*Manuscript
Click here to view linked References

Anisotropic electrical conduction of vertically-aligned

single-walled carbon nanotube films

Cheng-Te Lin *, Chi-Young Lee *°, Tsung-Shune Chin °, Kei Ishikawa ¢, Rong Xiang ¢, Junichiro

Shiomi ¢, and Shigeo Maruyama **

a Department of Materials Science and Engineering, National Tsing Hua University, Hsinchu, 30013, Taiwan.
b Center of Nanotechnology, Materials Science, and Microsystems, National Tsing Hua University,
Hsinchu, 30013, Taiwan.
¢ Department of Materials Science and Engineering, Feng-Chia University, Taichung, 40724, Taiwan.

d Department of Mechanical Engineering, The University of Tokyo, 7-3-1 Hongo, Bunkyo-ku, Tokyo 113-8656, Japan.

Abstract

Anisotropic electrical conduction measurements have been carried out for thin films of
vertically-aligned single-walled carbon nanotubes (VA-SWCNTs) grown by an alcohol catalytic
CVD process. Combined with controlled synthesis and structure characterization by optical
spectroscopy, the influence of the aligned structure on the electrical conduction has been identified.
The out-of-plane conductivity of the films was measured to be about 1.11 S/mm, independently of
the film thickness. On the other hand, the in-plane conductivity was found to be more than an order
of magnitude smaller, which gives rise to highly anisotropic electrical conduction, reflecting the

high degree of alignment in the VA-SWCNT films. The in-plane conductivity decreases with
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increasing film thickness, in contrast to the film of random SWCNT networks, which exhibit

thickness-independent in-plane resistance. The thickness-dependent in-plane conductivity can be

expounded by a growth model of vertically aligned SWCNT films in which a thin layer of nanotube

networks form on top of films at the initial stage of the growth. Such electrical anisotropy of

VA-SWCNT films can be useful in miniaturized sensing devices.

1. Introduction

Thin films composed of aligned or random networks of carbon nanotube (CNT) is a promising

building block for applications in miniaturized devices, such as energy storage [1], field emitters

[2,3], mechanical sensor [4], and molecular sensors [5-9]. The CNT films provide extreme

sensitivity and high-density binding sites for sensing molecules of electron-donor (NHj [5], N, [6]

etc.) and electron-acceptor (NO; [5], O, [7], and SO, [8] etc.). CNT-based sensors exhibit a faster

response at room temperature and outstandingly higher sensitivity (more than a thousand times)

than those of current solid-state sensors, which need to be operated at 300 — 500 °C to enhance their

chemical reactivity [5,10]. Recently, vertically-aligned single-walled carbon nanotube (VA-SWCNT)

films have been successfully fabricated by alcohol CVD process [11,12]. The morphology of

vertical alignment indicates that a sensing device can be constructed by directly connecting the

as-synthesized films to the electrodes without further treatment. It also avoids the screening effect

which usually results in the decrease of originally-high surface area. Combined with a spontaneous

detachment technique, the as-prepared VA-SWCNT films can be transferred onto arbitrary



substrates retaining their alignment morphology [13]. This affords a shortcut to flexible conductive

VA-SWCNT components, and opens up an opportunity for highly functional chemical sensors.

For the above applications, knowledge in electrical conductivity of VA-SWCNT films is

essential. Electrical conductivity of individual multi-walled carbon nanotubes [14,15], aligned

SWCNT ropes [16,17] and films [18-20] has been investigated. The reported values fall in the range

6 — 128 S/mm depending on the chirality and extent of intrinsic defects. The conduction mechanism

along nanotube axis can be simply explained in terms of the diffusion of valence electrons through

overlapping m-electron cloud. On the other hand, in the assembled material, there also exists contact

or tunneling junctions between nanotubes [18,21]. Then the electron transport across nanotubes is

dominated by the concentration of these contacts or tunneling junctions, resulting in an anisotropic

conduction of the aligned nanotube film.

In this study, we have systematically investigated electrical conductivities of VA-SWCNT

films along both the out-of- and in-plane directions with a precisely controlled morphology.

Although the anisotropic conductivity of aligned multi-walled carbon nanotube material has been

examined by several groups [18,22,23], there are limited number of reports available on the

conductivity of a SWCNT arrays [19]. Utilizing the technique to synthesize smaller diameter

SWCNTs with high alignment and low density, the current work demonstrates a highly anisotropic

features of the VA-SWCNT thin film and it sensitivity to the alignment. These understanding plus

the technique to deposit electrode patterns on a fragile VA-SWCNT film with a good reproducibility
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and feasibility are useful to integrate this anisotropic material into nanoelectronic devices, e.g.,

conductance-based sensors.

2. Experimental

Using alcohol as the precursor and bimetallic Co-Mo nanoparticles as catalysts, large-area and
uniform SWCNT films were prepared on quartz substrate by the alcohol catalytic chemical vapor
deposition method [11]. The catalysts were dip-coated in turn using molybdenum and cobalt acetate
solutions (dissolved in alcohol) on both sides of the optically polished quartz substrate. For
reduction of the acetate to metallic clusters, the dip-coated substrate was baked in air at 400 °C for 5
min. The reduced metals were then oxidized in air forming monodisperse nanoparticles with 1 — 2

nm in diameter.

For growth of SWCNT films, a piece of substrate coated with Co-Mo catalysts was set in a
tube furnace, which had been preheated to 800 °C with Ar/H, (3 %) flow. Then the system was kept
at 800 °C for extra 10 min to reduce the oxide catalysts. Subsequently, vaporized alcohol was
injected into the system and the growth process immediately started. The system pressure was
maintained at ~ 10 Torr. The thickness of SWCNT film during the growth was in sifu monitored by
measuring the optical absorbance [12]. The in situ measurement enables the control of final
SWCNT film thickness by terminating promptly the source feeding (termination method).
Alternatively, we adopted a method in which the film thickness spontaneously reached an ultimate

value after reaction for a longer time (saturation method). The thickness of the film grown by the
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saturation method cannot be controlled, thus the samples with appropriate thickness were selected

for comparison with that synthesized by the termination method. After the reaction, the heater was

turned off and the system was cooled down to room temperature with flowing Ar/H,. The obtained

SWCNT films were characterized by micro-Raman measurements (Seki Technotron: 488 nm) and

UV-vis-NIR spectrophotometer (Shimadzu UV-3150).

Fig. 1 — The schematics of the devices for studying the electrical properties along (a) out-of-plane
and (b) in-plane directions of VA-SWCNT films. (¢) The photomicrograph of Ti patterns

deposited on the surface of VA-SWCNT films.

For out-of-plane electrical measurements, the SWCNT film was peeled off from the substrate
by submersing it into hot water (70 °C). The freestanding film was then re-attached onto a
supporting copper foil used as a bottom electrode with 4 mm? in area. Such a transfer procedure has
been corroborated not to alter the alignment of SWCNT films [13]. Two copper electrodes were
employed to clip this bi-layer sheet, and connected to a semiconductor parameter analyzer (Agilent
4156C) to study the electrical properties in out-of-plane direction of samples (see Fig. la). A

pressure was applied and gradually increased on the electrodes until the obtained /-V plot starts to



correspond to Ohmic contact.

For in-plane electrical measurements, a titanium pattern with 6 x 6 dot-arrays was deposited

onto the surface of SWCNT films by thermal evaporation. Each dot pattern was 100 pm in diameter,

500 nm in thickness, and 1 mm in spacing. Four tungsten-needle probes were used to contact the

patterns in sequence for in-plane resistance measurements. The device and the photomicrograph of

Ti patterns are shown in Fig. 1b and Ic, respectively. Again, a steady pressure was applied between

probe and pattern until the obtained /-V plot is reliable.

3. Results and Discussion

After synthesis, the transparent quartz substrate becomes translucent or opaque black in

appearance. The cross-sectional SEM micrograph indicates that a thin layer of aligned SWCNT

forest covers the surface of the quartz substrate, as shown in the inset of Fig. 2a. In this figure, the

thickness of SWCNT forest is uniform and evaluated to be ~ 5 pm, which can be controlled at will

by the termination method utilizing the in sifu optical absorbance measurement. The absorbance

plots of the film thickness versus growth time are shown in Fig. 2a, which demonstrates a

successful termination of the growth by stopping the source feeding. Here, the samples with the

thicknesses of 0.9, 2.0, 4.2, and 8.3 um were studied. For comparison, we also prepared a random

SWCNT network (0.8 um), in which the growth density is much lower. Therefore, the SWCNTSs

tend to extend horizontally. Another sample (8.2 um) was made by the saturation method, to



examine the effect of synthesis conditions on the electrical properties (see Fig. 2b).
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Fig. 2 — The in situ absorbance measurements of film thickness versus growth time. The samples
were prepared by (a) termination and (b) saturation methods, respectively. (a) The inset shows
cross-sectional SEM of a SWCNT forest; (b) Randomly-networked (black line) and 8.2
pm-thick (cyan line) samples were grown until they had approached the growth limit. The

thickness measuring optical system is illustrated in the inset.

As shown in Fig. 3a, resonance Raman scattering spectra of all the samples measured using
488 nm laser exhibit the typical features of high-quality SWCNTs; distinct radial breathing modes
(RBMs) (100 — 350 cm™), a small D-band (about 1350 cm™), and a sharp G-band (1550 — 1605
cm’™). The inset shows enlarged peaks in RBMs. It is noticed that the dominant RBM peak at 180
cm™ is absent for 0.8-um-thick SWCNT film. The peak has been known as the fingerprint of the
vertical alignment of SWCNT films [24], and thus the current result manifests the absence of
alignment for 0.8-um-thick sample. Furthermore, the degree of alignment of the VA-SWCNT films

can be identified by p-polarized absorption spectra [25].
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Absorption spectra in Fig. 3b for all samples with incident angles (¢) of 0° exhibit the
characteristic peaks at ~ 4.5 and/or 5.25 eV. The spectra of the thickest films are out of frame in the
high energy range since the transmitted signals were below the detector limit. The peak positions
and intensity is closely related to the degree of alignment, where the peak at ~ 4.5 eV is
predominant in randomly-oriented SWCNT films while that at ~ 5.25 eV is predominant in
vertically-aligned SWCNT films [25]. With this, one can note that the randomly-networked sample

(0.8 um) exhibits no peak at ~ 5.25 eV, in contract to the 0.9-um-thick film though their thickness

is similar.
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Fig. 3 — (a) Raman scattering and (b) optical absorption spectra of SWCNT films with specific
thicknesses. (b) The absorption spectra measured with p-polarized incident light indicates that
all the samples are actually in vertical alignment, except for the 0.8-um-thick one. Samples

marked with an asterisk meaning those made by the termination method.

We measured /-V curves of the VA-SWCNT films made by the termination method with

electrodes on both sides. /-V curves of SWCNT films with different thicknesses, providing a good
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fit to Ohm's law, are shown in Fig. 4a. The inset in Fig. 4a shows that the decrease of overall

resistance during 100 sweeps is small (~ 2.4 %), promising the measurement stability. The reduction

in resistance is attributed to that the defective SWCNTs burned away selectively at high current.

The slopes here give resistances that are the sum of the film resistance, lead-wire resistance, and

contact resistance, in series. The intrinsic resistance of SWCNT films could be obtained by

eliminating the lead-wire resistance and contact resistance, as shown in Fig. 4b.
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Fig. 4 — (a) Typical I-V characteristics of VA-SWCNT films measured along out-of-plane direction.
The inset exhibits that the decay of the resistance measured during 100 sweeps is small. (b)
Resistance versus sample thickness, indicating a linear fit. The intrinsic electrical properties

were measured along out-of-plane direction of VA-SWCNT films.
To calculate the out-of-plane conductivity (c,) of SWCNT films, a general equation was used:

00

where R, is the intrinsic out-of-plane resistance, o, is the conductivity perpendicular to the film
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plane, ¢ is the film thickness, and A4 is the effective conduction area. Here the effective conduction
area was adopted instead of the contact area between electrodes, because in practice the SWCNTs
only occupied a very small space in the bulk film. It is known that the mass density of SWCNT
films is 0.036 g cm™ [26], and the microscopic density of close-packed SWCNT bundles is assumed
to be 2 g cm™ [16]. The ratio of densities between them (1.8 %) is then utilized as the effective
conduction area in our calculation. According to a good linear fit in Fig. 4b, the average
conductivity was evaluated as 1.11 S/mm. This represents that the conductivity along the
out-of-plane direction (cy) in the VA-SWCNT films is independent of film thickness. Similar
measurement had been performed by Qu et al, but they didn't focus on studying the intrinsic
electrical properties of SWCNT films [27]. The out-of-plane conductivity is close to that of
close-packed SWCNT bundles (6.25 S/mm) [16], and that of vertically-aligned multi-walled CNT

films (4 S/mm) [28].

The in-plane electron transport (sheet resistance) of VA-SWCNT films was studied by a

four-probe measurement system. Sheet resistance in an infinite thin film is generally determined as,

Ry = (ij(zj = L 2.1
In2)\'I) ost

where R; is sheet resistance, V/I term is the measured slope, o, is the conductivity along the in-plane
direction of the film, and ¢ is the film thickness. In our case, the size of SWCNT film relative to the

spacing between probes is taken into account as a finite sample. Therefore two correction factors
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have to be considered: shape factor (f;) and thickness factor (f3). According to the literature [29], f;
and f> can be assigned to be 4.32 (at the ratio of sample width "12.5 mm" to probe spacing "1 mm":
12.5) and unity (as film thickness << probe spacing), respectively. It is emphasized that while the
shape factor is used in calculation, the mechanism of electron hopping along the in-plane direction

in our samples is different from that in thin-film materials. By using the modified equation:

V 1

Rs = 4.32(—) =— (2.2)
1 Ost

the sheet resistance of VA-SWCNT films with different thicknesses was obtained and shown in Fig.
5a. The degradation of the resistance during 50 sweeps is negligible (Fig. S1). The results of

electrical measurement are summarized in Table 1.

Table 1 — The anisotropic electrical properties of VA-SWCNT films.

. . Out-of-plane Out-of-plane In-plane (sheet)  In-plane (sheet)

Film thickness ) o ) o

(um) resistance conductivity resistance conductivity
m

: (R., Q) (v, S/mm) (R,, kQ/OJ) (65, S/mm)
0.9 n/a* n/a* 29.5 3.6x107
2.0 0.025 1.13 19.7 2.5%x10
4.2 0.053 1.09 28.3 8.5%107
8.3 0.103 1.11 25.5 4.8x107

*The 1-um-thick film is too thin thus it could not be peeled off from substrate without altering of

the aligned morphology.
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Fig. 5 — (a) In-plane resistances versus sample thicknesses. (b) Anisotropic electrical resistivities

along out-of-plane (py) and in-plane (p;s) directions in VA-SWCNT films.

The average sheet resistance of VA-SWCNT films in Fig. 5a is ranging between 20 — 30 kQ/[].

It can be noticed that the result of the aligned sample obtained by saturation method (8.2 pm; green

circle) is similar to that made by termination method (8.3 pum; blue square). On the other hand, the

randomly-networked sample (0.8 um; green circle) shows a much smaller sheet resistance (~ 15 %)

than that of vertically-aligned one with similar thickness (0.9 um). In a randomly-networked sample,

the SWCNTs also grow horizontally and the electrons are transported along the nanotube axis rather

than tunnel between nanotubes, resulting in the decrease of in-plane resistance. Therefore, we can

conclude that the aligned morphology significantly affects the in-plane electrical conduction of

VA-SWCNT films. The results also suggest that the synthesis method (termination or saturation)

has minute influence on the electric conduction as long as the SWCNTs are aligned, despite the

significant difference in growth rate and time in later stage of the growth.

While regarding the VA-SWCNT films as a continuous film structure, the in-plane
12



conductivity (os) of samples can be calculated by equation (2.2). Table 1 shows the anisotropic
electrical properties of the VA-SWCNT films. In-plane conductivity (o) decreases with increasing
film thickness, whereas the out-of-plane conductivity (o) is independent of film thickness. The
observation is abnormal because electron transport along a certain axis in bulk structure should
exhibit size-independent conductivity at fixed temperature. For example, the conductivity in the
basal plane of graphite crystals is ~ 2.6 x 10° S/mm and that perpendicular to the basal plane is in

range of (1.5 —2.3) x 10* S/mm [30].

If the in-plane conductivity in the samples is constant with respect to the film thickness, the
in-plane resistance should decay exponentially as the curve (gray dash line) in Fig. 5a, which is
apparently not the case in the experimental results. The comparative plots in Fig. 5b show the
out-of- and in-plane resistivities versus their film thickness. The resistivity is simply the reciprocal
of conductivity. The linear fit of in-plane resistivities (ps) implies that in VA-SWCNT system the
in-plane resistance has approximately a constant value of 25.9 kQ/[], and is independent of film
thickness. Recently a morphological model was proposed, suggesting that a thin layer of
randomly-oriented CNTs would be formed on top of VA-SWCNT film during the initial growth
stage [31,32]. Such a model can expound the in-plane electrical behavior of our samples, in which
the electron is principally hopping through the CNT networks on film surface, rather than across the
junctions between VA-SWCNTs underneath it. The anisotropic conduction mechanism is

schematically shown in Fig. 6. This model suggests that the vertically aligned part underneath the
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surface layer has negligible contribution to the out-of-plane conductivity, which gives rise to a

strong anisotropy, about hundred times stronger than that of previously reported SWCNT forests

with different morphology [19].

In-plane transport
~ via a thin SWCNT network

Electron transport
via a VA-SWCNT film

Fig. 6 — (Left) Electron conductance goes through the longitudinal axis of SWCNTs, resulting in an

increased resistance with increasing of film thickness. (Right) Electron transports via a thin

nanotube network which is unaffected by the thickness variation of VA-SWCNT films

4. Conclusions

The anisotropic conduction properties of VA-SWCNT films prepared under well-defined

conditions have been determined by out-of- and in-plane measurements. The conductivity of

VA-SWCNT films along out-of-plane direction (o) is demonstrated to be about 1.11 S/mm and

independent of film thickness. On the contrary, their in-plane (sheet) conductivity (os) decreases

with increasing film thickness, with the approximately thickness-independent sheet resistance (25.9

kQ/[]). The thickness-dependent in-plane conductivity can be explained by a growth model of

vertically aligned SWCNT films, in which a thin layer of nanotube networks form on top of films at
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the initial stage of the growth.

As a result, the in-plane conductivity was found to be more than an order of magnitude smaller,

which gives rise to highly anisotropic electrical conduction, reflecting the high degree of alignment

in the VA-SWCNT films. In addition, these properties were found be independent of the feedstock

termination method as long as the SWCNTs are aligned. The above findings may be useful for

application of SWCNTs in miniaturized sensing devices.
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an asterisk meaning those made by the termination method.

20



Figure 1
Click here to download high resolution image



http://ees.elsevier.com/carbon/download.aspx?id=325870&guid=75a1e22b-baa7-4619-9b13-1d03b66c9474&scheme=1

Figure 2a
Click here to download high resolution image

(a)s

m
A N

= U

N

Thickness of SWCNT films ( .
w

Q =

O 20 40 60 80 100 120 140 160
Growth time (sec)


http://ees.elsevier.com/carbon/download.aspx?id=333071&guid=111316c0-1a00-43a5-91dc-c53b6f3a2a2d&scheme=1

Figure 2b
Click here to download high resolution image

(b)s

m
Ui & N

=

= N

Thickness of SWCNT films ( .
w

o

O 1 2 3 4 5 6 7 8 9 10 11
Growth time (min)


http://ees.elsevier.com/carbon/download.aspx?id=333072&guid=03eb8cc7-e1b6-498c-a1b1-98ebc523e483&scheme=1

Figure 3a
Click here to download high resolution image

(a)

Thickness
(£ m)

8.2

8.3
4.2
2.0 }*
0.9

0.8

Intensity (arb. unit)

A

' -~ =
‘ts b\_/\.‘ - e, R
: ) B e S, T T o o D —— e i e

200 400 600 800 1000 1200 1400 1600
Raman shift (cm™?)


http://ees.elsevier.com/carbon/download.aspx?id=325873&guid=820dd98f-3eb6-4aa9-a7f3-bd10e9b816da&scheme=1

Figure 3b

olution image

Click here to download high res

0) {sueqlosqy

4
Energy (eV)

3


http://ees.elsevier.com/carbon/download.aspx?id=325874&guid=81f7a0d6-d34d-4b5d-9f02-075701bf7e40&scheme=1

Figure 4a
Click here to download high resolution image

-100 -75 -50 -25

~ 10
G

1

©0.1L—

Current (mA)


http://ees.elsevier.com/carbon/download.aspx?id=325875&guid=5e140ee7-e853-4bbe-86bc-2e55b919d0ce&scheme=1

Figure 4b
Click here to download high resolution image

(b)

&
=
O

&
o
o

&
o
=

Average conductwnty
e 11 (S/mm)

Out-of-plane resistance (Q)
o
Q
W

0 2 4 6 8
Thickness of SWCNT films ( £ m)


http://ees.elsevier.com/carbon/download.aspx?id=333080&guid=eaae7d65-af82-40a8-b57d-b15554370d26&scheme=1

Figure 5a
Click here to download high resolution image

[
(¢ )

Sheet resistance (k2/0)
[
N

0 2 4 6 8
Thickness of SWCNT films ( £ m)


http://ees.elsevier.com/carbon/download.aspx?id=333082&guid=c036ae58-7f44-4b2b-94eb-7239a51df0cb&scheme=1

Figure 5b
Click here to download high resolution image

(b)

200
£
£150
2
£100 g s
> Average resistivity
> 50 pv 0.90 (Q- mm)
§ . .

0 2 4 6 S
Thickness of SWCNT films ( £ m)


http://ees.elsevier.com/carbon/download.aspx?id=333083&guid=09d8da93-a210-4b51-88d2-fe44fc403120&scheme=1

Figure 6
Click here to download high resolution image

~ In-plane transport
' 4 , via a thin SWCNT network

e

Electron transport
via a VA-SWCNT film



http://ees.elsevier.com/carbon/download.aspx?id=333085&guid=d2db437b-b40f-403f-bbe6-e59dd6e0471f&scheme=1

Figure S1
Click here to download high resolution image

o
o

o
o

(WY

Sheet resistance (kQ/0) =

o

10 20 30 40 50
Cycles


http://ees.elsevier.com/carbon/download.aspx?id=325880&guid=aea4c49c-a901-4b08-a6db-4ed7ee14155d&scheme=1

