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Formation of SmS nanostructures in anodized aluminum oxide matrix
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The matrices made of anodized aluminum oxide with a pore diameter of 40−140 nm and 60−210 nm are made

by anodizing aluminum using a two-stage method. The distribution of oxide cells and pores of matrices by diameter

is presented. It was found that an increase in the etching time led to an increase in the statistical maximum of

the average pore diameter from 108 to 155 nm. It was found that an increase in the pore diameter during etching

is accompanied by a preservation of the size of the oxide cells and a decrease in the average thickness of the

cell walls. Sic nanostructures formed in the pores of the matrices and extending to an average depth of 120 nm

were obtained by magnetron sputtering. It is assumed that a conductive channel is formed in the form of a thin

SmS layer connecting SmS nanostructures and a barrier layer of anodized aluminum oxide. The resistance of SmS

nanostructures in a matrix of anodized aluminum oxide with Ni metallization was measured, which amounted to

23 and 22�.
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Introduction

Electrochemical anodizing of pure aluminum enables the

growth of highly ordered porous structures of anodized

aluminum oxide (AAO). The growth mechanisms, the

influence of growth process parameters on the AAO

morphology [1–3], the mechanical properties [4] of porous
AAO, and its structure [5,6] have already been examined in

detail by several research groups. A significant number of

AAO studies are focused on controlled synthesis of ordered

pores relying on two principles: preliminary structuring of

the initial substrate [7,8], which leads to high pore ordering,

and the widely used two-stage anodizing technique [9,10],
which also evolves actively in the direction of additional

stimulation of self-ordering mechanisms [11–13]. The

interest in controlling the configuration of AAO pores stems

from their potential use as a matrix for fabrication of ordered

structures, such as nanodots, nanowires, nanotubes, and

membranes [14–16], with their properties differing from

those of bulk or thin-film materials [17–19]. Specifically,

the thermal conductivity, electrical conductivity, and thermo-

electric Q-factor of one- and two-dimensional nanostructures

depend on their characteristic dimensions [20–23]. Matrices

based on porous AAO have the advantage of ease of

fabrication of ordered porous structures over other matrices

produced by lithography, molecular beam epitaxy, gas-phase

deposition, and track etching of polymer membranes [3].
Thus, the design of structures with AAO matrices opens the

way both to the qualitative modification of properties of the

materials used and to the development of novel devices.

The specifics of deposition of samarium sulfide (SmS)
into AAO pores performed with the purpose of nanostruc-

ture fabrication are discussed in the present study. SmS

is known for its isostructural semiconductor−metal phase

transition [24], the generation of thermal emf without an

induced temperature gradient (thermovoltaic effect) [25],
and other properties with practical application potential [26].
Earlier studies into the nanostructuring of bulk SmS revealed

that high-temperature annealing leads to an increase in

crystallite size and a reduction in the number of defective

Sm ions at grain boundaries and the conductivity activation

energy [27]. The most significant lowering of intergranular

potential barriers is observed at 2300◦C, which makes the

discussed method fairly energy-intensive.

It is known that intergranular potential barriers in thin

films with their thickness comparable to the grain size have

a more significant effect on conductivity along the film than

across it [28]. It is assumed that SmS nanostructuring with

the use of an AAO matrix will enable the fabrication of

columnar structures allowing for longitudinal passage of

carriers without any significant reduction in mobility and

scattering at potential intergranular barriers. Ordered SmS-

based nanostructures may find application in thermoelectric

generators, oxygen sensors, and strain gauges.

1. Materials and methods

An AAO matrix was produced by a two-stage anodizing

method with reference to literature data [29,30]. The

initial substrates were four disks with a thickness of 80µm

and a diameter of 19mm cut from technical aluminum

foil (Al> 99.5%, major impurities: Fe and Si< 0.5%),
which were annealed for 2 h in air at 500◦C in a SNOL

6/12-V muffle furnace. Annealing was performed for the
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purpose of recrystallization and homogenization of the grain

composition. The surface of these disks was cleaned with

isopropyl alcohol and rinsed with distilled water. Two disks

were kept as control samples, and the other two (samples

of the 1st and 2nd series) were anodized.

The first anodizing of the samples of the 1st and 2nd

series was performed using a 0.5N solution of (COOH)2
at 85V for 30min at a temperature of 7−13◦C. Aluminum

oxide was etched in an aqueous solution containing 1.8 g

CrO3 and 7.1 g 85% H3PO4 per 100ml at 85◦C for

∼ 10min. The second anodizing of the samples of the

1st and 2nd series was similar to the first one, but its

duration was reduced to 25min. The produced second

layer of aluminum oxide was etched under the conditions

similar to those specified above for 30 s (samples of the 1st

series) and 90 s (samples of the 2nd series). The obtained

substrates were rinsed with distilled water.

AAO pores (Fig. 1, a) were filled by magnetron sputter-

ing, which is used to obtain thin SmS films [31,32] and

in the process of fabrication of structures based on AAO

matrices [33–35]. The sputtering of SmS and Ni for the

samples of the 1st and 2nd series (Figs. 1, b, c) and for

the control samples (Fig. 1, d) was performed sequentially

at a VUP-5 vacuum coater at a pressure of 5 · 10−3 Pa in

argon. The duration of SmS sputtering was 10min at a

power of 88W and 30min at 72W for the 1st and 2nd

series with control samples, respectively. The deposition

of Ni metallization onto all samples was performed at a

power of 114W for 7min. The substrate temperature was

maintained at 250◦C in each case. Stencil masks were used

in each sputtering procedure in such a way that the SmS

layer was deposited onto the AAO matrix surface, while

Ni was deposited onto the SmS film surface and prevented

from reaching the end faces of the AAO matrix.

The porous AAO layer surface and cleaved surfaces and

transverse sections of the fabricated structures were imaged

by scanning electron microscopy (SEM) with a Scios FEI

field-emission scanning electron-ion microscope.

X-ray microanalysis with mapping of the distribution of

elements within transverse structure sections was carried

out by energy-dispersive X-ray spectroscopy using an

EDAX Octane Elect Super attachment to the Scios FEI

microscope. The sections for this analysis were prepared

with an argon beam and a Hitachi IM4000 Plus ion milling

system.

The DLgram cloud service based on deep learning

technologies [38] was used to perform digital processing of

SEM images of AAO pores for the purpose of quantitative

analysis [11,36,37].

A laboratory setup featuring a Tektronix DMM4040

multimeter and an insulating stage was used for electrical

resistance measurements. The measurement error did not

exceed 1%.

Al
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SmS

SmS

Al O2 3

Al

Ni
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c d

Figure 1. Schematic diagram of the fabrication of samples

of the 1st and 2nd series (a−c) and the control sample (d).
a — Formation of an anodized layer on an Al substrate; b —
magnetron sputtering of SmS into the pores of the anodized layer;

c — magnetron sputtering of Ni metallization; d — magnetron

sputtering of SmS and Ni onto the Al substrate.

2. Results and discussion

Figure 2 presents typical SEM images of nanoporous

AAO that reveal the formation of cylindrical pores with

a diameter of 40−140 nm (1st series) and 60−210 nm

(2nd series) oriented perpendicular to the surface of the

aluminum substrate.

The observed differences in thickness of porous AAO

between the samples of the 1st and 2nd series (Figs. 2, b, d)
are attributable to an uneven rate of oxide growth on the Al

surface in the course of the electrochemical reaction.

The DLgram service for recognition of similar objects

was used to calculate the area of specific types of objects

and perform quantitative and statistical analysis of the

surface morphology of the obtained AAO samples. Figure 3

presents an example of recognition of objects of the AAO

matrix in the sample of the 1st series.

The size of pores and cells was determined with account

for their irregular shape by calculating the projection

diameter, which is the diameter of a circle equal in area

to the projection of a pore or cell [39]:

Dpr = (4 · Spr/π)1/2.

The average values of area Spr and projection diame-

ter Dpr were estimated as an arithmetic mean of the areas

and diameters of oxide cells and pores in the examined area.

The results of determination of the number and the size

of oxide pores and cells are presented in Fig. 4. In series

2, the dominant size of pores formed in the AAO layer
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Figure 2. SEM images of the porous anodized Al2O3 layer. Series 1: a — top view; b — cleaved substrate; series 2: c — top view; d —
cleaved substrate.

exceeds the pore diameter in series 1 by a factor of 1.4.

It was found that the statistical maximum of the average

pore diameter shifted from 108 to 155 nm (the 1st and

2nd series, respectively) as the etching time increased, and

the etching itself also caused statistical spread of the pore

diameter and contributed to the formation of a large pore

instead of 2−3 smaller ones, which is especially evident in

the SEM images for the 1st series (Fig. 2, a). Note that

AAO etching in CrO3 and H3PO4 leads only to an increase

in pore diameter. The statistical maxima of the average

diameter of oxide cells of the samples turned out to be

almost identical (235 and 230 nm), and the concentrations

of cells and pores in both series were 26µm−2, which is

probably indicative of stability of the used AAO synthesis

method. While pores grew in the course of etching, oxide

cells retained their size, and the average thickness of the

cell walls decreased from approximately 60 to 30 nm (the
1st and 2nd series, respectively).

It is known that the pore size and the degree of ordering

of hexagonal cells in a porous AAO layer depend on

the ordered structure of the aluminum surface formed in

the first anodizing process [40]. It was demonstrated

that the structure depends on the concentration of ions

in the electrolyte, the electrophysical characteristics of the

substrate, and the temperature of the substrate−electrolyte

system [41,42]. The asymmetric nature of the distribution

of cell sizes (Fig. 4, b) and the stochastic arrangement of

pores (Fig. 2) are governed by the nature of mass transfer

in the solution in the process of aluminum anodizing and

the kinetics of diffusion of reagents in channels of the oxide

film. The anodizing voltage in the electrolytic cell [42] was
the parameter specifying the nature of mass transfer.

Figure 5 shows the section of the structure characteristic

of samples of both series with deposited SmS and Ni layers.

The Pt layer was used as a protective mask to prepare the

section.

The average size of oxide cells determined from Fig. 5

(210 nm) agrees closely with the quantitative analysis data.

The image of the section of the 1st series (Fig. 5, b) reveals

etching and filling of pores with samarium sulfide to an

average depth of 120 nm (with a spread from 60 to 180 nm)
and a smooth transition of the average diameter from 90

to 70 nm.

The distribution maps of S (Fig. 6, b) and Sm (Fig. 6, c)
plotted for the AAO section (Fig. 6, a) for series 2 do

not correspond exactly to the AAO structure profile, which
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a b
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Figure 3. SEM images with highlighted objects for AAO of the 1st series: a — oxide cells are highlighted; b — pores are highlighted.
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Figure 4. Diagrams of size distributions of AAO pores (a) and cells (b).
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Figure 5. SEM images of the Al2O3−SmS−Ni structure section of the sample of the 1st series. Imaging was performed in the modes

of detection of secondary electrons (a) and backscattered electrons (b).
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Figure 6. Images of a fragment of the Al2O3−SmS−Ni structure section of the sample of the 2nd series. a — SEM image; element

distribution maps for it: b — S; c — Sm; d — Ni.

may be attributed to non-uniform condensation of materials

removed during ion etching on the section surface; this is

also confirmed by the distribution map of Ni that made it

to the AAO section (Fig. 6, d). In the examined part of the

Technical Physics, 2024, Vol. 69, No. 10
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Figure 7. Schematic diagram of filling of the AAO structure with

SmS.

sample, the atomic percentage ratio of Sm to S was 1 : 0.74,

which indicates a deficiency of S in the film composition

and is a feature of magnetron sputtering [43].

Thus, the electron microscopy data did not allow us to

estimate the filling of the unetched pore part with samarium

sulfide (Fig. 5). However, electrical conductivity between

the substrate and the upper Ni contact was detected after

the deposition of the discussed structure, and the resistance

for series 1 and 2 was 23 and 22�, respectively. The

resistances of the control samples were 1� with an SmS

deposition time of 10min and 9� at a deposition time

of 30min. It is known that AAO is a dielectric with a

specific resistance of 4 · 1016 �·cm [44] and the AAO matrix

is characterized by the presence of a barrier layer with a

thickness of several tens of nanometers [3] (Fig. 7). Since

the barrier layer is quite thin compared to the obtained AAO

matrix, a comparison of the electrical resistances of samples

of series 1 and 2 with the control ones suggests that a layer

of SmS did actually form on the walls of pores throughout

their entire depth.

Conclusion

Samarium sulfide nanostructures were formed using

nanoporous AAO templates, and the shape and size of

cells and pores of the oxide layer and the SmS layer

were analyzed. It was demonstrated that anodizing with

a 0.5N solution of (COOH)2 at 85V yields an asymmetric

distribution of cell sizes and a stochastic pore arrangement.

It was found that the statistical maximum of the average

pore diameter increases with an increase in etching time. It

was demonstrated that the average depth of pore filling with

samarium sulfide was 120 nm with a smooth variation of the

average diameter from 90 to 70 nm. Electrical conductivity

was observed after the deposition of the discussed structure,

which suggests that a thin SmS layer did indeed form on the

walls of pores throughout their entire depth.
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