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We demonstrate the fabrication of solid-state dielectric energy storage materials from self-
assembled, aligned single-walled carbon nanotube arrays (VA-SWNTs). The arrays are
transferred as intact structures to a conductive substrate and the nanotubes are conformal-
ly coated with a thin metal-oxide dielectric and a conductive counter-electrode layer using
atomic layer deposition. Experimental results yield values in agreement with those
obtained through capacitive modeling using Al,O; dielectric coatings (C > 20 mF/cm?),
and the solid-state dielectric architecture enables the operation of these devices at sub-
stantially higher frequencies than conventional electrolyte-based capacitor designs. Fur-
thermore, modeling of supercapacitor architectures utilizing other dielectric layers
suggests the ability to achieve energy densities above 10 W h/kg while still exhibiting power
densities comparable to conventional solid-state capacitor devices. This device design effi-
ciently converts the high surface area available in the conductive VA-SWNT electrode to
space for energy storage while boasting a robust solid-state material framework that is ver-
satile for use in a range of conditions not practical with current energy storage technology.

© 2011 Elsevier Ltd. All rights reserved.

storage applications is to enhance the energy (or power) den-
sity, and the overall performance of the device relative to the

1. Introduction

The demand for energy storage and energy production is
growing in parallel to a global population increase and suc-
cessive rapid industrialization. The combination of a techno-
logically advanced modern society and predictions of a future
global energy crisis demands the implementation and design
of new low-cost, highly efficient, and multifunctional frame-
works for energy storage. As a result, energy storage systems:
batteries, fuel cells, and supercapacitor technologies, are
being adapted and optimized with nanostructured compo-
nents [1-5]. The promise of nanomaterials for such energy

cost. This results in cost-effective and smaller energy storage
systems that appeal to both stationary and portable energy
storage solutions.

Of all storage media, electrochemical energy storage sys-
tems have emerged as being the most promising for the future
energy challenge [6-8]. In the particular case of supercapaci-
tors, electric double-layer capacitors (EDLCs) have been stud-
ied now for over 60 years, with advanced designs including
the use of high surface area electrodes such as single-walled
carbon nanotubes and other high surface area carbons, with
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many such designs currently being developed on an industrial
front [8]. The simple mechanism by which EDLC devices oper-
ate is by the generation of an electric double layer at the inter-
face between the electrode material and the electrolyte when
avoltage is applied. This means that energy storage in this de-
vice architecture is directly related to both the electrode sur-
face area on which a double layer can form as well as the
electrolyte mobility to that surface. Compared to batteries,
EDLCs yield substantially greater power density, but with a
markedly lower energy density. Until now, some of the most
efficient EDLC designs have reported energy densities greater
than 70 W h/kg [2], but most supercapacitors have been
reported with energy densities between 1W h/kg and
10 W h/kg [3,5,9-11]. Although these results are promising,
EDLCs have numerous drawbacks for robust and integrated
energy storage systems. Although significant progress has
been made in determining electrolytes that are stable over a
wide variety of conditions, the stability of the electrolyte in
an EDLC under different operating conditions limits the versa-
tility of such devices. For example, the use of these devicesin a
satellite in space, under the hood of an automobile, or con-
nected to a solar panel in the desert would all require different
electrolytes and safety considerations for use. In addition, cur-
rent state-of-the art energy storage systems for devices, such
as MEMS or solid-state on-chip components, still integrate
materials with classical dielectric capacitor architectures,
since these material frameworks can be easily integrated into
the device design despite their extremely low energy densities
in comparison to EDLCs. Although capacitor designs, such as
those integrated into DRAM, appeal toward such technology,
such devices are typically embedded into heavy chips using
top-down processes, limiting their use for devices requiring
high specific energy density for stand-alone storage systems.
Finally, due to the use of an electrolyte, EDLC device design
is not load-bearing, which also limits its use in multifunc-
tional energy storage applications, and the response rate of
the EDLC device is typically slow (typically seconds) which
limits the window for available energy storage systems that
such materials can be utilized with. Although recent studies
have demonstrated response times down to 20 ms [12], the
use of a solid-state architecture is more tailored to such high
frequency device performance.

Here, we demonstrate the experimental design of an en-
ergy storage material framework that combines the concept
of the conventional solid-state capacitor architecture with
the high surface area electrode that permits the comparably
large energy density in an EDLC device. As a primary electrode
in this device, we utilize vertically aligned single-walled car-
bon nanotube arrays (VA-SWNTs) that provide an excellent
template to fabricate such an energy storage material. These
ultra-high surface area self-assembled materials feature be-
tween ~5% and 7% carbon density [13] and conduction prop-
erties comparable to conventional metals along their length.
To construct energy storage devices, we utilize atomic layer
deposition (ALD) to build up thin nanoscale dielectric layers
on the surface of the nanotube bundles in the arrays, and
subsequently use ALD to coat a conformal counter-electrode
on the dielectric material. In comparison to EDLC devices, this
device architecture yields a robust load-bearing energy
storage material framework that is versatile for many

different applications. The use of solid-state dielectrics en-
ables potential operation at higher voltages (depending on
the dielectric material), stability in a wide range of operating
conditions, and the capability to store energy at a higher re-
sponse rate (i.e. high frequencies). Additionally, comparing
this architecture to other solid-state energy storage materials
described thus far, this material architecture yields a substan-
tially higher surface area that is well-suited for such a device
template with the SWNT self-assembly during growth elimi-
nating the need for any material processing prior to ALD
coating.

Therefore, we discuss herein the first proof-of-principle
results for this device architecture utilizing Al,O; as the
dielectric material in addition to supportive modeling to
demonstrate the viability of this dielectric capacitor architec-
ture. We demonstrate the correlation between experimentally
measured capacitance and modeled capacitance for the
SWNT-AL,O3 system, and further predict a material frame-
work that can yield both high power and high energy densi-
ties utilizing better dielectric materials and optimized
SWNT array geometries.

2. Experimental details

2.1. Vertically aligned SWNT growth and post-growth
treatment

Vertically aligned SWNT growth was achieved using a
water-assisted, low pressure (1.4 Torr) synthesis technique
described in detail elsewhere [13,14]. Synthesis temperatures
of 750 °C, catalyst layers composed of 0.5 nm Fe/10 nm Al,05/
Si0,/Si, and rapid reduction with atomic hydrogen were all
used as key ingredients to the effective growth of aligned
SWNT arrays. Although multi-walled carbon nanotubes
(MWNTSs) would also be effective in this device framework,
MWNT arrays typically have lower densities (<1% vs. >5%
for SWNTs) and hence lower specific surface area, and often
exhibit high levels of amorphous carbon and metal impurities
that impact device performance.

Following growth, the aligned SWNT are transferred to flat
Cu substrates by utilizing a thin Ti/Au layer deposited on both
the Cu substrate and the SWNT array, and sintering these lay-
ers together under Ar at 700-750 °C [15]. This general process
is illustrated in Fig. 1, where the Ti acts as an adhesion layer
and the Au layer acts to form a robust mechanically stable
electrical interface between the SWNT arrays and the Cu elec-
trode. In this SWNT array material, the SWNTs arrange into
bundles due to the strong van der Waals interaction energy
between tubes in the array, and the close-packed spacing of
catalyst particles on the growth substrates which causes
tubes to bundle following nucleation. These bundles are
found to be ~15-20 nm in diameter, on average, based on
TEM characterization, but polydisperse in nature. Although
an optimized supercapacitor material may involve control of
bundle diameter in this material (Supplementary data), it is
not clear how much control of bundle diameter can be
achieved in the growth process. In order to facilitate the
SWNT conduction properties, the transferred SWNT array is
placed in a glass petri dish next to a watchglass filled with
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Fig. 1 - (a) Scheme depicting the process by which the VA-SWNT arrays are transferred from the growth substrate to a
conductive substrate on which the supercapacitors are fabricated. (b,c) SEM images of VA-SWNTs directly following transfer

to a conductive substrate. Scale bar = 1 pm.

fuming H,SO, and covered overnight in a fume hood. In this
way, H,SO, vapors penetrate and p-dope the SWNT array
[16] without resulting in capillary-induced rearrangement of
the SWNT array commonly observed after liquid exposure.
More information on this approach is available in the Supple-
mentary data.

2.2. Supercapacitor atomic
deposition

fabrication  from layer

In order to form the nanocapacitor arrays, metal-oxide atomic
layer deposition (ALD) was utilized to coat a dielectric and
conductive counter-electrode on the sidewalls of the SWNT
in bundles to form a coaxial nanocapacitor having both a thin
dielectric and conductive layer coating. Although numerous
dielectric materials can be coated using ALD, Al,03 coating
using trimethylaluminum vapor (TMA) has been one of the
premier chemistries for ALD and therefore our choice for this
proof-of-concept device architecture. This was achieved by
using alternating exposure to NO, gas with exposure to
TMA to first functionalize SWNT bundles and then coat them
[17,18]. A conformal coating of alumina, the dielectric layer
for the nanocapacitor devices, is deposited on the outside of
the SWNT bundles by ALD at 250 °C. In order to make TMA
and H,0 vapor effectively diffuse into the SWNT arrays, large

exposures of 20 Torr s for TMA and 39 Torr s for H,O are used
for each ALD cycle. Following this, the dielectric coated SWNT
bundles are further conformally coated with 20 nm Al-doped
ZnO using alternating layers of Al,O3 (1 cycle of TMA vapor
and H,0 vapor) and ZnO (24 cycles of diethylzinc (DEZ) vapor
and H,0 vapor). Large exposures of 38 Torr s for DEZ, 20 Torr s
for TMA and 39 Torr s for H,O are used for every ALD cycle.
The Al-doped ZnO layer forms a conductive counter-electrode
for the device, with a measured resistivity of 3.6 x 107> Qcm
with the thicknesses and architectures deposited here that
is sufficient to provide the function of a counter-electrode
within the SWNT array to the top-contact metal. It should
be noted that for successful device performance, a brief O-
plasma treatment was applied between the dielectric and
counter-electrode coating. The purpose of this is to selectively
etch any SWNT bundle segments that exhibit coating defects
(uncoated) that leave them exposed to the conductive Al-ZnO
layer to short the device. This was found effective in most
cases to transform the device response from that of a resistor
to that of a filter.

2.3.  Impedance analysis

Impedance analysis was carried out on a Quadtech 7000
series LCR meter capable of operation between 20 Hz and
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1 MHz. For each point shown in Fig. 4, at least three points are
recorded with the maximum possible averaging cycles al-
lowed by the LCR meter, yielding standard deviations in mea-
surements smaller than the size of the points in nearly all
cases, and hence not included in Fig. 3. Detailed discussion
of analysis of impedance data via equivalent circuit models
is described at length in the supplementary information.

3. Results and discussion

As depicted in Fig. 2a, SWNT dielectric capacitors are fabri-
cated from VA-SWNT arrays [13,14] having thicknesses of
20-50 um, transferred to conductive surfaces [15,19], H,SO4
vapor-doped, and coated using ALD [17,18]. A thin conformal
coating of Al,05; (15-40 nm), and subsequent coating of Al-
doped ZnO (20 nm) serve as the dielectric and counter-elec-
trode material for these devices. This forms a metallic
SWNT-insulator-metal nanocapacitor architecture producing
a solid-state capacitor device. Following an initial ALD coating
of Al,0O3 (10 nm), the VA-SWNT were exposed to a 30 s oxygen
plasma etch to mitigate any coating defects that could lead to
device shorting. Following this, the devices were further
coated with additional Al,O; and Al-doped ZnO layers. Bright
field transmission electron microscope images (Fig. 2b and c)
depict this architecture for individual nanocapacitors, with
evident differences in contrast between the SWNT, alumina,
and conductive (darker) Al-doped ZnO conformal layer. In
Fig. 2b, a typical SWNT bundle (diameter ~15nm) is

Metalaliiiiiiiii

Surface

SWNT
Bundles

SWNT
Nanocapacitors

Atomic Layer Deposition

conformally coated with a ~25 nm thick layer of alumina. In
Fig. 2c and a ~20 nm bundle is coated with ~45 nm of alumina
and ~20 nm of Al-doped ZnO. In the latter image, the SWNT
bundle structure is difficult to resolve due to the greater nan-
ocapacitor diameter, but still apparent upon close inspection.
These images confirm the SWNT-insulator-metal concept of
Fig. 2a and provide the basis for device characterization and
calculations discussed herein.

Shown in Fig. 3 is a series of scanning electron microscope
(SEM) images of SWNT nanocapacitor networks at different
magnifications. Low magnification SEM (Fig. 3a and b) con-
firms the uniform penetration of the ALD coating into the
bulk of the SWNT array, whereas higher magnification SEM
(Fig. 3c) confirms the homogeneity in nanocapacitor diameter
(~120 nm) agreeing well with expected ALD coating thickness.
Extensive destructive and non-destructive imaging of the
SWNT-dielectric interface material was carried out to ensure
that the ALD coating process within the SWNT array was uni-
form and homogenous on the inner portions of the SWNT ar-
rays. Due to the high precursor pressures utilized in this
work, along with the self-limiting nature of the ALD process,
we found this to be achieved utilizing the previously dis-
cussed conditions. It should be noted that ALD is a technique
that is well-suited for this 3-D material architecture as it facil-
itates a layer-by-layer building of a material that only depends
on the ability of the precursor to reach the reactive hydroxyl
site. Metal-oxide coating through ALD on the inner portion
of the VA-SWNT material is apparent in Fig. 3a and b by

Fig. 2 - (a) Scheme of concept for SWNT supercapacitor devices. At the bottom of the scheme, a diagram of the coaxial nature
of the nanocapacitors is depicted. (b,c) Bright field TEM images of bundles of SWNT coated with a conformal sheath of

alumina, and a conformal sheath of alumina and an outer sheath of Al-doped zinc-oxide. Due to the conductive nature of the
Al-doped ZnO, the coaxial structure can be identified and labeled based on the contrast of the layers in the TEM images. Note:

scale bar =30 nm.
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Fig. 3 - (a—c) SEM images of SWNT bundles coated with alumina and Al-doped zinc-oxide at three different (increasing)
magnifications. (d) Picture of an as-coated device, and a scheme depicting the process by which devices are contacted with
electrodes for electrical testing. Inset in (d) is a photograph of an as-prepared device.

comparing the morphology of the coated SWNTs to those
shown elsewhere for the as-grown SWNT arrays. Further-
more, whereas bundles are evidently only ~20 nm in thick-
ness in the uncoated SWNT arrays, the coated bundles
uniformly have diameters often exceeding 100 nm, and with
a thickness consistent with that expected from the respective
oxide layer coating thicknesses in addition to the SWNT bun-
dles. Following the ALD coating procedure, the devices are
prepared for electrical characterization by applying a top elec-
trical contact to the counter-electrode using Ag paint (Fig. 3d).
The Al-ZnO layer on the edges of the Cu chip are dissolved by
swabbing with 1 M HCl to isolate the conductive counter-elec-
trode from the bottom electrical contact to prevent device
shorting.

The capacitance of these devices is extracted from imped-
ance analysis using a standard LCR meter (Fig. 4a and b). Two
individual approaches were employed for measuring device
capacitance: (i) measuring the full frequency dependent com-
plex impedance and employing circuit theory to construct an
equivalent circuit to extract capacitance, and (ii) assumption
of a simple equivalent circuit and direct calculation of the fre-
quency dependent capacitance via the LCR meter. As depicted
in Fig. 4a, the device frequency response of the impedance, IZ|,
is representative of a band-pass filter, and can be modeled
with an equivalent RLC series circuit having a leakage resis-
tance in parallel with the capacitor (solid line, Fig. 4a). While
this provides a good fit to Z (C=13 mF/cm®), no simple

lumped element circuit model is found to be capable of fitting
the full complex valued impedance data (both Z and ¢ simul-
taneously). This is expected to be related to dispersion effects
arising from device geometry and distributed capacitance,
which has been proposed in other solid-state capacitor sys-
tems [20]. However, variations of acceptable equivalent circuit
models is found to result in little difference of effective net
capacitance, with all fit values between 6mF/cm® and
13 mF/cm? for different analysis techniques (see supplemen-
tary information (SI)). Nonetheless, the best fitting simple
circuit model for Z and ¢ simultaneously is a series RC
circuit with a parallel leakage resistance component, where
Ricakage > Rseries This yields C = 6 mF/cm? for this device. With
this circuit model, the frequency dependent device capaci-
tance can be directly calculated from the LCR meter for this
specific device, as shown in Fig. 4b (for both volumetric and
planar capacitance). At 20 Hz, C = 23 mF/cm® and rapidly falls
to ~6 mF/cm?> above 100 Hz. As noted earlier, this behavior is
believed to be a result of dispersion in the device. Assuming
SWNT array density of 50 mg/cm® [13,14], and maximum
measured operating voltages between 1 Vand 3 V (see supple-
mentary information SI), this yields specific capacitance (Csp)
near 0.5F/g (carbon), and energy density between 0.05 and
0.5 W h/kg - the latter being a moderate value that is compa-
rable to a low-end CNT-based EDLC devices [3,9-11]. On the
basis of total weight (Al,05;, Al-doped ZnO included), this
yields Cs, near 0.1-0.13F/g, with energy density between
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Fig. 4 - (a,b) Frequency response of the impedance, Z, and
capacitance as measured directly from an LCR meter. Note
the fit in a is an equivalent RLC circuit model (described in
text and SI) that gives the best fit to the experimental data.
The capacitance in b is shown in both volumetric
capacitance (F/cm®) and planar capacitance (F/cm?).

100000

0.01 and 0.13W h/kg. For lightweight energy storage and
industrially packaged devices, this latter consideration is
important. Although the mass density of the solid-state
dielectric is typically larger than that of the electrolyte used
in an EDLC device, the amount of electrolyte used in EDLC de-
vices volumetrically inefficient and results in the addition of
excessive electrolyte to ensure proper access of the electrolyte
to the high surface area electrode. In this way, this solid-state
dielectric approach is more controlled and could potentially
be tuned to yield lightweight energy storage by tuning the per-
formance as a function of the thickness of coated materials
(see supplementary information SI).

Despite the greater versatility in use of this device archi-
tecture, an additional key feature to the solid-state device is
the energy storage capability at higher response rates, or
higher frequencies. As shown in Fig. 4, the volumetric capac-
itance retains ~25% of its low-frequency (i.e. DC) value at fre-
quencies up to 20kHz (6 mF/cm®. In comparison to a
standard electrolyte-based energy storage device which are
constrained to slow response times (typically 0.1-10s), the
solid-state energy storage architecture represents a key
advantage since high frequency device performance can be

obtained. Although the long charging and discharging times
of EDLCs are well-suited for many applications, the use of
higher frequency energy storage materials is especially useful
for on-chip or integrated device technology. In such device
architectures, solid-state energy storage designs are also
more easily integrated into the fabrication techniques imple-
mented to generate other on-chip components and this route
represents an exciting approach to efficient energy storage in
such a situation.

It should be noted that several devices were measured to
have low-frequency capacitances between 0.1 mF/cm?® and
23 mF/cm?®, with frequency response similar to Fig. 4. H,SO,4
doping before ALD coating appears a critical factor in achiev-
ing the maximum capacitance, which may result from doping
induced carrier-density enhancement in the SWNT electrodes
[21]. Order-of-magnitude device-to-device variation of capac-
itance measurements is a key indication that engineering ap-
proaches to improve device architecture and coating process
can influence optimal device performance, and future work
is planned to focus on optimizing this device architecture
for energy storage applications. However, in order to better
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Fig. 5 - (a) Theoretical estimates of the capacitance values of
an ideal experimental device with a fixed SWNT bundle
diameter (16, 20 nm) and a varying dielectric thickness and
type (Al,Os, HfO,, and TiO,, 5-40 nm), (b) energy density,
plotted in both J/cm® and W h/kg, based on data presented
in panel a and data shown in SI. Details of the modeling
approach are available in the SI.
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understand the potential of this energy storage material we
performed calculations to predict the volumetric capacitance
and energy density (Fig. 5a and b) for these SWNT dielectric
capacitor architectures (details in supplementary information
SI). This modeling approach allows us to make systematic
comparisons between the capacitance and energy density
performance of capacitors fabricated with identical structure
as studied in experiments, but with varying high-k dielectric
coatings and thicknesses. For a 15 nm thick Al,O3 dielectric
layer, the calculated capacitance is ~11 mF/cm?, near the va-
lue of 23 mF/cm> observed experimentally. This minor dis-
crepancy is within the range of experimental variability in
factors including bundle diameter measurements, SWNT
density estimates, doping effects, local coating structure,
and the effect of lowered available surface area due to the
criss-crossing of bundles of tubes. Nonetheless, this validates
the concept that the measured capacitance values are gener-
ally in correspondence with that obtained in calculations,
allowing us to further utilize the modeling approach to better
understand what promise these materials have with opti-
mized parameters. Our use of Al,O3 as a dielectric (as noted
previously) is rooted in the notion that Al,0;3 ALD chemistry
is one of the most straight-forward for such a proof-of-princi-
ple device design. Although the performance that we ob-
tained with Al,O; dielectrics bridges the performance range
between a capacitor and a supercapacitor [8], we demonstrate
with calculations that modification of only the dielectric
material can yield device performance consistent with that
of a supercapacitor, and hence we coin this as a supercapac-
itor architecture. Using other dielectrics that can be coated
with ALD (TiO, and HfO, [22]), significant capacitance enhan-
cements can be obtained versus Al,O3 (Cmax ~ 25 mF/cm3),
with Crax up to 0.2 F/cm?®. In addition, by utilizing experimen-
tally measured breakdown voltages for ALD coated films of
Al,O; (~0.6V/nm) [23], TiO, (~0.6V/nm) [24], and HfO,
(~0.9V/nm) [25], the energy density is calculated in Fig. 4b
from E=1/2CV%,. This is plotted in both J/cm® and
W h/kg(carbon) [26] to aid interpretation based on conven-
tional units. Maximum predicted energy densities with
conformal TiO, dielectrics approach 15 W h/kg, comparable
to a “good” EDLC device. This enhancement over Al,O5 is
based on the enhanced dielectric constant in TiO, that yields
greater volumetric capacitance and also the breakdown volt-
age that scales as the square of the thickness. Additionally,
the SWNT materials are known to be highly conductive [27-
29] and capable of supporting current densities of 10° A/cm?
(up to three orders of magnitude higher than Cu) [30], mean-
ing that this device architecture provides an excellent tem-
plate for high power density applications (in the same
framework of a classical solid-state capacitor) while still pro-
viding a high energy density. Compared to EDLCs, which offer
inferior power density compared to classical capacitors, but
greater energy density, this device design supports both high
power that is expected from a solid-state capacitor architec-
ture and high energy density that can ultimately be tuned
by varying the physical parameters of the system (i.e. dielec-
tric thickness, VA-SWNT material properties). Furthermore,
the energy density of these supercapacitor architectures can
be enhanced by systematic variations to physical parameters

of the VA-SWNT material, such as bundle density, SWNT
diameter, and SWNT bundle diameter. Such variations can
yield enhancements to the energy density by more than an
order of magnitude compared to that shown in Fig. 5 (supple-
mentary information supporting info), which represents an
exciting route toward high power density and high energy
density solid state energy storage materials. Furthermore,
the benefit of these materials in their operation with higher
response rates, the use of lightweight electrode materials
compatible with high specific energy and power densities,
and the versatility associated with solid-state dielectric layers
makes this an attractive material for both on-chip and grid-
scale energy storage at a time when energy systems will play
a crucial role in the future of our modern society.

4, Conclusions

In this study, we demonstrate the experimental design of a
solid-state dielectric capacitor with performance commensu-
rate to that of a supercapacitor fabricated utilizing a template
made of self-assembled VA-SWNTs. Utilizing ALD as a tech-
nique to uniformly coat this VA-SWNT template with dielec-
tric (Al,O3) and counter-electrode (Al-ZnO) materials, we
demonstrate performance of this energy storage architecture
commensurate with theoretical estimates. Furthermore, we
calculate the expected performance from the same VA-SWNT
material architecture utilizing other high-k dielectrics, and
demonstrate the prospect of these devices architectures for
high energy density and high power density solid-state
energy storage. We envision this energy storage material con-
cept, with proper optimization of the physical characteristics
of the VA-SWNT templates as well as optimized materials and
material coating techniques, to yield a superior class of mate-
rials for solid-state energy storage. Such materials would
combine both high energy and power density and be capable
of integration into multifunctional applications that would
take advantage of the load-bearing nature of the device. We
further foresee useful routes in combining such a device
architecture with printing methods [31] to support ultra-light-
weight energy storage and small footprint power conditioning
that can be assembled directly onto microchips or flexible de-
vice platforms.
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Appendix A. Supplementary data

Supplementary data associated with this article can be found,
in the online version, at doi:10.1016/j.carbon.2011.07.011.

REFERENCES

[1] Arico AS, Bruce P, Scrosati B, Tarascon JM, Van Schalkwijk W.
Nanostructured materials for advanced energy conversion
and storage devices. Nat Mater 2005;4(5):366-77.

[2] Futaba DN, Hata K, Yamada T, Hiraoka T, Hayamizu Y,
Kakudate Y, et al. Shape-engineerable and highly densely
packed single-walled carbon nanotubes and their application
as super-capacitor electrodes. Nat Mater 2006
Dec;5(12):987-94.

[3] Kaempgen M, Chan CK, Ma J, Cui Y, Gruner G. Printable thin
film supercapacitors using single-walled carbon nanotubes.
Nano Lett 2009;9(5):1872-6.

[4] Reddy ALM, Shaijumon MM, Gowda SR, Ajayan PM. Coaxial
MnO,/carbon nanotube array electrodes for high-
performance lithium batteries. Nano Lett 2009;9(3):1002-6.

[5] Burke A. Ultracapacitors: why, how, and where is the
technology. ] Power Sources 2000;91(1):37-50.

[6] Simon P, Gogotsi Y. Materials for electrochemical capacitors.
Nat Mater 2008;7(11):845-54.

[7] Yang Z, Zhang J, Kintner-Meyer MCW, Lu X, Choi D, Lemmon
JP, et al. Electrochemical energy storage for green grid. Chem
Rev 2011;111(5):3577-613.

[8] Sharma P, Bhatti TS. A review on electrochemical double-
layer capacitors. Energ Convers Manage 2010
Dec;51(12):2901-12.

[9] An KH, Kim WS, Park YS, Moon JM, Bae D], Lim SC, et al.
Electrochemical properties of high-power supercapacitors
using single-walled carbon nanotube electrodes. Adv Funct
Mater 2001 Oct;11(5):387-92.

[10] Du CS, Pan N. Supercapacitors using carbon nanotubes films
by electrophoretic deposition. ] Power Sources
2006;160(2):1487-94.

[11] Honda Y, Haramoto T, Takeshige M, Shiozaki H, Kitamura T,
Ishikawa M. Aligned MWCNT sheet electrodes prepared by
transfer methodology providing high-power capacitor
performance. Electrochem Solid St 2007;10(4):A10-A106.

[12] Pech D, Brunet M, Durou H, Huang PH, Mochalin V, Gogotsi Y,
et al. Ultrahigh-power micrometre-sized supercapacitors
based on onion-like carbon. Nat Nanotechnol 2010
Sep;5(9):651-4.

[13] Pint CL, Pheasant ST, Parra-Vasquez ANG, Horton C, Xu YQ,
Hauge RH. Investigation of optimal parameters for oxide-
assisted growth of vertically aligned single-walled carbon
nanotubes. ] Phys Chem C 2009 Mar;113(10):4125-33.

[14] Pint CL, Nicholas N, Pheasant ST, Duque JG, Nicholas A, Parra-
Vasquez G, et al. Temperature and gas pressure effects in
vertically aligned carbon nanotube growth from Fe-Mo
catalyst. ] Phys Chem C 2008;112(36):14041-51.

[15] Kim M]J, Nicholas N, Kittrell C, Haroz E, Shan HW, Wainerdi TJ,
et al. Efficient transfer of a VA-SWNT film by a flip-over
technique. ] Am Chem Soc 2006;128(29):9312-3.

[16] Zhou W, Vavro ], Nemes NM, Fischer JE, Borondics F, Kamaras
K, et al. Charge transfer and fermi level shift in p-doped
single-walled carbon nanotubes. Phys Rev B 2005;71:205423.

[17] Farmer DB, Gordon RG. Atomic layer deposition on
suspended single-walled carbon nanotubes via gas-phase
noncovalent functionalization. Nano Lett 2006
Apr;6(4):699-703.

[18] Gosset LG, Damlencourt JF, Renault O, Rouchon D, Holliger P,
Ermolieff A, et al. Interface and material characterization of
thin Al,O3 layers deposited by ALD using TMA/H,0. ] Non-
Cryst Solids 2002;303(1):17-23.

[19] Pint CL, Xu YQ, Pasquali M, Hauge RH. Formation of highly
dense aligned ribbons and transparent films of single-walled
carbon nanotubes directly from carpets. ACS Nano 2008
Sep;2(9):1871-8.

[20] Banerjee P, Perez I, Henn-Lecordier L, Lee SB, Rubloff GW.
Nanotubular metal-insulator-metal capacitor arrays for
energy storage. Nat Nanotechnol 2009;4(5):292-6.

[21] Zhou W, Vavro ], Nemes NM, Fischer JE, Borondics F, Kamaras
K, et al. Charge transfer and fermi level shift in p-doped
single-walled carbon nanotubes. Phys Rev B
2005;71(20):205423.

[22] Zavodchikova MY, Kulmala T, Nasibulin AG, Ermolov V,
Franssila S, Grigoras K, et al. Carbon nanotube thin film
transistors based on aerosol methods. Nanotechnology
2009;20(8):085201.

[23] Groner MD, Elam JW, Fabreguette FH, George SM. Electrical
characterization of thin Al,05 films grown by atomic layer
deposition on silicon and various metal substrates. Thin
Solid Films 2002 Jun;413(1-2):186-97.

[24] Kuo DH, Shueh CN. Properties of CVD alumina-titania
composite films grown at different CO,/H-2 inputs. ] Non-
Cryst Solids 2004;336(2):120-7.

[25] Zhan N, Poon MC, Wong H, Ng KL, Kok CW. Dielectric
breakdown characteristics and interface trapping in of
hafnium oxide films. Microelectr J 2005 Jan;36(1):29-33.

[26] The unit W h/Kg can be misleading for solid-state capacitors
as this is typically calculated for only the dry weight of an
electrolyte-based capacitor in absence of the electrolyte
neglecting a significant portion of the weight.,

[27] Pint CL, Xu YQ, Morosan E, Hauge RH. Alignment dependence
of one-dimensional electronic hopping transport observed in
films of highly aligned, ultralong single-walled carbon
nanotubes. Appl Phys Lett 2009;94(18):182107.

[28] Tawfick S, O’Brien K, Hart AJ. Flexible high-conductivity
carbon-nanotube interconnects made by rolling and printing.
Small 2009;5(21):2467-73.

[29] Lin CT, Lee CY, Chin TS, Xiang R, Ishikawa K, Shiomi J, et al.
Anisotropic electrical conduction of vertically-aligned
single-walled carbon nanotube films. Carbon
2011;49(4):1446-52.

[30] Wei BQ, Vajtai R, Ajayan PM. Reliability and current carrying
capacity of carbon nanotubes. Appl Phys Lett 2001
Aug;79(8):1172-4.

[31] Pint CL, Xu YQ, Moghazy S, Cherukuri T, Alvarez NT, Haroz
EH, et al. Dry contact transfer printing of aligned carbon
nanotube patterns and characterization of their optical
properties for diameter distribution and alignment. ACS
Nano 2010;4(2):1131-45.



