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ABSTRACT: We use noninvasive atomic force microscopy to probe the spatial electrical
conductivity of isolated junctions of pristine and nitric acid treated single-walled carbon = /
nanotube networks (SWCNT-N). By analyzing the local IV curves of SWCNTs and

bundles with various diameters, the resistance per unit length and the contact resistance of

their junctions are estimated to be 3—16 kQ/um and 29—532 k€, respectively. We find s
that the contact resistance decreases with increasing SWCNT or bundle diameter and
depends on the contact morphology, reaching a value of 29 k€2 at a diameter of 10 nm. A
nitric acid treatment moderately dopes SWCNTs and reduces their average contact
resistance by a factor of 3 while the resistance of the nanotubes remains largely unaltered.
Remarkably, the same treatment on an SWCNT-N shows similar reduction in the sheet
resistance by a factor of 4. These results suggest that the resistance reduction mechanism is
related to the contact modulation with no major impact on conductance of SWCNTs.

1. INTRODUCTION

Single-walled carbon nanotube networks (SWCNT-N) are of
great interest for many application areas that utilize transparent
conductive films' and would benefit from flexibility and high
transparency, such as flat panel displays,2 touch sensors, solar
cell electrodes,* etc. As ~1/3 of the aerosol-CVD nanotubes are
metallic and ~2/3 are semiconducting, low-density SWCNT-
Ns are required for high-performance thin film transistors
(TFTs).>~” At high densities, metallic nanotubes form metallic
pathways between the source and the drain electrodes, leading
to a poor response to gate modulation. SWCNT-Ns are an
appealing material for such applications since the network
properties are determined by aggregate behavior of the network
elements. That means, these properties are averaged over a
large number of individual nanotubes, which reduces the
required degree of control over individual nanotube properties.
For a realistic SWCNT-N, the important performance-
impacting parameters are related to the morphology of the
network, defined by the mean bundle or nanotube length and
diameter, the network density, junction fill factor, bundle
alignment, etc. Previous work with low-density films for
SWCNT-TFTs has highlighted the significance of controlling
morphological parameters, especially the junction fill factor and
nanotube alignment, for device properties, such as their on/off
ratio and mobility.® In networks suitable for SWCNT thin
conducting film (SWCNT-TCF) applications, the network
density is significantly higher and the bundle length has been
identified to be the most important parameter for TCF
performance, which is determined by electrical sheet resistance
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and optical transmittance.® The major impact of bundle length
for SWCNT-TCF performance is explained by reduction in the
number of interbundle and intertube contacts, which are
expected to dominate the overall resistance of typical SWCNT-
Ns.”~'* Earlier experimental'? and theoretical®~" works have
given insight into the charge transport across individual
SWCNTs junctions, but the details of the microscopic
properties and their effects on electronic properties of the
interface region remained unexplored. More recently, the local
transport properties of individual junctions have been
studied;'" however, liquid-based sample fabrication introduces
defects and/or increases the risk of residual impurities at the
contact interface. Although the use of surfactants to disperse
SWCNTSs has allowed their separation by both type and
chirality, there is no assurance that they can be completely
removed with a mild treatment, which complicates local
transport measurements.

The other approach of studying SWCNT-N transport is to
study macroscopic thin films. Several studies suggest that their
performance can be improved by various chemical dopants.'®'”
However, little is known about the details of the doping process
and how it affects the electronic properties of SWCNTs and
their individual contacts. To address these issues, we study the
microscopic charge transport properties of individual contacts,
before and after doping, to investigate conditions under which
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Figure 1. Local electrical properties of SWCNT intermolecular junction. (a) Measurement layout: A combination between tapping and contact
mode is used to image and probe the local electrical properties of isolated SWCNT junctions near the Au contacts. (b, ¢) Tapping mode images of X
and Y junctions. (d) Resistance profile across an individual intermolecular junction.

SWCNT-TCEF will yield high-performance devices. The pristine
SWCNT material of this study is prepared by a floating catalyst
aerosol-CVD method that yields dispersed and high-quality
SWCNTs. Clean and low-density SWCNT-N samples for both
thin film and microscopic charge transport studies are
fabricated by utlllzmg a dry deposition method at room
temperature.”®'® These pristine SWCNT materials have not
been processed in any way prior to electrical transport and
spectroscopic measurements. The samples are then subjected
to a nitric acid treatment (1—2 min), and the measurements are
repeated to explore the variation in the individual contact and
the thin film properties. On the basis of local electrical
measurements, we find that the nitric acid treatment does not
introduce major defects or changes in SWCNT mobility.
However, the average resistance of individual contacts and the
sheet resistance are reduced by a factor of 3 and 4, respectively.
The improved performance, of the SWCNT-TCF after the
nitric acid treatment, is explained in terms of lowering the
average barrier height between contacts of individual tubes as a
result of hole-doping.

2. EXPERIMENTAL SECTION

2.1. SWCNT Synthesis. The SWCNT samples used in this
study were prepared by a floating catalyst aerosol-CVD process,
which is described in detail elsewhere.'® In brief, the process
relies on sublimation of ferrocene to a carbon monoxide (CO)
flow, injection of the gases to a vertical laminar flow synthesis
reactor, thermal decomposition of ferrocene to supersaturated
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iron vapor, and subsequent formation of catalyst iron
nanoparticles. In the synthesis reactor, which is maintained at
elevated temperatures, the CO reacts catalytically on the surface
of the catalysts, leading to SWCNT formation. In these
experiments, a semi-industrial scale synthe51s reactor was
operated at a temperature of 880 °C.° A trace amount of 20
ccm of CO, was added to the CO flow of 4 L/mm (Ipm) to
enhance the catalytic activity of the reaction.’® At the reactor
outlet, the aerosol was mixed with a 80 Ipm flow of room-
temperature N, to reduce the gas temperature to be compatible
with the used collection filters.

2.2. Sample Preparation. SWCNTs were collected
downstream from the reactor by utilizing membrane filtration,
which allows straightforward control of SWCNT network
thickness, and electrical and optical properties, by varying the
collection time, using the same procedure described in previous
publications.**" In this study, the films were press transferred
to microscope glass slides, and ethanol-densified to improve
SWCNT network adhesion. To study the impact of chemical
doping, the films were submerged for 1 min 1n a strong nitric
acid solution (Sigma-Aldrich, 68 vol %).° For C-AFM
characterization of spatially resolved electrical properties,
SWCNTs were deposited by a diffusion method on SiO,
(250 nm) substrates (Si-Mat) with prefabricated gold electro-
des (40 nm thick Au layer on S nm Ti, with p™ Si as a back
gate) by placing the chips directly on top of a membrane filter
during collection. This leads to deposition of very sparse
SWCNT networks with isolated SWCNT contacts, some of
which were connected to the gold electrode. The device layout
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Figure 2. Contact resistance of X and Y junctions vs diameters of primary and secondary CNTs and their intersecting angles. Y junctions have
smaller resistances than X junctions at any given structural parameter with a minimum value of 29 kQ. The contact resistance of both junctions is

inversely proportional to the diameters of CNT branches.

and measurement configuration are shown schematically in
Figure 1.

2.3. C-AFM Measurement Setup. The C-AFM measure-
ments (Veeco Multimode V, Veeco, USA/Nanonis, Specs,
Switzerland) are carried out at room temperature in an ambient
pressure environmentally controlled chamber of 6.5 in volume
flushed with a flow of 99.99% of argon (Scientific Argon
produced by Messer, Slovenia and Aga, Finland) at constant
flow rate of 0.2 L/min. During measurement of IV curves, the
doped diamond tip (Nanosensors DT-NCHR, Nanoworld AG,
Switzerland) was brought into contact at a constant force of 0.2
nN. Resistances per unit length were estimated by performing
IV curve measurements at different points with approximately 1
pum of separation along an SWCNT. The intertube and
interbundle contact resistances were estimated based on
differential measurement over various junctions, so that IV
curves were recorded at 0.5 ym distances from the contact on
both branches to avoid contact modification by tip pressure.
The C-AFM tip cleanliness was checked on Au electrodes
before and after collecting data on SWCNTSs to ensure the
reliability of IV characterization by requiring contact tip—
electrode contact resistance < 8 k€ and by checking the
linearity of the IV curves. The AFM imaging was carried out by
conventional tapping mode while electrical measurements were
performed under constant force in AFM contact mode. Prior to
contact, a slow approach soft landing was performed. Unlike
previous C-AFM contact resistance measurements on SWCNT
samples, this approach allows the tip to avoid jumping into
contact, which has a high risk of damaging the SWCNT.>* IV
measurements were performed by ramping the source drain
bias from —3 to +3 V, while monitoring the source—drain
current.

3. RESULTS AND DISCUSSION

3.1. Characterization of Individual SWCNTs contacts.
The microscopic transport properties in SWCNT-Ns are
studied using conductive atomic force microscopy (C-AFM)
for combined imaging and probing the local physical properties
of intertube and interbundle contact resistance, tube resistance

per unit length, diameter, and contact angle between
intersecting SWCNTs (or bundles).

To perform local electrical transport measurements on
individual junctions, it is necessary to prepare low-density
SWCNT samples with isolated junctions near the Au electrode.
An important consideration is paid to the sample fabrication
process, so we can obtain reliably highly dispersed pristine
SWCNTs without the need for any chemical processing. A
schematic layout of the local IV measurements is shown in
Figure 1a, which we have used to monitor resistance at various
locations on SWCNTs; see Figure 1b. X or Y junctions are
characterized by recording the resistance profile along both
branches of SWCNT junctions. The diameter of each SWCNT
is determined from the line profile of the AFM topographic
image. As illustrated in Figure 1c, the contact of two SWCNTSs
with diameters of 1.3 and 1.4 nm yields a resistance of 68 k2.
Figure 1d,e displays the two main morphologies of SWCNT
intermolecular junctions: an “X-type” junction and a “Y-type”
junction. To avoid complex current flow from AFM tip to Au
electrode through multiple connected SWCNTSs, measure-
ments were carried out only on junctions where both of
SWCNTs or SWCNT bundles were isolated from other
SWCNTs, as verified by AFM imaging of the surrounding area.
We denote the SWCNT or bundle that is directly connected to
the Au electrode as the primary branch and the other SWCNT
or bundle connected to the primary branch as the secondary
branch. Each of these branches can be either an individual
single-walled carbon nanotube (SWCNT) or a small bundle of
SWCNTs that is generally a mix of semiconducting and
metallic species.

Figure 2 shows the contact resistance (R}) as a function of
primary and secondary SWCNT and bundle diameters and the
intersecting angles () for a number of X- and Y-type junctions.
All contact resistances of SWCNTSs, with diameters from 1 to
10 nm, are found within a range from 29 to 532 kQ. Y-type
junctions exhibit a significantly lower contact resistance than X-
type junctions, and the resistance decreases with increasing
bundle diameter. The behavior of contact resistance with the
diameter of SWCNTs is in contrast with a previous study by
Nirmalraj et al, which suggested that SWCNT junction
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Figure 3. (a) The overall contact resistance of X-type and Y-type contacts suggests that the Y-type contacts have a lower contact resistance compared
to X-type contacts. (b) The X-type contacts for d > 1 nm tubes and bundles show significant reduction of sheet resistance after HNO; doping. (c)

However, the resistance per unit length is only slightly reduced.

resistance is directly proportional to the diameter of
SWCNTs."' It is worth noting that they observed mainly
large-diameter SWCNT bundles, and the difference between
the experiments could be explained by the presence of SDS
surfactant or other residual contaminants in their SWCNT
samples, whereas this is not the case with our surfactant-free
deposition. Moreover, high contact resistances (>100 kQ2) are
only observed in X junctions with small-diameter SWCNTSs
that form Schottky-type contacts. Their existence within
SWCNT-N is undesirable as they limit the film conductance
and may cause local accumulation of heat, thereby triggering
SWCNT-N device breakdown at a relatively low power.”
Previous theoretical works**>® have shown that the con-
ductance of Schottky-type contact increases dramatically by a
hole-doping process due to reduction in the width of the
depletion region as well as the barrier height. As pristine
SWCNTs are already hole-doped with a density of ~10~* hole/
atom due to atmospheric oxygen physisorption,**™*’ the
depletion region of the Schottky contact will be negligibly
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small.>® Furthermore, hole-doping also decreases the barrier
height by shifting the Fermi level toward the valence band, and
therefore, the contact resistance will be more reduced.
Generally, this is achieved by chemically treating SWCNTSs
with nitric or sulfuric acid, a process that is known to downshift
the Fermi level by 0.35 and 0.50 eV, respectively.”® We have
prepared moderately doped samples by dipping SWCNT-N
films briefly in nitric acid (Sigma Aldrich, 68% HNO;). Figure
3a shows a histogram of the contact resistance for all X (left)
and all Y (right) junctions that we have measured in our study.
A comparison between the contact resistance of the X junction
before and after treatment is shown in Figure 3b. The average
contact resistance is reduced by a factor of ~3, indicating
improved barrier transmissions after nitric acid treatment. It has
been argued by Geng et al. that the increase in conductivity of
SWCNT-N after treatment is not related to doping, but rather
due to densification and the removal of the SDS surfactant in
the case of solution-processed SWCNTSs,'® whereas other
papers have concluded that it may be due to improvement of
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Figure 4. (a) Sheet resistance and transmittance of pristine, ethanol-densified films and HNO;-doped SWCNT TCF samples with different
collection times. The acid treatment leads to significant reduction of sheet resistance by a factor of 4. (b) Raman spectrum of pristine and doped
SWCNT films indicates upshift in G-band, overall intensity reduction, and high G/D ratio after the doping treatment, indicating a small amount of
doping-induced defects. (c) The pristine SWCNT network exhibits clear semiconductive tube related transitions E;; and E,,, which are suppressed
due to the acid treatment. (d) Optical image of a transparent SWCNT-TCF on a glass substrate demonstrates the transparency of the SWCNT-

TCE.

conductivity of individual SWCNTSs and junctions.'™*'~>* We
have measured the resistance per unit length before and after
doping for a number of SWCNTSs, and the results are shown in
Figure 3c. This asserts that doping mainly lowers the contact
resistance between SWCNTs. This is in agreement with Raman
spectroscopic analysis of pristine and doped SWCNT-Ns
(Figure 4b), which shows that the high G/D ratio remains
largely unchanged after the treatment, thus confirming that the
quality of SWCNTs is still preserved. The Raman-spectroscopic
sample characterization was carried out with a 633 nm incident
laser wavelength (Horiba Jobin-Yvon, Labram HR). The
observed upshift of the G-band peak position and reduction
of the overall Raman signal intensity have been linked to hole-
doping via charge transfer between the dopants and the
SWCNTSs.'*** The lowered RBM intensity can be explained in
terms of variations in the resonance condition as the Fermi
level shifts its position toward the valence band.”” Therefore,
we conclude that the acid treatment improves the overall
conductivity of SWCNTs by lowering the barrier height
without introducing a significant number of structural defects,
such as covalently bonded functional groups.

3.2. Network Characterization. The SWCNT-TCFs were
characterized by electrical four-point probe measurements and
optical characterization with UV—vis spectroscopy for deter-
mination of optical transmittance and SWCNT diameter, and
for verification of chemical doping. Furthermore, Raman
spectroscopy was used for analysis of chemical doping effects
and potential SWCNT quality degradation after acid treatment.
We start by rinsing films in ethanol, a common process that is
known to lower the resistance by improving the connectivity of
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the network. The films were then dried at room temperature
prior to been investigated by electrical and optical techniques.
The electrical transport measurement obtained for ethanol-
densified films exhibits a sheet resistance of about ~400 €2/sq
at 80% transmittance. After the nitric acid treatment, we find
that films are hole-doped as the overall Raman signal intensity
is reduced with an upshift in the G and G' bands’ position.
Despite the rapid treatment, the films are having improved
performance with the sheet resistance decreasing to 100 Q/sq
at 80% transmittance which corresponds to a reduction by a
factor of 4, as shown in the Figure 4a. Moreover, the
semiconducting optical transitions of pristine films are
completely suppressed after doping, thereby yielding a slightly
higher overall transmission of films after nitric acid treatment.
We now discuss the microscopic origin of improved perform-
ance after hole-doping of SWCNT-TCF by considering local
transport data obtained from C-AFM measurements.

The micro- and macroscale resistance characterizations can
be linked by modeling an SWCNT-N as a random network of
resistors. The resistance between two parallel cross-sectional
edges of a square segment of such a network, that is, sheet
resistance, is linearly dependent on the mean contact resistance.
This indicates that doping-induced changes in contact
resistances should be observable also in the macroscopic
sheet resistance.”® When also taking into account the resistance
along SWCNTs, and using the measured values for contact
resistance and resistance per unit length from pristine (Rc =
112 + 13 kQ, Ry = 8.7 + 1 kQ/um) and HNO;-treated (R¢ =
40 + 8 kQ, R, = 7.1 + 1 kQ/um) samples in an equivalent
circuit model, the sheet resistance (for networks of similar
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densities) was reduced by a factor of 1.7 (Figure 5). The
change after doping in the simulated network is lower
compared to observed changes in SWCNT-TCF sheet
resistance, where the similar doping treatment reduced the
sheet resistance by a factor of 4X. It should be noted that the
input parameters of the model consist only of contact resistance
measurements from pristine and doped X-type junctions and
length resistance measurements from small-diameter structures.
Thus, the contact and length resistances used as the model’s
input parameters may differ from realistic contact and length
resistances of the transparent conductive films, which consist
typically of larger-diameter bundles® and contain a fraction of
Y-type junctions. Accounting for these effects could well explain
the discrepancy between the modeled and measured sheet
resistances and suggests that they should be studied further.

4. CONCLUSION

To summarize, we have performed spatially resolved C-AFM
measurements of pristine and acid-treated SWCNTs to
estimate their resistances per unit length and contact resistances
between bundles. High contact angle, X-type contacts were
found to exhibit larger contact resistances than low contact
angle, Y-type contacts. The diameters of connected SWCNT's
or SWCNT bundles are observed to have a dominant role in
determining the overall contact resistance. The contact
resistances were significantly reduced—by a factor of ~3—
after a rapid nitric acid treatment. These results compare
favorably with electrical measurements on films, which show
that sheet resistances are reduced by a factor of 4 after a similar
treatment. The difference between the extremely sparse C-AFM
samples and more dense TCF samples can be explained by the
fact that contact resistances were measured only between small-
diameter bundles and individual nanotubes with X-type
junctions, whereas the bundle diameters in typical SWCNT
films are typically larger and have a fraction of Y-type junctions.
Also, it is worth noting that the acid treatment may cause a
change to the junction type (from X- to Y-type) and increase
bundle diameters and thus modulate the TCF network
performance by favorable morphological changes in addition
to hole-doping. The nitric acid treatment has no major impact

on the resistance per unit length of individual tubes, indicating
that no appreciable change in defect density or structure
degradation has occurred. This verifies that the electrical
performance improvement is due to the increase in charge
density of CNTs and the reduction of barrier height of high
resistance contacts. The potential for improved performance as
a result of the doping process requires additional effort to
realize its advantages in transparent electronic applications.
These efforts should be devoted to controlling key parameters,
such as dopant concentration, aging, and morphological
changes (densification), while maintaining the quality of the
SWCNTs intact. The effect of the nitric acid treatment to
contact and length resistance should be generalizable to other
dopants, since similar effects have been observed in TCFs for
various dopants, includin§ nitric, hydrochloric, and sulphuric
acids,* thionyl chloride,® and potassium permanganete in
acidic solution.
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SEM images are showing the morphologies of pristine and acid-
treated carbon nanotube thin film networks and conducting
AFM samples. This material is available free of charge via the
Internet at http://pubs.acs.org.
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