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Abstract

Here we report the effect of metallic (m-) and semiconducting (s-) properties of
single-walled carbon nanotubes (SWCNTs) on the response of SWCNT films to radio
frequency (RF) heating. We separated high-purity m- and s-SWCNTs from an initial
SWCNTs mixture and prepared thin films using vacuum filtration method. The areal
density of the films is 9.6 pg/cm?, and the DC conductivities are in the range of 7,800-
49,000 S/m. We show rapid and non-contact Joule heating of films using a fringing-field
RF applicator, and we observe maximum heating rates in the frequency range of 60-70
MHz. We determine that the more conductive m-SWCNT films reflect RF fields and heat
at a maximum rate of 1.51 °C/s compared to maximum heating rate of 25.6 °C/s for s-
SWCNT films. However, m-SWCNTs heat up faster than s-SWCNTs when dispersed in
a dielectric medium. Our results confirm the non-monotonic relationship between RF
heating rate and conductivity for CNT-based materials such that conductivity is required
for heating but high values are correlated with reflections. Our findings also suggest that
RF heating could be a possible metric for evaluating film purity because impurities in the
films affect the conductivity and thus RF heating rate. We anticipate that RF heating
may occur in SWCNT-based electronics and affect their performance.
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Introduction

Carbon Nanotubes (CNTs) possess exceptional properties such as high strength,
thermal conductivity, and electrical conductivity which have led to their widespread use
in advanced composites (1, 2), energy storage devices (3, 4), filtration membranes (5,
6), multifunctional fabrics (7, 8), and most importantly high-performance electronics (9-
11).

Single-walled carbon nanotubes (SWCNTs) have tunable electronic properties
which make them far more valuable in high-performance electronics compared to their
multi-walled analogues (12-15). If a SWCNT is conceived as a rolled-up sheet of
graphene, then the rolling direction is defined by chirality. Depending on this chirality,
the electronic band structure of SWCNTSs can be either metallic (m-) or semiconducting
(s-) (16-18).

The typical synthesis of SWCNTs results in a complex mixture of m- and s-
SWCNTs but many methods have already been developed to separate these fractions
(19-22). The successful purification of m- and s-SWCNTs has expanded their
applications to nanoelectronics (15, 23, 24). The m-SWCNTs could be used as
interconnects allowing higher current densities than copper and aluminum (25, 26). The
s-SWCNTs with tunable energy bandgaps could offer miniaturization of electronic
devices such as transistors and sensors (13, 27-30). Although there has been interest in
fabricating devices that use individual SWCNT as components, SWCNT films are
preferred in electronics as an alternative configuration to directly-grown individual
SWCNTs due to their ease of fabrication and reproducible characteristics (9, 31-35). For
example, s-SWCNT films have already been used in thermoelectric devices (36), field
effect transistors (FETs) (37, 38), and diodes (23, 39). Additionally, thin films of m-
SWCNT and s-SWCNT can be applied as conductive coatings in photovoltaics (40),
electrochromic devices (41), and flat panel displays (42, 43).

All these SWCNT-based devices are either used in circuits for radio frequency
(RF) applications or could possibly interact with electric fields (E-field) at RF frequencies
during operation (24, 44). Therefore, it is of great importance to probe the interaction of
m- and s-SWCNTs with RF fields since these interactions are not well understood. Prior
work on this front is mostly focused on dilute SWCNT dispersions, particularly in
medical applications (45, 46). For example, Gannon et al. (45) used RF energy to
induce heating in aqueous SWCNT samples. They injected 500 mg/L mixed SWCNTs
suspension into rabbit tissues and applied RF power of 600 W at 13.56 MHz to heat the
suspension at 8 °C/s. This locally-induced heating of SWCNTs successfully destroyed
the tumor cells. The only study that differentiates the response of m-SWCNT and s-
SWCNT when exposed to RF fields is by Corr et al. (46). In this study, the interaction of
RF fields with 95% pure m-SWCNT and 95% pure s-SWCNT dispersions was
investigated at the operating frequency of 13.56 MHz. It was reported that 100 mg/L
dispersions of m- and s-SWCNT heated at 0.20 °C/s and 0.35 °C/s, respectively, at RF
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power of 500 W. The same study also stated that the presence of a conductive host
such as NaCl in dispersions did not enhance the heating rate but rather diminished the
electric fields near m- and s-SWCNTs.

Recently, our group has shown that multi-walled carbon nanotube (MWCNT)-
loaded polymer composites can directly couple with electric fields at RF frequencies (1-
200 MHz) and rapidly heat via Joule heating. We demonstrated different RF electric
field applicator configurations such as direct-contact, parallel plate, and interdigitated
fringing-field for heating MWCNT-loaded composites. We observed heating rates of 16
°Cl/s for 5 wt.% MWCNT composites at RF power as low as 10 W (47). Our RF heating
technique cured thermosets faster compared to conventional oven-based curing due to
localized volumetric heating. We also applied our technique to rapidly cure thermoset
adhesives in metal-metal bonding and assembled an automotive structure. These
findings also have applications to curing of thermoset adhesives in plastic-plastic
bonding and welding of 3D-printed plastic structures (48). However, it is not yet
understood how m- and s-SWCNTs would behave in the context of RF heating.
Delineating how these SWCNTSs differ would aid in understanding the effect of m- and s-
shells in MWCNTSs as well.

In this work, we investigate the heating response of m- and s-SWCNT films to
applied RF energy. We successfully separate high-purity m- and s-SWCNTs fractions
from an initial SWCNTs mixture and fabricate thin films of low areal densities. We
measure electrical properties of the films and use a fringing-field RF applicator to heat
the films. We show rapid and non-contact coupling of RF electrical fields with the films
and observe heating with high heating rates. We find that RF heating rate scales
inversely with the bulk DC conductivity of the film. The more conductive m-SWCNT films
reflect RF fields and heat at lower rates compared to s-SWCNT films. We also observe
that the presence of impurities lowers the overall conductivity of m-SWCNT films, which
significantly increases the heating rate. Our findings suggest that RF heating could be
used as a metric for film purity, and that RF heating may occur in SWCNT-based
electronics.

Results and Discussion

We obtained high-purity m- and s-SWCNTs by first injecting an initial SWCNT
dispersion into a Sepharose hydrogel-packed chromatography column, and then
separating the fractions through elution with different surfactant solutions. Figure S1
shows the diameter distribution of initial SWCNT dispersion. The m-SWCNTs were
collected first through elution with 1 wt. % aqueous SDS solution and concentrated to
5.10 ppm. A small fraction of m-SWCNTs was also obtained after SDS to DOC
surfactant exchange process and concentrated to 2.71 ppm. Finally, the s-SWCNTs
were collected through elution with 1 wt. % aqueous DOC solution and concentrated to
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11.7 ppm. Figure S2 shows images of initial SWCNT dispersion, m-SWCNT SDS-based
dispersion, and s-SWCNT DOC-based dispersion. The differences between these
samples is clearly noticed from different colors. The initial SWCNT dispersion has a
black color, the separated m-SWCNT dispersion has a red color, and the s-SWCNT
dispersion has a green color. Figure 1 shows the normalized absorption spectra of s-
SWCNTs dispersed in aqueous DOC solution, and m-SWCNTs dispersed in aqueous
DOC and SDS solutions, respectively. The absorption in the S44 and S,, bands of s-
SWCNTs dispersed in DOC solution indicates that this SWCNT dispersion contains
major s-SWCNT species. This is because the regions labeled S11 and S,, correspond to
excitonic absorption bands of s-SWCNTs due to first and second one-dimensional van
Hove singularities (VHS), respectively (49). In addition, fluorescence spectra (Figure S3)
further confirms the presence of different s-SWCNT species in the dispersion. On the
other hand, the absorption in the M4, band of m-SWCNTSs dispersed in DOC and SDS
solutions indicates that these SWCNT dispersions are concentrated with m-SWCNTs
because the My, region corresponds to the absorption band of m-SWCNTs (49).
Moreover, the fact that m-SWCNTs do not fluoresce (Figures S4-S5) but absorb in the
Mi4 band is also a strong proof of their high purity in the dispersions. The purities of
dispersions were calculated based on areas of the My; and S,, bands. The s-SWCNT
dispersion purity is nearly 100% while the m-SWCNT dispersions have purities of
around 90-98%. The purity can be further increased by using higher concentration of
initial SWCNTs dispersion and selecting other high-throughput hydrogels such as
Sephacryl 100 HR or 200 HR for separation (50, 51). Note that the absorption peaks
due to s-SWCNT impurities are also observed for the DOC-based dispersion of m-
SWCNTs.
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Figure 1. Normalized absorbance spectra (A = 626 nm) of 11.7 ppm s-SWCNTs dispersed
in DOC solution, 2.71 ppm m-SWCNTs dispersed in DOC solution, and 5.10 ppm m-
SWCNTSs dispersed in SDS solution.

We vacuum filtered m- and s-SWCNT dispersions through a 0.1 um pore size
alumina membrane to make 200 nm thin films with the areal density of 9.6 ug/cm?. It is
also possible to make films using other more efficient techniques such as ultrasonic
spraying of CNT dispersions (36, 52), inkjet printing of CNT dispersions (53, 54), screen
printing of CNT dispersions (55, 56), and roll-to-roll printing of CNT dispersions (57-59),
but our findings in this study should not fundamentally change if these other techniques
were used. Figure 2 shows morphological features of sS-SWCNT and m-SWCNT films as
observed by SEM. It can be seen that all films have a dense and entangled network of
SWCNTSs with similar morphology which is also confirmed by AFM analysis (Figure S6).
Surfactant residues are also noticeable especially in the films made using DOC-based
dispersions. The images also confirm that the structure of bulk SWCNT film is similar to
a CNT network in a composite rather than individual SWCNTSs dispersed in a medium
(60-62).
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Figure 2. SEM images of 9.6 pg/cm?films of (a) s-SWCNT from DOC-based dispersion, (b)
m-SWCNT from DOC-based dispersion, and (c) m-SWCNT from SDS-based dispersion.

In order to study RF heating of m- and s-SWCNT films, we used a fringing-field
applicator to impose RF fields on the films. Fringing-field RF applicators provide benefits
of rapid and non-contact interaction of RF electrical fields with the samples, thus making
it also possible to easily apply these applicators to probe RF response of SWCNT-
based electronics (63). Figure 3 shows a schematic of the fringing-field applicator.
Briefly, two 13-cm long and 6-mm wide parallel copper tracks with a spacing of 2-mm
were laid down on a Teflon base. RF power was supplied to the applicator via RF signal
generator and a power amplifier. A Forward-Looking Infrared (FLIR) camera was used
to monitor the heating response. Note that the length of the applicator is much less than
the wavelength of the applied RF field; therefore, making the applicator electrically small
(at 70 MHz, the wavelength is approximately 4.0 m). Due to this, the electric field is
highly uniform along the copper tracks, and the applicator can be treated as a lumped
circuit element instead of a transmission line with standing waves (63).

The films were placed on top of the fringing-field applicator, and 1.0 W RF power
in the frequency range of 1-200 MHz was applied to determine heating rate as a
function of frequency (Figure 4). The raw temporal data recorded using the FLIR
camera are provided in Figures S7-S9. All films have frequency-dependent heating
rates with well-defined resonant modes in the range of 60-70 MHz. At the frequency of
maximum heating rates, the impedance of the RF source (50 Q) is closely matched to
the impedance due to film, applicator, and the connecting cables which leads to efficient
coupling between RF energy and films (47). Note that it is also possible to induce
heating in the films by using an impedance matching network and a fixed operating
frequency that is within the defined industrial, scientific, and medicine (ISM) bands (47,
63). However, our data here shows that the impedance of m- and s-SWCNT films is
dependent on the frequency as indicated by different heating rates.

It is seen in Figure 4 that the s-SWCNT film has higher heating rates compared
to m-SWCNT films. This is primarily due to difference in DC conductivities as shown in
Table 1. Since the absorbed RF energy is directly related to the electric field magnitude
in the film and the electrical field magnitude is inversely proportional to the electrical
conductivity of the film, the s-SWCNT film absorbs more RF energy compared to the m-
SWCNT film (48, 64). The absorbed RF energy induces electric currents in the s-
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SWCNT film that are more uniformly distributed than those induced in m-SWCNT films.
The flow of these currents is opposed in the films due to electrical resistance caused by
collisions of electrons with the neighboring atoms or molecules; therefore, resulting in
Joule heating (65). In addition, the m-SWCNT films depict a behavior similar to RF
heating of bulk metals. High conductivity metals cannot couple well with RF energy and
electric fields attenuate toward the interior of the material (65-68). Similarly, the RF
fields are suppressed inside the high-conductivity m-SWCNT films which lead to
induced currents that are non-uniformly distributed, with higher concentrations around
the edges; therefore, resulting in overall lower heating rates (Figure S10).

It is also interesting to note that even though s-SWCNT films heat up more than
m-SWCNT films at a given RF power, this is not true when individual SWCNTs are
dispersed in a dielectric medium such as a surfactant solution. Figure S11 shows that
the m-SWCNT dispersion heats up faster compared to the s-SWCNT dispersion. This is
because when SWCNTs are dispersed in a dielectric, the overall conductivity, or loss
tangent, of the SWCNT dispersion is higher than that of the dielectric alone (which is
extremely small compared to SWCNTSs). Small amount of high-conductivity m-SWCNTs
results in a dispersion with higher loss tangent than that of large amount of low-
conductivity s-SWCNTSs, which leads to overall higher heating of m-SWCNT dispersion
(65, 69).

In Figure 4, we also notice that the m-SWCNT film made using DOC-based
dispersion has higher heating rates compared to the film made using SDS-based
dispersion. This is also correlated with DC conductivity differences as given in Table 1.
The difference in conductivities of m-SWCNT films is due to presence of residual
surfactant and s-SWCNT impurities especially in the film made using DOC-based
dispersion. The DOC is not easily washed away compared to SDS during vacuum
filtration of dispersions because of its high strength of interaction with SWCNTs. This
residual DOC creates high resistance barriers at the inter-SWCNT junctions which
lowers the conductivity of the film (70, 71). Additionally, the low-conductivity s-SWCNT
impurities further contributes to decreasing the overall conductivity of the film. These
observations show that it is also possible to use RF heating as a metric for m-SWCNT
film purity. The presence of DOC and s-SWCNT impurities decrease the conductivity of
the film and this leads to higher RF heating rate, whereas, a relatively pure and high-
conductivity m-SWCNT film from SDS-based dispersion show very small RF heating
rates.

It should be noted that the actual conductivity of m- or s-SWCNTs and their films
may vary based on differences in synthesis procedures (resulting in varying defect
density or chiral distribution). Nevertheless, our data here shows that regardless of the
source, the bulk DC conductivity of the film scales inversely with RF heating rate (Table
1, Figure S12). Of course, at low areal density, this relationship would not hold. We
observed a similar behavior for MWCNT-PLA composite films in our earlier work on
welding of 3D-printed parts by locally-induced microwave heating (48). The transmitted,
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reflected, and dissipated power at the films were measured and correlated with the
heating response during 2.45 GHz microwave exposure of various powers. It was
determined that higher CNT loadings increased the overall DC conductivity of films (68,
72), which subsequently decreased the dissipated power at the films and increased the
reflected power. Since heating is primarily due to the dissipated power, it can be
concluded that the microwave heating rate decreases with increase in conductivity.
However, this was not true at lower CNT loadings (48). Here, we confirm that this non-
monotonic relationship also holds for low frequency RF heating of CNT-based materials.

RF Signal Generator [
& Power Amplifier b \

! \

=

1

! \
Transmission X

Cables SWCNT film
on Alumina

Teflon Base

Figure 3. Schematic of the fringing-field RF applicator for heating SWCNT films. Note that
alumina is non-conductive and inert to RF fields.
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Figure 4. Heating rate, dT/dt, as a function of radio frequency for s-SWCNT film from
DOC-based dispersion and m-SWCNT films from DOC-and SDS-based dispersions. Films
were heated using 1.0 W RF power.

Table 1. DC conductivity and maximum RF heating rate of m- and s-SWCNT films.

DC Conductivity Maximum Heating Rate at 1.0 W
Film S/m °Cls
s-SWCNT" 7,800 25.6
m-SWCNT" 22,700 10.4
m-SWCNT"” 49,000 1.51

*From DOC-based dispersion, **From SDS-based dispersion.

Figures 5a-c show maximum temperature as a function of time for s-SWCNT and
m-SWCNT films at different RF powers and a frequency of 70 MHz. The temperature
increases with power for all films with s-SWCNT film heating more than 120 °C in less
than 5 s at a power of 3.2 W. These tests show that each system reaches thermal
equilibrium as the generated heat is balanced by convective losses to the environment.
The relationship between the heating rate and power is determined to be directly
proportional across all samples as seen in Figure 5d.

The high RF heating rates observed especially for s-SWCNT films is a matter of
concern when applied to SWCNT-based electronics. It is because Joule heating has



Nanoscale

been shown to affect /-V characteristics, signal delay, output conductance, and current
densities in graphene and s-SWCNT transistors; thus, affecting their overall
performance (73, 74). Additionally, the s-SWCNT films have also attracted tremendous
interest as components of RF electronics such as transistors, antennas, amplifiers, and
mixers (44, 75, 76). Since these devices utilize radio frequencies in the commercially
relevant range of 40 MHz - 25 GHz, we anticipate that RF heating may occur in these
devices and heat rates as high as 80 °C/s would decrease their performance and
lifetime (44, 76-78).
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Figure 5. (a)-(c) Maximum temperature as a function of time for s-SWCNT film from DOC-
based dispersion, m-SWCNT film from DOC-based dispersion, and m-SWCNT film from
SDS-based dispersion, respectively. (d) Heating rate as a function of RF power for all
films. Films were heated using 70 MHz RF fringing-fields at all powers.

Conclusions

We investigated the interaction of electric fields at RF frequencies with m- and s-
SWCNT films using a fringing-field applicator. We observed Joule heating in all films
with m-SWCNT films heating at a much lower rate compared to s-SWCNT films. We
also confirmed the complex non-monotonic relationship between RF heating rate and
conductivity for CNT-based materials. Our results help in understanding the
contributions to RF field interactions of metallic and semiconducting shells in MWCNTSs.
Additionally, based on our findings, we anticipate that RF heating may occur in SWCNT-
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based electronic devices and affect their performance and lifetime. Lastly, since
impurities in the films affect the conductivity and thus RF heating rate, it is also possible
to use RF heating as a metric for film purity.

Experimental

Materials

Nanopure water (18 mQ) was used in all experiments. Sodium dodecyl sulfate (SDS) (=
99%) and sodium deoxycholate (DOC) (= 97%) were purchased from Sigma-Aldrich
and used as received. HIPCO SWCNTs were obtained from Nanolntegris (HR25-042)
and used as received. The hydrogel (Sepharose 6FF) was manufactured by GE
Healthcare and purchased directly from GE.

Initial SWCNT dispersion

Raw SWCNT powder weighing 40 mg was added to 150 mL of 35.0 mM SDS solution
and mixed at 8000 rpm (IKA T-25 Ultra-Turrax) for 40 min. After homogenization, the
solution was allowed to rest for 15 min and then cup horn ultra-sonication (120 W,
Misonix S3000) was applied to aid dispersion. The ultra-sonication step was repeated a
total of three times (10 min each) to ensure a well-mixed dispersion. Finally, the
dispersion was ultra-centrifuged (Beckman Coulter Optima L-80K, SW-28 rotor) for 4 h
at 20,000 rpm (53,0009) to remove metallic catalysts, amorphous carbon, and SWCNT
bundles from aqueous solution.

Column separation of m- and s-SWCNTs

The single column chromatography experiments were completely automated
(Chromeleon software), allowing for coordinated elution gradients and real-time fraction
characterization using a spectrophotometer. Sample injection and the elution were
controlled by a HPLC pump (Ultimate 3000, Dionex). The low-pressure chromatography
column (Bio-Rad) was made of glass and had an inner diameter of 1.5 cm. The column
was packed with a hydrogel and connected to the HPLC pump using a flow adaptor.
Sepharose 6FF hydrogel was selected for its high-throughput and high-purity separation
of SWCNTs. The column and eluents were submerged in a water bath and chilled to
10°C. The flow rate was set at 1 mL/min and the column was packed with 5.0 mL of
Sepharose 6FF, resulting in a column height of 3.0 cm. After packing with hydrogel,
column was stabilized with 4 column volumes (CVs) of 35.0 mM SDS solution. SWCNT
dispersion measuring 1 mL (20% CV) was injected into the column and m-SWCNT
portion of the injected sample was collected through elution with SDS solution. The
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separation was repeated 16 times for the collection of 5.10 ppm m-SWCNTs dispersed
in SDS solution. Surfactant change process was then carried out from SDS to DOC
using a 10 mL filtration cell with 100 kDa membrane (Millipore Sigma). The separation
was repeated 25 times for the collection of 2.71 ppm m-SWCNTs dispersed in DOC
solution (Note that the concentration is lower than 5.10 ppm due to mass loss during
surfactant exchange process). The remaining SWCNTs (s-SWCNTs) were collected
after the introduction of 3 CVs of a 24.4 mM DOC solution. The separation was
repeated 32 times for the collection of 11.74 ppm s-SWCNTs dispersed in DOC
solution. These concentrated fractions of mM-SWCNTs and s-SWCNTs were
characterized by absorbance and fluorescence spectroscopy, as described below.

Vacuum filtration

Appropriate volumes of 2.71 ppm m-SWCNTs and 11.74 ppm s-SWCNTSs dispersed in
DOC solution, and 5.10 ppm m-SWCNTs dispersed in SDS solution were vacuum
filtered using a 0.1 ym pore size and 60 pym thick alumina membrane (Whatman). After
the dispersions were filtered, the vacuum was kept on for ~30 min to make sure that the
film is mostly dried. Distilled water was used to wash away the residual surfactant left in
the film. Washing was continued until the initial soap bubbles laden permeate stream
became water clear in the vacuum funnel.

SWCNTs characterization

The separated m-SWCNTs and s-SWCNTs fractions were characterized by absorption
(1.0 cm path) and fluorescence (1.0 cm path) spectroscopy on an Applied
NanoFluorescence Nanospectralyzer (Houston, TX) with excitation from 662 nm diode
lasers. Spectra were normalized using absorbance at wavelength of 626 nm. The size
(diameter) distribution was obtained after analysis using the Applied NanoFluorescence
software. Multimode scanning probe microscope (AFM) (Bruker Dimension Icon)
operated in a tapping mode and a scanning electron microscope (SEM) (JEOL JSM-
7500F instrument) at 2kV accelerating voltage was used to determine film thickness
and morphological features of vacuum filtered films of m-SWCNTs and s-SWCNTs.
Four-point probe was used to measure resistivity of films and DC conductivity was
calculated as a reciprocal of resistivity.

RF heating of films

A fringing-field capacitor was fabricated using two parallel 13 cm long copper tracks with
a spacing of 2 mm. The samples, m-SWCNT and s-SWCNT films on alumina
membrane, were placed on top of the capacitor. A signal generator (Rigol Inc.,
DSG815) and a 500 W amplifier (Prana R&D, GN500D) were used to supply RF power
to the capacitor. The capacitor was connected to the amplifier with a 50 Q coaxial
transmission line terminated by a type N bulkhead connector with alligator clips
soldered to the center pin and ground reference. FLIR infrared camera (FLIR Systems
Inc., A655sc) was used to monitor heating of films over time, and to generate temporal
plots. In order to obtain the frequency-dependent heating response of the films, a step-
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wise heat-cool frequency sweep was programmed into the signal generator.
Frequencies from 1 to 200 MHz were swept such that power at 1.0 W is applied for 1 s,
followed by 13 s of cooling before moving to the next 1 MHz incremental step. The
heating rates as a function of frequency were determined by selecting the points when
the power is switched on and ~0.8 s into each cycle and calculating the slope between
the points. The raw temperature vs. time data are provided in Figures S7-S9.
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