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The outstanding features of nanostructured materials are the key for the next generation of 

energy harvesting and storage devices. The requirements pursued for the energy storage 

devices are given in terms of energy stored (W·h.) and maximum power supplied (W). For many 

applications in which significant energy is needed in pulse form, conventional electrolytic 

capacitors cannot provide enough power. Instead of that, the development of high energy 

density capacitors combined with high power supply plays an important role. In this way, one of 

the most promising applications of nanomaterials for energy storage technologies consists in 

making progress on Electrostatic Nanocapacitors (ENCs) by taking advantage of the high 

surface area of nanostructured substrates and novel thin film deposition techniques to achieve 

high capacitance values [1,2]. When aiming to obtain extremely high capacitance densities, it 

becomes necessary to combine an increased effective surface area with a high dielectric 

constant and reduced thickness of dielectric material.  

Nanoporous Anodic Alumina Membranes (NAAM) are excellent high free surface-area 

substrates due to their self-ordered porous structure with well defined lattice parameters and 

high aspect ratio values that can be adjusted by controlling the anodization conditions. 

However, the increased surface area requires the ability to deposit thin films with conformal 

coverage and uniform layer thickness on the walls of a high aspect ratio porous structure. The 

Atomic Layer Deposition (ALD) technique is among the outstanding methods that can provide a 

precise manner to control the film thickness deposition at the atomic scale. Therefore, the 

combination of NAAM templates together with ALD technique allows for the conformal 

deposition of metal oxide films replicating the 3D morphology of the nanoporous substrate while 

keeping a high thickness control. 

In this work, we report on the fabrication of ENCs by ALD conformal deposition of a conductor-

dielectric-conductor (CDC) structure on the surface of NAAM, with pore diameter (Dp) about 

65nm and pore length (L) around 10µm. The ENC structure was constituted, as can be seen in 

the diagram of Figure 1, by alternating layers of Aluminium-doped Zinc Oxide (AZO), as Bottom 

Electrode (BE) and Top Electrode (TE), with respective thicknesses of 12 and 24nm, together 

with an intermediate alumina (Al2O3) dielectric layer having a dielectric constant between 7-9 

and 10nm in thickness. The deposition rate of the Al2O3 and AZO coating layers have been 

studied by ellipsometry, while the conformality of CDC structure was confirmed by Transmission 

Electron Microscopy (TEM) (Figure 1) and Scanning Electron Microscopy (SEM) techniques. 



Likewise, the crystalline structure of the deposited thin films was determined by TEM and X-Ray 

Diffraction (XRD).  

The electrical characterization of different ENCs prototypes was performed in the frequency 

range of 40 Hz up to 100 MHz by using a LCR impedance analyzer. It is found that the 

capacitance decreases strongly with the frequency, but at the low frequency of 40 Hz it reaches 

about 200µF/cm2 (Figure 2 b)). This result is well correlated with the theoretically calculated 

capacitance according with the geometric structure of the ENCs surface area. Additionally, the 

frequency dependence of the impedance module and phase, shown in the Figure 2 a), indicates 

that ENCs follow frequency behaviour similar to commercial capacitors but enhanced 

capacitance areal density.  

 

 
Figure 1. Schematic picture of a NAAM with the AZO-Al2O3-AZO trilayer constituting the ENC device. The 
magnification on the right displays a TEM image of the sample cross section showing the CDC structure 

deposited by ALD technique 

 

 
Figure 2. LCR impedance measurements: a) impedance module and phase behavior with the frequency, b) 

resistance and capacitance dependence on the frequency of the ENCs devices. 
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