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Fig. 1. Schematic depiction of the structure, fabrication process, and energy storage mechanism of the designed dielectric capacitor.
(A) Dielectric capacitor with 3D interdigital electrode. (B) Breakdown structure of the dielectric capacitor. CVD, chemical vapor deposition. (C) Fabrication
process of the uniquely structured AAO membrane. (D) Schematic depiction of the energy storage mechanism of a unit cell in the newly structured

dielectric capacitor from side view (top) and top view (bottom).

two asymmetrical arrays of CNTs as two opposite electrodes. The ar-
rangement of the interdigital electrodes with each large-diameter CNT
surrounded by six small-diameter CNT's (equivalent to the tubular
MIM nanocapacitors, fig. S1) can help the capacitor to form a relatively
uniform electric field and better balance the negative and positive
charges. Here, the uniquely structured nanoporous AAO membrane
was prepared using a combinatorial process of consecutive “mild” ano-
dization (MA) and “hard” anodization (HA) of Al foils (28, 29) to form
the large-diameter pores (denoted as set I pores), removing the remain-
ing Al and subsequently wet-chemical etching from the barrier layer
surface side to form the small-diameter pores (denoted as set II pores),
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as shown in Fig. 1C. This produces a uniquely structured nanoporous
AAO membrane with two sets of parallel pores and each large-diameter
pore in set I surrounded by six set II small-diameter pores in a hexag-
onal arrangement.

Energy storage mechanism and simulation

Figure 1D schematically shows the energy storage mechanism of
the newly structured dielectric capacitor. The equivalent planar ca-
pacitance is given by Ciors = C; + C, + Cs, where C; is the capac-
itance between two neighboring small-diameter and large-diameter
CNTs belonging to the two reverse electrodes. C, and C; are the
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capacitance between the two arrays of CNT tips and their reverse cur-
rent collectors (top), respectively. It is obvious that C; dominates the
total capacitance because of the large side areas of the CNTs. When a
potential is applied, a static electric field develops across the dielectric,
causing negative charges to collect on the surface of the large-diameter
CNTs and positive charges on the surface of the small-diameter CNTs
(or vice versa) (bottom). Then, energy is stored in the electrostatic field.
The local electric field and charge distribution in the new capacitors
(fig. S2) are simulated using the finite element method [the dielectric
constant value of AL,Oj3 is around 9 (22)], and the calculated capacitance
for a 1-mm-thick membrane can reach up to 9.8 MF/cm?, being similar
to that of the MIM capacitors (3).

Uniquely structured AAO characterization

The uniquely structured nanoporous AAO membrane was character-
ized using scanning electron microscopy (SEM). Figure 2A shows that
the nanoporous membrane consists of two layers of AAO (MA-AAO
and HA-AAO) formed in the MA and HA processes, respectively. In
the HA process, the grooves (voids) were formed at the junctions of the
cell boundaries (29) (fig. S3A). Thus, the small pores around the large
pores can be easily achieved via wet-chemical etching in an HCl/CuCl,
solution (29). The bottom view in Fig. 2B shows that the small pores
with a diameter of about 20 to 23 nm locate at all junctions of three cell
boundaries, and these small pores are arranged as a six-membered ring
structure around the large pores with barrier layers, whereas the small
pores achieved from the wet-chemical etching can only reach the
interface between the MA-AAO and the HA-AAO (fig. S3B). From
the cleavage surface of the HA-AAO, two sets of pores are clearly iden-
tified (Fig. 2C), and set I pores are closed with the barrier layers of about
20 nm, whereas the small pores are open toward the bottom surface side
(Fig. 2D). This confirms the unique structures of the nanoporous AAO
membrane.

Newly structured dielectric capacitor characterization

The newly structured capacitor was fabricated by CVD growth of CNTs
(20) in the two sets of nanopores of the uniquely structured AAO mem-
brane. Figure 3A is an SEM side view of a broken piece of the new di-
electric capacitor with two CNT arrays as electrodes, revealing that the
large-diameter CNTs were embedded in the large pores and the carbon
nanosheets are implanted in the small pores (the carbon nanosheets
may result from the dilacerations and collapse of the CNTs in small
pores) of the uniquely structured AAO membrane. The bottom view
(Fig. 3B) of the dielectric capacitor indicates that the barrier layer with
circular arc of set I pores is intact, which could significantly reduce local
electric field concentrations to improve the performance of the dielectric
capacitor (4). The side view (Fig. 3C) close to the bottom of the dielectric
capacitor displays that the small-diameter CNT's are uniformly formed
in the small pores. Therefore, the interdigital configuration of the newly
structured capacitor is successfully realized.

Capacitance measurements

Capacitance measurements were carried out using a digital LCR (in-
ductance capacitance resistance) meter at 100 Hz. The capacitance
densities of about 47 nMF/cm” for 6-nm-thick and 68 n¥/cm” for
10-mm-thick HA-AAO were achieved, respectively. However, the
linear relationship with the pore depth is not observed, which may
be ascribed to the shape variation of the small pores with the depth.
Our new capacitors have an ultrahigh density of about 1.6 x 10'® cm™
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hexagonally arranged “equivalent nanocapacitor units” (Fig. 1D and
calculated from Fig. 2B) is obtained. The ultrahigh density of equivalent
nanocapacitor units, in combination with the large specific surface area
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Fig. 2. SEM characterizations of the uniquely structured nanoporous
AAO membrane. (A) Side view of the as-prepared uniquely structured
AAO membrane, where the interface between MA-AAO and HA-AAO is
marked with a white arrow. (B) Bottom view of the uniquely structured
AAO membrane after chemical etching. (C) Side view of the HA-AAO after
chemical etching. The two sets of pores are indicated with white and black
arrows, respectively. (D) Side view close to the barrier layer of the uniquely
structured AAO membrane. The two sets of pores are marked with white and
black arrows, respectively.

Fig. 3. SEM characterizations of the newly structured dielectric capac-
itor. (A) Side view of a broken piece of the dielectric capacitor. In the area
marked with a dashed rectangle, a carbon nanosheet (marked with red ar-
rows) is implanted in the small pores between the two neighboring cells
where the two CNTs with large diameters (marked with white arrows) were
deposited. (B) Bottom view of the capacitor. (C) Side view image close to the
bottom of the newly structured dielectric capacitor. The CNTs with small
diameters are marked with red arrows.
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