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The processes of aluminum nanoparticle (Al-NPs) array formation by vacuum-thermal evaporation and
condensation at a substrate temperature of 150 °C were studied using SEM, TEM and ellipsometry methods. It
was shown that the particles in the array have a flattened shape, and their average size in the array depends
linearly on the amount of deposited aluminum. Experimental spectral dependences of the refractive index,
extinction coefficients and transmittance of Al arrays coated with a SiO, layer were obtained. Experimental data
were compared with the results of modeling the AI-NPs/SiO, composite material using the Maxwell—Garnett

approximation and its generalization.

It is shown that an important factor determining the spectral optical

characteristics of the Al-NPs/SiO,, composite material is the non-uniformity of Al nanoparticle shape in the array.
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1. Introduction

Metal nanoparticles facilitate origination of localized
surface plasmonic resonances (LSPR) due to coherent col-
lective oscillations of their surface conductance electrons [1].
With optical stimulation at a resonance frequency, the LSPR
generates a highly-localized and intense electromagnetic
field near the nanoparticle [2].

This phenomenon provides considerable absorption and
scattering of light by the nanoparticles. Resonance charac-
teristics, including a frequency and a line width, depend
on a material composition, a geometrical form and a
refractive index of the environment [2]. As a result, the
nanoparticles demonstrate exceptional nanooptical proper-
ties that are useful for various process applications. They
include supersensitive probing, surface-enhanced Raman
spectroscopy (SERS) [3-5], metal-enhanced fluorescence
and photocatalysis [1,2,6-10].

The LSPR phenomenon was extensively studied in
nanoparticles of noble metals, in particular, gold and silver,
which have been main materials for research for a long
time [1,11]. They dominate in this field due to a combination
of unique optical, chemical and physical properties. The
gold and silver nanoparticles demonstrate strong, clearly
pronounced LSPR peaks in the spectrum from visible to
near-infrared (400—1000nm) radiation. This range is cru-
cial for many photonic and biological applications [1,12,13],
since it coincides with operating wavelengths of usual lasers,
optical detectors and microscopic systems. Moreover, gold
has high chemical inertia and is resistant to oxidation and
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corrosion even in the environmental conditions, thereby
providing long-term stability of plasmon nanostructures [14].

Although gold and silver are still fundamental materials
in plasmonics, the latest achievements have underlined a
potential of aluminum due to its plasmon activity in the
ultraviolet spectrum. Besides, aluminum is a more common,
economically profitable material which is compatible with
modern technologies of semiconductor production [15].
One of the key advantages of aluminum is its capability
of maintaining strong plasmon resonances at the shorter
wavelengths (up to 250nm), where traditional plasmon
metals, such as gold and silver, are less effective [11,15].
Besides, the aluminum nanoparticles demonstrate variability
of an LSPR position, which depends on a particle size,
their form and oxidation degree, thereby providing flexibility
when designing the plasmon devices [2]. Aluminum can be
very easily oxidized in air atmosphere and forms a oxide
film of the thickness of about 2nm on its surface [16]. It
was shown that when varying the content of the aluminum
oxide one can attain changing of plasmon reactions [16].
This makes this material suitable for application in sensorics,
catalysis and photonics.

Thus, all these properties taken together underline the
potential of aluminum as a stable and adaptable material
for designing the next-generation plasmon systems for
such fields as biomedical diagnostics [12], integral photon
circuits [17], nonlinear optics, lasers, photoluminescence,
sensors on an aluminum metal film [15].

Yet another promising application of the plasmon nanos-
tructures is plasmon lithography. It was noted in some
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articles that this method of obtaining images on a photoresist
film made it possible to produces structures with sizes of
below 10nm and furthermore it is a more economically-
profitable as compared to other types of lithographic pro-
cesses [18,19]. In this regard, aluminum is also interesting
as a plasmon material. It was shown that the aluminum
plasmon nanostructures made it possible to obtain a highly-
contrast image in the photoresist with the size 1/6 [20].

Currently, a lot of methods of production of the LSPR
structures are studied. For example, it includes various
lithography methods: nanosphere lithography, nanoimprint
lithography, holographic lithography and direct-write lithog-
raphy [21]. These methods make it possible to obtain a
quite accurate arrangement of arrays with a small number of
defects on the substrate surface. But a main disadvantage of
these methods is their high cost and a necessity of overcom-
ing a diffraction limit to produce the small-sized particles.
The literature also mentions colloidal methods [22]. They
allow producing the small-sized particles, but they are small-
scaled, require using stabilizing substances and it is also
difficult to purify a finished product from substances used
during their production.

The most economically-profitable and technologically
simple methods of producing the nanoparticle arrays are
various methods of deposition from a vapor phase, for
example, deposition at an oblique angle [23], vacuum-
thermal sputtering [24-26].Due to vacuuming during the
production process, they allow producing the arrays that
consist of particles of a quite small size and a high purity
degree.

In the present study, we demonstrate that it is possible to
controllably produce the aluminum nanoparticle arrays by
vacuum-thermal evaporation and the optical properties of
the produced arrays. Thus, the present article is aimed at
experimental and theoretical characterization of the optical
properties of the aluminum nanoparticle arrays produced by
vacuum-thermal deposition, in a dependence on the sizes
and the form of the nanoparticles.

2. Methods of producing and
investigating the samples

2.1. Formation of the aluminum nanoparticle
arrays

Various substrates were used when manufacturing the
samples: quartz glass — for studying the optical properties,
silicon with a thermal oxide layer of the thickness of
300nm — for studying by scanning electron microscopy
(SEM) and amorphous carbon of the thickness of 20 nm —
for studying by transmission electron microscopy (TEM).
The Al nanoparticle arrays were formed on the said
substrates by electron-beam evaporation in an installation
Angstrom EvoVac-34 at the residual chamber pressure of
at most 4- 1078 Torr. The substrate were heated to the
temperature of 150 °C, which was followed by cleaning the

substrate surfaces with argon ion bombardment under the
following conditions: a working gas pressure is 1.0 mTorr;
a Ar flowrate is 4.8 cm®/min; a processing time is 30s. It
was followed by a process of aluminum deposition at the
rate of 0.3 A/s. The aluminum layers of the thickness of 1.5,
3.0 and 4.5nm were deposited for the studies. It should be
noted that when depositing Al of such small thickness, thin
films, as will be demonstrated, will just be the nanoparticle
array and, therefore, the said film thicknesses are virtual.
At the final stage, in a single vacuum cycle, the formed
Al nanoparticle array was covered with a SiO; layer of the
thickness of 7.5nm by electron-beam evaporation, too (the
deposition rate was 1A/s), to prevent oxidation of the Al
nanoparticles during storage in air.

2.2. Investigation of the surface morphology
of the aluminum nanoparticle arrays

The surface morphology, in particular, lateral geometrical
sizes of the Al nanoparticle in the array were investigated
using scanning electron microscopy. The samples were
studied in a two-beam electron-ion microscope Helios
G4CX (Thermo Fisher Scientific, USA) at the accelerating
voltage of HV = 5kV, the beam current of /, = 86 pA and
the working distance of WD =4 mm. Secondary electron
images were obtained by means of an in-lens detector in an
immersion mode.

A focused ion beam (FIB) integrated into the electron-ion
microscope Helios G4CX was used to prepare a thin cross
section (lamella) of the sample with the Al nanoparticle
array for subsequently studying the geometry of the cross
section of the nanoparticles, in particular, their height, by
transmission electron microscopy. In order to protect an
interest area from unintentional destructive effect by the
ion beam, a Pt protective layer was formed using a gas
injection system integrated into the microscope. First of all,
the Pt layer of the thickness of ~ 150nm was deposited in
conditions of electron-beam induction, which was followed
by deposition in ion-beam conditions until reaching the total
thickness of about 1—2um.

Then, the material was roughly locally removed at the
accelerating voltage HV = 30kV and the ion-beam current
I; = 2.5nA to form a lamella blank. Formation of the
lamella blank was followed by its pre-thinning using the
same accelerating voltage (30kV), but with the reduced ion-
beam current (0.43nA). Then the lamellas were extracted
by means of a nanomanipulator (EasyLift), accurately
transferred to a copper mesh for TEM and fixed by
additional Pt deposition.

Final thinning and surface cleaning included gradual
reduction of the accelerating voltage from 10 to 2kV
with a gradual decrease of the beam current to tens of
picoamperes. This gentle staged approach to thinning made
it possible to minimize ion-induced structural damage and
amorphization effects, in particular, to remove a surface
amorphized layer formed at the early stages of preparation
and to achieve optimal electron transparency of a plate
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Table 1. Information about the studied samples

Reference number

of the sample Description

Quantity ratio
a virtual thickness

Substrate temperature
during deposition

Nanoparticles of Al,

#1 covered by S0 Al1.5nm/SiO; 7.5 nm +150°C

" Nanoparticles qf Al, A13.0 1m/SiO, 7.5 nm +150°C
covered by SiO,

“ Nanoparticles of Al AL45nm/SiO; 7.5 nm +150°C

covered by SiO,

(of the thickness below 100nm). At all the stages of
preparation, quality control included high-resolution electron
visualization using detectors of secondary (SE) and back-
scattered (BSE) electrons in order to ensure structural
integrity and precise sizes of the finished plate.

2.3. Investigation of the crystal structure
of the al nanoparticles in the array

The crystal structure of the Al nanoparticles in the
array and their cross section were studies by means of
a transmission electron microscope Tecnai G?> 20 S-Twin
(Thermo Fisher Scientific, USA), which was equipped with
a energy-dispersive spectroscopy (EDS) system produced
by EDAX. A chemical composition of the surface and
valence states of the Al nanoparticles were determined
using a photoelectron spectrometer PHI 5000 VersaProbe 11
with a monochromatized source of excitation by radiation
AlK, (hv = 1486.6¢V, the power is 50W, the diameter
is 200 um).

The TEM method was used to study the samples with
the Al nanoparticle array on amorphous carbon and the
thin cross section prepared by FIB as noted above. An
amorphous-carbon layer of the thickness of 20 nm was first
formed on a NaCl salt crystal by magnetron sputtering. For
the TEM studies, the thin amorphous-carbon layer with the
Al nanoparticle array already formed thereon was separated
from the NaCl crystal by immersing into deionized water
and dissolving the latter and then displaced to the copper
mesh for TEM.

2.4. Investigation of the optical properties
of the aluminum nanoparticle arrays

A spectroscopic ellipsometer SER 850 DUV with a
measurement range from 190 to 3500nm was used to
determine spectral dependences of the optical characteristics
of the material. The ellipsometer is designed to study fine
transparent films and layers and to obtain dependences of
a relative phase difference A for s- and p-polarizations of
an incident and reflected beam as well as a value of ¥
that characterizes an amplitude ratio of these polarizations.
When having the spectral dependences of A and 1, one can
determine thicknesses of the studied layers and the spectral
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dependences of a refractive index (rn) and an extinction
coefficient (k).

A spectrophotometer Agilent Cary 5000 was used to
measure transmittance spectra within the wide spectral
range from 180nm to 3.3 um due to availability of an
additional PbSmart detector. The spectrophotometer is char-
acterized by an extended photometric range and designed to
measure absorbance above 8 within the entire spectral range
from UV to IR. An additional attachment with an integrating
sphere makes it possible to measure the spectra of reflection
and scattering within the spectral range 180 nm — 1.8 yum.

3. Results and discussion

The studies were performed on the three samples of the
aluminum nanoparticles. The characteristics of the samples
are given in Table 1.

Figure 1 shows the SEM images of the surface of the
studied samples under the same magnification. As can be
seen, in all the cases the surface exhibits the nanoparticle
arrays with the difference that when depositing the layer
of the virtual thickness of 1.5nm the array consists of a
large number of fine nanoparticles, while depositing the
thicker layer of the virtual thickness of 4.5nm the array
consists of a smaller number of the particles of a noticeably
larger size. The obtained images were taken to determine
the size distribution of the particles. The average size of
the particles of the sample #1 was 11.5 £ 1.7nm, while
that of the sample #2 was 20.7 & 7.0nm, and that of the
sample #3 was 36.2 + 11.9nm.

Based on the obtained data, we have plotted the depen-
dences of the average size of the particles (Figure 2,a) and
the number of the particles (Figure 2,b) per the unit area
on the virtual film thickness. The experimental values of
the average size of the Al nanoparticles were approximated
to a linear function by the least-square method to provide
a correlation coefficient of 0.989 (Figure 2,a), thereby
indicating a linear nature of the dependence of the average
size of the nanoparticles on the virtual film thickness, i.e.
actually, on the amount of condensed aluminum. At the
same time, the values of the number of the Al particles
in a dependence on the virtual film thickness (with the
correlation coefficient of 0.998) are well approximated to
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Figure 1. SEM-images under magnification x600k (on the left) and histograms of aluminum-nanostructure size distribution of the
particles (on the right) @ — the sample # 1; b — the sample #2; ¢ — the sample # 3.

an exponential function (see Figure 2,b). The obtained
dependences of variation of the nanoparticle size and the
number of the aluminum particles in the array are similar
to those previously observed for the other materials, such as
silver and gold [24,25]. It is obvious that the form of these
patterns is of a general nature regardless of the material and
is a key to control of parameters of the formed nanoparticle
arrays when using vacuum-thermal evaporation.

Figure 3 shows results of the studies of the samples #2
and #3 by TEM. Contrasting TEM images of the Al
nanoparticle array of the sample # 1 could not be obtained.
Therefore, it was impossible to determine their boundaries

and, therefore, the sizes, which is obviously related to the
too small thickness of the nanoparticles in this array and
a small mass of the Al atoms at the same time. Even for
the samples #2 and # 3, which contained the substance in
2 and 3 times higher than in the sample #1, the contrast
of the images in the usual TEM mode was very weak.
Therefore, a small-diameter lens aperture was used when
obtaining the images.

The obtained images were analyzed to make it also
possible to plot the histograms of size distribution of the
Al nanoparticles (Figure 3) and to determine the average
size of the particles of the sample #2: 20.9+4.9nm

Physics of the Solid State, 2025, Vol. 67, No. 9
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Physics of the Solid State, 2025, Vol. 67, No. 9



1558 O.P. Gorelkov, L.S. Volkova, T.S. Grishin, A.O. Kozlov, A.Yu. Trifonov, A.V. Paviikov, I.V. Lavrov...

Al
FCC
a=0.405 nm

Al
FCC
a=0.405 nm

Figure 4. Selected area diffraction patters (SADP) of the aluminum nanostructures: ¢ — the sample #2; b — the sample # 3.

and the sample #3: 32.9+ 8 1nm. Although the Al
nanoparticle arrays for TEM were formed on the surface
of amorphous carbon, it can be seen that, nevertheless,
the averages nanoparticle size of the respective samples # 2
and # 3, which is determined by the SEM- and TEM-images
excellently coincides within the specified errors.

In order to determine a crystal state of the films, the
selected area diffraction patterns (SADP) were obtained for
both the samples. They are shown in Figure 4. The selected
area was a circle of the diameter of about 1um. The
diffraction patterns from both the samples are practically
the same and correspond to a polycrystalline structure
with an aluminum FCC lattice with a lattice parameter
a = 0.405nm.

Lattice planes in some nanoparticles can be observed at
images that are obtained at large magnifications in a mode
of high-resolution electron microscopy (HREM). For the
sample #2, this image is shown in Figure 5. You can see
in it an image of one nanoparticle oriented along a zone
axis [110]. The insert also includes a Fourier transform of
the presented image with indexed reflections of the lattice
planes. The entire particle is a single aluminum single
crystal.

Besides, TEM was used to study the manufactured thin
cross section of the sample #2, which made it possible
to specify side sizes of the aluminum nanoparticles in the
array. A typical cross section of the aluminum particle
is shown in Figure 6. As can be seen, a height of the
nanoparticle is approximately in two times less than a planar
size. Thus, the form of the aluminum nanoparticles is far
from a spherical one. The images of the cross section of the

various nanoparticles in the array were statistically analyzed
to show that to ratio of the length to the height of the
structures varies within the interval 1.9—2.5. At the same
time, no correlation with the planar size was detected.

Figure 5. Images of the aluminum nanostructures of the sam-
ple #2 in the high-resolution mode (HREM) with magnification
x 1050k, the zone axis [110]. The insert includes a diffraction
pattern of the sample with indexed reflections from the planes of
the aluminum FCC lattice.
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Figure 6. TEM images of the cross section of the sample # 2.

The optical properties of the produced samples with the
Al nanoparticle arrays in a combination with their covering
SiO; layer were studied by means of ellipsometry. Figure 7
shows the spectral dependencies n and k of the studied
samples of the aluminum nanoparticle arrays covered with
the SiO, layer. The layer thicknesses determined by means
of ellipsometry were 11.0 £ 0.5nm for the sample #1,
13 £ 0.5nm for the sample #2 and 14.5+£ 0.5 for the
sample # 3, respectively.

By comparing the presented dependences, one can note
that n for all the samples monotonically increases within
the spectral range from 190 to 600 nm. But the range of
variation of n increases with an increase of the average size

3.5
3.0
2.5
<20 [
1.5

1.0

02 03 04 05 06 07 08
A, um

of the Al nanoparticles: from 1.4 to 1.7 for the sample #1,
from 1.0 to 2.5 for the sample #2, from 0.5 to 3.4 for the
sample # 3.

The given dependences well correlate with the depen-
dence k shown in Figure 7,b. It is clear in the figure that
with an increase of the average size of the Al nanoparticles
the extremum £ is shifted towards the high wavelengths.

Layers’ transmittance spectra 7 were also measured and
are shown in Figure 8. It is clear from the presented
spectra that with an insignificant increase of the thickness
T noticeably decreases, while the minimum of transmittance
is shifted into a red region, which complies with shifting of
the position of the peak k.

In order to simulate the optical properties of the produced
aluminum films, the sample #2 was selected. It is related
to the fact that, as shown above, the optical properties of
the studied samples have a qualitative similarity and vary
regularly with the increase of the aluminum nanoparticle
size and to the fact that a cross section was made for this
sample, which made it possible to determine the transverse
sizes of the Al nanoparticles along with its lateral sizes for it.

It was shown by the performed electron-microscopic
studies that the produced samples of the Al nanoparticle
arrays covered with the SiO, layers were essentially a
composite film, i.e. it can be represented as a matrix
composite, where the matrix is SiO,, in which aluminum
inclusions are immersed. At the same time, the very
Al inclusions have quite flattened shapes and sizes of
the inclusions in the film plane in several times exceed
a size in a direction perpendicular to the film plane.
There is also a quite considerable spread in ratios of the
inclusion sizes in the film plane from approximately round
to substantially elongated chains of the clumped inclusions
with a various orientation in the film plane. The real
form of the inclusions can be simulated by ellipsoids with
various aspect ratios. Since the inclusion sizes and distances
therebetween are significantly less than the length in the
considered range 0.2—0.8 um, then in order to predict

02 03 04 05 06 07 038
A, um

Figure 7. Dependences of the refractive index n (a) and the extinction coefficient k (b) of the samples # 1, #2, #3 on the wavelength.
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Figure 8. Variation of the transmittance factor of the produced
samples # 1, #2, #3 in a dependence on the wavelength.

the optical characteristics of the composite a quasistatic
approach can be applied. Since the magnetic properties
of components of this heterogeneous medium are absent,
then its optical properties are determined by -effective
permittivity as a function of a frequency of the affecting
electromagnetic field.

The tensor £* of effective permittivity of the sample of
the heterogeneous medium is determined by an equation
(D) = ¢*(E), where (D), (E) are electrical inductance
and strength of the electric field, respectively, that are
averaged across the sample (it is assumed that an ergodicity
hypothesis can be applied, i.e. an average across of
an ensemble of implementations of the heterogeneous
medium coincides with an average across the sample of
the heterogeneous medium). The tensor £* of the matrix
composite shall be calculated to predict its optical properties
by using a Maxwell—Garnett (MG) approximation and its
generalizations [27]. By taking into account the spread
of forms and orientations of the inclusions, it is naturally
possible to realized the following option of the generalized
MG approximation, in which &* is calculated by the
formula [28]:

e =[(1=fenl + fF)(1 = HI+ 7M1

where ¢, is permittivity of the matrix, f is a volume portion
of all the inclusions in the material; I — a second-rank unit
tensor; the second-rank tensors 4 and k are related to a
specific inclusion and written as:

A=[1+¢,'L(e —&,D)] 7", k=¢A. (2)
In the expressions (2), L is a tensor of geometrical factors

of this ellipsoidal inclusions, € is a tensor of permittivity of
the inclusion. The main components of the tensor L are

determined by the formulas [27]:

Li = didads / du ) i = 1, 2, 3;
2 [a? + ulR,
0
Ry = [(u+a})(u+ad)(u+ad)]'"? (3)

where a1, aj, a3 are ellipsoid semi-axes.

In (1), it is averaged along all the sample inclusions and
it can take into account various types of the inclusions in
terms of material properties, their spread in a form and
orientations. In this case, the spread in the inclusion forms
can be conveniently realized with sorting all the inclusions
by types depending on the form and including similarly-
shaped inclusions into each type. At the same time, the
form of all the inclusions of this type is assumed to be the
same and equal to an average form of the inclusions of this
type. Then, if separating the inclusions of the composite
sample into n types, the formula (1) will be written as
follows:

£ = Kl - jzi;fj)emljtjzi;fj('w}
Jeespesaw] @

where f; is a volume portion of the inclusions of the
jtype, j=1,...,n; (A7), (k/) are average values of
the tensors Aand k by the inclusions of the j-the type.
Since the form and the material characteristics of all the
inclusions of this type are assumed to be the same, then
averaging by the inclusions of this type means averaging
by orientations of the inclusions of this type in a certain
fixed system of coordinates xyz, which is related to this
film sample. Let us select an axis z perpendicular to
the film plane along a direction of propagation of the
electromagnetic wave and the axes x,y perpendicular to
each other in the film plane so that the system xyz is a
right-handed one.

We relate each inclusion to the system of coordinates £n¢,
whose axes coincide with the axes of the respective
ellipsoid: the axes &, n and ¢ are directed along the semi-
axes of the sizes ai, az, as, respectively, wherein we will
assume that a3 is the least of the semi-axes. We also neglect
a spread of the axes ¢ of the inclusions from their ideal
direction that coincides with the direction of the axis z. The
directions of the axes £ and n of the inclusions of each
type will be assumed by us to be uniformly distributed
in the film plane, i.e. in the plane xy. In this case,
the tensor £* of the composite film will be uniaxial and
diagonal in the system xyz, but its main components
£l = &3 7 €35

It can be shown (see the study [29]) that the magnitudes
11> €55, €33 will not change when replacing distribution of
orientations of the inclusions of each type with the axes £

Physics of the Solid State, 2025, Vol. 67, No. 9
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Table 2. Aspect ratios and the volume portions of all the types of the aluminum inclusions in the composite film model

Inclusion type ai:as:as filf Inclusion type a:az:as filf Inclusion type a:az:as filf
1 3.8:3.8:1 0.0170 24 50:26:1 0.0182 47 1.64:6.1:1 0.0121

2 39:37:1 0.0170 25 26:50:1 0.0182 48 6.2:1.56:1 0.0121

3 3.7:39:1 0.0170 26 5.1:25:1 0.0186 49 1.56:6.2:1 0.0121

4 40:36:1 0.0170 27 25:5.1:1 0.0186 50 6.3:148:1 0.0121

5 36:40:1 0.0170 28 52:24:1 0.0186 51 1.48:6.3:1 0.0121

6 41:35:1 0.0170 29 24:52:1 0.0186 52 64:140:1 0.0121

7 35:4.1:1 0.0170 30 53:23:1 0.0179 53 1.40:64:1 0.0121

8 42:34:1 0.0170 31 23:53:1 0.0179 54 6.5:1.34:1 0.0121

9 34:42:1 0.0170 32 54:22:1 0.0170 55 1.34:6.5:1 0.0121
10 43:33:1 0.0170 33 22:54:1 0.0170 56 6.7:1.35:1 0.0119
11 33:43:1 0.0170 34 5.5:212:1 0.0156 57 1.35:6.7:1 0.0119
12 44:32:1 0.0170 35 2.12:55:1 0.0156 58 7.0:135:1 0.0112
13 32:44:1 0.0170 36 56:2.04:1 0.0147 59 1.35:7.0:1 0.0112
14 45:3.1:1 0.0172 37 2.04:56:1 0.0147 60 7.3:140:1 0.0107
15 3.1:45:1 0.0172 38 5.7:196:1 0.0137 61 1.40:7.3:1 0.0107
16 46:30:1 0.0172 39 1.96:5.7:1 0.0137 62 7.6:140:1 0.0105
17 30:46:1 0.0172 40 5.8:1.88:1 0.0133 63 1.40:7.6:1 0.0105
18 47:29:1 0.0172 41 1.88:5.8:1 0.0133 64 82:145:1 0.0102
19 29:47:1 0.0172 42 59:18:1 0.0128 65 145:8.2:1 0.0102
20 48:28:1 0.0177 43 1.8:59:1 0.0128 66 9.0:1.50:1 0.0088
21 28:4.8:1 0.0177 44 6.0:1.72:1 0.0123 67 1.50:9.0:1 0.0088
22 49:27:1 0.0179 45 1.72:6.0:1 0.0123 68 11:1.60:1 0.0058
23 27:49:1 0.0179 46 6.1:1.64:1 0.0121 69 1.60:11:1 0.0058

and n that are uniformly distributed in the plane xy with
one, at which exactly a half of the inclusions of this type
will have the axis & directed along the axis x and the other
half — along the axis y (the axes ¢ of all the inclusions
are still directed along the axis z), Thus, technically, in
order to calculate the tensore*, each type of the inclusions
shaped as a general ellipsoid with the various values of the
semi-axes a1, aa, asz with the axes &, 7 uniformly distributed
in the plane xy can be replaced with two types of the
inclusions with a fixed orientation and values of the semi-
axes ai,daz,asz and a», ai, as, respectively, wherein the
volume portions of these new types of the inclusions will
be equal to a half of the volume portion of the initial type
of the inclusions.
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Then, instead of the expression (4) we will have the

following formula for calculating &*:
e = {<1 - ij)sml+ ijlc’}
j=1 j=1

n n -1
x Kl—Zf,-)H—Zf‘,-l’} . (5)

j=1 j=1
in which n and f; designate a number of the new types
of the inclusions and their volume portions, respectively.
Due to the fact that the axes of the inclusions coincide
with the axes of the system of coordinates xyz and the
inclusions have scalar permittivity &£ = I, the tensors 4’
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and k/ (j =1,...,n) in the system xyz are diagonal and
their main components
A = (14, L (D) — g,)) 7", ) = 2]

l

i=1,23 j=1,....n (6)

where L{ ), i=1,2,3 are the main components of the
tensor of the geometrical factors of the inclusions of the j-th
type with the semi-axes a(l‘j ), a(z‘j ), agj ), which are calculated
by formulas that are similar to (3); e//) — permittivity of
the inclusions of the j-type, whose value is corrected due to
a size effect as a result of reduction of a mean free path of
electron in a small metal particle. A dimensional correction

is based on a Drude model in the following form [30):

, , w? w?
D@, (V) = ep(w) + o(w —:iyo) o +piy(j))’
j=1,...,n, (7)
where ¢,(w) is permittivity of the bulk sample at the
frequency w; w, is a plasma frequency; yo — an elec-

tron decay constant in the bulk sample of the material;
yU) =90 + (Avg)/ (1)) — an electron decay constant in the
particle of the j-type, which is changed taking into account
the size effect; vy is an electron velocity on the Fermi
surface; (I)(/) is an average mean free path in the particle
of j-type; A is a dimensionless parameter determined by
details of a process of electron scattering by the particle
surface, which is often assumed to be 1. Assuming that
electrons are scattered from the inclusion boundary by a
Lambert law, for (1)) we have [31]:

where V) is a volume of the particle of the j-th type, SU/) is
an area of its surface.

The main complex refractive indices n} and the main
refractive indices n} and the extinction coefficients k7 of the

composite film are calculated by the formulas:

ﬁ;‘:,/s’f, n;f:Re,/s;‘, kj»:Im e, j=123. 9)

At the same time, by virtue of uniaxiality of the tensor
&* this composite film has axial symmetry of its optical
properties: nj =nj =nj, ki =k3 =kj, a subscript ,,[“
designates a component that corresponds to the film plane.

Based on the formulas (5)—(9) and the matrix composite
model with 69 types of the aluminum inclusions, we calcu-
lated the refractive index n} and the extinction coefficient
ki of this composite film as well as its transmittance
factor T at normal incidence of the electromagnetic wave.
Dependences of the optical characteristics of amorphous
SiO;, aluminum and values of the Drude model’s para-
meters for aluminum (vg = 2.03 - 10° m/s, Ay =~ 0.129 eV,
hw =~ 12.7e¢V) were taken from the study [32]. The
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(98]
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O||||I||||I||||I||||I||||I||||
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A, um

Figure 9. Spectral dependences of the refractive index (a), the
extinction coefficient (b) and the transmittance factor (c) of the
composite film with the SiO, matrix and the aluminum inclusions,
which are obtained by ellipsometric measurements (the black
curves) and the calculations by the generalized MG approximation
with taking into account the spread in the inclusion forms (the
blue curves) and with the fixed inclusion form (the red curves).

aspect ratios of the inclusions of all the types and their
relative volume portions are provided in Table 2. The
full volume portion of the inclusions f = 0.165, the size
of the semi-axis a3 for all the inclusions is 2.25nm. In
the calculations, the thickness of the composite film was
assumed to be 12.5nm.

Figure 9 shows results of calculations of n,k and T,
respectively. The data of n,k and T for the selected
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sample #2, which are experimentally obtained by meas
of ellipsometric measurements, are shown in Figure 9 by
the black curves. It is shown by calculations using the
MG approximation for the case when the Al nanoparticle
array consists of form- and size-identical flattened spheroids
with the aspect ratio of 3.8:3.8:1 and the volume portion
f =0.1 that a well-pronounced LSPR shall be at the
wavelength of ~ 300nm. At the same time, in this case
the calculation results demonstrate a significant deviation
(the red curves) from the experiment (the black curves).

The experimentally-obtained dependences (the black
curves) are shaped as highly smoothed curves, the max-
imum of the extinction coefficient (Figure 9,b) and the
minimum of the transmittance factor (Figure 9,c¢) of the
composite film are very heavily smeared and a rise of
the refractive index (Figure 9,a) in the spectral range that
includes plasmon resonances on the surface of the compos-
ite inclusions, is very smooth. The optical characteristics
are calculated by the model with the 69 types of the
inclusions by means of MG to show that this smearing of the
dependences can be explained exactly by the large spread
of the inclusions in the form. The calculated blue curves in
Figure 9 are in good compliance with the experimental ones,
and for the refractive index the calculations by this model
provide somewhat overestimated values within the interval
0.32—0.74 um, while for the extinction coefficient they
provide somewhat underestimated values within the interval
0.38—0.8 um, wherein the interval 0.58—0.74 um exhibits
a somewhat sharper drop of the calculated dependence as
compared to the experimental one. The calculated depen-
dence of the film’s transmittance factor within the range
0.2—0.4 um provides somewhat underestimated (by 8%,
at most) values, while within the range 0.4—0.58 um it
provides close, somewhat overestimated values, wherein
within the range 0.58—0.8 um it provides values of the
transmittance factor, which are overestimated by 5—12%
as compared to the experimental values.

Thus, it can be concluded that the spectral dependences
of the optical characteristics of the produced Al nanoparticle
arrays covered with the SiO, layer are primarily smeared
by the large spread of the aluminum inclusions in the
forms. It can be also concluded that the method based
on the generalized MG approximation (1) and the matrix
composite model with several types of the inclusions can be
used to adequately predict the optical properties of nano-
composites with a dielectric matrix and metal inclusions
provided that the sizes of the inclusions are small as
compared to a wavelength of electromagnetic radiation and
components of this medium have not magnetic properties.

4. Conclusion

Thus, it is demonstrated in this article that it is possible to
form the aluminum nanoparticle arrays with a controllable
average nanoparticle size within the range from several
nanometers to ~ 80nm by vacuum-thermal deposition. At
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the same time, the nanoparticle size linearly depends on
the number of deposited Al Irrespective of the size, the
Al nanoparticles in the array have a flattened form, when
the height of the nanoparticles is in 1.9—2.5 times less
than the planar size. It was detected that the nanoparticles
have a face-centered crystal lattice and lattice parameters
that were typical for bulk Al. The experimental data
obtained by ellipsometry and the simulation results were
compared to show that the spectral optical characteristics
of the aluminum nanoparticle array covered with the SiO;
layer decisively vary due to heterogeneity of the form
of the Al nanoparticles in the array. Good compliance
of the simulation results and the experimental optical
characteristics of the studied material shows that the method
based on the generalized MG approximation and the matrix
composite model with several types of the inclusions can
be used to predict the optical properties of nano-composites
with a dielectric matrix and metal inclusions provided that
the there are the particles of a small size as compared to a
wavelength of electromagnetic radiation and components of
this medium have not magnetic properties.
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