b). (e) An optical microscope image of an array of carbon nanotube thin-
film transistors with varying lengths and widths and an (inset) image of a single CNT-TFT with a 10 um channel length and an 80 um channel width. (f) A
schematic of a CNT-TFT illustrating the embedded gate structure, (g) a SEM image of a representative CNT film.

surface (Figure 1(b)). Atomic layer deposition (ALD) of
10 nm HfO, completes the gate stack (Figure 1(c)). The first
three steps (Figures 1(a)-1(c)) were performed at wafer scale
using a 200 mm CMOS line and then diced into individual
chips prior to CNT deposition. Fabrication of this local-
bottom gate (LBG) structure prior to CNT deposition obviates
the need to grow a gate dielectric directly on the CNTs while
allowing for individual gating of the devices. This is advanta-
geous as growing high-quality, thin dielectrics on CNT films is
extremely challenging due to a lack of reactive sites on the sp”
bonded surface of the CNT. The HfO, surface is modified with
poly-lysine (30% in water, Sigma-Aldrich), which aids in
adsorption of the CNT network (Figure 1(d)).°

Large arrays of CNT-TFTs were fabricated with varying
channel lengths and channel widths (as shown in Figure
1(e)) and designed to be compatible with a semi-automated
probe station to allow for high-throughput characterization.
After the CNT films are deposited, the channels are isolated
via e-beam lithography to expose the areas of CNTs to be
etched away outside of the channel. After etching of the
unwanted CNTs in an oxygen plasma, the contacts (patterned
via e-beam lithography) are metallized (Pd/Au). An esti-
mated CNT density of ~8 CNTs/um? is obtained after expo-
sure to the semiconducting CNT solution for several hours as
evidenced by the SEM image of Figure 1(g). The CNTs
(ASP-100F, Hanwha Nanotech) are sorted (prior to device
fabrication) by electronic type using column chromatography
to isolate the semiconducting CNTs to purity levels >99%,
as described in an earlier work.'” Although the semiconduct-
ing fractions are screened using UV-vis-NIR absorption
spectroscopy, the semiconducting purity is verified electri-
cally by fabricating ~1000 individual CNT-FETs and count-
ing how many are metallic or semiconducting.

Representative subthreshold and output curves of a CNT-
TFT (channel length L, =5 um, and width W, = 80 um) are
shown in Figures 2(a) and 2(b), respectively. The subthres-
hold curves are well-behaved at varying drain biases (V)
from —1V down to —100mV, with minimal curve shifting
and a steady SS. The on/off current ration (Ion/Iopr) is high
(10°) and consistent at various V. Perhaps the most striking
feature is that the SS is consistently low at varying drain bias
with a value of ~200mV/decade. This low SS coupled with
the high Ion/Iopr and low threshold voltage (0.8 V) make

these devices promising for low-voltage applications. The out-
put curves (Figure 2(b)) show strong current saturation at
Vps < 1V, with the linear behavior at low Vj indicating
Ohmic-like contacts.

As the channel lengths are several times larger than the
average length of the CNTs (~500nm), the devices operate
in a percolation regime where the carriers transport across
many CNTs to traverse the channel from source to drain. A
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FIG. 2. (a) Igs vs. V, curve for a CNT-TFT with a channel length of 5 um
and a channel width of 80 um at various drain-source biases. The dotted line
indicates a subthreshold swing of 200mV/dec. (b) I45 vs. Vg4, curve for the
same CNT-TFT at various gate biases. The curves show clear saturation
behavior and Ohmic-like contacts.
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series of device performance parameters as a function of
channel length are shown in Figures 3(a)-3(e). As expected,
the on—current (Figure 3(a)) and peak transconductance (g,
in Figure 3(b)) both decrease with increasing channel length.
This is due to the increasing number of CNT-CNT junctions
present as L., is increased. Conversely, the I,,/I,¢ ratio
increases dramatically with channel length from a value of
10 at Ly, of 1 um to where it saturates at ~10°. The slope of
this increase is very sharp and indicative of the high level of
purity of the semiconducting samples. The saturation of
Ton/Iopr at ~10° is typical of CNTs in the larger diameter
range, where the bandgaps are smaller, and is not due to the
presence of metallic pathways.24

The field-effect mobility was calculated using gate
capacitance values obtained through high-frequency
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FIG. 3. Channel Ilength dependence of the CNT-TFTs (channel

width = 80 um) on (a) Loo/W [A/pm], (b) gm/W [uS/um], (¢) Lon/Lorr, (d) mo-
bility, and (e) subthreshold swing [mV/decade]. All the parameters pre-
sented here behave as expected from a device operating in the percolation
regime.
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electrical measurements. This allows for a precise calcula-
tion of the capacitance, and thus, the field-effect mobility.’
Since the source/drain contacts overlap the gate dielectric,
the measured capacitance was corrected to remove the para-
sitic capacitance between the gate metal and source/drain
contacts. Because the source/drain contacts are narrow
(300 nm) with respect to the device area, the correction is rela-
tively small (~15%). The mobility is plotted versus channel
length in Figure 3(d) and decreases slightly (~25%) as the
channel length increases before saturating at ~18 em?V s
The elevated mobility at small channel lengths is due to the
presence of metallic pathways in the film at channel lengths of
1 um. The subthreshold swing decreases slightly at L, from
lum to 5um before saturating at ~200mV/decade. This
behavior is expected as the SS typically increases if the
Ion/Iogr is small owing to a clipping of the off-state by the
increased dominance of metallic CNTs. It is also worth noting
that the spread in values for SS at channel lengths of 5 um and
above is small with a range of 90 mV/decade—320 mV/decade.

The device layout was designed such that several hun-
dred devices could be measured using a semi-automated
probe station to obtain statistics on device-to-device variabil-
ity. Figures 4(a) and 4(b) are histograms of the number of
devices versus threshold voltage (V1) and SS, respectively.
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FIG. 4. (a) Histogram of V variation showing a relatively tight distribution
and (b) histogram of the subthreshold swing yielding a tight distribution
with a remarkably low value for devices of such large dimensions.
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The V1 was centered at —0.8 V with relatively low variation
(ranging from —0.4V to —1.2V). The SS displayed similar
consistency and was centered at ~200 mV/dec.

Subthreshold swing can be expressed using the follow-
ing equation:'"*’

SS = (kB—T> In(10) (1 +@>,
e C,’

where the value of SS above the room temperature limit of
60 mV/decade is determined by C;7/C—C;r is the capacitance
resulting from interface traps, C; is the gate capacitance, kp
is the Boltzmann constant, T is temperature, and e is the ele-
mentary charge of an electron. If C;; is very small compared
to C;, then the SS approaches the limit of 60 mV/decade at
room temperature. The C;r is not greatly reduced in these
devices versus previous literature results as similar dielec-
trics and interfacial organic layers are used. The dramatically
reduced SS is more likely due to an increase in C; as our
dielectric thickness is greatly reduced and acts to screen out
the effects of C;7. The increased gate capacitance is enabled
by the embedded gate geometry allow from extremely scaled
dielectrics, and thus, high gate capacitance. This explanation
is also consistent with the low SS values obtained from the
devices with a monolayer dielectric and an ionic dielectric,
both of which have high C;.>*>*® These results demonstrate
that one critical feature of low-voltage operation in CNT-
TFTs is a high gate capacitance.

The exceptional low-voltage performance of these
embedded gate CNT-TFTs is highlighted in the scatter plot
(Figure 5) of SS versus Ion/lorr. The goal is to push data
points toward the bottom right of the plot, where the SS is
low and the Ion/Iopr is high. The red points were taken from
devices with varying channel lengths (5-100 um) at a fixed
channel width of 80 um. Despite the varying Ion/Iorr (due to
differences in channel length), the subthreshold swings are
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FIG. 5. (a) Plot of subthreshold swing versus Ion/Iopr. The data in red is
from this work, while other data were extracted from I-V curves in literature
references as noted.
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obtained in longer (>5 um) channel length devices. On the
same plot, several representative CNT-TFT devices from key
literature examples are also plotted. Although they have simi-
lar Ion/Iopr ratios, the subthreshold swings (extracted from
the figures) are 2x—10x greater at the same Ion/Iogr ratios.
This highlights the exceptional low voltage performance
attained by coupling high-purity semiconducting CNTs with
an embedded gate structure (which allows for thin EOT).

Exceptional low-voltage performance is demonstrated
with CNT-TFTs that employ highly enriched semiconduct-
ing CNT solutions and embedded metal gate device geome-
try. Since the devices operate in the percolation regime,
there are expected trade-offs between on-current and
Ion/logr ratio. The device performance metrics (i.e., mobil-
ity, Ion/lorr, gum and SS) are competitive with, and in some
cases better than, conventional thin-film technologies. The
key to obtain low-voltage performance is dramatically
increasing the gate capacitance to screen the capacitance
generated by interfacial charge traps in thin film channel
devices. These structures are ideally suited for macroelec-
tronics that would benefit from operating at lower voltages
to save on active power.

The authors acknowledge James Bucchigiano for
performing the electron beam lithography, IBM’s Materials
Research Laboratory for the wafer fabrication and Qing Cao,
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