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ABSTRACT: High-aspect-ratio, vertically aligned carbon
nanofibers (VACNFs) were conformally coated with alumi-
num oxide (Al2O3) and aluminum-doped zinc oxide (AZO)
using atomic layer deposition (ALD) in order to produce a
three-dimensional array of metal−insulator−metal core−shell
nanostructures. Prefunctionalization before ALD, as required
for initiating covalent bonding on a carbon nanotube surface,
was eliminated on VACNFs due to the graphitic edges along
the surface of each CNF. The graphitic edges provided ideal
nucleation sites under sequential exposures of H2O and
trimethylaluminum to form an Al2O3 coating up to 20 nm in
thickness. High-resolution transmission electron microscopy
(HRTEM) and scanning electron microscopy images confirmed the conformal core−shell AZO/Al2O3/CNF structures while
energy-dispersive X-ray spectroscopy verified the elemental composition of the different layers. HRTEM selected area electron
diffraction revealed that the as-made Al2O3 by ALD at 200 °C was amorphous, and then, after annealing in air at 450 °C for 30
min, was converted to polycrystalline form. Nevertheless, comparable dielectric constants of 9.3 were obtained in both cases by
cyclic voltammetry at a scan rate of 1000 V/s. The conformal core−shell AZO/Al2O3/VACNF array structure demonstrated in
this work provides a promising three-dimensional architecture toward applications of solid-state capacitors with large surface area
having a thin, leak-free dielectric.

KEYWORDS: vertically aligned carbon nanofiber array, atomic layer deposition, core−shell nanostructure, 3D electrode,
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1. INTRODUCTION

Three-dimensional (3D), carbon-based nanostructures have
unique advantages for energy applications because of their
desirable electrical properties, large surface-to-volume ratio, low
specific mass, and relatively large abundance.1−3 Among the
3D, carbon-based nanostructures, vertically aligned carbon
nanofibers (VACNFs) grown as arrays on conductive substrates
provide an ideal 3D electrode that is most desirable for many
energy device applications including dye-sensitized solar cells,4

hybrid supercapacitors,5 and lithium-ion batteries.6 The
VACNFs can be easily grown to tens of micrometers in length,
vary from 50 to 150 nm in diameter (∼100:1 aspect ratio), and
have an areal density of 1 × 109 CNFs/cm2 providing a
significantly enhanced electrode surface area.
Conformal coating of functional materials on VACNF arrays

is required for applications that take advantage of the large
surface area. However, for high-aspect-ratio vertical structures,
conformal coating can be quite challenging due to shadow
effects from most deposition techniques. Atomic layer
deposition (ALD) provides an ideal method for solving this
problem. In particular, ALD allows atomic-scale thickness

control of the conformal coating because of its self-terminating,
layer-by-layer growth mechanism.7 Progress has been made
recently in coating 3D structures using ALD. For example,
Banerjee et al. reported successful ALD coating of anodized
aluminum oxide (Al2O3) nanotubes with a 200:1 aspect ratio in
order to fabricate TiN/Al2O3/TiN metal−insulator−metal
capacitors.8 In addition, Kemell et al. utilized ALD to
conformally coat Si micropores with a 25:1 aspect ratio in
order to fabricate Si/Al2O3/Al-doped ZnO (AZO) capacitor
arrays.9 The atomic-scale thickness control provided by ALD in
these examples was advantageous in achieving extremely thin
dielectric layers on the order of several nanometers as
illustrated by the high capacitances reported.
ALD is a chemical process and requires well-defined surface

functional groups for atomic layer nucleation during alternating
exposures of chemical precursors. When these functional
groups are not readily available, such as the case with carbon
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nanotubes (CNTs) that have chemically inert sidewalls,10 ALD
coating cannot be carried out unless the CNT sidewalls are
covalently or noncovalently functionalized beforehand. Co-
valent functionalization requires the formation of defect sites
where nucleation occurs, but with this process, the electrical
transport properties of the CNTs are seriously degraded due to
charge carrier scattering by the generated defects. Additionally,
ALD growth after covalent functionalization will not be
completely uniform since the defect site locations are randomly
distributed throughout the CNTs.11 Noncovalent functionaliza-
tion does not create defect sites, but it does require additional
procedural steps and chemicals leading to higher cost and
longer fabrication time.12 Unlike CNTs, VACNFs consist of
conically stacked graphitic cups with dangling carbon bonds on
the outer rims which are distributed along the sidewalls of the
fiber.13,14 These dangling bonds along the graphitic edges are
quickly converted into C−H and C−OH bonds once exposed
to air and can serve as ideal nucleation sites for coating of
functional materials by ALD which eliminates the need for
covalent or noncovalent functionalization.15−17 In addition,
VACNFs have highly conductive metallic properties (with a
resistivity of (6.3 ± 1.7) × 10−4 Ω cm) in contrast to the mixed
metallic and semiconductor properties of CNTs, and thus serve
well as a current collector.18

In this work, we explore ALD fabrication of 3D, metal−
insulator−metal core−shell nanostructures using pristine
VACNF arrays as one of the metallic electrodes. The obtained
conformal core−shell AZO/Al2O3/CNF structures represent
the first successful double-layer ALD coatings on vertically
aligned, 3D CNF arrays and are promising candidates for high-
performance, solid-state capacitors.

2. EXPERIMENTAL DETAILS
VACNF arrays were grown on 1 cm × 2 cm silicon substrates coated
with a 100 nm thick chromium barrier layer and a 22.5 nm thick nickel
catalyst film. VACNF growth was accomplished using a DC-biased

plasma enhanced chemical vapor deposition (PECVD) system (Black
Magic PECVD System, AIXTRON) at 800 °C with a flowing mixture
of C2H2 (at 63 sccm) and NH3 (at 250 sccm) gas precursors at a
processing pressure of ∼4.1 Torr following a previously published
procedure.4−6 The VACNF array samples used in this study have an
average areal density of ∼1 × 109 CNFs/cm2, with a diameter in the
range of 50−150 nm and a length of 3−5 μm controlled by 20−30
min of growth time.

Figure 1 shows a schematic for the complete Al2O3 ALD growth
cycle, including reaction byproducts, on a CNF sample. The Al2O3

ALD growth procedure and ALD reactor design are discussed
extensively in previously published materials.19−22 ALD Al2O3 films
were grown using high-purity H2O (optima grade, Fisher Scientific)
and trimethylaluminum (TMA, Al(CH)3; semiconductor grade, Akzo
Nobel) as precursors. Ultrahigh purity (99.9999%) N2 was used as the
carrier and purging gas with a maintained flow rate of 5 sccm
throughout all ALD cycles. The VACNF array substrates were heated
to 200 °C for Al2O3 growth. ALD cycling began with a one-second
H2O exposure to further prepare the graphitic edges with hydroxyl
groups for reaction with TMA. After the initial H2O exposure, the
ALD chamber and gas feeding lines were purged with N2 for 30 s to
prevent chemical vapor deposition occurrence during the TMA
exposure. Following the N2 purge, a one-second TMA exposure
provided the aluminum atoms that bonded to the hydroxyl group
oxygen atoms on the VACNF sidewalls. Another 30-s N2 purge was
then performed to clear the chamber and gas lines of any residual
TMA. This process was repeated for a total of 200 cycles with a final
exposure of H2O to end with hydroxyl groups along the sidewalls. The
as-grown Al2O3 is typically amorphous,23 therefore, in order to
improve the crystallinity of the Al2O3 layer, a coated VACNF array was
thermally annealed in a tube furnace at 450 °C for 30 min and then
cooled to room temperature.

To verify the integrity of the ALD Al2O3 film, we fabricated a planar
capacitor. The base electrode composed of an n-doped silicon
substrate coated with a 100 nm chromium layer on top. A 20 nm
Al2O3 dielectric layer was grown on the chromium surface utilizing the
ALD method mentioned previously. A top electrode was provided by
sputtering 600 nm of palladium on a portion of the Al2O3 surface.
Another planar sample, fabricated under the same conditions, was

Figure 1. Schematic of one complete Al2O3 ALD cycle along the sidewall of a CNF.
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annealed in a tube furnace using the same conditions as the VACNF
array sample except at a temperature of 400 °C. The lower
temperature was utilized in order to eliminate cracking of the film
that appeared at the higher temperature. The top electrode for the
thermally annealed sample was applied after annealing was performed.
ALD AZO was grown with the same precursors as before but with

the addition of diethylzinc (DEZ, (C2H2)5Zn; research grade, SAFC
Hitech) while utilizing the 19:1 Zn/Al ratio as published by Kong et
al.24 in order to achieve the desired electrical conductivity. The Al2O3/
VACNF array substrate was heated to 200 °C for AZO growth. The
200 ALD cycles consisted of 10 supercycles where each supercycle
contained 19 cycles of alternating H2O and DEZ for every one doping
cycle of H2O and TMA. Each precursor exposure was one second with
a 30-s N2 purge in between. The resistivity of the AZO film was
determined by growth on a glass slide that was placed alongside the
Al2O3/VACNF array during fabrication.
The structure and morphologies of the samples were examined

using field-emission scanning electron microscopy (FESEM, FEI Nova
SEM 430) at an electron beam accelerating voltage of 3.5 keV. High-
resolution transmission electron microscopy (HRTEM) images and
selected area electron diffraction (SAED) patterns were obtained using
an FEI Tecnai F20 XT field-emission transmission electron micro-
scope at 200 kV. The chemical composition and distribution of the
core−shell structures were analyzed using energy dispersive X-ray
spectroscopy (EDX). Electrical characterization was conducted on the
planar capacitor using a 760D Bipotentiostat (CH Instruments Inc.,
TX). The specific capacitance was measured by cycling the bias voltage
between −0.1 to +0.1 V at various scan rates, and the galvanostatic
charge−discharge at selected current densities. The Ohmic resistance
across the 20 nm thick Al2O3 dielectric layer was measured using AC
impedance spectroscopy for further insight.

3. RESULTS AND DISCUSSION
The growth rate for Al2O3 on silicon oxide (SiO2) for our
system was previously determined to be approximately 0.11
nm/cycle by spectroscopic ellipsometry21,22 and follows closely
to other published results.19,20 HRTEM images revealed that
the inner shell of the ALD double-layer coated on a VACNF
was ∼20 nm thick which is in agreement with the thickness
anticipated from 200 ALD cycles of Al2O3 growth. This verified
the assumption that nucleation of Al2O3 would occur directly
along the graphitic edges of the VACNFs without need for
functionalization. This confirmation is important since covalent
functionalization of CNTs degrades charge mobility as well as
conductivity of the CNTs, and noncovalent functionalization
requires additional time and cost. Direct atomic layer bonding
to VACNF surfaces using ALD growth has advantages in
maintaining the high conductivity of the electrode, simplifying
the device fabrication procedure, and generating cleaner
interfaces between electrode surface and ALD materials with
minimized surface defects and chemical contaminants. These
advantages are critical toward fabrication of high-performance,
3D nanostructured devices utilizing VACNF arrays as part of
the 3D electrode.
Additional HRTEM images also revealed that the outer 19:1

AZO layer of the ALD double-layer coating on the VACNFs
was ∼33 nm thick. The corresponding growth rate of 0.17 nm/
cycle is comparable to, but slightly less than, that reported by J.
W. Elam et al. using similar conditions.25,26 The resistivity of
the 19:1 AZO on glass was approximately 4.2 × 10−3 Ω cm,
which is within the expected values according to previously
published results.24,25,27 This resistivity corresponds to a sheet
resistance of 1.3 × 103 Ω/□. In addition, this result suggests
that aluminum doping of ZnO during the ALD supercycles was
sufficient. Because AZO is a transparent conducting oxide, ALD
of AZO will allow in situ fabrication of metal−insulator−metal

multilayers on various substrates, especially to conformally coat
VACNFs.
As depicted in images a (side view) and b (45° perspective

view) in Figure 2, the FESEM images of as-grown CNFs reveal
their vertically aligned nature with an approximate density of 1
× 109 CNFs/cm2. The images also verify that the VACNF
diameters are in the range of 50−150 nm with heights ranging
from 3 to 5 μm. The nickel catalyst for each VACNF is clearly
noticeable in Figure 2b as a bright spot on the fiber tip. After
growth of the ALD AZO/Al2O3 double layer coatings, the
nickel nanoparticles become less visible. The vertically aligned
nature of each CNF is still apparent in both side view (Figure
2c) and 45° perspective view (Figure 2d). Additionally, Figure
2d clearly reveals an increase in VACNF thickness due to the
ALD coatings. In particular, the AZO/Al2O3 double-layer
coating appears highly uniform and conformal as expected for
ALD.
To further confirm the conformal nature of the ALD core−

shell structure, we took HRTEM images of individual Al2O3/
VACNF samples. Images a and b in Figure 3 show the 20 nm
Al2O3 conformal coating extending down the entire length of a
VACNF to the point where it broke off of the metal base. As
mentioned previously, this thickness is in agreement with
spectroscopic ellipsometry data taken of ALD Al2O3 growth on
SiO2-coated silicon substrates. More importantly, the resulting
Al2O3 thickness verifies the assumption that prefunctionaliza-
tion of the VACNF surface is not required for ALD growth to
occur. The graphitic edges on the VACNF sidewalls were
sufficient nucleation sites for initiating ALD growth. Examining
the scale bars of images a and b in Figure 3 reveals that the
outer diameter of the Al2O3/VACNF core−shell structure is
increased accordingly to a value of approximately 110 nm. The
stacked conelike nature of a “herringbone” VACNF is apparent
in each of the TEM images of Figure 3, and a closer
examination of Figure 3b reveals the cone shape of the VACNF
where it was pulled from the base. In addition to the type of
VACNF core present, the 20 nm conformal shell coating

Figure 2. FESEM images of VACNF arrays. (a) Side view of an as-
grown VACNF array on Si after cleavage. (b) 45° perspective view
from top of an as-grown VACNF array with the Ni catalyst tip clearly
visible. (c) Side view and (d) 45° perspective view from top of an
AZO/Al2O3 coated VACNF array.
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around the nickel catalyst tip is clearly shown in Figures 3a, c,
and d. A close-up image of the VACNF transitioning to the
amorphous Al2O3 shell is shown in Figure 3e, which again
verifies the 20 nm thickness.
The HRTEM images of AZO/Al2O3 double-layer coated

VACNFs are depicted in Figures 4a and 4b. These images
reveal the expected growth of 20 nm Al2O3 on which a 33 nm
AZO layer can be seen in a conformal shell along a portion of
the VACNF with a complete capping of the nickel catalyst tip.
A cross-section FESEM image of an AZO/Al2O3/VACNF
sample (Figure 4c) verified the core−shell structure of the
AZO/Al2O3 coating at the point that a coated VACNF was
broken off by mechanical force. In addition to the conformal

coating surrounding the VACNF, the conelike nature of the
VACNF core is also apparent.
To further confirm that Al2O3 was indeed the material grown

by ALD to form the inner shell, we obtained EDX data along a
portion of a coated VACNF (Figure 5a). The elemental counts
vs position graph indicate that the VACNF core has a diameter
of ∼125 nm, whereas the whole core−shell structure after ALD
coating has an outer diameter of ∼165 nm. The elemental
analysis further revealed significant counts of aluminum and
oxygen along the 20 nm thick sidewalls (Figure 5b).
Furthermore, the carbon count is significantly larger inside
the Al2O3 shell, which is expected because of the presence of
the CNF.

Figure 3. TEM images of (a) conformal Al2O3 coating along a CNF including the Ni catalyst tip. (b) Conformal Al2O3 coating continues down the
shaft of the CNF up until the point where it was broken off from the base. (c) Conformal Al2O3 coating along another CNF which also shows the
“herringbone” nature of the CNF. (d) Close-up of the conformal coating around the Ni tip. (e) Extreme close-up image of CNF core and Al2O3
shell.

Figure 4. HRTEM images of multilayer ALD growth on VACNFs. (a) Multilayer Al2O3/AZO conformal coatings transition without problem from
CNF to Ni catalyst tip. (b) HRTEM close-up of Ni/Al2O3/AZO layering. (c) FESEM image showing core−shell multilayer structure.
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It has been shown that annealing an amorphous film can
induce crystallization and convert an amorphous structure into
a polycrystalline form.28 To confirm this process, we obtained
electron diffraction patterns from the selected area under
HRTEM for preannealed (Figures 6a, b) and postannealed

(Figures 6c, d) samples of Al2O3 coated CNFs. Only a ringlike
diffusive diffraction pattern was produced for the preannealed
sample (Figure 6b), confirming the as-made ALD Al2O3 to be
amorphous. After annealing the same sample in air, a diffraction
pattern with sharp spots on the diffusive rings formed (Figure
6d), verifying that the Al2O3 layer was now polycrystalline. This
transformation may change the properties of the Al2O3 layer,
which could be beneficial for some applications.
To assess the dielectric properties of ALD deposited Al2O3,

we constructed two electrostatic planar capacitors with one
using an unannealed Al2O3 layer and another with an annealed
Al2O3 layer. Both capacitors had 2 mm × 2 mm lateral size with
20 nm Al2O3 dielectric layer deposited by ALD that was
sandwiched between a 600 nm palladium top electrode and a
100 nm chromium bottom electrode on an n-doped silicon
substrate. Electrostatic measurements were conducted to
determine their specific capacitance and dielectric constants.

Comparable dielectric constants as well as nearly identical
capacitive behaviors were observed for both capacitors.
Therefore, discussion is limited to only the annealed capacitor.
An ideal electrostatic capacitor has perfect rectangular shaped

I−V curves when the bias voltage is cycled between two voltage
settings. Figure 7a shows the cycling I−V curves of an annealed
planar capacitor. The rectangular shapes indicate the near
perfect capacitive behavior. Both the charging and discharging

Figure 5. EDX elemental analysis. (a) HRTEM image of Al2O3/CNF with blue line showing scan region. (b) Elemental count vs position graph.

Figure 6. (a) Al2O3 coated CNF before annealing. (b) No diffraction
pattern is present before annealing. (c) Al2O3 coated CNF after
annealing. (d) Apparent diffraction pattern is present after annealing.

Figure 7. Electrical characterization of a planar capacitor. (a) I−V
curves measured by cycling the bias voltage between −0.1 to +0.1 V at
the rates of 100, 500, and 1000 V/s, respectively. (b) The area-specific
capacitance vs the scan rate derived from the cycling I−V
measurements. (c) Galvanostatic charge−discharge curve at a constant
current density of 12.5 μA/cm2. (d) Area-specific capacitance vs
current density calculated from charge−discharge curves. (e) Nyquist
plot of the AC impedance spectrum of a 2 mm × 2 mm planar
capacitor and the fitting curve with a Randles circuit. The AC
frequency was varied from 100 kHz to 10 mHz and the amplitude was
fixed at 5 mV. The fitted series resistance (RS) and leaking current
resistance (RL) were 94 Ohm and 7.5 MOhm, respectively, and the
capacitance was 1.64 × 10−8 F (i.e., 0.41 μF/cm2).
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curves are nearly horizontal indicating high Ohmic resistance
across the thin Al2O3 dielectric film. The small rounded
corners, along with the nearly vertical I−V curves at the voltage
limits, indicate a low RC time constant and low equivalent
series resistance (ESR), which is expected for an electrostatic
capacitor.
The area-specific capacitance (C0) was approximately

calculated at each cycling rate using the following equation

=
−

C
I I

Av20
c d

(1)

where Ic is the charging current and Id the discharging current
at 0 V, v the cycling rate, and A the geometric area of the
sandwiched dielectric capacitor. A plot of the area-specific
capacitance vs the cycling rate is depicted in Figure 7b. The
value is nearly constant for scan rates from 100 V/s to 1000 V/
s, indicating the capability of a high power density, which is
essential for an electrostatic capacitor.
The area-specific capacitances of the planar capacitors were

also determined by galvanostatic charge−discharge cycling at
constant current densities. An ideal capacitor shows perfectly
symmetric charging and discharging curves with identical time
duration. A charge−discharge curve for the annealed planar
capacitor at a current density of 12.5 μA/cm2 is shown in
Figure 7c with duration of ∼9 ms. A small IR drop can be seen
at the beginning of each curve due to ESR (<1 kΩ, mostly due
to contact resistance) in the circuit.
The area-specific capacitance was further determined by

galvanostatic charge−discharge measurements at each current
density, J, using the following equation

=
Δ

Δ
C

J t
V0 (2)

where Δt is the charge−discharge time interval and ΔV the
voltage window. The slowly decreasing trend of the area-
specific capacitance vs current density in Figure 7d is consistent
with good dielectric capacitive behaviors revealed by cycling
I−V measurements in Figures 7a and 7b.
A Nyquist plot of the annealed planar capacitor and the fitted

curve using a Randles circuit are shown in Figure 7e. The
frequency of the AC voltage bias was varied from 100 kHz to
10 mHz with a fixed amplitude of 5 mV. The fitted series
resistance (RS, or ESR) and leaking current resistance (RL)
were 94 Ohm and 7.5 MOhm, respectively. An RL of 7.5
MOhms indicates very high Ohmic resistance across the
annealed Al2O3 dielectric film. The semicircle symmetry of the
spectrum indicates near perfect electrostatic capacitive
behavior. The capacitance was calculated to be 1.64 × 10−2

μF, which translates to a specific capacitance of 0.41 μF/cm2.
Banerjee et al. reported on a state-of-the-art metal−

insulator−metal capacitor using anodic aluminum oxide
nanopores coated with a thin layer of TiN (5.5 nm) followed
by a thin layer of Al2O3 (6.7 nm) and a second layer of TiN
(12.6 nm), all via ALD.7 Two capacitors were constructed at
pore depths of 1 μm (A1) and 10 μm (A10) with reported
equivalent planar capacitances (EPCs) of 9.9 and 96.0 μF/cm2,
respectively. The corresponding area-specific capacitances for
planar dielectric layers derived from their study are 0.72 and
0.74 μF/cm2, respectively. Although the annealed planar
capacitor reported here has a lower area-specific capacitance
of 0.41 μF/cm2, the dielectric constant, k, of the ALD Al2O3
layer in this study is actually higher considering the difference
in the dielectric thicknesses (20 nm in this work vs 6.7 nm by

Banerjee et al.). This work achieved a value of ∼9.3 vs ∼5.5 by
Banerjee et al. as calculated from the following equation

ε
=C

k A
d0
0

(3)

where ε0 is the vacuum permittivity and d the thickness of the
dielectric layer. Clearly, the quality of Al2O3 layer deposited by
ALD in this experiment is close to the theoretical value of 9.34
for alumina.29 In addition, the EPC values reported by Banerjee
et al. were obtained using an LCR meter operating at 20 Hz.
However, when frequencies of 100 Hz or greater were applied,
noticeable dispersion was observed, which greatly decreased the
overall capacitance. In this report, the planar capacitor was
characterized in great detail using cyclic voltammetry (CV),
galvanostatic charge−discharge, and electrical impedance spec-
troscopy (EIS). CV results (Figure 7a) showed a maximum
voltage ramp of 1000 V/s (the high limit of the instrument) in
a potential window of 0.2 V in which one full cycle is equivalent
to 2500 Hz. For applications that utilize a larger voltage
window from −2 to 2 V, it should still have a working
frequency of 250 Hz when the same voltage ramp rate is
applied. The galvanostatic charge−discharge measurements had
a maximum applied current density of 17.5 μA/cm2 with a
charge−discharge duration of ∼5 ms (or 200 Hz). Neither CV,
nor the charge−discharge results in panels b and d in Figure 7,
showed any evidence of significant dispersion. The EIS in the
full frequency range from 100 kHz to 10 mHz was nicely
modeled with the Randles circuit as shown in Figure 7e.
Therefore, it is likely that the working frequency could be as
high as 100 kHz indicating a large power density. This is the
main advantage of a solid-state capacitor over an electro-
chemical capacitor which is not able to operate at such high
working frequencies. The fabrication and characterization of the
planar capacitor in this work established a critical step toward
our next goal of fabricating a 3D, solid-state VACNF array
capacitor. Utilizing the area-specific capacitance from this
planar capacitor, and optimizing the growth conditions of the
VACNFs and Al2O3 dielectric layer, a predicted theoretical
capacitance of 83 μF per cm2 CNFs is possible.

4. CONCLUSIONS

3D VACNF arrays were used as conducting, high-aspect-ratio
substrates for ALD coating of AZO/Al2O3 double layers.
HRTEM imaging revealed that the ALD AZO/Al2O3 double
layers can form a smooth and conformal shell on VACNF
arrays without any prefunctionalization. This uniform growth
was achieved along the entire length of the VACNFs from the
nickel catalyst tip down to the base. The elemental makeup of
the Al2O3 core−shell was verified using EDX analysis.
HRTEM/SAED images obtained with pre- and postannealed
samples revealed that the Al2O3 originally grew in an
amorphous state on the CNFs and changed to a polycrystalline
state after thermal annealing. FESEM images were also
obtained in order to show the vertically aligned state of the
CNFs uniformity across the substrate. Electrical character-
ization utilizing planar capacitors confirmed that the Al2O3

dielectric deposited by ALD matched the ideal theoretical
behavior. This result is important toward the development of
high-performance, solid-state capacitors for energy storage.
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