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Variability in Output Characteristics of Single-Walled
Carbon Nanotube Thin-Film Transistors

Jialuo Chen

Abstract—Single-walled carbon nanotube (CNT) based thin-film
transistors (TFTs) are promising candidates for future electronic
devices because of their excellent properties. However, device-to-
device performance variability of TFTs can pose challenging prob-
lems, which is rooted in the randomness of CNT networks, the
variation in individual CNT properties due to change in chirality,
and the fabrication imperfections. This paper presents a systematic
study of variability in /-V characteristics through a combination
of experimental and theoretical analysis of the major sources that
cause performance variation. The sources of variation including
the percentage of metallic CNTs (m-CNTs), threshold voltage, CNT
mean length, and CNT network density have been studied sepa-
rately. The analysis shows that the presence of m-CNTs is a major
source contributing to the performance variation for short channel
TFTs, but its effect reduces for large channel length transistors.
The threshold voltage is found to be the major source of variation
for long channel TFTs. A better consistency in performance can
be guaranteed for TFTs with larger channel area, which ensures a
smaller variation in CNT network density and CNT mean length.
These results provide key insights into the variability estimation of
I-V characteristics of CNT-based devices, which is vital for relia-
bility studies of CNT-TFTs based circuits for different electronic
applications.

Index Terms—Variability, carbon nanotube, thin film transistor,
I-V characteristics.

1. INTRODUCTION

INGLE-WALLED carbon nanotube (SWCNT) thin film
S transistors (TFTs) have been widely investigated in the
last decade. As a new generation of metal-oxide-semiconductor
field-effect transistors (MOSFETs), they have significant
advantages such as high operation speed [1], [2], low power
consumption [2], and high flexibility [3], [4]. CNT-TFTs
are also promising for flexible microelectronics applications
because of their high mobility, substrate-neutrality, and
low-temperature fabrication process [5]. As a one-dimensional
material, SWCNTs have exceptional high current carrying
capacity as its mobility can reach 100,000 cm?>V~'s~! [6],
[7]. Extraordinary flexibility [8]-[11] and elasticity [12] can
also be expected when it undergoes high strain and bending.
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Aligned SWCNT based TFTs have certain advantages such
as small TFT dimensions, high mobility, and only few CNTs
are needed per channel. However, the removal of m-CNTs and
cost-effective fabrication of these TFTs are still challenging.
The CNT network based TFT is of high interest for low-cost and
large area electronics such as antennae, RF tags, sensors, etc.
as it is comparatively much easier to fabricate on both flexible
and hard substrates [13]-[16]. In recent years, the cost of CNTs
has significantly dropped and the large amount of CNT usage
per TFT is not a major concern from a cost standpoint [6], [7].

Device-to-device performance variation of CNT-TFTs is be-
coming a critical problem while trying to harvest the exceptional
properties of CNTs. Performance variations of TFTs can be re-
flected in the variability in I-V characteristics, including output
and transfer characteristics. It results from the multiple sources.
The atomic structure of a CNT is a source of large variation,
which includes variations in length, diameter, defects, doping,
etc. [17]. A CNT of similar diameter can be either metallic or
semiconducting depending on its chirality, leading to significant
variability in I-V characteristics. The CNT network distribution
and morphology in its channel area, e.g., CNT network density,
channel length, and orientation, are very different from one TFT
to other because of the randomness induced during deposition
[17]. Fabrication process, especially fabrication imperfections
[18] further affect the variability.

In the previous studies [19]-[26], performance variation of
CNT based field-effect transistors (FETs) had been discussed
with respect to the CNT diameter [19], [20], CNT density
fluctuation [21], CNT growth and manufacturing process [22].
Cao et al. studied variability in threshold voltage (Vi) of
CNT-FETs. They showed that variability in Vy}, mainly results
from the random fluctuation of fixed charges on the oxide/air
interface [23], [24]. Franklin et al. analyzed the origin of
variability in Vy, and hysteresis of CNT-FETs, and tried to im-
prove the device-to-device consistency through optimized gate
dielectric and passivation layer [21]. Performance variability
of FETs with aligned CNTs [19], [25], [26] was also of high
interest, which had been studied in similar ways to achieve
better consistency. However, most of the studies only focused
on the devices using single or aligned nanotubes as channel.
None of them reported the variability analysis of CNT-TFTs
using random CNT networks as channel. For CNT networks,
the variability analysis becomes more complicated due to
randomness in the network structure and CNT distribution.
Undoubtedly, these further increase performance uncertainty,
which need to be analyzed and understood thoroughly.
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Fig. 1.  Schematic of a CNT-TFT on a Si wafer.

In this work, both experimental and theoretical methods were
employed to analyze the variability in -V characteristics in a
statistical framework. For the experimental analysis, we fabri-
cated array of CNT-TFTs using high-k dielectric HfO, as gate
oxide layer to achieve high performance. For the theoretical
part, we applied the current scaling relationship developed by
Pimparkar ef al. [27] and analyzed each variable used in the re-
lationship. Variation sources such as % of m-CNTs, Vi, CNT
mean length, and CNT network density were studied statisti-
cally for different channel dimensions. For the first time, the
variability analysis of random CNT network based TFTs has
been studied systematically. This analysis presents an effective
way of the variability estimation of CNT network based TFTs.
Such analysis is crucial to explore the reliability and stability
of CNT network based circuits and to devise techniques which
can help reduce variability in circuit performance for various
electronic applications.

II. FABRICATION OF CNT-TFTs

CNT-TFTs were fabricated at the Institute for Electronics
and Nanotechnology (IEN) cleanroom at Georgia Tech. The
structure of a typical TFT is illustrated in Fig. 1. TFTs were fab-
ricated using photolithography and lift-off process [28]-[32].
First, Ti/Au (5 nm/50 nm) layers as back gate were deposited
on top of a Si wafer by e-beam evaporation at deposit rate of
0.2 A/sand 1 A/s respectively. The gate contacts were patterned
between the source/drain (S/D, deposited later) electrodes. Fol-
lowing this, atomic layer deposition (ALD) was used to deposit
TiO; (1.5 nm/15 cycles) and HfO; (75 nm/600 cycles), covering
the entire wafer surface as a global gate-dielectric layer. Ti and
TiO, work as adhesion layers for the gate and gate dielectric.
Then, 15 ~ 30 s oxygen plasma treatment was indispensable
to make the surface hydrophilic [33]. After this, CNT network
was deposited by immersing the wafer into 0.005 ~ 0.01 g/L
toluene-based CNT solution for 5 ~ 15 minutes (CNT source:
>99% purity polymer-wrapped CNT solution from Nanolnte-
gris). The resulting density of the CNT network is a function
of both deposition time and concentration of the CNT solution.
Scanning electron microscope (SEM) images of the CNT net-
works are shown in Fig. 2. Ti/Au (5 nm/50 nm) layers as S/D
electrodes are patterned by photolithography and lift-off pro-
cess. This step was followed by another photolithography and
30 s oxygen plasma treatment to form channel area by etching
away unwanted part of the CNT network. At last, vacuum an-
nealing at 250°C for 2 hours was performed to get rid of the
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Fig.2. SEM images of CNT networks fabricated using different recipes. CNT
source: 99% high purity toluene-based CNT solution. All scale bars are 2 pum.
(a) Concentration = 0.005 g/L, deposition time = 10 min, without any surface
treatment. (b) Concentration = 0.005 g/L, deposition time = 10 min, with
surface treatment (oxygen plasma treatment for 30 s). (c) Concentration = 0.01
g/L, deposition time = 10 min, with surface treatment.

Fig. 3. Fabricated CNT-TFTs and the SEM image of CNT network in the
channel area of a CNT-TFT.

surface residue on the wafer. The final surface features and a
CNT network in the channel is exhibited in Fig. 3.

The I-V characteristics of the CNT-TFTs had been measured
using Microtech Summit 11 k probe station and Keithley 4200-
SCS. We fabricated series of devices with the same channel
width, but different channel lengths. The output characteristics
(Ig — Vg5 curves) of the CNT-TFTs is depicted in Fig. 4(a) for
different channel lengths with V4 swept from 0 to —4 V at
Vg = —1 V. For the transfer characteristics (Ig — Vg, curves),
Vg was swept from —4 ~ 4 V (forward sweeping) while keep-
ing V4 = —1 V. Semi-log plots are shown in Fig. 4(b) for each
channel length. The on/off ratio increases from 10° to as high
as 10° when the channel length increases from 5 yim to 60 pm,
which can be expected since the CNT networks still contain m-
CNTs even though it is purified for 99% semiconducting tubes.
The on/off ratio is a function of the channel length as the TFTs
with smaller channel length have much higher possibility to
bridge the channel by m-CNTs. In Fig. 4(c), the output charac-
teristics at different V4 is plotted for a specific device. The over-
all I-V characteristics shows good performance of the p-type
CNT-TFTs with on/off ratio as high as 10’ and mobility around
I ~4cm?Vis7h

III. RESULTS AND DISCUSSION

This study focuses on the variability analysis of [-V char-
acteristics of CNT-TFTs. The performance variation resulting
from the multiple sources is described below:
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Fig. 4. I-V characteristics of CNT-TFTs fabricated at the IEN cleanroom. (a) Output characteristics (I;—V 4 curves) of TFTs for various channel lengths (5 pm,
10 pm, 20 pm, 40 pm and 60 m) measured at Vgg = —1 V; channel width (W = 100 pm) is same for all devices. (b) Transfer characteristics (Ig—Vgs curves)

of the same TFTs as in (a) measured at V4; = —1 V. (c) Output characteristics of a TFT (L = 20 pm, W = 100 pm) measured at different Vg (0, —0.2, —0.4,
—0.6, —0.8 and —1 V). All measurements were conducted by Cascade Microtech probe station and Keithley 4200-SCS.

1) On the Level of Individual CNTs

One of the major sources of variability lies in the large dif-
ference of electronic properties between m-CNTs and semicon-
ducting CNTs (s-CNTs). Generally, as-grown CNT networks
contains 33% m-CNTs, which largely limit the function of gate
to achieve high on/off ratio [34]. In Fig. 4, the on/off ratio varies
from 10% to 10° for different channel lengths even though 99%
purified CNT solution (i.e., 99% s-CNT and 1% m-CNT) were
used. The length distribution of CNT is another source of vari-
ability. In our CNT networks, the average length of CNT is
~1 pm. However, some CNTs can be as long as 5 ym while
some other CNTs can be as short as 0.1 pum. The performance
variations for the short channel TFTs will be much higher since
longer CNTs can directly bridge the source and drain with much
higher probabilities [27]. Besides, difference in diameter, mor-
phology, doping of individual CNTs may also contribute to the
variability in [-V characteristics [35], [36].

2) On the Level of the CNT Networks

On the one hand, CNT network density has a significant ef-
fect on the drain current, which has been studied intensively
in the recent years. The significant performance variations can
result from the density variation since it cannot be controlled
perfectly in practice. No matter how a CNT network is fab-
ricated in a TFT, density will vary from region to region. On
the other hand, CNT network structure can be another potential
reason for variability. For TFTs with the same channel length
and the same network density, performance variations will still
exist because the randomly distributed CNTs make each net-
work structure different from each other. Although each TFT
has different network structure and details, certain statistical
distribution may still follow. By studying TFTs with a range of
channel dimensions and network densities, we can decipher the
variability in a statistical framework.

3) On the Level of the Device

The variation in Vyy, can lead to significant variation in I-V
characteristics and device performance. Vi, can be obtained
for each TFT and its effect on the variability can be quantified
[371-[39]. Many imperfections may exist during the fabrication

process which can be significant sources of variation, e.g., vari-
ations in oxide layer thickness, contact patterns, contamination
region by region etc.

In general, the sources described above at different levels
can contribute to the final performance variation. It is impos-
sible and needless to analyze each cause one by one. But cap-
turing the effect of most important sources is rather reason-
able and feasible. In this work, contact resistance (Rc) between
CNTs and electrodes has been ignored because Rc is small
compared to the total resistance (Rgp) of the random CNT
networks considered. Using a transfer length method (TLM),
Rc is estimated to be ~6.8 k) which is less than 1% of
the average RSD of the smallest channel length considered
(~5 pm). The reason for high Rgp is rooted in the large num-
ber of CNT-CNT junctions inside a randomly generated CNT
network, which dominates RSD. In the following discussion,
variation in -V characteristics of TFTs were analyzed and
compared by both experimental and theoretical means. Exper-
imental data corresponds to the I-V characteristics measured
for the TFTs fabricated at Georgia Tech’s IEN. Theoretical
data were obtained using the empirical formula developed by
Pimparkar et al. [27].

A. Output Characteristics

CNT-TFTs with three different channel length series (L =
5 pm, 10 pm, and 50 pm) were considered and referred as 5 um
series, 10 pm series, and 50 pm series, respectively. For each
series, we fabricated 45 CNT-TFTs and analyzed the variability
of I-V. The transfer and output characteristics was measured
for CNT-TFTs with 5 ym, 10 gm, and 50 pm series (all with
channel width of W = 100 pm). For output characteristics, V4
was swept from 0 to —2 V at Vg = —1 V. From Fig. 5(a)—(d),
it is obvious that TFTs with longer channel lengths have smaller
current magnitude, which is expected. It can be also noted that
the longer channel TFTs have a smaller range of variation in
the saturated current, referred as Ijiq). From the experimen-
tal data, the range of variation in Ij) of L = 5 pm, 10 pm,
and 50 pm series are (—1 x 1075, —0.6 x 1077), (—4 x 1077,
—0.5x1077), and (=2.1 x 1077, —0.4 x 10~7). Their mean
values are —2.8 x 1077, —1.7 x 1077, and —1.3 x 10~ respec-
tively. Here the unit of current is Ampere (A) by default unless
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Fig. 5. Measured output characteristics of fabricated CNT-TFTs with var-
ious channel lengths (L series) but same channel width (W = 100 pm) at
Vgs = —1 V. (a) Output characteristics of devices are shown together, and (b)
separately for L series TFTs: 5 pm series, (¢) 10 pm series, and (d) 50 pm
series. Green curves in (b)—(d) denote average output characteristics.
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Fig. 6. Ij(sat) distribution for various channel lengths. L series: red = 5 um
series; blue = 10 pum series, black = 50 pm series. Green stars denote average
values for each series.

stated otherwise. For the TFTs whose current does not saturate
in the range of sweep voltage considered, the Iysar) corresponds
to the maximum magnitude of the measured current. The aver-
age Iy — Vg, curves for each series are illustrated in Fig. 5(b)—(d)
by green curves. The Iy, distribution can be found in Fig. 6.
The standard deviations for 5 yum, 10 pum, and 50 pum series
are 1.7 x 1077,7.7 x 1078, and 4.1 x 107%, respectively. And
the corresponding standard deviation normalized by mean are
0.61, 0.45, and 0.32 respectively. From the experimental data, it
can be deciphered that the longer channel length TFTs are more
stable and have less variations in performance.
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Fig. 8. CNT length distribution from measurement. A sample of 300 CNTs
was chosen for statistics (x-axis). Green line denotes the average length
(1.08 pm) of the 300 CNTs (reference average length ~1 pm).

B. s-CNT and m-CNT

In experiments, the variability of [-V characteristics is a com-
bined result of all possible sources. It is difficult to separate the
influence of each source. However, the influence of some vari-
ables can be easily deciphered, e.g., m-CNTs and s-CNTs. As
depicted in Fig. 7, the I-V curves are significantly different
for TFTs with only m-CNTs or only s-CNTs. The presence of
m-CNTs makes the curves unsaturated since m-CNTs form a
percolating path through source and drain (the m-CNT effect).
It will be difficult to switch on or switch off the transistor by
gating. Considering this fact, we further inspected the curves in
Fig. 5. Clearly, the m-CNT effect is significant only for 5 um
and 10 pum series, and insignificant for 50 pym series. As we
used 99% purified CNT solution, it is very less likely that m-
CNTs bridge source and drain with distance of 50 ym when
the average length of CNTs is only 1 pum and the CNT network
density is around 13/um?. However, the probability is much
higher for m-CNTs to bridge source and drain for 5 um series
TFTs. Moreover, there are some longer CNTs (3—5 pm, some
even >5 pum) which will make bridging much easier for 5 ym
series. In Fig. 8, CNT length distribution was investigated. The
average length is 1.08 pm, which is consistent with the refer-
ence value ~1 pm. That is why we have relatively large % of
TFTs experiencing the m-CNT effect for 5 pm series, less for
10 pum series, none for 50 pm series. After ruling out the m-CNT
effect (discard unsaturated curves), the variation range for 5 ym
series is narrowed down from (—10 x 1077, —0.6 x 1077) to
(—4.3 x 1077, —0.6 x 10~7). While 10 gm and 50 pm series
stay the same. Therefore, the m-CNT effect dominates perfor-
mance variations for short channel TFTs but not for the long
channel TFTs. Even though the m-CNT effect exists for 10 ym
series, its variation range does not change.

To analyze other potential variation sources, we resort to the
current scaling relationship [27], which does not include the
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Measured transfer characteristics using (a) semi-log scale and(b) linear scale of CNT-TFTs with various channel lengths (L series) but same channel

width (W = 100 pm). Vyy, is estimated by extrapolation in linear region for (¢) 5 pm series, (d) 10 pm series, and (e) 50 pm series. Green curves in (a)-(b) denote
the average transfer characteristics for 5 m, 10 zm, and 50 m series respectively. Green lines in (¢)—(e) denote the first derivative of each transfer characteristics

used for Vyy, extrapolation.

effect of m-CNTSs.
A Lg
I; = E& (va %) X f(vrgSaV;ls) (D

Here, I is the drain current and the proportionally constant
A depends on the oxide capacitance, CNT diameter and CNT-
CNT interaction parameter [39]. Ls is CNT mean length. £ and
f are functions of the geometrical parameters (Ls, L and p) and
bias conditions (Vg and V), where L is channel length, p is
CNT network density, Vg is gate bias voltage, and V4 is drain
bias voltage. ¢ can be expressed as

L L m(pog)
¢ (;,pLé) = (;) )

Here m is a universal exponent of CNT percolating system,
which is a function of p and Ls. This relation is derived and
analyzed in [27]. The bias-dependent scaling function

1
PO e) = |- VeV - 53] @

is independent of the geometrical parameters, where Vi) is
threshold voltage. Plugging (2) and (3) into (1), the current
scaling relationship can be expressed as

A (Lg\™ 1
I = s (L) {(vgs — Vin) Vias — QVdE} 4)

Theoretically, all the listing variables will have effects on
the variation of I4. By considering each variable as a statisti-
cal distribution such as normal or lognormal distribution, the
corresponding distribution for I can be obtained.

C. Threshold Voltage

The Vi, distribution was considered as a source of variability
in the I-V characteristics. Ortiz-Conde et al. studied multiple
methods to obtain Vy;, from the transfer characteristics [38],
e.g., by linear extrapolation of the Iy — Vg curve at its maxi-
mum first derivative point and finding the intercept of the gate
bias axis. Using this method, we extracted Vi, from the mea-
sured Iy — Vg curves where Vg, was swept from —4~4 V at
Vgs = —1 V. 1g — Vg curves are shown in Fig. 9(a) and (b) un-
der both linear and semi-log axes for V. The results for Vyy,
are presented in Fig. 9(c)—(e) for 5 pum, 10 pm, and 50 pm
series separately. The corresponding distribution of Vi, can be
found in Fig. 10. Average Vi, equals to —0.39 V, —0.25 V,
and —0.13 V, and standard deviation of Vi, equals to 0.17,
0.25, and 0.23 for 5 pm, 10 pm, and 50 pm series, respectively.
Even though Vi), shows increasing trend with increasing chan-
nel length, such trend should not be generalized for other TFTs.
We do not have experimental data and evidences to accurately
explain the physics behind this observation. Vi, can be affected
by many factors such as random dopant fluctuation, different
types of oxide charges, body effect, etc. and the observed trend
can be a combined influence of these parameters. Vy;, can be
represented as a normal distribution, which is shown in inset of
Fig. 10. Using the Vy, distribution estimated from the experi-
mental data, we obtained series of output characteristics from
(4) by setting the rest of variables constants (Ls = 1.08 ym,
Vg =—1V, m = 1.05,L =5 pm, 10 pym, and 50 pum for
each series). Ls = 1.08 um is CNT mean length, and m = 1.05
is determined by average CNT network density, which is u =
13/um?. The value of A in (4) was determined by making the
calculated average Iy from (4) equals the experimental aver-
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Fig. 11.  The variability of output characteristics based on the normal distri-
butions of V. (a) Three L series shown together for the same range. (b)—(d)
5 pm, 10 pm, and 50 pm series respectively.

age lgan. Therefore, Vyy, is the only source of variation in (4).
The corresponding variability in output characteristics is shown
in Fig. 11. The variation range of calculated Iyca for 5 pm,
10 gm and 50 pum series are (—3.61 x 1077, —1.57 x 1077),
(=273 x 1077, —=5.69 x 107%) and (—=2.21 x 1077, —5.23 x
10’8). Analyzing the measured Iys.) in Fig. 6, the variation
caused by Vi, account for 16%, 61%, and 99% of the range
of variation in Iy, for 5 pm, 10 pum, and 50 pm series, re-
spectively. Therefore, Vy;, is a main source that contributes to
variability in Isay for long channel TFTs (L> = 10 pm). While
for short channel TFTs (L< = 5 pum), Vi, only accounts for a
small part of the entire variation.
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CNT network and the fitted PDF of the CNT length. (b) Ls distribution for
individual TFTs of each series. The green line denotes the average Ls of all
series. (c) The variability in output characteristics is based on Ls.

D. CNT Network Density

The effect of CNT density (p) distribution in the TFT channel
was analyzed using the same method as for V. The variation
in p will result in the variation in ‘m’ parameter in Equation (4),
which in turn affects the variability in output characteristics.
The relationship between p and m can be found in [27]. From
this relationship, we incorporated the distribution of p for each
channel length series. Assume p obeys normal distribution with
mean value p and standard deviation o, we measured p from
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Fig. 14.

The variability in output characteristics for (a) 5 pm series, (b) 10 pm series, and (c) 50 pm series based on normal distributions of threshold voltage

(Vi1), normal distribution of CNT network density (p), and lognormal distribution of CNT length (Ls). Green curves with dots are experimental data from the
fabricated TFTs, same as Fig. 5 except the curves for TFTs with m-CNT effect are removed.

SEM images by sampling multiple regions inside TFT channels.
This measurement was performed only for 5 sm series TFTs; we
obtained statistical mean ;. = 13/um? and standard deviation o
= 2.45. Based on this normal distribution, density values for all
5 pm TFTs were generated. This normal distribution for 5 pm
series was then used for density value generation for 10 pm
and 50 um series. The only difference is, a 10 pm channel
can be treated as two 5 pm-channels combined together and a
50 pum channel can be treated as ten 5 pm-channels combined
together, with each element (a 5 pm-channel) obeys the same
normal distribution with ¢ = 13 and o = 2.45. In this way, we
can expect that the density for 10 gm and 50 pum series will
stay the same (13/um?) as for 5 um series while the standard
deviation will be smaller. Both theoretical method and numerical
sampling verified that the resulting standard deviations are 0 =
1.73 for 10 pm series and o = 0.77 for 50 pum series. Using the
corresponding density distributions for 5 ym, 10 pm, and 50 pm
series (Fig. 12 inset), the variability in output characteristics for
each series was calculated and is presented in Fig. 12(a)—(d).
Apparently, the range of variation for 5 ym, 10 pm, and 50 pm
series decreases with the increasing channel length, which is
in agreement with the experimental trends depicted in Fig. 5.
This is because TFTs with larger channel area (longer channel
lengths) are likely to have smaller standard deviation in density.
Consequently, for 10 um and 50 pm series, the range of variation
caused by p are comparably smaller than that caused by V.
But the range of variation for 5 pm series is at the same level.
Therefore, the influence on the output characteristics variability
from p is more prevalent for small channel length TFTs. But
for long channel length TFTs, such influence is a secondary
consideration.

E. CNT Mean Length

Using the similar method as for Vi, we considered the dis-
tribution of CNT mean length (Ls) in the channel area of TFTs.
Vin can be extracted from 13—V, curves while it is very dif-
ficult to obtain the length information of all CNTs in the TFT
channel, especially when CNT network density is as large as
13/um?. There will be a large number of CNTs in the channel
and some CNTs may bundle with each other. So, a low density
network was fabricated and the length of all CNTs in the net-
work were recorded. We fitted the probability distribution func-
tion (PDF) to the measured CNT lengths, shown in Fig. 13(a).

This was found to be a log-normal distribution as observed in
some previous studies [40]. Based on this PDF, CNT networks
were generated using a computational model for TFT series
with different channel lengths at a given density. Then Ls was
determined by averaging the CNT lengths for each TFT chan-
nel. This simulation method is statistically reasonable because
the CNT networks in the fabricated TFTs were also randomly
generated during deposition. Ls distributions for 5 ym, 10 pm
and 50 pm series are plotted in Fig. 13(b), which clearly shows
that the standard deviation is larger for shorter channels. As
more CNTs exist in the longer channel TFTs at a given density,
the mean CNT length (Ls) has a smaller range of variation than
the channel with less CNTs. Based on the Ls distributions, the
corresponding output characteristics were obtained and shown
in Fig. 13(c). Results show that Ls has very limited influence on
the variability due to the large number of CNTs in the channel.
However, the influence from Ls will be much larger when den-
sity goes down in small channels, i.e., when the variation range
of Ls will be much larger.

F. Comprehensive Effect of Vv, p, and Ls

Up to now, each important parameter of (4) has been con-
sidered individually. In practice, -V characteristics variability
is a comprehensive effect caused by all parameters. Therefore,
we considered the comprehensive variations from Vyy,, network
density (p), and CNT mean length (Ls) all together in Equa-
tion (4). To calculate the overall variability in Iy, Vi1, p, and
Ls were assigned values following their distribution functions
(Vin and p satisfy normal distribution; Ls is based on the log-
normal distribution of CNT length). We considered 200 samples
in order to obtain a general variability of the output character-
istics. Results are shown in Fig. 14(a)—(c). We observed that
Ly(sary of more than 90% of samples fall into the variation range
of (—4.5x 1077, =1 x 1077), (=4 x 1077, —0.5 x 1077), and
(—2.5x 1077, =0.4 x 1077) for 5 pum, 10 um, and 50 pm se-
ries respectively, compared with the experimental data in Fig. 5
(after removal of the curves with the m-CNT effect). Variation
range comparison analyzed in Section Il is illustrated in Fig. 15.
It can be concluded that more than 90% of the variation range of
simulation data overlap with the experimental data for each se-
ries. Therefore, the method applied here for variability analysis
is reliable. It is an important tool to capture the overall variabil-
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Fig. 15. Comparison of variation range of different sources (Vi},, p, and

Ls) individually, comprehensive effect of the three sources, and experimental
measurement (without m-CNT effect) for three different series (L = 5 pm,
10 pm, and 50 pm) analyzed in Section III.

ity of CNT-TFTs, which can be further used in the design of
relevant microelectronics.

IV. CONCLUSION

We fabricated array of CNT-TFTs of different channel
lengths, and analyzed variability in the output characteristics
through a combination of experimental and computational meth-
ods. We obtained distribution functions for different sources of
variation such as threshold voltage, CNT network density and
CNT mean length. The variability in I-V characteristics result-
ing from each source was analyzed individually and combined.
The m-CNTs are found to be a major source contributing to vari-
ability in I-V characteristics for short channel TFTs. Threshold
voltage is the major source of variation for long channel TFTs.
The effect of variation in the CNT mean length can be ignored
unless CNT network density is very low and channel is short.
A better consistency in performance can be reached for TFTs
with larger channel area, which ensure smaller variations in the
CNT network density and the CNT mean length. More impor-
tantly, the variability of I-V characteristics for CNT-TFTs can
be reconstructed from the distribution functions of the relevant
parameters, which will be helpful for the reliability analysis and
testing of CNT-TFT based devices and circuits.
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