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Here we quantify the electron transport properties of aligned carbon nanotube (CNT) networks
as a function of the CNT length, where the electrical conductivities may be tuned by up to 10× with
anisotropies exceeding 40%. Testing at elevated temperatures demonstrates that the aligned CNT
networks have a negative temperature coefficient of resistance, and application of the fluctuation
induced tunneling model leads to an activation energy of ≈ 14 meV for electron tunneling at the
CNT-CNT junctions. Since the tunneling activation energy is shown to be independent of both CNT
length and orientation, the variation in electron transport is attributed to the number of CNT-CNT
junctions an electron must tunnel through during its percolated path, which is proportional to the
morphology of the aligned CNT network.

The quantum confinement mediated landmark proper-
ties of one dimensional materials, such as nanowires,
nanofibers, and nanotubes, makes them attractive to a
number of high value applications. Recently, carbon
nanotubes (CNTs) were extensively studied in scalable
aligned architectures, commonly known as forests, which
promise the design and facile manufacture of multifunc-
tional material architectures with tunable properties.1,2

When the aligned CNTs (A-CNTs) are densified using
a rigid roller, a network comprised of CNTs aligned in
a desired direction can be synthesized, forming a CNT
film similar to buckypaper. Recent studies indicate that
A-CNT networks can find many uses including sensors
and actuators,3–7 optoelectronics,5–11 and energy stor-
age architectures.7,12–14 However, the dependence of the
electron transport properties of A-CNT networks on the
length of the underlying CNTs in such complex systems
is still poorly understood. In this letter, we evaluate the
impact of CNT length on the electron transport proper-
ties of A-CNT networks, and demonstrate that the CNT
morphology is responsible for the scaling behavior of the
sheet resistance as a function of CNT length at different
temperatures.

While the intrinsic electrical properties of single and
multiwalled CNTs were extensively studied both exper-
imentally and theoretically,1,2,5 most previous studies
on the electrical properties of CNT networks focus on
singlewalled CNT architectures formed using solution
processing.15–21 Since these networks are normally thin
and comprised of singlewalled CNTs that are / 50 µm
long,15–21 our understanding of the impact of morphol-
ogy on electron transport in thick CNT networks com-
prised of long (' 100 µm) multiwalled CNTs remains
incomplete. Recent work on A-CNT networks made via
roller densification of ' 100 µm long vertically aligned
CNT arrays showed that the sheet resistance is directly

proportional to the density of the network,22 and is
mildly anisotropic in nature.23,24 However, an important
factor that was largely absent from these studies was
CNT length. Previous studies indicated that A-CNT ar-
rays comprised of longer CNTs have significantly higher
resistances,24 but since these reports do not describe and
model the electron transport mechanism, further work is
necessary to elucidate the importance of CNT length on
the electronic properties of A-CNT networks made via
densification of A-CNT arrays. Here we use a four probe
method to quantify the impact of CNT length on the
anisotropic sheet resistance, and include bonding charac-
ter information from Raman spectroscopy to study the
underlying physics that govern electron transport in such
networks.

A-CNT arrays were grown in a 44 mm internal di-
ameter quartz tube furnace at atmospheric pressure via
a thermal catalytic chemical vapor deposition process,
very similar to a previously described process,25–27 with
ethylene as the carbon source and 600 ppm of water va-
por added to the inert gas. The CNTs were grown on 3
cm × 4 cm Si substrates forming A-CNT arrays that are
up to ≈ 300 µm tall, and are composed of multiwalled
CNTs that have an average outer diameter of ≈ 7.8 nm
(3 − 7 walls28 with an average inner diameter of ≈ 5.1
nm), evaluated intrinsic CNT density of ≈ 1.6 g/cm3,29

average inter-CNT spacing of ≈ 59 nm, and correspond-
ing volume fraction of ≈ 1.6% CNTs.27 See Section S1
in the Supplementary Information30 for further details.
The height of the as-grown A-CNT arrays, defined as H,
was evaluated by measuring the stage displacement nec-
essary for an optical microscope (Carl Zeiss Axiotech 30
HD) to transition from focusing onto the Si wafer (the
bottom of the CNT forest) to the top of the CNT forest.
The true length of the CNTs (L) can be approximated
by correcting the H values for the CNT waviness (wavi-
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FIG. 1. Illustration of the densification process (top), and
cross-sectional morphology of an A-CNT array (bottom right)
and the networks produced from their densification via rolling
(bottom left).

ness ratio ∼ 0.25 for these as-grown A-CNTs),31 and the
/ 0.1−1 µm thick growth initiation region,32 which leads
to an approximation of L ∼ 1.5H here (see Section S2
in the Supplementary Information30 for details). The A-
CNTs were re-oriented and densified using a 10 mm di-
ameter rod and Guaranteed Nonporous Teflon (GNPT)
film by rolling in the desired alignment directions (see
Fig. 1 for illustration). Since the post-growth H2 anneal
step weakens the attachment of the CNTs to the catalyst
layer,33 the A-CNT network adheres to the GNPT film
and is cleanly removed from the Si substrate. See Fig. 1
for high resolution scanning electron microscopy (JEOL
6700, 3.0 mm working distance) micrographs of the cross
sectional morphology of an as-grown A-CNT array (1.0
kV accelerating voltage), and an A-CNT network pro-
duced via the densification of an A-CNT array (1.5 kV
accelerating voltage).

While the electrical conductivity is the most common
measure used to quantify the electrical properties of CNT
networks regardless of their alignment, sheet resistance is
a more representative measure of the electron transport
in the A-CNT networks studied here. This originates
from the uncertainty in the L values approximated from
the experimentally determined H (→ L ∼ 1.5H here),
which prevents the CNT networks from being treated as
bulk materials without potentially inducing large errors
in the measured electrical properties. Because contact
resistance could play a role on the sheet resistance of
the A-CNT networks, the sheet resistance was evaluated
using a four-point probe method (Keithley SCS-4200)34

where electrode-CNT connections were established using
Ag paint. Since defects present in the CNTs can lead to
vastly altered electronic properties,35–38 the defect con-
centration of the CNTs that comprise the networks was

quantified via Raman spectroscopy. Raman spectra were
collected using a Raman microscope (LabRam HR800,
Horiba Jobin Yvon) with 532 nm (2.33 eV) laser exci-
tation through a 50× objective (N.A. 0.75), and defect
concentrations were evaluated using the integrated in-
tensities (area ratios) of the G (∼ 1350 cm−1) and D
(∼ 1580 cm−1) peaks,39 known as the AG/AD ratio.40

Additionally, since the electronic properties strongly de-
pend on the CNT-CNT junction potentials, which are a
strong function of temperature, the thermal response of
electron transport was quantified by evaluating the scal-
ing of the sheet resistance of the A-CNT networks from
25◦C to 130◦C (via a hot plate).

As illustrated by Fig. 2a, the Raman spectra of the
CNTs does not vary significantly as a function of L.
The resulting values of the AG/AD ratios, which were
all ≈ 0.7 ± 0.1, confirm that the wall defect concentra-
tions are of similar magnitude, meaning that the intrin-
sic properties of the CNTs are invariant with L in this
study. To test the impact of L on the electrical transport
properties of the A-CNT networks, the sheet resistance
(R) was measured and is presented as a function of L in
Fig. 2b. As Fig. 2b demonstrates, the R values show a
very strong dependence on L, starting at ≈ 75 Ω/� for
L ≈ 90 µm, and decreasing to ≈ 10 Ω/� for L ≈ 465 µm.
These resistance values are lower than most of the ones
previously reported for graphene and CNT film based
microheaters.41 Using a film thickness of ∼ 10 µm yields
order of magnitude electrical conductivities of ∼ 10 S/cm
for L ≈ 90 µm and ∼ 100 S/cm for L ≈ 465 µm, in
good agreement with previous work on A-CNT networks
and related architectures.23,24,42 Since the intrinsic CNT
properties are invariant with L (based on the Raman
spectra), the large changes in R can be attributed to the
impact of the A-CNT network morphology on the num-
ber and quality of electron pathways available for electron
transport. Previous work on percolated CNT networks
showed that R ∝ cL−n where c and n are constants.
A study on singlewalled CNTs with L / 4 µm showed
that n ≈ 1.46, and that the power law relationship holds
until the resistance along the CNT (i.e. the intrinsic re-
sistance of the CNT, which scales linearly with L)43 be-
comes comparable to the CNT-CNT junction resistance
(L ' 25 µm in the previous work).15 This value of n is
within the expected range of values for a percolated net-
work of conductive fibers, where n was previously shown
to range from a lower bound of n = 0 (junction resistance
is negligible → R independent of L) to an upper bound
of n = −2.48 (junctions completely dominate R).15,44

Application of this model yields a R ∝ cL−1 dependence
(see Fig. 2b), meaning that CNT-CNT coupling is what
limits the electron transport properties in the A-CNT
networks, and not the intrinsic CNT resistance. These
results indicate that the previously proposed scaling rela-
tionship is appropriate for A-CNT networks with CNTs
that are more than an order of magnitude longer than
those of Hecht et al. 15 , and are consistent with previous
work that reported and/or assumed that the CNT intrin-
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FIG. 2. (a) Raman spectra illustrating that the bond char-
acter does not vary significantly as a function of the CNT
length (L). (b) Sheet resistance (R) as a function of L in-
dicating that the electron transport in the A-CNT networks
strongly depends on the length of the CNTs that comprise
them. Inset: R of A-CNT networks as a function of orienta-
tion θ, a ratio of R(θ = 90◦)/R(θ = 0◦) ∼ 1.4 was observed.

sic resistance is much smaller than that of the CNT-CNT
junction resistance.15,16 Since the intrinsic properties of
CNTs are highly anisotropic, the importance of morphol-
ogy was further studied by evaluating R as a function of
the orientation angle, θ (see Fig. 2b inset), as follows:

R(θ) = R(θ = 0◦) cos2 (θ) +R(θ = 90◦) sin2 (θ). (1)

See Section S3 in the Supplementary Information30

for the derivation of Eq. 1 from matrix transforma-
tions. As illustrated by the inset of Fig. 2b, R(θ) for

Theory (Eq. 2)
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FIG. 3. (a) Illustration of the fluctuation induced tunneling
conduction (FITC) mechanism which dominates the thermal
response of the electron transport properties in the A-CNT
networks. The intrinsic resistance of the CNT (Rcnt) and the
tunneling resistance (Rt) are indicated. (b) Sheet resistance
(R) as a function of the operating temperature (T ). Evalua-
tion of the parameters of Eq. 2 indicates that the activation
energy for tunneling is ≈ 14.2 meV independent of orientation
(θ) and CNT length.

L > 150 µm showed anisotropy on the order of ∼ 40%
(R(θ = 90◦)/R(θ = 0◦) ≈ 1.44 ± 0.19), and the exper-
imentally determined R(θ = 45◦) values showed good
agreement with the predictions of Eq. 1 (using R(θ =
90◦)/R(θ = 0◦) ∼ 1.44). R(θ) for L < 150 µm exhib-
ited much lower anisotropy (R(θ = 90◦)/R(θ = 0◦) ≈

1.19±0.13) due to squashing and/or buckling during the
densification process (see Fig. S5 in the Supplementary
Information30) and is therefore not included in the inset
of Fig. 2b due to the altered morphology. Further work is
necessary to determine the degree of buckling/squashing
(i.e. excess waviness that leads to additional potential
CNT-CNT junctions in the in-plane directions, misalign-
ment of the CNTs, etc.) that occurs during the densifi-
cation of A-CNT arrays with L < 150 µm via a rigid
roller. Since the CNT-CNT junction potentials are a
strong function of temperature, the physics that underly
electron transport in the A-CNT networks were further
studied by evaluating the temperature response of R.
Since the electrical conductivity of thick CNT net-
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works is limited by the CNT-CNT junction resistance
(see Fig. 3a for the conduction mechanism),45–49 their
temperature coefficient of resistance (TCR) is expected
to have a negative value (i.e. nonmetallic behavior).46 As
Fig. 3b demonstrates, the TCR for the A-CNT networks
used in this study is ≈ −1.2 × 10−3 K−1, which is con-
sistent with those reported in previous studies (−0.4 to
−1.4×10−3 K−1).23,24,50 Since the activation energy (Ea)
for electron transport via tunneling in the CNT-CNT
junction decreases with the number of walls of the CNTs
in the network,50 the order of magnitude span of the TCR
in the previous work can be attributed to the differences
in CNTs that comprised the networks. Another factor
that could account for the TCR range in the literature is
a difference in the CNT curvature and inter-CNT spac-
ing distribution, which leads to lower junction resistances
for preferentially aligned CNTs with large contact areas.
Since these CNT networks are relatively thick, and have
native inter-layer bonds that likely enable electrons to
navigate around defects in the outer walls, their elec-
tron transport mechanism will be better represented us-
ing the fluctuation induced tunneling conduction (FITC)
model,46–48 as opposed to the 1D, 2D, and 3D variable
range hopping (VRH) model that many previous studies
have adopted to analyze the thermal response of the elec-
trical properties of thin singlewalled CNT networks.51,52

To evaluate Ea using the FITC model, the following ex-
pression can be applied:53–55

R(T )

R(To)
= β exp

(

Tb

T + Ts

)

, (2)

where Tb corresponds to the tunneling activation en-
ergy, Ts defines the point at which thermal activation oc-
curs, To is the reference temperature (To = 298 K here),
and β is a scaling parameter. Fitting the experimental
data (See Fig. 3b) yields the following parameters for
Eq. 2 (coefficient of determination = 0.9976): β = 0.581,
Tb = 165 K, Ts = 6.10 K. The value of Tb/Ts ≈ 27
indicates that the fitting parameters are consistent with
previous investigations utilizing the FITC model.53–55 Ea

can now be evaluated using kTb, where k is the Boltz-
mann constant, yielding Ea ≈ 14.2 meV. This value
is consistent with previous work on electron transport
in CNT networks.46,50 Since the fitting parameters for
Eq. 2 can be applied to data from both R(θ = 0◦) and
R(θ = 90◦) with the same coefficient of determination
(= 0.9976), these results indicate that Ea is independent
of both L and θ in the A-CNT networks. Such a finding
is consistent with the Raman spectroscopy results, which
show that the CNT quality does not vary significantly
with L, leading to a CNT-CNT junction resistance that
is consistent throughout all the A-CNT networks studied
here. Since the experimental data included in Fig. 3b
originates from aligned CNT networks with a wide dis-
tribution of CNT volume fractions (∝ number of junc-

tions per CNT),16 but the Ea is approximately constant,
Fig. 3b indicates that higher CNT confinement has little
influence on the junction resistance.
In summary, the scaling of the sheet resistance of the

A-CNT networks was observed to be inversely propor-
tional to the CNT length, and range from ≈ 80 Ω/�
for short CNTs (lengths / 100 µm) to ≈ 10 Ω/� for
long CNTs (lengths ' 300 µm). Also, the sheet resis-
tance is shown to vary as a function of orientation by
up to ∼ 50%. Since Raman spectroscopy indicates that
the defect concentration in the CNTs is not a function
of their length, and the thermal dependence of the sheet
resistance indicates that the activation energy for elec-
tron transport via tunneling in the CNT-CNT junctions
(≈ 14.2 meV) is independent of both CNT length and
orientation, the scaling relationship of the sheet resis-
tance with CNT length is attributed to the CNT network
morphology (∝ number of barriers an electron must tun-
nel through during its percolated path). These results
indicate that the CNT length can be used to tune the
electrical properties of these A-CNT networks in a man-
ner similar to tuning the bundle size in networks of un-
aligned singlewalled CNTs.15,16 Future studies should ex-
plore the impact of CNT proximity effects and waviness
on the electron transport properties of A-CNT networks
via both theory (analytically) and simulation (numeri-
cally). Once CNT proximity effects can be better quan-
tified, precise control over the electrical properties of A-
CNT networks may become possible, enabling the design
and fabrication of better performing sensors and actua-
tors, optoelectronics, and energy storage devices. Such
materials have already found application as mass and
volume-efficient heaters for aerovehicle ice protection.56
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Biró, and S. Roth, Appl. Phys. A 90, 597 (2008).
48 A. B. Kaiser and V. Skákalová, Chem. Soc. Rev. 40, 3786

(2011).
49 M. P. Garrett, I. N. Ivanov, R. A. Gerhardt, A. A. Puret-

zky, and D. B. Geohegan, Appl. Phys. Lett. 97, 163105
(2010).

50 G. Chen, D. N. Futaba, S. Sakurai, M. Yumura, and
K. Hata, Carbon 67, 318 (2014).

51 E. Kymakis and G. A. J. Amaratunga, J. Appl. Phys. 99,
084302 (2006).

52 K. Yanagi, H. Udoguchi, S. Sagitani, Y. Oshima,

mailto:wardle@mit.edu
http://dx.doi.org/10.1126/science.1222453
http://dx.doi.org/10.1002/smll.201002198
http://dx.doi.org/10.1021/nn102251a
http://dx.doi.org/10.1002/anie.201201975
http://dx.doi.org/10.1002/adma.200801995
http://dx.doi.org/10.1126/science.1182383
http://dx.doi.org/10.1126/science.1182383
http://dx.doi.org/10.1021/cr9002962
http://dx.doi.org/10.1021/cr9002962
http://dx.doi.org/10.1002/adfm.200901960
http://dx.doi.org/10.1002/adfm.200901960
http://dx.doi.org/ 10.1021/am200114r
http://dx.doi.org/ 10.1021/am200114r
http://dx.doi.org/10.1002/adma.201103509
http://dx.doi.org/10.1021/am401592v
http://dx.doi.org/10.1021/am401592v
http://dx.doi.org/ 10.1021/jp3083387
http://dx.doi.org/ 10.1021/jp3083387
http://dx.doi.org/ 10.1002/adfm.201202412
http://dx.doi.org/10.1039/C3EE42927J
http://dx.doi.org/10.1063/1.2356999
http://dx.doi.org/10.1063/1.2356999
http://dx.doi.org/ 10.1063/1.2968437
http://dx.doi.org/ 10.1063/1.2968437
http://dx.doi.org/ 10.1038/nnano.2012.257
http://dx.doi.org/ 10.1063/1.4866577
http://dx.doi.org/10.1002/adma.201401395
http://dx.doi.org/10.1002/adma.201401395
http://dx.doi.org/10.1021/la500162x
http://dx.doi.org/10.1021/la500162x
http://dx.doi.org/ 10.1002/adma.201304280
http://dx.doi.org/ 10.1002/adma.201304280
http://dx.doi.org/ 10.1021/nl3023274
http://dx.doi.org/ 10.1021/nl3023274
http://dx.doi.org/ 10.1088/0957-4484/19/7/075609
http://dx.doi.org/ 10.1088/0957-4484/19/7/075609
http://dx.doi.org/10.1016/j.carbon.2013.11.007
http://dx.doi.org/10.1002/adma.200800295
http://dx.doi.org/10.1002/adma.200800295
http://dx.doi.org/ 10.1021/nn200847u
http://dx.doi.org/10.1039/C3CP43762K
http://dx.doi.org/10.1039/C3CP43762K
http://dx.doi.org/10.1021/jp055498b
http://dx.doi.org/10.1021/jp055498b
http://dx.doi.org/10.1016/j.carbon.2013.12.001
http://dx.doi.org/10.1063/1.4907608
http://dx.doi.org/10.1063/1.4842117
http://dx.doi.org/10.1063/1.4842117
http://dx.doi.org/ 10.1021/jp904152v
http://dx.doi.org/ 10.1021/jp904152v
http://dx.doi.org/ 10.1016/j.compscitech.2012.11.003
http://dx.doi.org/ 10.1016/j.compscitech.2012.11.003
http://dx.doi.org/ 10.1177/0040517511416280
http://dx.doi.org/ 10.1177/0040517511416280
http://dx.doi.org/10.1088/1367-2630/6/1/068
http://dx.doi.org/10.1088/0953-8984/21/19/196002
http://dx.doi.org/10.1088/0953-8984/21/19/196002
http://dx.doi.org/10.1021/cm103655y
http://dx.doi.org/10.1021/cm103655y
http://dx.doi.org/10.1088/0022-3727/44/8/085001
http://dx.doi.org/ 10.1021/nl201432g
http://dx.doi.org/ 10.1021/nl201432g
http://dx.doi.org/10.1021/nn5002408
http://dx.doi.org/10.1039/C3NR05636H
http://dx.doi.org/10.1002/smll.200900741
http://dx.doi.org/10.1002/smll.200900741
http://dx.doi.org/ 10.1021/nl048687z
http://dx.doi.org/ 10.1021/nl048687z
http://dx.doi.org/10.1103/PhysRevLett.51.1605
http://dx.doi.org/10.1103/PhysRevLett.51.1605
http://dx.doi.org/ 10.1021/nl9020914
http://dx.doi.org/10.1103/PhysRevB.74.085403
http://dx.doi.org/10.1103/PhysRevB.74.085403
http://dx.doi.org/ 10.1007/s00339-007-4383-0
http://dx.doi.org/10.1039/C0CS00103A
http://dx.doi.org/10.1039/C0CS00103A
http://dx.doi.org/ 10.1063/1.3490650
http://dx.doi.org/ 10.1063/1.3490650
http://dx.doi.org/ 10.1016/j.carbon.2013.10.001
http://dx.doi.org/10.1063/1.2189931
http://dx.doi.org/10.1063/1.2189931


6

T. Takenobu, H. Kataura, T. Ishida, K. Matsuda, and
Y. Maniwa, ACS Nano 4, 4027 (2010).

53 P. Sheng, E. K. Sichel, and J. I. Gittleman, Phys. Rev.
Lett. 40, 1197 (1978).

54 P. Sheng, Phys. Rev. B 21, 2180 (1980).
55 M. Salvato, M. Cirillo, M. Lucci, S. Orlanducci, I. Otta-

viani, M. L. Terranova, and F. Toschi, Phys. Rev. Lett.
101, 246804 (2008).

56 S. T. Buschhorn, S. S. Kessler, N. Lachman, J. Gavin,
G. Thomas, and B. L. Wardle, in 54th AIAA Structures,
Structural Dynamics, and Materials (SDM) Conference
(Boston, MA, 2013).

http://dx.doi.org/10.1021/nn101177n
http://dx.doi.org/10.1103/PhysRevLett.40.1197
http://dx.doi.org/10.1103/PhysRevLett.40.1197
http://dx.doi.org/10.1103/PhysRevB.21.2180
http://dx.doi.org/ 10.1103/PhysRevLett.101.246804
http://dx.doi.org/ 10.1103/PhysRevLett.101.246804
http://dx.doi.org/ 10.2514/6.2013-1729
http://dx.doi.org/ 10.2514/6.2013-1729


Supplementary Information: Impact of carbon

nanotube length on electron transport in aligned

carbon nanotube networks

Jeonyoon Lee,1, ∗ Itai Y. Stein,1, ∗ Mackenzie E. Devoe,2 Diana J. Lewis,3 Noa

Lachman,3 Seth S. Kessler,4 Samuel T. Buschhorn,3 and Brian L. Wardle3, †

1Department of Mechanical Engineering,

Massachusetts Institute of Technology, 77 Massachusetts Ave,

Cambridge, Massachusetts 02139, USA.

2Department of Materials Science and Engineering,

Massachusetts Institute of Technology, 77 Massachusetts Ave,

Cambridge, Massachusetts 02139, USA.

3Department of Aeronautics and Astronautics,

Massachusetts Institute of Technology, 77 Massachusetts Ave,

Cambridge, Massachusetts 02139, USA.

4Metis Design Corporation, 205 Portland St,

Boston, Massachusetts 02114, USA.

S1



S1. STRUCTURE AND MORPHOLOGY OF CARBON NANOTUBES IN ALIGNED

ARRAYS

This Section contains the experimentally determined values of the CNT inner and outer

diameters, from transmission electron microscopy (TEM), the origin and approximate value

of the CNT intrinsic density, the experimentally determined value of the inter-CNT spacing,

from scanning electron microscopy, and the equations used to extract the CNT volume

fraction from the inter-CNT spacing.

A. Inner and outer diameters

The inner (Di) and outer (Do) diameters of the CNTs were measured from 30 TEM mi-

crographs (JEOL 2100, 200 kV accelerating voltage) of the as-grown CNTs. To accurately

estimate the average values ofDi andDo, Gaussian functions were fit to the obtained discrete

distributions (see Fig. S1 for histograms and fits) and the following values were obtained:

≈ 5.12 ± 0.76 nm (coefficient of determination = 0.9715) for Di, and ≈ 7.78 ± 0.85 nm

(coefficient of determination = 0.9462) for Do. These values are very similar to the ones

used in previous studies (Di ∼ 5 nm and Do ∼ 8 nm).1–4 Using the average values of Di
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FIG. S1. (a) Histogram and fit for the CNT inner diameter (Di) showing that Di ≈ 5.12 ± 0.76

nm. (b) Histogram and fit for the CNT inner diameter (Di) showing that Do ≈ 7.78 ± 0.85 nm.

These values originate from 30 transmission electron microscopy (TEM) images of the as-grown

CNT arrays.
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and Do, an average number of walls of 4.9 can be evaluated, and is used in Section S1B to

evaluated the CNT intrinsic density.

B. Intrinsic density

While most theoretical studies utilize the CNT volume fraction (Vf) as the primary measure,

the majority of experimental studies only report the CNT film density, so a measure that

enables the proper conversion from one to the other is necessary, and is defined as the CNT

intrinsic density (ρcnt). As discussed in a previous study,3 ρcnt is a strong function of the

inner diameter and number of walls, and in order to get a proper estimate of the average ρcnt

for an array of CNTs, the population of CNTs with respect to their number of walls needs to

be properly accounted for. The previous study suggested using a discrete summation form

(see Eq. S1a) to represent the probability density function of CNTs with respect to their

number of walls, but a continuous integral form is more convenient, and is included below

(see Eq. S1b):

ρcnt = 4ρgℓ=

(

7
∑

k=3

pk
(Di + 2ℓ=(k − 1))2

(

k
∑

j=1

(Di + 2ℓ=(j − 1))

))

(S1a)

ρcnt = 4ρgℓ=

(

7
∑

k=3

pk
(Di + 2ℓ=(k − 1))2

( k
∫

0

(Di + 2ℓ=(j − 0.5)) dj

))

(S1b)

Where ρg is the theoretical density of a single graphene sheet (≈ 2.25 g/cm3), ℓ= is the

inter-layer spacing value for MWCNTs (≈ 3.41 Å), Di is the inner diameter (≈ 5.12 nm

from Section S1A), and the summation/integration limit variables j and k represent the

3 to 7 wall nature of the CNT population. To further simplify Eq. S1b, the probability

distribution can be approximated with a Gaussian centered at µ with a standard deviation

σ (see Fig. S2a for exemplary fits of discrete distributions centered at µ = 5), enabling the

first summation term to be replaced with a scaling factor α(µ, σ) as follows:

ρcnt ≃ 4ρgℓ=α(µ, σ)
µ(Di − ℓ=(1− µ))

(Di + 2ℓ=(µ− 1))2
(S2)

Where α(µ, σ) . 1 (→ α(µ, σ) = 1 corresponds to the ideal σ = 0 Delta function).
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To evaluate the scaling of α(µ, σ), Eq. S1b was studied with discrete distributions that

correspond to Gaussians centered at integer values of µ (3 ≤ µ ≤ 7) with 0.4 . σ . 2.0.

The resulting values of ρcnt were then compared to the ideal Delta function centered at

the respective µ value (Eq. S2 with α(µ, σ) = 1), leading to the value of the scaling factor

α(µ, σ). See Fig. S2b for a plot of α(µ, σ) as a function of σ and µ. As Fig. S2b demonstrates,

α(µ, σ) & 0.98, and since ρcnt(µ = 4.9) = 1.602 g/cm3 for α(µ, σ) = 1 (ideal Delta function),

ρcnt ≈ 1.6 g/cm3 for the CNTs used in this study regardless of the distribution of the CNTs

with respect to their number of walls (assuming the form remains Gaussian in nature) .
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FIG. S2. (a) Exemplary Gaussian fits of discrete distributions centered at 5 (→ µ = 5) with

standard deviations (σ) of ∼ 0.5, 1, and 2. (b) Plot of scaling factor, α(µ, σ), of the average

CNT intrinsic density as a function of µ and σ. According to the empirical scaling relationship,

α(µ, σ) & 0.98 for the CNTs used in this study (µ ≈ 4.9 and σ ∼ 1), meaning that the average

CNT intrinsic density ∼ 1.6 g/cm3.
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C. Packing morphology and volume fraction

A previous study2 included a detailed discussion of the scaling relationship between the

average inter-CNT spacing (Γ), the CNT volume fraction (Vf), the CNT outer diameter

(Do), and the notional two dimensional coordination number (N) of an idealized aligned

CNT system. The functional forms of this scaling relationship are included in Eq. S3 below:2

Γ = Do



(11.77(N)−3.042 + 0.9496)

√√
3π

6Vf

− 1



 (S3a)

N = 2.511(Vf) + 3.932 (S3b)

Using the isosceles angle (θ) of the constitutive triangles at each N , the minimum (Γmin) and

maximum (Γmax) inter-CNT spacings were previously separated from Γ (Eq. S3a), yielding

the following:4

θ = π

(

1

2
−

1

N

)

(S4a)

Γmax = 4 cos (θ)

(

Γ

1 + 2 cos (θ)

)

(S4b)

Γmin = 2

(

Γ

1 + 2 cos (θ)

)

(S4c)

To evaluate the Vf of the CNTs in the as-grown arrays, the average inter-CNT spacing must

first be evaluated experimentally, and is defined as Γexp. Γexp was evaluated from 15 SEM

micrographs (JEOL 6700, 6.0 mm working distance) by first adjusting their contrast to have

0.5% saturated pixels, and then reducing noise by applying a median filter. All processing

was done in ImageJ. Γexp was estimated from these images by counting the number of in-

focus (bright) CNT, and dividing the width of the picture by that number. The counting

was done by taking a line plot across two places on the image, where peaks with a brightness

greater than 150 (on a 0 − 255 scale) were counted as a single CNT. A histogram of Γexp,

along with a gaussian fit (coefficient of determination = 0.9913), can be found in Fig. S3a.

The gaussian fit indicates that Γexp ≈ 58.6± 10.6 nm.
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Using Eq. S3and Eq. S4, Γexp can be used to approximate Vf for Do ≈ 7.78 nm (from

Section S1A), where the mean of Γexp is approximately equal to Γ (→ Γ ≈ 58.6 nm), and

the standard deviations of Γexp are used to define Γmin (→ Γmin ≈ 48.0 nm) and Γmax

(→ Γmin ≈ 69.2 nm). The resulting estimates indicate that 1.567 vol. % . Vf . 1.604

vol. %, meaning that Vf ∼ 1.6 vol. % for the as-grown CNT arrays used in this study. See

Fig. S3b for a comparison of the Vf estimate, Γ, Γmin and Γmax.
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FIG. S3. (a) Histogram and fit for the experimentally determined inter-CNT spacing (Γ) showing

that Γexp ≈ 58.6 ± 10.6 nm. These values originate from 15 scanning electron microscopy (SEM)

micrographs of the cross-sectional morphology of the as-grown CNT arrays. (b) Comparison of

Γexp to Γ (Eq. S3a), Γmin (Eq. S4b), Γmax (Eq. S4c) illustrating that Vf ≈ 1.6 vol. % CNTs in the

as-grown CNT arrays used to synthesize the aligned CNT films.
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S2. ERROR OF CARBON NANOTUBE LENGTH MEASUREMENT

As discussed in the main text, the two main sources of error for this measurement are the

CNT waviness, and the entangled growth initiation region. Since the growth initiation region

is on the order of ∼ 0.1 µm −1 µm thick, error originating from the CNT waviness is the

focus of this calculation. The error induced by waviness can be estimated by first assuming

a simple sinusoidal shape for the wavy CNTs (see Fig. S4 for illustration), and varying the

waviness ratio (w), which is the ratio of the amplitude (a) to wavelength (λ) of the sinusoid.

The length of CNTs accounting for waviness (L) can then be compared to that of the height

of the aligned CNT forest (H) as follows (see Fig. S4 for the error as a function of w):

L

H
= 2

1

2
∫

0

√

(

1 + (2πw cos (2πx))2
)

dx (S5)

As Fig. S4 illustrates, L ∼ 1.5H for the w of the as-grown CNTs (w ∼ 0.25).
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FIG. S4. Illustration of the waviness approximation where the waviness ratio (w) is defined using

the ratio of the amplitude of the sinusoid and the wavelength (λ), and a Plot of the ratio of the

true CNT length (L) and the height of the CNT forest (H) as a function of w evaluated using

Eq. S5. Neglecting the waviness of the CNTs can lead to errors of & 100% when using H as an

approximation of L.
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S3. SHEET RESISTANCE AS A FUNCTION OF ORIENTATION

The values of the components of the resistivity tensor change depending on the orientation

of the CNTs. Assuming that the longitudinal, transverse, and through-thickness directions

of the aligned CNT film correspond to eigenvectors, the resistivity tensor ρ can be described

by its eigenvalues: ρ̂1, ρ̂2, and ρ̂3; and the rotation matrix A with corresponding Euler angles

in each axis. If the aligned CNT film is rotated normal to the film thickness with an angle

θ, the new resistivity tensor can be defined as:

ρ = AT
ρ̂A (S6a)

ρ̂ =











ρ̂1 0 0

0 ρ̂2 0

0 0 ρ̂3











(S6b)

A =











cos (θ) sin (θ) 0

− sin (θ) cos (θ) 0

0 0 1











(S6c)

The resistivity of the CNT film as a function of angle θ, ρ(θ), can then be described using

ρ(1, 1) (the first term of ρ in ρ(m,n) notation, where m designates the row and n the

column), and ρ̂1 (defined as ρ(θ = 0◦) in the main text) and ρ̂2 (defined as ρ(θ = 90◦) in the

main text):

ρ (θ) = ρ(1, 1) = ρ̂1 cos
2 θ + ρ̂2 sin

2 θ

= ρ(θ = 0◦) cos2 θ + ρ(θ = 90◦) sin2 θ
(S7)

Since sheet resistance (R) can be calculated by dividing ρ(θ) by the film thickness, R as a

function of angle θ can be modeled as follows:

R (θ) = R(θ = 0◦) cos2 θ +R(θ = 90◦) sin2 θ (S8)
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S4. ANISOTROPY IN SHEET RESISTANCE FOR NETWORKS COMPRISED

OF SHORT CARBON NANOTUBES

As discussed in the main text (see Fig. 2b), buckling and/or squashing strongly affects the

electrical properties of the A-CNT networks comprised of CNTs with L < 150 µm, and leads

to an anisotropy (R(θ = 90◦)/R(θ = 0◦)) of ∼ 19%, which is much lower than the value

observed for A-CNT networks comprised of longer (L > 150 µm) CNTs (→∼ 44%). See

Fig. S5 for a plot comparing R(θ) for A-CNT networks comprised of CNTs with L < 150 µm

and L > 150 µm.
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FIG. S5. Sheet resistance (R) of A-CNT networks as a function of orientation (θ) for L < 150 µm

and L > 150 µm demonstrating that the anisotropy of A-CNT networks comprised of longer

(L > 150 µm) CNTs is higher (R(θ = 90◦)/R(θ = 0◦) ∼ 1.44 ± 0.19) than the anisotropy of

A-CNT networks comprised of CNTs with L < 150 µm (R(θ = 90◦)/R(θ = 0◦) ∼ 1.19± 0.13).
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