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Abstract

Transparent and conductive films (TCFs) are of great technological importance.
The high transmittance, electrical conductivity and mechanical strength make single-
walled carbon nanotubes (SWCNTSs) a good candidate for their raw material. Despite
the ballistic transport in individual SWCNTs, however, the electrical conductivity of
their networks is limited by low efficiency of charge tunneling between the tube el-
ements. Here, we demonstrate that the nanotube network sheet resistance at high
optical transmittance is decreased by more than 50% when fabricated on graphene

and thus provides a comparable improvement as widely adopted gold chloride (AuCls)
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doping. However, while Raman spectroscopy reveals substantial changes in spectral
features of doped nanotubes, no similar effect is observed in presence of graphene.
Instead, temperature dependent transport measurements indicate that graphene sub-
strate reduces the tunneling barrier heights while its parallel conductivity contribution
is almost negligible. Finally, we show that combining the graphene substrate and AuCls
doping, the SWCNT thin films can exhibit sheet resistance as low as 36 2/ at 90%

transmittance.
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The electrical transport in networks of single-walled carbon nanotubes (SWCNTSs) vary
in a wide range of values as the structure of tubes and the morphology of networks differ.
Since the modest conductivity reported in the seminal demonstrations,™ the performance
has gradually improved through morphological optimization®*® and progress in non-covalent
doping.”* "2 Meanwhile, as confirmed by numerous direct measurements,**™ the limiting
factor in network conductivity remains to be the inefficient charge tunneling between indi-
vidual tubes and thus, the central paradigm lies in their interface optimization. In this role
the contacts have been bridged for example by using suitable work function metals™® and
also more recently, with graphitized carbon welds.” The latter approach has proven particu-
larly successful and the thin film performance (as measured by the ratio of conductance and
absorbance) approaches the projected ultimate limit for SWCNT transparent electrodes. 4
In the same spirit graphene and nanotubes have been combined into hybrid thin films,87
although with performance not higher than that has been separately reported for pristine
SWCNTs. #4728

In this article, we present a detailed study of charge transport in SWCNT networks
on a dielectric surface and on graphene; a division that has not been previously addressed

in required detail. In contrast to most SWCNTs deposited through liquid phase, we have

used a floating catalyst synthesis approach®? that does not compromise the tube cleanliness



and quality by surfactant treatments. By using the same nanotube raw material, we have
fabricated thin films on both a dielectric and a graphene substrate and have studied their
charge transport and optical transmittance in pristine and doped states. On graphene, the
SWCNT conductivity is found to be increased by a similar amount as is induced by chemical
doping. Nevertheless, contrary to chemical doping, Raman spectroscopic measurements
indicate no evidence of charge transfer between the nanotube and graphene layers. Instead,
we establish the presence of graphene decreases the tunneling barrier heights and thus results

in efficient inter-tube charge transport and hence greatly improved conductivity.



Results and Discussion

The SWCNT raw material was grown in a vertically assembled floating catalyst reactor (see
Methods and Figure |l).* ! With the same approach, some of us have earlier demonstrated
that SWCNT properties can be tuned by small changes in the composition of synthesis
atmosphere.®! In this work we used a composition that concurrently maximizes both the tube
diameter and length, which according to earlier electron microscopy experiments correspond
to 1.940.5 nm and 7.5£5.6 um, respectively.*? For optical and electrical characterization,
the nanotube films were either accumulated directly on the target substrate by using a
thermophoretic precipitator (TP)= or, for reference purpose, by vacuum filtration and press-

transfer (see Figure [Ip-c).%

The sheet conductance (o) and optical absorbance (A) of a uniform SWCNT film are
directly related. This constant of proportionality can be understood as the quality factor
(K) of the carbon nanotube raw material. Written using the Beer-Lambert law describing

the attenuation of light in continuum media and sheet resistance (Ry) yields

K =0 x A~ = [Rq x log,o(T)] ", (1)

where the latter equality is an alternative expression using optical transmittance (T). Thus,
when the network’s density is far above the percolation threshold,®® Ry and T have a log-
linear relation. The measured values for different SWCNT film thicknesses gathered for our
experiments are shown in Figure [lg, and their Ry vary in a wide range from ~170Q/0 up
to ~3.5kQ /0. The trendlines visible in the plots are fitted according to Equation
SWCNT films made by the two deposition techniques exhibit slightly different sheet
resistance characteristics. At for example 90% transmittance the Ry of TP deposited (as
estimated from the trendlines) equals to ~450 Q2 /], whereas the corresponding value for fil-
trated networks is ~330 € /0J. The sheet resistance scaling as a function of optical density (or

films thickness) is also very different. At low density (T>92%), the TP deposited nanotubes
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Figure 1: TCF fabrication and the optoelectronic performance. (a) A schematic of
the floating catalyst synthesis reactor.2%30 FC, CO and CO, stand for the ferrocene car-
tridge, and carbon monoxide and dioxide gas cylinders. (b) A schematic depiction of direct
SWCNT deposition using thermophoretic precipitator® (TP) on graphene electrode and (c)
on a membrane filter.? (d) An artistic rendition of SWCNTSs interfacing with graphene. (e)
The sheet resistance vs. transmittance data for SWCNTs on quartz and (f) SWCNTs on
graphene. The curves are fits to Equation

show, reproducibly Ry that is higher than predicted by the bulk model in Equation [1| (see the
highlighted data in Figure ) Such is, however, not the case for filtrated networks as is also
corroborated by our earlier similar experiments.#828 Since all TCFs were fabricated from
virtually identical SWCNTSs, these qualitative differences must emerge from the organization
of the individual tubes and their interconnections, which we will discuss later. The addition
of graphene layer in between the quartz substrate and the nanotube network decreased the

Rs substantially (Figure ) The largest change was observed for TP deposited SWCNTss,
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dropping from ~450 /[0 to ~180 /00 and thus totalling 60%. This is particularly interest-
ing, since the Ry of substrate-supported graphene is much higher, typically in the range of
700€2/0 to 10002/0. Meanwhile the decrease in filtered (and press-transferred) networks

was a more moderate 35%, equalling a drop from ~330/0 to ~215Q /0.

The films were next treated with 16 mM gold chloride in acetonitrile solution (AuCls,
see Methods), further decreasing the Rg. The lowest Ry was achieved with the TP SWCNTs
on graphene, yielding on average ~50 /0 at 90% transparency. Also, the doping seems to
improve the performance by the same factor regardless of the initial sheet resistance. Thus
for example the filtered SWCNTs on graphene only reached ~65 €2/ but on quartz they still
performed better than the TP SWCNTs (~95Q/0 vs. ~115Q/0). The best TP deposited
SWCNTSs reached a value as low as ~36 2/, which is among the lowest reported for any

carbon based TCFs. 294

One could argue whether the observed improvement in presence of graphene is emerging
from current distributing over the two parallel conduction layers (graphene and nanotubes).
As intriguing as this idea is, it fails to provide even remotely correct predictions. Calculating
for example the combined Ry using ~750 /0 (the resistance of TP deposited SWCNTSs at
T=~92.5%, Figure[lp) and an optimistic value of ~650 /0 for graphene yields ~350 /0.
This result is roughly twice as high as the measured ~180€2/0. For filtered networks the
discrepancies are clearly smaller (10-20%), indicating the layers are much less interconnected

and are better described by the parallel approximation.

We next turned our attention to the mechanisms that could explain the observed im-
provement. From earlier contributions we know that charge tunneling efficiency between
individual tubes can be visualized by temperature dependence of conductance. The mech-
anism is well understood within the framework of so called fluctuation-assisted tunneling

(FAT) model,*” often amended with an additional term describing the phonon backscatter-
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ing #9537 For sheet resistance it can be written as:

T, Ty
R(T) = A x exp(—) + B x expl—rp). (2)

where the geometric factors A and B can be taken as constants. Here the first term reflects
the backscattering by lattice vibrations with a characteristic phonon energy kgT,, (kg being
the Boltzmann constant) and the second term fluctuation-assisted tunneling through the
energy barriers, kgTy, dividing the metallic regions. The parameter Ty is the tunneling

efficiency near T=0 K where conductance reaches a value (B x exp[T},/Ts])~".

Considering the anomalously low Ry was pronounced in the graphene-supported TP
SWCNTSs, we studied their transport in a liquid helium cryostat (Methods). The exper-
imental results are presented in Figure [2| including pristine SWCNTs supported on SiO,
(green curve), AuCls-doped SWCNTs on SiO, (blue curve), graphene (orange curve), and
SWCNTs on graphene (red curve). Generally the following is observed: I. The conductivity
of the thin films containing nanotubes soar as a function of temperature until a maximum is
reached, again decreasing at higher temperatures. II. The monolayer graphene’s G(T) curve
(and thus the absolute conductivity) is an order of magnitude below the 90% transparency
SWCNT films on SiO,. III. Placing SWCNTSs on graphene and doping them with AuCl3 has
a similar impact on the conductivity. IV. The rate of decrease of G(T) at high temperatures
is steeper for SWCNTSs on graphene than that of the doped nanotube films. Since in the
cryostat instead of resistance we measured the sheet conductance, to fit the measurement

results we also need to rewrite the FAT model as:

Ty
T+ T

G(T) = Go + Gy % [exp(~2) + explom2)] (3)

where Gg and G; are constants in the units of [S]. The parameters are listed in Table 1.

The exponentials in Equations [2| and [3| can be understood as a trade-off between the

temperature-assisted charge tunneling through energy barriers that separate the metallic

7



Table 1: The parameters extracted by fitting Equation [3|to data in Figure .
Go,S Gl,S Tm, K Em, eV Tb, K Ts, K

Graphene 0.0002 0.0004 1078  0.093  2.10 14.85
SWCNTSs -0.0411  0.0549 970 0.084 536 20.72
SWCNTs + Graphene -0.0196 0.0372 726 0.063  3.81 1248
SWCNTs + AuCl; -0.0104 0.0279 806 0.069  4.17 11.34
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Figure 2: Temperature dependent conductance. The G(T) plots for TP deposited
SWCNTs on SiOy (green), on graphene (red), doped with AuCls (blue) and for graphene
(orange) with linear axis in (a) and in (b) log-log.

regions and the phonon scattering. The fitted values of T, in our thin films span from
700 K to 1100 K (60-100 meV) and correspond to acoustic-phonons also visible as radial
breathing modes (RBMs) in Raman spectra (see Figure 3b). The lowest value, T,,=726 K,
was observed for SWCNTSs on graphene and thus reflects the lowest phonon energy with the
maximum of G(T) at 118 K. Meanwhile the T, for doped SWCNTSs on SiOy was 806 K with
G(T) maximum at 162 K and for pristine SWCNTs 970 K with G(T) maximum at 190 K.
Thus the phonon energies are affected both by addition of a graphene layer and by chemical
doping. The tunneling barrier heights corresponding to kgT}, are also affected, being ~29%
lower for SWCNTSs on graphene than on SiO, (see T}, in Table . A very similar effect,
however, was also observed upon chemical doping, evoking a question whether graphene also

possibly acts on SWCNTSs as a dopant.



This possibility can be quickly ruled out by Raman spectroscopic measurements with a
G-band mode (~1580 cm™!) blue-shift expected upon both donor or acceptor doping. No
such shift, however, could be detected upon deposition on graphene (Figures —b). We
did, however, observe a tiny broadening of the RBMs, which could indicate stronger van
der Waals (vdW) interaction with the graphene substrate. Meanwhile, the spectrum of
AuCl; doped SWCNTs (with a similar effect on the conductivity, see Figure [2) was clearly
shifted by 4 cm™! and the RBMs appear to be completely changed due to a change in
resonant conditions. Looking at the optical absorption spectra (OAS, Figure ) we observe
a minor suppression of the first semiconducting transition peak (S;;) on graphene. While
this could indicate a mild charge transfer, it is certainly not comparable to suppression of all
transitions (metallic and semiconducting) upon chemical doping. Although the transition
peaks are unquestionably broader on graphene, this can be attributed to perturbations in
the exciton lifetime resulting from dielectric screening®® and thus supports the postulation

of stronger vdW interaction in presence of graphene.

Interfacing of SWCNTs and graphene can be studied using atomically resolved scanning
transmission electron microscopy (STEM, see Methods).®? We first exposed the sample sur-

faces for observations by applying laser cleaning in the microscope column,"

using a 10 ms
pulse length with a total energy of 60 mJ. Our earlier observations revealed that when the
thermodynamic constraints allow, thermophoretically deposited nanotubes form hundreds
of nanometers long preferentially stacked interfaces with graphene. Our observations here
suggest that regardless of higher rigidity of nanotube bundles,*!' similar to individual tubes,
they become completely in contact with the underlying graphene substrate. Figure [dh shows
an example field of view acquired by medium-angle annular dark-field detector (MAADF)
with several bundles crossing on graphene, all sharing the common focus and thus, the z-
height.®? This is even more evident in the atomically resolved closeups shown in Figure
and Supplementary Figure Now, assuming that a minor alignment of interfaces is also
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Figure 3: Spectroscopic characterization. (a) Raman radial breathing modes of SWCNT
networks on graphene, on SiO, and those treated with AuCls, and (b) the corresponding
G-band modes (2.33 and 1.96 eV laser lines). (c) The optical absorption spectra (OAS)
measured on quartz. All samples were deposited using TP.

surements conducted by Paulson et al. show that this considerably improves the charge
transport through the interface,#? the conductivity could also drastically improve. Indeed, if
we now turn our attention to the scanning electron microscopy (SEM, see Methods) images
acquired from the nanotube samples on graphene and SiO, in Figures [dc-d, we observe a
clear difference in their apparent contrast. As pointed out by the earlier authors,##44 this
kind of effect can well emerge when nanotubes are poorly interconnected, as for example

when disconnected from their neighbours on a dielectric surface.

Finally, Sun et al. concluded that the transconductance of SWCN'T networks is sensitive
to the inter-tube contact morphology.#® Their observation was that so called tube-tube Y-

junctions, which our elongated graphene/SWCNT interfaces superficially resemble, were
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generally more conductive than simple point contacts (X-junctions). This could explain the
low barriers and low Rg of TP deposited SWCNTs on graphene, as they appear to be well
interconnected with and through the graphene substrate. Further on, this can also explain
why TP deposited SWCNTSs on quartz exhibited an anomalously high Rs at low densities.
As evident from for example Figure [S2h, a low density TP deposited film is completely
dominated by X-junctions and would thus be poorly interconnected without the presence of
graphene. In contrast, Sun et al. observed networks with a very similar density fabricated by
filter transfer, yet they had mainly Y-junctions in their experiments.*® Although they did not
specifically study the mechanism of junction formation, we believe that the prominence of
Y-junctions can emerge in the presence of surface roughness of the filter, providing a greater
degree of freedom for the nanotubes to mutually align. In the same manner, the Y-junctions
also appear in thicker TP samples (Figure ), indicating that the surface roughness does

indeed play an important role in the formation of Y-junctions.

Conclusions

To summarize, we have studied the mechanism of charge transport in SWCNT networks on
graphene and on a dielectric substrate in their pristine and doped state. The observations
show that on graphene the conductivity of nanotube networks is increased by a similar
amount as is induced by chemical doping. The Raman spectroscopic measurements, however,
reveal no substantial charge transfer between the graphene and nanotube layers. Instead, as
probed by temperature dependent conductivity measurements, the graphene support acts as
a coupling layer between the individual tubes reducing the tunneling barrier heights. This
modification is responsible of enhanced interconnectivity within the binary film that, when
used in combination with chemical doping, in our experiments produced sheet resistance as

low as 36 /00 at 90% transmittance.
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Figure 4: Thin film morphology (a) A STEM/MAADF overview of a bundled SWCNT
film on graphene. The deposition was carrier out using TP. (b) An atomically resolved
close-up of a bundle firmly in contact with graphene. (c¢) A SEM micrograph of a ther-
mophoretically deposited SWCNT network on SiO, and (d) on graphene.

Methods

Thin film fabrication

The SWCNTSs were synthesized in a vertical flow floating reactor?®30 fed with a total of 400

cm® min~! carbon monoxide (CO) and 2 cm® min™! of carbon dioxide (CO,). Of the CO 50
12



3

cm? min~!

was additionally passed through a ferrocene cartridge (see FC in Figure [lp) and
the mixture passed to the reactor set at 850°C by using a water-cooled injector probe.?” At
the tip of the injector SWCNTs were nucleated on the forming iron nanoparticles and grown
while traversing through the hot zone. For deposition, we used either a thermophoretic

4 and quartz windows and silicon dioxide (SiO;)

precipitator (TP)%% or vacuum filtration
were used as substrates. The TP consisted of a pair of parallel metal plates kept at ~100 K
temperature difference and ~0.5 mm apart, thus resulting in a 20 000 Km~! temperature
gradient. This gradient gives arise for thermophoretic force which was then used to drive
the floating nanotubes on the substrate placed on the cold surface. The graphene for the
experiments was acquired from Graphenea Inc. Finally, the chemical doping was done by
dropcasting 16 mM gold chloride solution in acetonitrile on the samples and allowing several

minutes of reaction time. Finally, the samples were flushed with pure acetonitrile and left

to dry.

Sheet resistance measurements

Sheet resistances were measured by using a Jandel Engineering Ltd. General Purpose 4-
point probe system with a RM3000 test unit for resistance readout. The probe head pin

layout is a linear array of tungsten needles with a spatial separation of 1 mm.

Spectroscopic measurements

Optical absorption spectra were acquired with an Agilent Cary 5000 spectrophotometer. The
samples were supported on 1 mm thick optics grade quartz windows and their contribution
was omitted by placing a clean substrate on the reference beamline.

Raman experiments were conducted using a Witech Alpha300 R combined confocal Ra-
man spectroscope and atomic force microscope using 532 nm diode and 633 nm helium-neon
laser sources. The nominal power at the sample was set to ~0.5 mW with a spot size of

~500 nm.
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Temperature dependent conductance measurements

These measurements were conducted on networks thermophoretically deposited on square
SiOq substrates (size 4 mm X 4 mm) with nominal transmittance of ~80% (estimated from
the collection time). The four symmetrically placed contact electrodes were fabricated by
evaporating gold through a slit mask and manually wire-bonded to a Kyoreca chip carrier.
The measurement apparatus consisted of a liquid helium tank with custom-built vertically
movable sample arm including a thermocouple for temperature readout and a Keithley 26358
sourcemeter for 4-point conductivity measurements. Before slowly immersing the sample arm
into liquid helium (He), the volume was evacuated to a pressure of 1072 mbar and finally

filled with He gas. The cooling rate was kept at ~10 K min~!.

Scanning transmission electron microscopy (STEM)

The electron microscopic imaging was done in an aberration-corrected Nion UltraSTEM 100
operated with a 60-keV primary beam energy, with the sample in ultrahigh vacuum (5x1071°
mbar). The angular range for the medium-angle annular dark-field (MAADF) detector was
60-200 mrad. The samples were cleaned with a 6 W continuous wave laser directly attached

to the microscope column.“"

Scanning electron microscopy (SEM)

The images were acquired by using a Zeiss Supra 55 VP analytical SEM with beam energy

of 5 kV using the in-lens secondary electron detector.
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Supporting Information

Figure S2: STEM/MAADF images of different SWCNT layer thicknesses on laser cleaned
graphene.* Note how the morphology qualitatively changes from one dominated by X-
junctions to Y-junctions when the deposition time is increases from 2 minutes in (a) to 10
minutes in (b).
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