
Citation: Muratova, E.N.;

Ponomareva, A.A.; Shemukhin, A.A.;

Balakshin, Y.V.; Evseev, A.P.;

Moshnikov, V.A.; Zhilenkov, A.A.;

Kichigina, O.Y. The Influence of the

Structural Parameters of Nanoporous

Alumina Matrices on Optical

Properties. Metals 2024, 14, 651.

https://doi.org/10.3390/

met14060651

Academic Editor: Sanichiro Yoshida

Received: 11 March 2024

Revised: 11 May 2024

Accepted: 21 May 2024

Published: 30 May 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

metals

Article

The Influence of the Structural Parameters of Nanoporous
Alumina Matrices on Optical Properties
Ekaterina N. Muratova 1,2,*, Alina A. Ponomareva 3,4, Andrey A. Shemukhin 5, Yuriy V. Balakshin 5,
Aleksandr P. Evseev 5, Vyacheslav A. Moshnikov 1 , Anton A. Zhilenkov 2 and Olga Yu. Kichigina 2

1 Department of Micro- and Nanoelectronics, Saint Petersburg Electrotechnical University “LETI”,
ul. Prof. Popova 5, 197376 Saint Petersburg, Russia; vamoshnikov@mail.ru

2 Department of Cyber-Phisical Systems, Saint Petersburg Marine Technical University “SMTU”,
Leninsky Pr. 101, 198303 Saint Petersburg, Russia; zhilenkovanton@gmail.com (A.A.Z.);
olga1986kichigina@gmail.com (O.Y.K.)

3 Center of Chemical Engineering, Saint-Petersburg National Research University of Information Technologies
Mechanics, and Optics (ITMO University), Kronverksky Pr. 49, 197101 Saint Petersburg, Russia;
ap_k@inbox.ru

4 Polytechnical Institute, Far Eastern Federal University (FEFU), 10 Ajax Bay, Russky Island,
690922 Vladivostok, Russia

5 Skobeltsyn Institute of Nuclear Physics, Moscow State University, Leninskie Gory 1(2),
119991 Moscow, Russia; shemuhin@gmail.com (A.A.S.); balakshiny@gmail.com (Y.V.B.);
ap.evseev@physics.msu.ru (A.P.E.)

* Correspondence: sokolovaeknik@yandex.ru

Abstract: In this work, two types of nanoporous alumina membranes were prepared and tested.
Structural features of the samples obtained by using different acids were investigated by scanning
electron microscopy (SEM). And further SEM-images were analyzed by different types of fractal
dimension estimation methods. The transmission and scattering of accelerated He+ ions were
studied in experiments on the ion irradiation of dielectric channels based on porous alumina. An
ion accelerator was used as a source of the He+ beam with an energy of 1.7 MeV. Ion scattering
was studied by Rutherford backscattering spectrometry. Helium transition through nanoporous
alumina at various angles between the normal to the sample and the beam direction were observed.
It is shown that the porous structure of anodic aluminum oxide is excellent as a dielectric matrix of
nanocapillaries. Owing to the small angle scattering, it allows for the transportation of the accelerated
charged particles through the dielectric capillaries, and, as a result, the localization of high energy ion
irradiation effects. Additionally, according to the transmission of UV–V is spectra, the energy gaps of
samples obtained were calculated.

Keywords: nanoporous alumina; membranes; localized radiation effects; ion beams; Rutherford
backscattering; surface structure; optical properties

1. Introduction

Synthesis, the study of nanomaterials and the consideration of new areas of their appli-
cation are increasingly attracting the attention of scientists from different countries) [1–3].
For many applications, materials with capillaries or porous membranes that can be used as
focusing devices are interesting because of their transmitting properties. For such purposes,
a crucial objective is the dependence of the ion transmission coefficient on the incidence an-
gle of the beam. Authors [4–6] have shown that a dielectric channel can form mechanically
or by chemical etching. In addition, the publications considered present structures based
on porous alumina [7–9] and silicon [10] and others [11,12] as promising materials in the
field of sensing and the separation of chemicals and compounds, where the properties of
the devices being created depend significantly on pore parameters.
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In [13,14], the transition of charged Ne7+ ion beams with an energy of 3 keV through
dielectric nanocapillaries in a PET film with a thickness of 10 µm was considered. It was
found that the output current could be observed even at large angles of inclination of
the sample relative to the beam axis, and many ions maintained their charge state. The
experiment was repeated using different types of ions in a wide range of energies and
different nanocapillary structures. It was also shown that the charge state of the incident
ions affects the angular distribution of the ions passed through capillaries. In the case of the
beam co-direction and the capillary axis, the shape of the angular distributions for different
charge states was identical.

The focusing coefficient is defined as the ratio of the densities of the input and output
currents. It depends on the type and energy of the ions and the shape of the capillary. This
coefficient varies in a wide range, from 10 for Ar8+ with an energy of 8 keV to 1000 for He+

with an energy of 2 MeV. Studies [15–19] showed that dielectric micro- and nanocapillary
structures have great potential for solving a large number of problems, such as bringing an
ion beam to air for the microelement analysis of particle-induced X-ray emission (PIXE)
and Rutherford backscattering spectrometry (RBS) methods, local microelement analysis,
micro- and nanolithography and irradiation of biological objects.

Regarding alumina oxide with a porous structure, some work associated with beam
transition and the change of its parameters at the output was conducted. Much attention
was paid to the influence of the porous structure parameters on the outgoing beam prop-
erties. Nanoporous alumina matrices, also known as porous anodic alumina (PAA), are
widely studied for their unique optical properties by Feng S. and Ji W. [20], Domagalski J.T.
et al. [21], Ruiz-Clavijo A. et al. [22], Davoodi E. et al. [23], Alvarez-Carrizal R.P. et al. [24],
Pandey V.K. et al. [25]. The structural parameters of these matrices can significantly influ-
ence their optical characteristics. Controlling these structural parameters in nanoporous
alumina matrices allows researchers to improve the optical properties of such materials for
various applications in different type of devices, including photonic devices, sensors, opti-
cal filters, and photovoltaics, and others. Specific experimental techniques and fabrication
processes can influence the optical properties of nanoporous alumina matrices, and further
research in this field continues to find new optical phenomena and applications.

Authors [26–28] have demonstrated that, while passing through a dielectric channel,
positive ions can interact with the channel material and undergo various reactions and
processes. Positive ions directed along the dielectric channel can penetrate through the
material, passing through its structure. Passing can occur through open pores and channels
or through the matrix of the material itself. During this process, ions can collide with the
atoms and molecules of the channel material, leading to scattering. Scattering and collisions
can alter the trajectories and energies of the ions. This charge exchange interaction can
influence the trajectory and energy of the ions. In work [29], the stopping cross-sections
for protons and deuterons in aluminum oxide foils were studied at the energy region of
0.9–2.5 MeV. Manzoor S. et al. [30] showed that pores could affect energy loss during the
transition of particles through the sample but, at the same time, a guiding effect could
appear in the required pore configuration. In [31], the transition of a proton beam with
energy from 150 to 320 keV through tapered glass capillaries was considered. As it was
presented, when the beam passes through capillaries, the angular width of the initial beam
remains almost unchanged. For this case, the transmittance of the target was 10−3. In [32],
by means of RBS, it was shown that the maximum transmission of two MeV He+ ions
through thick membranes varied from 30% to 65%, which is comparable to the relative
surface area covered by pores. The effective atomic surface density of the investigated
material was about 4–5 times lower than that for bulk Al2O3. To evaluate the influence
of the charge state and the effects of the charge exchange of the incident ion on guiding,
in several works, ions were used in the multiply charged state. By means of the Ne6+

irradiation of the alumina, the capillary angular distribution of ions was determined by
Juhász Z. et al. [33]. A clear guiding effect was found for 3 and 6 keV ion energies. An
important detail was the observation of photons originating from the tilted capillaries.
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Additionally, authors [34,35] have considered that the low divergence of the beam at the
exit from the membrane makes nanoporous alumina a promising material for use as masks
for nanolithography.

Thus, the purpose of this research covers several aspects of different scientific fields.
Firstly, the aim is to perform a study of the optical properties of porous alumina membranes
obtained in various electrolytes over a wide range of wavelengths, which has not been car-
ried out by other scientific groups. Secondly, the passage of accelerated ion beams through
nanoporous dielectric capillary matrices is investigated. Thirdly, the fractal dimension of
such structures based on porous aluminum oxide is analyzed. And fourthly, by combining
all the results, a new theory that explains the electrical properties of nanoporous aluminum
oxide membranes is proposed.

2. Materials and Methods
2.1. Production of Porous Alumina Membranes

Matrices of dielectric channels based on porous anodic alumina (PAA) were formed
by electrochemical anodizing. The purity of the original substrate determines the ordered
hexagonal arrangement of the pores relative to each other. If you use technical foil, then
rolling lines will be clearly visible, known as the so-called faceting of the surface. This
article discusses porous alumina obtained on 99.999% pure aluminum foil with a thickness
of 150 µm. Before anodizing, aluminum foil was subjected to preliminary heat treatment at
T = 650 ◦C for t = 6 h. Next, the surface was washed successively in the following solutions:
acetone, alcohol, and distilled water. Concentrated HCl acid (38%) was used to remove the
barrier layer.

Studies [36,37] (Min et al., 2020, Romero et al., 2022) have shown that the geometric
dimensions of pores depend on technological conditions of membrane formation in a wide
range. Pore diameters can vary from nanometers to micrometers. It was investigated how
variable technological parameters (electrolyte composition, voltage, etc.) can influence
structures. In our study, the used conditional parameters are presented in Table 1.

Table 1. Technological parameters of electrochemical anodizing of aluminum foil.

Sample
Title Stage Etching Process

Electrolyte Type
and Concentration

(vol.%)

Glycerol
(vol.%) Voltage (V) Process

Temperature (◦C)
Process

Time, min

PAA_S

1 Electrochem. H2SO4 (30) 15 20 5 3

2 Chemical H2CrO4 (7) – – 20 3

3 Electrochem. H2SO4 (30) 15 25 5 1

4 Chemical H2CrO4 (7) – – 20 3

5 Electrochem. H2SO4 (30) 15 25 5 123

PAA_P 1 Electrochem. H3PO4 (10) 15 110 3 20

For the formation of highly ordered porous alumina with a pore diameter of ≈30 nm,
additional stages of the chemical pre-structuring of aluminum foil are required. At the
first stage of anodizing, pores are generated in energetically advantageous places, then the
upper sacrificial layer is etched away, and nuclei remain on the surface for subsequent pore
formation. The introduction of such stages makes it possible to obtain a porous structure as
a close-packed ordered structure. As was shown in [38], viscosity plays significant role in a
structural formation. The viscosity of the solution slows ionic conductivity to the desired
limits to reduce the effect of diffusion polarization near the surface of the processed sample.
So, glycerol was used to raise the viscosity of solvents in the etching process.
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2.2. Helium İon Transition through Alumina Membrane

To study [39–41] the transition of an ion beam through dielectric channels, a facility
based on the AN-2500 accelerator (High Voltage Engineering Europa B.V., Amersfoort,
Netherlands), located at the SINP MSU, was used. The accelerator, based on the Van de
Graaff system, is capable of accelerating particles (protons and He+ ions) to an energy of
2.5 MeV. For the convenience of operations inside the accelerator’s vacuum chamber, all
the membranes were fixed using a fluoroplastic disk frame (Figure 1). This made it possible
to avoid specimen deformation during testing.
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Figure 1. Schematic image (a) and photograph (b) of the frame for the PAA membrane. Schematic
illustration of the experimental setup (c).

A special experimental chamber was created, including collimating diaphragms, a
beam monitoring system, a back-scattered ion detection system, and a goniometric system.
A collimated beam of 1.2 MeV He+ ions entered the membrane; one part of the beam
passed through the capillaries and the current was recorded using a Faraday cup, while the
other part was scattered and recorded using a semiconductor detector. In all experiments,
the detected scattering angle was 120◦. The diameter of the beam on the membrane was
about 1 mm. The residual pressure in the chamber did not exceed 5 × 10−4 Pa. The current
density on the target was kept constant at 4 nA.

3. Results and Discussion
3.1. Structural Characterization
3.1.1. SEM Measurements

The structure of the obtained membranes was examined using a scanning electron
microscope (SEM). The surface structure of the membranes obtained in various electrolytes
are shown in Figure 2.
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Two series of obtained membranes have pores with significantly different diameter
sizes (Figure 2). When using the electrolyte based on H2SO4, membranes with a thickness
of about 10 µm are formed, with an average pore diameter of 32 ± 10 nm, a barrier layer
thickness of ≈200 nm, and a pore concentration of 350 pieces/µm2. On the other hand, the
geometrical parameters of the membranes obtained in the H3PO4-based electrolyte are as
follows: an average pore diameter of 207 ± 30 nm, a porous layer thickness of 10 µm, a
barrier layer thickness of ≈200 nm, and a pore concentration of 50 pieces/µm2. In all the
resulting membranes, there is a barrier layer—the bottom of the pore—that is a layer of
dense alumina separating the porous layer from the substrate (Figure 3).
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Figure 3. SEM images of the cross-section of PAA_S membranes before and after the removal of the
barrier layer.

The presence of a barrier layer greatly affects the transmittance in experiments on the
interaction of membranes with ion beams. In this case, the transmittance is the ratio of the
intensity of the transmitted beam of helium ions to the incident beam. The difference in
transmittance with and without a barrier layer can differ tenfold. Taking this important
point into account, the removal of the barrier layer was carried out by chemical etching of
the back side of the membrane in concentrated hydrochloric acid (HCl) for 10 min.

3.1.2. Fractal Dimension Evaluation

Surface topography is usually described in terms of surface roughness. Surface
roughness is solely a function of height, that is, information about lateral topography is
lost. Studies [42] have shown that fractal dimension parameters allow for a more accurate
representation of how sample structural features depend on different factors, such as
fabrication conditions, treatment procedures, material compositions and so on.

Here, fractal dimension was estimated from SEM images using cube counting, tri-
angulation and power spectra density methods. Calculation methods are described in
detail in [42–44]. The algorithm for determining the surface fractal dimension of samples
using the cube counting method is as follows: a cubic lattice with lattice constant l is
superimposed on a surface stretched along z; starting with X/2 (where X is half the side of
the surface), the result is a lattice of 2 × 2 × 2 = 8 cubes; then, N(l) is the number of cubes
that contain at least one pixel of the image; the lattice constant l is then successively halved
at each step, and the process is repeated until l becomes equal to the distance between two
adjacent pixels; the slope of a plot of log(N(l)) versus log(1/l) directly provides the fractal
dimension Df.

The triangulation method is quite similar to the cube counting algorithm. It works
as follows. A grid with a cell size of one unit of measurement l is placed on the surface.
This defines the positions of the vertices of a set of triangles. When, for example, l = X/4,
the surface is covered with 32 triangles of different areas, inclined at different angles with
respect to the xy plane. The areas of all triangles are calculated and summed to obtain the
approximate surface area S(l) corresponding to l. The grid size is then successively halved
at each step, as before; the process continues until then, meaning until l becomes equal to
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the distance between two neighboring points. The slope of the graph of S(l) versus log(1/l)
corresponds to Df − 2.

In the power spectrum method, the signal is identified by the roughness profile. In
the power spectrum method, a Fourier transform is applied to each height profile along
the lines that make up the image; the power spectrum is calculated, and all these spectra
are averaged. As a result, PSD represents how the values of Fourier transformed surface
heights are distributed over the wavenumbers of spatial frequencies in reciprocal space,
i.e., in this way, the spatial frequencies of the occurrence of geometric features observed in
surface topography are identified. The fractal dimension is determined from the slope β of
the fitting line as Df = 7/2 − β/2, as for self-similar structures.

Results are shown in Table 2. As can be seen from the presented data, the values of the
fractal dimension of the samples differ depending on the fabrication method, but they are
in good agreement regardless of the estimation method used.

Table 2. Fractal dimension of obtained PAA samples.

Sample Title Cube Counting Triangulation PSD

PAA_S 2.60 2.64 2.70

PAA_P 2.47 2.54 2.39

3.2. Optical Properties
3.2.1. He+ Ion Beam Transmission Measurements

The results of the ion beam transmission through the membranes obtained in an
electrolyte based on H3PO4 are demonstrated in Figure 4a. A small part of the ion beam
passes through a porous matrix. The transmittance of 0.15 was registered by means of
a current measurement device, and a significant current drop was observed when the
membrane deviated from the norm by 1.5 degrees.
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At the same time, the results of accelerated beam transition through membranes
prepared in an electrolyte based on H2SO4 (Figure 4b) showed that the intensity of the
transmitted beam practically does not change within 2.5 degrees. A twofold reduction in
the signal occurs with the rotation of the target by 3 degrees. Measured transmittance was
in the range of 0.50–0.625, depending on the sample thickness.

When we registered the number of transmitted ions by a Faraday cup, we did not
take into account the secondary electrons emitted from the pore surface. But this could
cause an error in the study of the angular distributions and the number of transmitted
ions. To exclude secondary electron contribution, a sample consisting of a 20 nm HfO2 film
on a monocrystalline silicon substrate was installed behind a porous alumina membrane.
Comparing the statistics of the maximum distribution of backscattered particles (Figure 5),
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the number of high-energy particles passed was ≈0.6 of the initial beam current, as shown
in Figure 4. However, with a deviation of 1.5 degrees, the current of the transmitted
particles decreased four times, in comparison with the orientation relative to the beam axis
(Figure 5). Herewith, up to half of the charged particles passed through the membrane in
accordance with the current device. At the same time, with a deviation of 3 degrees in the
high-energy part of the spectrum, there were practically no backscattered particles from
Hf, and in the case of registration with a current device, 25% of the beam passed through.
This suggests that with a small angular scattering on the membrane wall, a sufficiently
large number of electrons are generated, which must be considered for the further use of
such membranes.
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The beam energy resolution was estimated using SIMNRA simulation of the slope of the
signal obtained by scattering helium ions from the layer of hafnium dioxide. Kots I.N. et al. [45]
showed that the resolution of the used spectrometry path is 15 keV. The energy resolution of
the RBS technique with the use of a porous alumina membrane worsened and amounted to
about 40 keV.

When studying using the energy-dispersive X-ray spectroscopy (EDS) and RBS meth-
ods, there were no significant differences in the composition and stoichiometry of the
membranes obtained in the electrolytes based on H2SO4 and H3PO4.

3.2.2. Ultraviolet–Visible Spectroscopy (UV–Vis)

The authors [20,46–48] of the work carried out studies of the optical properties of PAA
membranes (Figure 6) in the visible wavelength range in order to analyze the width of the
energy gap.
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According to the transmission spectra, it is possible to calculate the energy gaps for
PAA membranes with different pore diameters using the following formula (Equation (1)):

E =
h·c
λ

(1)

where h—Planck’s constant, c—light speed, λ—critical wavelength, at the increase of which
light transmission begins. The results of the calculations are presented in Table 3.

Table 3. Energy gap of Al2O3 membranes with different pore diameters.

Composition Average Pore
Diameter [nm] λc [nm] Energy Gap [eV]

PAA_S 20–30 ≈200 6.2

PAA_P 180–220 ≈700 1.77

The decrease in the band gap in the work is explained by the presence of oxygen
vacancies near the valence band (alumina is characterized by an oxygen deficiency). Oxygen
vacancies form localization centers for both electrons and holes, and, consequently, cause
the splitting of energy levels. When comparing two electrolytes, during dissociation,
phosphoric acid releases three hydrogen ions, while sulfuric acid dissociates into SO4

2−

and 2H+. Free hydrogen ions tend to form a bond with oxygen to form water. Consequently,
in the first case, more oxygen ions are required and, as a result, more oxygen vacancies are
formed in the structure, which leads to the formation of additional levels in the forbidden
zone. All this leads to the fact that the formed porous layer in the electrolyte based on
H2SO4 has fewer localized levels and, consequently, a larger energy gap (≈6 eV) than when
based on H3PO4 (≈2 eV).

Thus, the valence band of the porous layer based on H2SO4 is completely filled with
electrons and separated from the free zone following it by a wide energy gap. This structure
corresponds to dielectrics that are characterized by a full valence band filled with electrons
and a completely free conduction band. If there is no thermal excitation of electrons to
conduction band levels, then such materials behave like insulators. With our experimental
parameters (the beam current in all experiments did not exceed 15 nA), this condition was
always fulfilled. In this case, according to experimental data, a much larger number of
ions passes through the membrane based on H2SO4. Thus, the mechanism of ion transition
through the membrane is associated not only with small angular scattering, but also,
probably, with the effect of charging the pore walls.

4. Conclusions

We have studied porous anodic aluminium oxide membranes with a system of ordered
nanoscale (pore diameter of 30 nm and more) capillaries with an aspect ratio of up to five
hundred. It was shown that the transmittance of high-energy ion beams for membranes
based on H2SO4 is significantly greater than for those based on H3PO4. This could be
explained by structural differences. Membranes fabricated using H2SO4 have a higher pore
concentration, as well as a higher fractal dimension.

Based on a study of the transmission spectra, the choice of the membrane type for
studying the transmission of accelerated beams through the membranes was made in favor
of membranes formed in the electrolyte based on H2SO4. Nanoporous alumina-based
membranes were used successfully to provide the transporting of high-energy helium ions.
For the membrane with a pore diameter of ~32 nm, the transmittances were in the range
of 0.50–0.625.
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