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3.1 Introduction

The researches on the formation of porous anodic alumina (PAA) films for use of
their nanoscale properties can be divided into two main areas: growing oxide on a
bulk aluminum and foils and on films deposited onto the substrate. The development
of technological processes of PAA creation on bulk aluminum usually presumes the
improvement of methods of ordered structures creation with implementation of a
two-stage process of anodizing. This is where significant success has already been
achieved [1]. However, the method of growing of ordered PAA on deposited thin
aluminum films is yet to be discovered. Only the processes of nanopore ordering
for PAA on thin Al films by pre-texturing by special stamps can be considered as
those that secured proved results [2]. The structural difference in PAA films, grown
on the bulk aluminum (plates or folds) and on the deposited films of aluminum, is
usually attributed to the fact that on contrary to the annealed and subjected to the
electrochemical polishing surface of bulk aluminum, the surface of the deposited
film has high surface roughness, and films themselves may be disordered small-
grain structure with a considerable difference in grain sizes and a large number
of randomly distributed inter-grain boundaries. Aluminum films produced under
various conditions also differ from each other—according to structural parameters,
density of grains packing, and average values of surface roughness [3-5].
Nevertheless there are a lot of publications devoted to the nanostructures on
substrates of various materials, including semiconductors, metals, dielectrics, and
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polymers that can be produced by anodic alumina nanopatterns. Among them alu-
minum nanomesh thin films (nano-sized networks non-anodized Al on a substrate)
made by electrochemical anodizing and wet etching of porous anodic alumina have
special importance as one of the promising candidates for transparent conductive
layers (TCLs) which possess both high conductivity and high optical transparency
[6-10].

Transparent conductive layers (TCLs) which possess both high conductivity and
high optical transparency have many actual and potential applications. Areas of
application are optoelectronics, plasmonics, biosensorics, and sources of “green
energy.” Transparent conducting electrodes are used in light-emitting and solar
cells, different kinds of displays, touch screens, etc. [11-15]. Traditionally, films of
conductive oxides are used. These are mainly indium tin oxide (ITO) as well as zinc
and tin oxides, including doped ones [12, 13]. TCLs on conducting polymers have
been also developed [15]. Alternative materials with new operational properties,
structure, and morphology are also being searched [14-21]. Nanostructured metal-
based thin films as metallic nanowires, metallic and hybrid nanogratings, and metal
nanotrough networks are among these materials [19-22].

Aluminum nanomesh thin films made by electrochemical anodizing and wet
etching of porous anodic alumina (PAA) are promising candidates for manufac-
turing of TCL [6-10]. Such Al nanomeshes are electrically conductive, optically
transparent, and flexible. The size of the PAA cells and, accordingly, the cells of
Al nanomesh can be varied in the range of 10 nm to 1000 nm by varying the
electrolyte composition and the anodization regime. The uniform pores arrangement
allows improvement of the optical and electrical performance up to ITO layers. The
study has shown that the transparency of Al nanomesh on glass can be 10-90%
and the conductivity 10-1000 © sq~! for 400-800 nm wavelength [6, 10]. Such
Al nanomesh can be used in next-generation optoelectronic devices—such as thin-
film solar cells, touch screens, and flexible displays [6, 7]. In liquid crystal displays,
a nanoset aluminum film can simultaneously be used as a TCL and an orienting
surface for nematic crystals [8, 9].

To be widely applicable, the production of nanostructures should be inexpensive
and compatible with industrial thin-film technology for manufacturing of optoelec-
tronic devices. These requirements are met by a simple and cheap technology for
the production of Al nanomesh from aluminum films deposited on glass, Si, and
other substrates.

The possibility of forming Al nanomesh by anodic oxidation is closely related
to the structural features of PAA. The nanostructured PAA (Fig. 3.1a) is ideally
described as a honeycomb structure that consists of hexagonal cells of a D diameter.
The relationship between cell size and anodization voltage can be expressed
as a linear dependence D = ApeU, where the coefficient Ap is approximately
2.5 nmeV L. In the center of each cell is a pore of d, = Ag *U, A4 diameter, which
equals approximately to 1.3 nmeV~! [23, 24]. The bottom of the pore is separated
from the aluminum base by a hemispherical layer of barrier oxide with a thickness
hy. The barrier layer thickness was found to be proportional to the anodizing voltage
with a ratio of ~1.2 nm «V~! [23, 24]. In practice, the geometric parameters of
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Fig. 3.1 Schematic representation of porous anodic alumina and nanostructures from residual
aluminum on a substrate. (a) porous anodic alumina; (b) Al nanomesh; (¢) Al nanoprism system

the PAA depend on the anodizing regime (the composition and temperature of the
electrolyte, the current or voltage of the anodizing, the duration of anodizing) and
aluminum purity [24-26].

The thickness of the walls and the bottom of the pores of the PAA can be reduced
by chemical etching, forming the desired pore configuration, for example, for the
further production of nanostructures by deposition into pores [27, 28]. It is possible
to remove PAA completely and to form a nanostructured surface of aluminum with
the purpose of, for example, carrying out the second stage of anodic oxidation [29].
The nanostructured aluminum surface at the oxide/metal interface is a set of concave
hemispheres, i.e., has a relief surface with protuberances in the places where the
PAA cells meet (Fig. 3.1a). If the formation of PAA is carried out from an aluminum
film, then as the bottom surface of the PAA hemispheres reaches the substrate, a
continuous aluminum film under the oxide is transformed into a porous aluminum
mesh film [6-10]. Al nanomesh on the substrate can be formed by selective etching
of the porous oxide (Fig. 3.1b) [6-10].

The size of the cells of Al nanomesh D is equal to the size of the PAA cells. The
maximum height H of the aluminum is half the diameter of the PAA pore. The pore
diameter d in Al mesh depends both on the anodization voltage and on its duration.
The height and thickness of the aluminum mesh decrease as the diameter of the
contact surface between the bottom of the PAA pore and the substrate increases
during anodic oxidation [16]. By increasing the oxidation time, it is possible to
form a nanostructure from individual aluminum nanopyramids (Fig. 3.1c¢), realized
as aluminum hexagonal dot array [30]. Using the dependence of the geometrical
parameters on the characteristics of the anodizing process, it is possible to control
the morphology of the Al nanostructure and its electrical and optical characteristics
[6-10].

The formation of conductive transparent Al nanomesh thin films on substrates
includes the following processes (Fig. 3.2):

(a) Vacuum deposition of an aluminum film onto a substrate

(b) Anodic oxidation of the aluminum film to form a PAA (single-stage or two-
stage) with stopping when the protruding parts of the anodization front reach
the substrate

(c) Elimination of PAA by selective chemical etching
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Fig. 3.2 Schematic depictions show the stages of preparing Al nanomesh thin films on the
substrate. (a) deposited Al films on substrate; (b) PAA and Al nanomesh after anodic oxidation;
(¢) Al nanomesh after elimination of PAA by wet etching

The formation of an ordered Al nanomesh is a way of improving optic-
electronic properties by minimizing the number of breakages in aluminum lines
and the number of disconnected islands [10]. The homogeneity and ordering of Al
nanomesh are determined primarily by the structure of the PAA.

The formation of PAA from deposited Al films differs from the formation of
PAA on a massive metal (plate or foil). The structural difference between PAA films
grown on massive aluminum and on deposited Al films is connected with differences
in the structure of the anodized materials.

To form homogeneous ordered PAA on massive aluminum, annealed and elec-
trochemically polished samples of high-purity aluminum, which have a structure
of densely packed large grains and a smooth surface, are usually used. To obtain
PAA with homogeneous ordered pores from a bulk aluminum, processes such as
annealing of the initial material, electrochemical surface polishing, long anodizing
time, and a two-stage anodic oxidation [24-30] are used. As a result of the
application of these techniques on massive aluminum, PAA with pores of the same
size and having an almost perfect hexagonal ordered structure were obtained.

The use of methods for ordering PAA on massive aluminum is often impossible
to apply for deposited aluminum films because of their small thickness and
structural features. Vacuum-deposited aluminum films have a granular structure
with a considerable difference in sizes of grains and a large number of chaotically
located grain boundaries. Their surface may have a high roughness. The density of
the aluminum film, the grain size, the degree of randomness of the grain boundaries,
and the surface roughness depend on the method and mode of deposition [4, 31-33].

Because of promising perspectives for ordered PAA on substrates to be used
for the formation of various nanostructures, a lot of studies has been devoted to
this issue [34-38]. The influence of the aluminum film structure on the growth of
PAA is being studied. In order to increase the ordering of PAA on aluminum films,
two-stage anodizing is sometimes being tried [35, 36, 42], but stable success has
not been obtained in this direction so far. Preliminary texturing of the surface by
ion beam etching through an electron beam lithography fabricated mask [40] or by
transferring patterns from the hard master stamp onto the surface [2, 41] is being
successfully applied.

An important point in the formation of PAA and especially Al nanomesh from
deposited aluminum films is good adhesion to the substrate. It is necessary to prevent
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Al peeling from the substrate during anodizing and etching. The transition metals,
active to oxygen, usually Cr, Ta, or Ti [43], are used as an adhesive layer. The Nb
layer can also serve as an excellent adhesive layer for thin aluminum films [5]. A
careful study of thin Al/ND films deposited by a magnetron showed that a continuous
layer of aluminum is formed even at a 3 nm thickness due to the high affinity of
aluminum to niobium [44].

Important issues in the production of Al nanomesh thin films are the control
of the stopping time of the anodizing during the formation of Al nanomesh on
a substrate and the control of the complete etching of the PAA. Therefore, it is
desirable to find an in situ control method, at least for testing the technology. When
Al nanomesh formed from Al film, the thickness of the PAA before etching is,
as a rule, several hundred nanometers. The effective thickness of the remaining
aluminum film lies in the nanometer range. Such thin-film structures of PAA-AI
exhibit plasmon and/or waveguide properties. Similar structures served as the basis
for the development of optical sensors on metal-clad waveguide (MCWG) with a
porous sensor layer [45—48]. The method of optical control directly in the process of
formation of the structures of PAA-Al, which comprises monitoring of the angular
dependence of reflection on monochromatic light, was used by us earlier for MCWG
PAA-AI production. It was used both for the formation of the PAA-AI structures
by anodic oxidation and for the widening of pores by wet etching [47]. Since the
angular dependencies of the reflection curves of the PAA-ALl structures vary both
with a change in the dielectric layer and with the slightest change in the thickness
of Al, the method can be applied to control the etching of the PAA, as well as to
control the remaining Al nanomesh.

This work is devoted to the development and investigation of in situ controlled
process for the formation of Al nanomesh from thin aluminum films deposited by a
direct current magnetron on glass substrates with an adhesive layer of Nb. In order
to control in situ anodic oxidation processes during the formation of the PAA-Al
nanomesh structure and the removal of PAA by etching, the method of monitoring of
an angular reflection curves was applied. The obtained Al nanomesh was studied by
the SEM method. Particular attention is paid to the connection between the features
of the initial thin-film structures and the formed Al nanomesh.

3.2 Experiment

The plates of optical polished glass with np = 1.609, 20 x 25 mm in size, and 1 mm
thick were used as substrates. The substrates were previously cleaned in chromic
acid solution for 6 hours. After washing in deionized water, they were treated in
the high-frequency oxygen plasma. Immediately prior to the deposition, the final
cleaning of the substrate was carried out in the vacuum chamber by bombarding
their surface with argon ions with an energy of 400 eV for 10 minutes. Adhesive
layer of niobium with a thickness of 2—5 nm and aluminum films with a thickness
of 340 nm were deposited in a vacuum chamber equipped with a turbomolecular
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pump by magnetron sputtering at a constant current. Optimization of the deposition
regime of aluminum films was carried out by us earlier [5]. The parameters related
to the deposition of aluminum films are:

Target Aluminum (99.999% purity)
Gas Argon (99.95% purity)

Base pressure 1-10 — 6 Torr

Argon pressure 1.8 - 10 — 3 Torr
Substrate-to-target distance 45 mm

Deposition rate 1.1 nm/s

Anodic oxidation of aluminum films was carried out in a two-electrode cell.
Anodization modes and control of chronometric dependencies were provided by
means of a self-made computerized device. A vacuum-deposited gold film on a
glass substrate served as the cathode. The formation of PAA was carried out in the
potentiostatic regime, but in the beginning the oxide was grown in a constant current
regime. The area for the formation of PAA (100 mm?) was limited by a mask of
photoresist. To avoid etching the aluminum surface in a photoresist developer, the
mask was stamped. A 0.3 M solution of oxalic acid was used as the electrolyte.
The electrolyte was stirred with a magnetic stirrer, and its temperature was 17 °C.
The anodic oxidation was stopped when a sharp jump down appeared on the /(¢)
curve. Angular reflection curves at a wavelength of 670 nm were monitored using
the “Plazmontest” sensor device developed by us [47].

Then selective etching of PAA in an etchant composition of 10% H3PO4 + 2%
CrOs at a temperature of 18 °C was carried out. The change in the reflection curves
during etching of PAA was monitored with a self-made instrument providing a large
range of light angles incidence.

Samples of aluminum films, PAA, and Al nanomesh have been studied by SEM
Tescan Mira 3 LMU. Before the SEM investigations, the Au layer thickness of 8—
10 nm was thermally evaporated in vacuum on the surface of the specimens to form
a conducting film to avoid the charging problem.

3.3 Results and Discussion

The chronometric dependencies obtained during single-stage anodic oxidation of
aluminum films with a thickness of 340 nm at a voltage of 40 V are shown in Fig.
3.3a, b. It is seen from Fig. 3.3b that the stationarity of PAA growth on an aluminum
film of 340 nm thickness in this anodization regime is not achieved. We should
note that on the curve I(r) (Fig. 3.3b), when the anodization front approaches the
substrate, there is always a smooth current drop (Sect. 3.1 on the insert), then a
sharp current jump down (Sect. 3.2), and a further gradual decrease (Sect. 3.3). We
believe that this jump is due to the fact that the anodization front has reached an
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Fig. 3.3 Chronometric dependencies obtained during anodic oxidation of the Al (340 nm)/Nb
(adhesive layer) thin-film structure on glass substrate. (a) voltage-time characteristic; (b) current-
time characteristic

adhesive layer. This adhesive layer is probably a mixture of niobium and aluminum
atoms due to metal interdiffusion, and it also may be partially oxidized prior to the
deposition of aluminum because of the getter properties of niobium. The jump on the
curve I(¢) we consider as a signal that continuous aluminum has been converted to
nanoscale. Further, in the centers of the Al nanomesh cells, nanotips from a mixture
of niobium and aluminum oxides are formed, and thinning of the Al lines continues.
We stopped the anodizing, as soon as Sect. 3.2 appeared on curve /(¢). The decrease
in current as the anodization front approaches the substrate occurs very rapidly, and
it is difficult to control the time of anodization stoppage reproducibly. To ensure the
steady-state growth of the PAA and to ensure the reproducibility of the stopping
time, it seems that the anodizing temperature must be lowered.

The minimum angle on the reflection curve of the produced waveguide thin-film
structures of PAA/Al was about 64 degrees (in water).

After thorough washing and drying of the samples, we carried out controlled
etching of PAA. The control of PAA etching was made by a self-made computerized
device with a light source of 670 nm wavelength, p-polarizer, and a photodiode. The
range of light incidence angles of 40—68 degrees was provided by a stepping motor.

Figure 3.4a shows the scheme for measuring the reflection curves obtained by
etching of PAA/AI nanomesh structures. The time interval between the reflection
curves was 20 minutes (Fig. 3.4b). The initial curve 1 in Fig. 3.4b is a first-order
waveguide mode of a thin-film structure of PAA/AI In the etching process, the
porous oxide layer is gradually etched and converted to a combination of a thin
alumina barrier layer and/or PAA residues lying on the surface of the Al nanomesh.
The waveguide minimum shifts to the left (curves 2, 3, 4) and gradually disappears,
and in the viewing angle region, the left part of the SPR minimum appears (curve
5). When etching proceeds, curve 6 is formed from curve 5. Curve 6 corresponds to
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Fig. 3.4 Measurement of the reflection curves during the process of the etching of PAA-Al
structure. (a) scheme of measurement; (b) the reflection curves obtained during the etching of
PAA-AI structure

surface plasmon resonance on a nanoscale aluminum film. Due to the limited range
of the device angles, we see only the left side of the SPR curve. The invariance
of the SPR curve with further etching (curve 7 coincides with curve 6) indicates
that PAA is completely etched away. There remained only Al nanomesh, which
remained unchanged under this etching regime.

The measured sheet resistance values of such Al nanomesh samples were from
30 Q/sq. to 45 Q/sq.

The SEM images shown in Fig. 3.5a, b correspond to the reflection curves
1 and 8 in Fig. 3.4b, respectively. Figure 3.5a is the SEM of the PAA surface
after the anodic oxidation. The inset in Fig. 3.5a shows the SEM surface of the
original aluminum, which, according to [5], consists of a base aluminum film with
protruding crystallites. On the surface of the PAA (Fig. 3.5a), small disordered pores
partially covered with gold are seen both on the base surface and on the protruding
crystallites. An image of the surface of the sample from which the PAA is etched
away shows a surface of Al nanomesh (Fig. 3.5b). Most of the cells have a hexagonal
shape, but there are also cells with 5 and 4 vertices. Size of the cells ranges from
90 nm to 120 nm. The nanostructure is heterogeneous, and the discontinuities of
Al lines are visible in some places. The width of the aluminum lines is generally
about 20 nm. A bright spot measuring 20-25 nm is at the center of almost every
cell, apparently a gold-coated bump from an anodic niobium oxide (or a mixture of
niobium and aluminum oxides).

SEM of various sections of Al nanomeshes produced from Al films on an
adhesive sublayer of Nb are also shown in Fig. 3.6. Figure 3.6a, b correspond to
homogeneous and inhomogeneous regions of the nanoscale of aluminum obtained
from a film with a thickness of 340 nm. Figure 3.6¢ is an area of the nanoscale of
aluminum obtained from an Al film with a thickness of 1000 nm with protruding
crystallites.
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Fig. 3.5 SEM of the PAA and Al nanomesh surface. (a) PAA surface after anodic oxidation; (b)
surface of Al nanomesh after etching of the PAA. The inset in (a) shows the surface of the initial
aluminum film

Fig. 3.6 Different sections of Al nanomesh produced from Al films on an adhesive sublayer of Nb.
(a, b) Al nanoscale obtained from Al film with a thickness of 340 nm; (c) an area of Al nanoscale
obtained from Al film with a thickness of 1000 nm

From the SEM data, we can see that the Al nanomesh reflects to a certain extent
the structure of the aluminum film from which it was formed. Places with wider
Al lines correspond to places of aluminum film of greater thickness. They are
surrounded by the parts of the nanoscale with narrower lines, up to the line ruptures.
It seems to us that there are so many reasons that can cause heterogeneity of the Al
nanomesh.

First, an Al nanomesh with a nanometer thickness and a width of lines “reacts”
to heterogeneity of the thickness of initial Al film. As it was shown earlier [5],
the aluminum film (insert in Fig. 3.5a) contains above the “base” the aluminum
film, protruding crystallites, and grooves at the grain boundaries. AFM analysis of
the relief showed that the roughness of surface (RMS) is 3 nm, difference of the
film thickness on areas between protruding crystallites is 10-15 nm, and height
of big crystallites is 50-150 nm. The difference in the thickness of the Al film
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leads to the fact that different sections of the anodization front reach the substrate
not simultaneously. In places where the thickness of aluminum is less, the lower
boundary of the barrier layer of PAA reaches the substrate earlier than in places with
a greater thickness of aluminum. At these thinner places, formation of nanoscale
from aluminum begins earlier. The height and thickness of the Al mesh decrease
with the increase in the diameter of the bottom of the pore of the PAA and the
substrate, i.e., they decrease with increasing the time of mesh formation [9]. The
longer formation time of the nanoscale after touching the bottom of the pore of the
cover leads to a thinning of the aluminum lines in places with a lower thickness of
the aluminum film. In these places the breaks in the aluminum lines may appear until
the anodization stops. As our studies have shown, an increase in the thickness of the
initial aluminum film leads to an increase in the inhomogeneity of its thickness [5]
and to an increase in the inhomogeneity of the Al nanostructure remaining after the
formation of PAA. SEM of the area of Al nanomesh obtained from a film with a
thickness of 1000 nm (Fig. 3.6¢) clearly shows that the nanoscale formation on the
big grain has not yet occurred, whereas around the Al grain, nanomesh already has
breaks.

Second, it is likely that the local increase in temperature caused by the current
flow in places where the Al nanoset is thinner can further accelerate the oxidation.

Third, the question of the relationship between the purity of aluminum into grains
and on grain boundaries remains open, and the purity affects the formation of PAA
and, consequently, Al nanoset.

Figure 3.7 shows a schematic representation of the cross section of the samples
at different stages of production of Al nanomesh from an Al film on a thin Nb
layer corresponding to the SEM images in Figs. 3.5 and 3.6. When drawing up the
scheme, we relied on the results of studies on the formation of arrays of nanotips on
thin-film Al-Nb structures [49-51]. They show that under the bottom of the pore of
the PAA, oxidation of the underlying niobium without its contact with the electrolyte
occurs due to the transfer of niobium ions and oxygen by an electric field through
a layer of barrier alumina. The migration of O>~ and Nb>* ions occurs in each
pore along the narrow channel perpendicular to the surface of the substrate. Under
the barrier alumina, niobium oxide (or a mixture of niobium and aluminum oxides)
is formed, and the aluminum oxide is gradually dissolved. Since niobium oxide
has less ion current resistance than alumina, the oxidation of niobium occurs faster
than of the neighboring aluminum [49]. Thus, even a very thin adhesive sublayer

a b c
Al > ALO,
Nb Al Al
bt g AgAghA H/ MIAIA._AIALH/
_l_l_l_l_l?\ Nb Nb
substrate substrate INNN b,0, substrate \szo5

Fig. 3.7 Schematic representation of the cross section of the samples at different stages of
fabrication of Al nanomesh from the Al film on the Nb sublayer. (a) Al film on Nb adhesive
layer; (b) appearing of Nb oxide nanotips at the end of anodic oxidation; (¢) Al nanomesh with Nb
oxide nanotips after etching of PAA
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of niobium can help preserve the nanoscale from aluminum until the oxidation of
niobium under the bottom of the pore is complete.

3.4 Conclusions

An in situ controlled process for the formation of porous anodic alumina and Al
nanomesh from thin aluminum films deposited by a direct current magnetron on
glass substrates with an adhesive layer of niobium was developed. It was shown
that the method of monitoring of the angular reflection curves can be successfully
applied in situ not only for monitoring of the anodic oxidation and pore-widening
processes in the formation of the structure of PAA-AI [47] but also for monitoring
the etching of PAA in Al nanomesh formation.

SEM images of the obtained Al nano-networks show that most cells have a
hexagonal shape. A bump from an anodic niobium oxide (or mixtures of niobium
and aluminum oxides) is located in the center of almost every cell. We believe that,
since the anodic oxidation of Nb occurs faster than that of the neighboring Al, the
thin Nb sublayer not only increases the adhesion of aluminum to the substrate but
can contribute to the preservation of Al nanomesh when it is formed by anodic
oxidation of the aluminum film on the substrate.

Studies by SEM showed that the heterogeneity of the formed Al nanomesh is
connected with the structural features of thin aluminum films containing protruding
crystallites and cavities at the grain boundaries that disrupt the uniformity of the
anodization front during the formation of PAA and Al nanomesh.

The homogeneity of anodic porous alumina and Al nanomesh, in our opinion, can
be improved by increasing the uniformity of the thickness of Al films, possibly by
precision electrochemical polishing and by using nanopatterning of the aluminum
surface prior to anodizing. For the reproducibility of the moment when the formation
of the Al nanomesh stops, work should be carried out to optimize the composition
of the electrolyte and to decrease the anodic oxidation temperature.
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