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ABSTRACT

Carbon nanotube network field effect transistors (CNTN-FETs) are promising candidates for low cost macroelectronics. We investigate the
microscopic transport in these devices using electric force microscopy and simulations. We find that in many CNTN-FETs the voltage drops
abruptly at a point in the channel where the current is constricted to just one tube. We also model the effect of varying the semiconducting/
metallic tube ratio. The effect of Schottky barriers on both conductance within semiconducting tubes and conductance between semiconducting
and metallic tubes results in three possible types of CNTN-FETs with fundamentally different gating mechanisms. We describe this with an

electronic phase diagram.

Carbon nanotubes are increasingly being used in the form
of random network films for electronic applications. Thin
(submonolayer) CNT films have been demonstrated as a
material for low cost flexible transparent field effect transis-
tors (FETs),! 7 as well as for gas, pH, chemical, DNA, and
optical/IR sensors.’™!! The best CNTN-FETs to date have
reached high ON/OFF ratios around 10° while at the same
time achieving field effect mobilities on the order of 10 cm?/
Vs! for as-produced-films and 80 cm?Vs'? for films where
additional processing has been used to break metallic network
conduction. Individual nanotubes have been shown to have
mobilities as high as 10 000 cm?*/Vs'3 to 100 000 cm?/Vs'4.
The reasons for the large gap between film mobilities and
individual tube mobilities is still not fully understood, and
there could potentially be significant room for improvement
in device performance by controlling the density, tube-tube
junction characteristics, and semiconducting fraction of tubes.

A factor that makes CNT films complex is that they
contain both metallic and semiconducting tubes. Since the
semiconducting tubes are frequently doped, both kinds of
tubes can carry current.'*'> Only the semiconducting tubes
can have their conductance significantly modulated by the
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gate in an FET. The switching mechanism in CNTN-FETs
can be due to modulation of the Schottky barriers between
semiconducting tubes and metallic tubes'®™'® or metal
contacts.' It could also be due to modulation of semicon-
ducting tube conductance either by controlling the carrier
density or by modulating Schottky barriers in semiconducting
tubes formed by defects or overlaps with metallic tubes.!°
Depending on the fabrication technique and semiconducting/
metallic ratio, any or all of these mechanisms may be at play.

Regardless of which switching mechanism is actually
responsible for a CNTN-FET’s operation, in order to have a
high ON/OFF ratio it is critical to have a percolative network
of tubes that can be modulated by the gate but not to have
a percolative metallic network that would short out the
device. There have been a few different proposals for dealing
with this problem. One approach recently demonstrated is
to lithographically pattern the channel dimensions such that
the channel is long and narrow with respect to the tube
lengths, which breaks percolation in the metallic network.'?
A second approach is to deposit relatively high-density
percolative films, gate the semiconducting tubes “off”, and
apply a large drain-source voltage pulse to burn out the
metallic network, or at least a few critical metallic tubes or
junctions.**' Though these approaches work, the additional
cost of implementing them could offset the benefits of low-
cost solution processing and printing. A third is to very
carefully control the tube density and tube length such that
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Measured

Figure 1. (a) Schematic showing the measurement technique used
to image voltage drops in CNT films. A voltage, Vg, is applied
across the device with the backgate held at a fixed voltage. A tip
is then scanned over the device in surface-potential mapping mode
to collect detailed information about where the voltage drops (and
hence where the resistance in the film lies) through the device. (b,c)
Experimental images on nominally identical devices (40 x 40 um,
same average tube length, density, diameter, and type). Panel b
shows a large potential “cliff” near the bottom electrode and exhibits
a relatively high resistance of 630 k€2, while panel ¢ displays a
smooth voltage drop between drain and source and a much lower
resistance of 65 kQ.

there are percolative paths through the semiconducting tubes
but not the metallic tubes. This approach would seem
possible because there are two semiconducting tubes for
every metallic tube in a typical ensemble with uncontrolled
chirality. The fourth approach is to sort,””>”> etch,?® or
grow?”?8 the tubes to achieve a high ratio of semiconducting
to metallic tubes.

These different device fabrication techniques will likely
lead to devices with different switching behavior and
variability from percolation effects. For this, we investigate
how current flows through CNTN-FETs near percolation
using a combination of standard conductance measurements,
quantitative electric force microscopy (EFM) and numerical
simulations. We provide a calculated phase diagram that
shows which mechanisms determine the behavior of working
CNTN-FETs depending on the tube density and ratio of
semiconducting to metallic tubes. The numerical simulations
and phase diagram show, for example, that CNTN-FETs
based on standard 2/3 semiconducting 1/3 metallic CNT
mixes will, regardless of tube density, have their semicon-
ducting tubes blocked or modulated by Schottky barriers
induced by crossings with metallic tubes.

To begin investigating the sources of resistance in different
types of CNTN-FETs, we have employed EFM to create
maps of where the voltage drops in the films when a current
flows through them? 3 (see Supporting Information for a
description of the EFM technique). Our first images are of
CVD grown films contacted by 40 um wide Ti/Au source
and drain electrodes with 40 um spacing. These dimensions
are similar to those that would be used for FETs in large
area, low-cost circuits. A metal-coated AFM tip is scanned
over the film and the surface potential that results from
current flow in the FET is imaged (Figure 1a). Figure 1b,c
shows EFM images of two FETs fabricated immediately next
to each other on the same CVD grown CNT film. The
characteristics of the constituent nanotubes, such as the tube
density and average lengths, should be the same. However,
we see that both the electrical performance and the images
of voltage drop across the FET show drastic differences.
Device 1 (Figure 1b) is relatively gateable with an ON/OFF
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ratio of about 10 over V, = £3 V, but with relatively high
resistance varying from about 0.3 to 4 M2 (630 k2 at V,
= 0). This device shows an interesting and unexpected
feature in the voltage map (Figure 1b); rather than dropping
smoothly from drain to source, the voltage seems to mostly
drop across a voltage cliff close to the bottom of the image.
This indicates that the resistance of the device is dominated
by large resistances in the network located near the voltage
cliff. Device 2 (Figure 1c) is relatively ungateable with the
resistance changing by less than 30% and has a much lower
resistance centered at 65 k€2. The electrostatic potential map
of this device shows a much smoother change in voltage
between source and drain, indicating that no single location
of high resistance dominates the behavior of the device.

To better understand the source of these observed large
variations in electrical performance as well as the presence
or absence of voltage cliffs in the images of flow through
the CNTN-FETs, we numerically simulate the electrostatic
potential and current flow in CNT films (in Figure 2).737"%2
Nanotubes of the desired length are sprinkled down in
random positions and orientations until the desired density
is reached. The resulting set of tube segments and tube
junctions is turned into a resistor network and the overall
resistance of the network is solved using MATLAB sparse
matrix inversion. The length (L) and density (n) range of
tubes was chosen to match the devices investigated experi-
mentally in Figure 1 (L = 4 um, n = 2 ymeyr/um? or 0.5
tubes/um?). Tube resistance was measured using scanned
potentiometry (see Supporting Information) to be Rype = 13
kQ/um, similar to values found in literature,'****746 and
tube junction resistance, Rjuncion = 200 k€Q/junction, was
taken from literature.?’ We begin with a simplifying set of
assumptions that, given ambient p-type O, doping and for
V, = 0V, all nanotubes in the film have similar electrical
properties. The effects of having Schottky barriers at the
junctions and overlaps between metallic and semiconducting
tubes are described later.

We ran the simulation for 300 different random sets of
films, varying the density between 0 and 0.75 tubes/um? for
each run. The conductance versus density for all 300 of these
runs is plotted in Figure 2e. The average conductance for
the ensemble of films fits well to the theoretical formula for
percolative conduction through sticks in 2d, G = Gy (n —
Npere)™ With npee = 1/77 (4.236/Lype)* = 0.34 tubes/um?, o =
1.34 (an ideal theoretical 2d film would give a = 1.33) and
Go = 5.3 x 107%um?%Q. G, and o were made adjustable in
the fit while 7, was calculated from percolation theory
using the known tube density and length.>® The simulations
reveal important information that is not contained in the
percolation equation. There are substantial statistical fluctua-
tions in the conductivity of the networks. Just above the
percolation threshold the standard deviation in the conductiv-
ity is large compared to the average value. For example, the
films with a density of exactly n = 0.48 tubes/um’ have
conductivities that vary by an order of magnitude. To show
why these fluctuations exist, we provide in Figure 2a—d
current and electrostatic potential maps for one of the least
and one of the most conductive films with this density. The
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Figure 2. (a—d) Simulated voltage drops (b,d) and current (a,c) across two films with precisely identical tube length and density, with the
only difference being the random configuration of the tubes. The corresponding points on plot e are highlighted with red crosses. There is
a large difference between the two nominally identical films in terms of voltage drops, current flow, and corresponding resistance even
though the films are of exactly the same tube density and length. The parameters for these two simulations were (L = 4 um, n = 0.5
tubes/um, size = 40 x 40 um, Rype = 13 kQ/um, Rjuncion = 200 kL. (e) shows the conductance as a function of density for 300 different
randomly generated series of films. These simulations assume all equally conducting tubes, i.e., all metallic or all heavily doped semiconductor,
in order to highlight the unavoidable statistical fluctuations of a device made even with precisely controlled tube length and density. The

blue line is a plot of the best fit to percolation theory.’

two films chosen here are outliers, being at roughly 0.5th
and 99.5th percentile of conductivity for this density,
respectively, but if CNTN-FETs are to be used for small
scale integrated circuits incorporating hundreds of FETs, such
outliers are important to consider. For the high resistance
simulated device (current and voltage shown in Figure 2a,b),
the current flows along one or at most a few main paths,
and large discrete voltage drops (or cliffs) can occur across
the film between areas that are connected by few tubes. With
simply a different “roll of the dice”, that is, a new device
with identical tube density and length but different random
tube placement, the electrical characteristics of the film as
well as the spatial patterns of flow and voltage drop can
change dramatically. For the second simulated film (Figure
2c,d) the current flows along many parallel paths, and the
voltage drops smoothly across the device. These simulations
suggest a clear explanation for the very different resistances
and spatial voltage patterns found in our experimental images
in Figures 1b,c. These films are also slightly above the
percolation threshold, and hence they have the same large
fluctuations in conductivity as well as the presence or
absence of voltage cliffs that we see in the simulations. These
fluctuations can be expected to be extremely significant for
CNTN-FETs produced near the percolation threshold.
Finally, in Figures 3 and 4 we refine the simulations in
order to understand the gating in a CNTN-FET when using
mixtures of metallic and semiconducting tubes. Previous
research has shown that metallic tubes conduct well to other
metallic tubes (M—M), and semiconducting tubes conduct
well to other semiconducting tubes (S—S), but metallic/
semiconducting tube—tube contacts cause a Schottky barrier
in the semiconducting tubes that can modulate current flow

1868

not only between the metallic and semiconducting tubes
(M—S junctions) but also through the affected semiconduct-
ing tubes (M—S crossings).?’ Recent simulations of conduc-
tion in mixed networks of semiconducting and metallic
tubes*#!42 have not yet included the effects of the Schottky
barrier on conduction through the semiconducting tube itself.
Here, in Figure 3, we model the conductance of a CNTN-
FET at V, = 0 V, where M tubes, S tubes (assumed to be
ambiently doped), M—M junctions, and S—S junctions are
treated as conductive, but at M—S junctions and M—S
crossings no current is allowed to flow through the affected
semiconducting tubes at points of contact. We do not include
any possible effects at the source and drain contacts as we
have not observed any potential drops at the Ti/Au electrodes
in any of our EFM scans.

Figure 3a—e shows the tube type and current configuration
of a series of simulated carbon nanotube networks where
tubes, one by one, are switched in the simulation from
metallic to semiconducting. The total film density is held at
three times the conducting-stick percolation threshold, and
the positions of the tubes are not changed, only the type,
metallic versus semiconducting, is switched. As would be
expected, for all-metallic or all-semiconducting films (Figure
3a,e), because the film is far past the percolation threshold,
the current through the film is largely uniform and the
conductance is high. As we move away from point A (the
all-metallic tube network), the number of metallic tubes is
diluted. Beyond 70% semiconducting (Figure 3b and point
B in Figure 3e), there is no conduction through the metallic
tubes since the metallic tube density is now below the
percolation density. What is interesting is that even though
at this M/S ratio point the density of semiconducting tubes
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Figure 3. Effect of varying the ratio of metallic (white) and semiconducting (green) tubes where a Schottky barrier forms in the semiconducting
tube at M-S crossings and junctions, blocking transport between tubes and through the semiconducting tube.? For frames a—e, the tube
density, length, locations, and orientations in the films were held constant, but the ratio of semiconducting to metallic tubes was varied. The
combination of density and tube length was chosen to be about 3 times the percolation threshold if the tubes were all metallic or all
semiconducting. (f) Expected conductance as a function of proportion of semiconducting tubes (assuming for simplicity that an unblocked
semiconducting tube conducts as well as a metallic tube, which is a reasonable approximation for ambient O, p-doping of semiconducting

tubes at V,=0.").

is over two times the percolation threshold, modulation of
conduction through the semiconducting network can be
dominated by Schottky barriers from M-S junctions and
crossings within the channel. This situation persists for a
range of densities (Figure 3c and point C in Figure 3f) until
finally at very low metallic percentage (Figure 3d and point
D in Figure 3f), paths through the purely semiconducting
network that bypass the M/S crossing points open up, and
the modulation of conduction changes to the purley semi-
conducting network.

Figure 4 is a general phase diagram that describes the
nature of a nanotube film as a function of nanotube density
and semiconductor fraction. The boundaries between differ-
ent phases are sharp for very large networks, and for smaller
networks represent the statistically most likely type of
resulting CNTN-FET given film density and S/M ratio.
Because the density of tubes is normalized by the percolation
threshold density, this diagram is valid for any length of tube.

For films where the density is too low, the network lies in
the dark gray subpercolation regime. The light-gray phase
corresponds to densities and S/M ratios where a percolative
metallic network will exist, and no significant FET action is
likely, at least without the burning out of metallic tubes
described previously. Just above percolation in the light green
phase labeled “binary network™, neither the metallic nor the
semiconducting network is above the percolation threshold
and so current must pass between the two subnetworks.
Conduction will be modulated primarily by M-S junctions
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and high ON/OFF ratios can be achieved, but the current
will generally be quite low since these M-S junctions are
highly resistive and the network is sparse. The light and dark
blue phases, labeled “blocked” and “unblocked semiconduct-
ing network™, respectively, are also expected to produce high
ON/OFF ratios, but the gating mechanism differs between
them. In the light blue “blocked semiconducting networks”
regime, the semiconducting tubes are above percolation but
are blocked by crossings with metallic tubes. Hence, conduc-
tion will be modulated primarily by M—S crossings and high
ON/OFF ratios can be achieved. As the semiconducting
fraction is increased, we pass from the light blue “blocked”
phase into the dark blue “unblocked” phase. In this region
of tube density and S/M ratio, at least some pure semicon-
ducting paths between electrodes exist, completely unblocked
by any crossings with metallic tubes. Those paths can bypass
the highly resistive M-S crossing Schottky barriers.
CNTN-FETs are often assumed to operate in the dark blue
“unblocked” phase: an uninterrupted percolative semicon-
ducting network bridges the gap between the electrodes, and
gating with a backgate causes the desired large ON/OFF
ratios by simply modulating the semiconducting tube con-
ductance. This assumption may not be correct, however. As
can be seen from this phase diagram, there is no tube density
for the standard S/M ratios of 2/3:1/3 that yields an
“unblocked semiconducting network”. Consequently, for
CNT films made with an unenriched 67% semiconducting
fraction, CNTN-FETs must necessarily be in the regime of
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Figure 4. Calculated general phase diagram showing the different
possible electronic phases of a mixed metallic-semiconducting
carbon nanotube network. The density in this diagram is normalized
to the percolation threshold. The dark gray area (“subpercolation”)
represents films that do not have a percolative network of metallic
or semiconducting tubes. The light gray area (“metallic network™)
represents films which are shorted out by a percolative metallic
network. The green (“binary network™), light blue (“blocked
semiconducting network™) and dark blue (“unblocked semiconduct-
ing network™) regions represent fundamentally different types of
CNTN-FETs, all of which are accessible with the range of S/M
ratios mentioned above. Films in the green and light blue regions
feature percolative semiconducting networks blocked by Schottky
barriers, while films in the dark blue region have percolative
semiconducting networks that have at least some unblocked
semiconducting paths through the device. The yellow dashed line
and letters A—E indicates the set of points used in Figure 3. The
red ellipse indicates the regime of operation for as-produced CNTN-
FETs based on random networks with between roughly 67 and 89%
semiconducting, (89% semiconducting reported to be the highest
enriched ratio for CVD grown tubes).?’

the blocked semiconducting network. The lowest proportion
of semiconducting tubes that can result in any unblocked
semiconducting paths is ¢ = 86% (guresh in Figure 4). Either
type of CNTN-FET, blocked or unblocked, is possible when
using CNT growth processes that yield enriched semicon-
ductor films >86% semiconducting as is possible with
CVD.?” Which type of CNTN-FET is produced will depend
on the exact enrichment percentage as well as the tube
density.

In conclusion, we have performed a combination of EFM
and simulations that have provided new information and
insights about the underlying physics of CNTN-FETs. We
have shown that CNTN-FETs can exhibit sharp local voltage
drops in the film, and from simulations we have determined
that these drops arise from current being narrowed down to
single percolative paths at certain points in the film. The
associated large variations in transistor properties for the
resulting devices, even for transistors with precisely identical
tube length and density, has important implications for the
manufacturability of such devices. For low cost solution
processing methods, either larger devices will need to be
made or semiconductor-enriched mixtures of tubes will need
to be used, enabling higher total allowable tube densities.
Finally, using a set of simple basic assumptions we have
identified the different types of CNTN-FETSs corresponding
to different regimes of density and S/M ratio: two phases
where transport through CNT film is modulated by control-
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ling the width of Schottky barriers scattered throughout the
channel and another where pure, unblocked semiconducting
paths connect source to drain. The fact that these potentially
very different phases of CNTN-FET operation lie relatively
close together in terms of tube density and S/M ratio could
help to explain the relatively large variations among reports
in the literature in ON/OFF ratios and on currents for CNTN-
FETs. Also, for operation in any of these phases, this work
points to the advantages of purification: a higher proportion
of semiconducting tubes will enable higher overall tube
density without metallic shorts, resulting in higher mobilities
and greater reproducibility. Further characterization of field-
modulated transport between metallic and semiconducting
tubes, or through semiconducting tubes crossed by metallic
tubes, will lead to a fuller quantitative analysis of the pros
and cons of producing CNTN-FETs in these different phases.
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