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Abstract: Composite thin films of the AlN–Al–V type, grown by magnetron sputtering, were analyzed
by several complementary diagnostic methods. The power of the magnetron was used as a variable
parameter, while gas flows, chamber pressure, and substrate temperature remained unchanged
during the film fabrication. According to grazing incidence X-ray diffraction (GIXRD) results, in
most cases, it was possible to obtain an (002)-oriented aluminum nitride (AlN) layer in the films,
although, with an increase in the magnetron power to 800 W, the formation of X-ray amorphous AlN
was observed. Similarly, according to the Raman results, the width of the peak of the vibrational
mode E1, which characterizes the correlation length of optical phonons, also significantly increased in
the case of the sample obtained at 800 W, which may indicate a deterioration in the crystallinity of the
film. A study of the surface morphology by atomic force microscopy (AFM) and scanning electron
microscopy (SEM) showed that the AlN film grows in the form of vertically oriented hexagons, and
crystallites emerge on the surface in the form of dendritic structures. During the analysis of the
AFM roughness power spectral density (PSD-x) functions, it was found that the type of substrate
material does not significantly affect the surface roughness of the AlN films. According to the energy–
dispersive X-ray spectroscopy (SEM-EDS) elemental analysis, an excess of aluminum was observed
in all fabricated samples. The study of the current-voltage characteristics of the films showed that the
resistance of aluminum nitride layers in such composites correlates with both the aluminum content
and the structural imperfection of crystallites.

Keywords: thin film; hexagonal AlN; composite AlN–Al–V; DC magnetron sputtering; structural
characterization; piezoelectric effect

1. Introduction

Aluminum nitride (AlN) belongs to the III–V compounds class and is one of the most
prominent materials for creating various electronic devices [1–4]. It is possible to create
such types of micro-electro-mechanical systems (MEMS) as energy harvesters [5,6], acoustic
resonators [7–9], ultrasonic transducers [10], and high-frequency filters [11,12] on its basis.
These possibilities are determined by a set of physicochemical properties, such as optimal
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thermal conductivity (88–193 W/(m × K) for ceramics and thin films) [13,14], high piezo-
electric polarization (d33 = 5.6 ± 0.2 pm/V for a single crystal, d33 = 5.15 and d31 = 2.4 pm/V
for thin films) [15–17], resistance to high temperatures and reductive–oxidative effects,
and remarkably high velocity of propagation of acoustic waves (~11 km/s) [4,18]. In par-
ticular, due to the latter property, AlN has long been considered one of the materials for
surface acoustic wave (SAW) and bulk acoustic wave (BAW) resonators (also known as
thin film surface acoustic resonator (TF–SAR) or thin film bulk acoustic resonator (TF–
BAR) [7–9,17–19]. The latter are multilayer film heterostructures, where the thickness and
periodicity of the layers are determined by the propagating wavelength, as well as the
piezoelectric properties of the AlN layer material. The top and bottom layers typically
function as electrodes, while the bottom layer also functions as a substrate on which the
next layer is deposited. Often, the substrate or the bottom layer of the film specifically plays
the role of a guiding substrate layer to control the structure and properties of the layer
deposited on it [20–22]. The main part of such a resonator is the intermediate piezoelectric
layer, in which the value of acoustic wave propagation velocity depends on its structure.
It is known that in order to obtain an AlN layer with beneficial piezoelectric and acoustic
properties, it is required to grow it in the form of a hexagonal polymorph with an axial
orientation of crystallites by (002) planes to the surface (c–axis AlN) [4,18]. In this regard,
the growth of this particular structural modification is the most desirable for use in BAW
resonators. In the case of SAW resonators, a more important aspect is the low surface
roughness (<10 nm) [23].

The literature contains a significant amount of information about the formation of
various multilayer thin films, where one of the layers is AlN [24–30]. The lower layer,
which acts as a substrate that increases adhesion, and sometimes as an electrode, can
be pure metal, such as Pt, Ni, Mo, or Al [24–26], or material of another type, e.g., III–V
compounds like TiN [26] or non-metal oxides like SiO2 [27]. As a rule, for sequential
deposition of layers, the magnetron sputtering method is used, which does not require a
high temperature of the substrate and, therefore, does not significantly affect the integrity
of the previous layers. An AlN film with the required crystallite orientation is well formed
on trihedral (cubic) or hexagonal (hexagonal) substrate crystallites, which help to set the
required growth direction [4]. In this regard, an aluminum layer oriented to the (111)
surface by planes ((111) Al) may be of interest as a lower electrode layer for AlN. In spite of
the fact that available literature contains some information on Al–AlN films [24,26,28–33],
understanding the influence of the parameters of the magnetron sputtering technique is
relatively incomplete. The situation is complicated by the fact that there are several different
variants of the magnetron sputtering technique, e.g., radio frequency (RF) and direct
current (DC) magnetron sputtering, with different features. For example, an unbalanced
configuration of magnetron [34] can affect the process of obtaining the same thin films in
different ways. The work of [26] mentions the creation of films of the Al–AlN type in the
framework of studying the effect of various substrates on the structure and properties of
AlN. At the same time, the parameters of the pulsed magnetron sputtering of the layers
were kept practically the same (power 900 W, T << 50 ◦C, nitrogen concentration for AlN
70%), only the type of the lower conducting layer and the pressure (from 2 to 20 mTorr),
at which it was sprayed, were varied. In particular, it was found that Al (111) is one of
the most optimal lower layers for resonators since it was possible to grow AlN (002) films
on it with better crystallinity (the smallest width of the rocking curve for peak 002) and
relatively good roughness (3–5 nm), in comparison with other substrates. In [24], when
fabricating the films by radio frequency magnetron sputtering, the bias voltage on the
substrate was varied (from −9 to −31 V), while the power of the magnetron discharge
varied by two values (400 and 800 W) at the same bias voltage (−15 V). The resulting AlN
films had deviations from the axial texture (there were reflections 101, 102, and 103 in the
diffraction patterns) and also had a small crystallite size (20–40 nm). The bias voltage at
a discharge power of 800 W also affected the interaction of the Al layer with the reaction
medium without contributing to its security. The optimal result for the formation of
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piezoelectric AlN with the required degree of texturing was shown in [28], where AlN was
also deposited on the Al layer. However, the article does not provide the conditions for the
formation of an Al film, as well as parameters such as layer thickness, etc. In [29], six-layer
Al–AlN films were deposited by the same method with a stepwise variation in the nitrogen
concentration during the deposition process, and, as a result, a gradient film was obtained,
the lower layer of which consisted entirely of aluminum. AlN in this multilayer film has
a misoriented polycrystalline structure and contains inclusions of nanocrystalline Al in
the lower sublayer. In [30], multilayer composite films with alternating Al and AlN layers
were deposited by DC/RF magnetron sputtering. In this case, the thickness of the Al and
AlN layers varied from 25 to 250 nm, with a total thickness of the multilayer film of 1 µm.
The AlN layers in such films were amorphous. In the article [31], the effect of temperature
on the state of the deposited layer during reactive magnetron sputtering at direct current
was considered, where an increase in the crystallinity of the Al and AlN phases with an
increase in the substrate temperature to 400 ◦C was noted. However, in this work, a single
two-phase composite AlN–Al layer was created, not a multilayer structure. In [32,33], the
possibility of multilayer films with alternating Al and AlN layers of nanometer thickness
was shown; in this case, the layers were deposited under the same conditions (0.5 Pa and
500 W for Al, 0.7 Pa, and 750 W for AlN). The layers in such multilayer films had rather low
crystallinity due to their small thickness. Thus, we can conclude that, depending on the
different deposition conditions, the AlN film can be formed on Al metal in different ways,
with different crystallinity, crystallite orientation, and surface roughness. In particular, the
influence of variations in the deposition parameters for individual layers in such multilayer
structures is still of great interest to the community. Meanwhile, the main problem of the
magnetron sputtering method is the elaborated search for optimal film growth parameters;
in particular, this is relevant for single- and multilayer AlN films with a certain texture [34].
There are many parameters of the magnetron sputtering process (substrate temperature,
magnetron power, pressure in the chamber, etc.), so their analysis and interpretation are
quite complicated.

Previously, we have already carried out the deposition of AlN–Al–V (also recalled
V/Al/AlN) composite films on glass-ceramic (sitall) and Si(100) substrates, with the key
objectives of research being the state and methods of modifying the AlN surface [35–38].
In particular, the possibility of forming AlN–Al–V films with optimal surface roughness
was previously revealed. In this work, we studied the influence of such a parameter
as the power of a magnetron discharge on the state of the AlN structure and surface in
AlN–Al–V composite multilayer films. Furthermore, V was chosen as a bonding layer
for the subsequent deposition of an Al electrode since it was confirmed to provide a
good adhesive interaction on various substrates [39]. Factors leading to a change in the
piezoelectric properties are of great importance for the subsequent use of AlN films in
microelectronic resonator devices. The purpose of this study was to identify patterns
between the deposition modes and the properties of the formed AlN films in multilayer
AlN–Al–V samples.

2. Experimental Part
2.1. Fabrication of the Thin AlN Films

The vacuum chamber was pumped down to a value of 5 × 10−4 Pa. Then, the
lines through which the working gases would be supplied were also pumped. Next, the
target was cleaned from oxides. Argon was supplied to the chamber, a pressure close
to the operating pressure was set, and a voltage was applied to the cathode that was
approximately 10% higher than the operating voltage. Thus, the erosion area of the target is
enlarged, and a larger area of the target is cleaned. When all procedures for preparing the
target were completed, operating modes were set, the substrate was heated to the required
temperature, gas flows and pressure were set, then the voltage was applied to the cathode
(target) and gradually raised to the operating value.
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Silicon is a typical substrate for the deposition of layers of materials and the creation
of microelectronic devices. In this case, boron-doped (resistivity 10 Ohm × cm) Czochralski
method-grown monocrystalline silicon substrates KDB–10 (Electrosteklo, Moscow, Russia)
were used to improve the quality of the studies of the obtained thin films using spectral
ellipsometry, Raman scattering, GIXRD, TEM, SEM, SSMP, and I–V curve methods (See the
following Section 3 Results and Discussion). Considering the anticipated micro-resonator
device, another major substrate, the glass-ceramic (i.e., sitall) wafer, was examined as a
substrate material. Sitall has a low cost and low thermal expansion coefficient, making it
promising for use in electronic devices in various climatic conditions. The sitall wafer used
was of highest polishing class, #14, to be comparable with silicon by its flatness.

Initially, layers of vanadium and aluminum were formed on both substrates with the
following parameters: the pressure in the chamber was 0.07 Pa, the power on the target
was 900 W, the substrate temperature was 200 ◦C, and the argon flow was 10 cm3/min.
Their mission is that these metal layers will later be electrodes. Moreover, as mentioned
above, V increases the adhesion of Al to sitall.

Then, in the same vacuum cycle, a film of AlN was deposited. The operating values of
the substrate temperature, gas flows, and pressure in the chamber were set, and then the
required voltage applied to the cathode was set.

Table 1 shows the modes of formation of the studied samples by the method of mag-
netron sputtering. The thickness of the resulting films during deposition was monitored by
a quartz resonator. Therefore, the duration of deposition varied and depended nonlinearly
on the power of the magnetron discharge.

Table 1. Growth parameters of AIN thin films.

Magnetron Discharge
Power (W)

Chamber Pressure
(Pa)

Substrate
Temperature (◦C)

Gas Flow Ratio Ar/N2
(cm3/min)

Deposition Duration
(min)

400

0.1 390 4/10

205
500 135
600 115
700 88
800 89

2.2. Spectral Ellipsometry

For optical measurements, an ASEB–5 (ISP SB RAS, Russia) spectral ellipsometer with
an original photometric scheme was used [40]. The measurements were carried out with
the following parameters: the spectral range was 250–900 nm; the characteristic width of
the spectral line was 5 nm; the duration of the full spectrum measurement was 30 s; the
duration of a single spectrum measurement was 1 ms; radiation incidence angle range was
45–70◦; angle measurement accuracy ψ was 0.01◦, angle measurement accuracy ∆ was 0.1◦;
the spot size on the sample was ~50 mm2; the wavelength of light was 633 nm.

The ellipsometry method is based on the analysis of the polarization of light reflected
from an object since the polarization of light depends on the thickness of the object, as well
as on the optical constants of the layers in the object under study.

For AlN films, a three-layer model was compiled containing two transitional rough
layers at the interface with aluminum and with the environment (air). The first rough
layer, due to the high absorption of aluminum, was a semi-infinite medium in the model.
Features of this approach are described in [37]. As a result of restoring the layer parameters
according to the proposed model, the following characteristics were found for the AlN films:
(1) the quality of the Al–AlN interface (the volume fraction of aluminum in the boundary
layer); (2) AlN core layer thickness; (3) optical constants (refractive and absorption indices
for all wavelengths) of the AlN core layer; (4) the thickness of the rough layer on the
surface of the AlN film. All characteristics are important for analyzing the quality of the
resulting structures, but optical constants characterizing the quality of the base layer are of
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particular interest since their values are directly related to the chemical composition, crystal
perfection, and physical density of the resulting films.

2.3. Raman Scattering

Raman studies of the samples were carried out on a T64000 (Horiba Jobin Yvon, Chilly
Mazarin, France) Raman spectrometer. The radiation source was a GFL–515–0200–FS
(Inversiya–Fiber, Novosibirsk, Russia) argon laser. The wavelength of the Raman pump
laser line was 514.5 nm. The spectra were recorded using a micro-Raman attachment based
on a BX41 (Olympus, Tokyo, Japan) microscope. A short–focus lens with a magnification
of ×50 was used. When recording the spectra, the laser power was 100 mW (but 1.3 mW
reached the sample), and the laser spot size on the sample was ~10 µm, so there was no
effect of local heating of the films. The spectra were recorded in backscattering geometry at
room temperature.

Some Raman spectra contained a luminescent background. Using the Fityk 1.3.1
(FitNieto, Poland) software, this background was removed from the recorded spectra (the
baseline was subtracted), and two peaks, the A1(TO) and E1(TO) modes were identified
from the spectra. The position of the peaks, their height, area under them, and width at
half maximum was calculated using Lorenz curve fitting. AlN films have a wurtzite-type
structure and contain 4 atoms in a primitive cell; therefore, AlN phonon dispersion contains
12 modes, 3 of which are acoustic, and 9 are optical.

2.4. Grazing Incidence X-ray Diffraction (GIXRD)

The X-ray powder diffraction study was carried out on an ARL X’tra diffractometer
(ThermoFisher Scientific, Ecublens, Switzerland) with a Cu–Ka radiation source. An X-ray
tube with a characteristic radiation wavelength λ = 1.5418 Å was used as an X-ray source.
The imaging of thin film samples was performed using asymmetric geometry for reflection
in the angle range of 2θ = 30–85◦, the angle between the surface of the sample and the X-ray
beam was 0.7◦ to study the AlN layer, the step size during the survey was 0.05◦, and the
accumulation time was 3 s at each point.

2.5. Transmission Electron Microscopy (TEM)

Visualization of the prepared cross-section of the AlN–600 samples was carried out
on a JEM 2200-FS (JEOL, Akashima, Tokyo, Japan) TEM at an electron beam accelerating
voltage of 200 kV with a cascade of magnifications from ×10 K to ×300 K times.

2.6. Scanning Electron Microscopy (SEM)

The surface layers of AlN film samples were studied by SEM using a SU8200 (Hitachi,
Hitachi, Ibaraki, Japan) microscope at various magnifications from ×20 K to ×100 K and
an accelerating voltage of 2 keV.

To study the structure of AlN films with subsequent visualization by the SEM method,
cross-sections were prepared on an S9000 (Tescan, Brno, Czech Republic) FIB-SEM at
the Federal Research Center Boreskov Institute of Catalysis of the Siberian Branch of the
Russian Academy of Sciences. The setup uses two types of beams: ionic (a source of gallium
ions is used) and electronic. The gallium ions are accelerated by the electric field and collide
with the sample, sputtering the sample material. At high currents, the beam energy is
sufficient to easily cut the sample with submicron accuracy. The resulting etched “pits”
make it possible to examine the layers of the sample under study in detail, as well as to
carry out elemental analysis of the Energy-dispersive X-ray spectroscopy (EDS).

Etched cross-section data were obtained with the following beam characteristics:

• The surface was etched at an ion beam energy of 30 keV and a current of 10 nA; the
resulting well was polished at an ion beam energy of 30 keV and a current of 1 nA.

• The depth of the etched hole is 3 µm; width 20 µm; length 40 µm.
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2.7. Atomic Force Microscopy (AFM)

AFM topography measurements were carried out on the Solver Next (NT-MDT, Ze-
lenograd, Moscow, Russia) combined STM/AFM microscope. In this work, VNCHN–A
(BRUKER, Santa Barbara, USA) probes were used. The measurements were carried out
with the following parameters: 2 µm × 2 µm scanning field size with a resolution of
512 × 512 pixels, 0.3 Hz scanning frequency. The resulting images were processed using
Image Analysis 3.5 (NT-MDT, Zelenograd, Moscow, Russia) software. The constant slope
was subtracted since the resulting images always have a general slope (it can occur due to
inaccurate positioning of the sample relative to the probe or relative to the table, etc. [41]).

A graphical representation of the power spectral density function, PSD–x, was ob-
tained. The PSD-x function displays the frequency of an object (i.e., roughness) on the
film surface versus its size (i.e., volume). The largest objects, which are displayed in the
upper left part of the graph, are much rarer than the smallest objects, displayed in the lower
right part of it. The higher the general appearance of the spectrum, the more uneven and
embossed the surface, and the lower it is, the smoother the surface is. The advantage of
representing the roughness through the PSD-x spectra in comparison with the root-mean-
square and arithmetic-mean ones is that all existing irregularities of different sizes are
characterized immediately on the same spectrum. The basics of this method are described
in more detail in [42].

2.8. Scanning Force Microscopy of Piezoresponse (SSMP)

The piezoelectric coefficient of the samples was determined by the SSMP method using
an MFP–3D SA (Asylum Research, Santa Barbara, CA, USA) AFM and probes HA_FM/Pt
(NT–MDT SI, Moscow, Russia) with a conductive Pt coating, having a cantilever stiffness
of 3.5 N/m and 35 nm radius of curvature of the tip. The measurements were carried out
in an air atmosphere.

In the SSMP method, an alternating voltage is applied between a conductive probe
and a conductive Al layer on which an AlN layer is located. The probe is brought into
contact with the AlN surface, and an alternating electric field is created in the contact
area. The local oscillations of the AlN layer surface (piezoresponse) caused by the inverse
piezoelectric effect at the excitation frequency lead to oscillations of the cantilever and are
recorded as signals of the amplitude and phase of the oscillations of the cantilever.

Since the amplitude of oscillations of the sample surface is extremely small, to obtain
reliable data on the piezoresponse of the sample, the amplification of the signal that occurs
during resonance was used. The resonant frequency of the cantilever contacting the sample
surface is determined by its mechanical properties and the rigidity of the tip-sample
contact. The quality factor Q of such an oscillatory system is usually high (from tens
to hundreds), which effectively amplifies the measured piezo signal (the amplitude of
cantilever oscillations) by a Q factor.

The detector of the optical system for detecting the cantilever bend in the used micro-
scope determines the amount of deflection and the amplitude of the cantilever oscillations
in volts. To determine the cantilever deflection and the amplitude of its oscillations in
nanometers, it was calibrated by recording the cantilever deflection curve as it approached
the sample surface. From the approximation of the inclined linear section of the curve, the
calibration coefficient k was calculated, which was used to convert the amplitude of the
cantilever oscillations from volts to nanometers. For the cantilever used, the coefficient
k = 133 nm/V. The force of pressing the probe to the sample surface, taking into account
the value of this coefficient and the rigidity of the cantilever, was 230 nN.

The oscillation amplitude of the cantilever at resonance in nanometers was determined
by the expression:

k × Ares = d33,eff × VA × Q (1)

where Ares is the amplitude of cantilever oscillations at resonance in volts; d33,eff is the
effective piezoelectric coefficient of the sample (since it is determined not only by the value
of the coefficient d33 of the sample material but also by the experimental conditions); VA is
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the amplitude of the alternating voltage applied between the probe and the Al layer. In this
work, for all piezoresponse measurements, the value of VA bias was 30 V.

To determine the contact resonance parameters (resonant frequency, amplitude at
resonance, resonance width, quality factor), a series of amplitude-frequency characteristics
(AFC) was recorded at 10 different points on the sample surface. Figure 1, as an example,
shows the frequency response of a cantilever recorded for an AlN–700–si sample. Figure 1
also shows how the frequency response was used to determine the parameters necessary to
calculate the quality factor Q and the effective piezoelectric coefficient d33,eff , the resonant
frequency ωres, the amplitude at resonance Ares, and the resonance width ∆ω. Based on
expression (1), using the measured contact resonance parameters, the coefficient d33,eff was
calculated in the studied AlN films.
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Figure 1. An example of the amplitude–frequency characteristic near the contact resonance of a
cantilever, recorded on the surface of an AlN–700–si sample. Shown are the parameters determined
from the resonance curve and necessary to calculate the quality factor Q and the effective piezoelectric
coefficient d33,eff .

2.9. Measuring the Current-Voltage Characteristics (I–V Curves)

To obtain the I–V curve characteristics of samples of AlN thin films, a Zond–A5
(IHEP, Moscow, Russia) semiconductor wafer tester and a B2902A (Agilent, Santa Clara.
CA, USA) source–measurement device was used. The voltage was changed in steps of
0.05 V, and the time spent at the voltage point was 0.1 s. Nickel contacts 150–200 nm thick
and 0.7 × 0.7 mm in size were deposited onto the samples grown on a silicon substrate.
Nickel contacts were deposited through a mask by magnetron sputtering in an argon gas
atmosphere. The distance between the contacts was 0.3 mm.

3. Results and Discussion
3.1. Ellipsometry Results

Figure 2 shows the dependences of the refractive index n and extinction coefficient k
on the wavelength for various samples of thin films. It can be seen that in the case of the
AlN film sample obtained at 800 W, the lowest refractive indices and the highest absorption
coefficients were achieved. At the same time, for films obtained at magnetron power in the
range 400–700 W, similar values of absorption coefficients are observed, and the refractive
index n at the same wavelength does not depend linearly on the power of the magnetron.
For the presented ellipsometry data, there is no clear correlation with GIXRD data (See
Section 3.3). Thus, a film sample obtained at 400 W, according to the diffraction pattern (See
Section 3.3), has the highest intensity of the 002 peaks, which, in theory, can be associated
with the degree of orientation of the crystals in the film. However, the refractive index n
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here is closest to the sample deposited at 800 W, which is X-ray amorphous. Most likely,
the samples of the studied series have different looseness and porosity, the values of which
may not depend on the crystal structure of the objects under study. However, data on
porosity and looseness are also important for evaluating material characteristics.
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the wavelength λ.

All reconstructed parameters for this series of samples are presented in Table 2. From
the dispersion dependences of the refractive and absorption indices, the values at the
wavelength of the He–Ne laser (633 nm) were taken.

Table 2. AlN film parameters reconstructed from ellipsometry data.

Sample W (MJ) ν(Al) (%vol) D(AlN) (nm) n@633nm k@633nm D(2Ra)

AlN–400–si
4.92

43 1284.7 1.912 0.0202 10
AlN–400–sitall 51 1309.94 1.949 0.0237 13

AlN–500–si
4.05

62 1121.35 2.085 0.0235 13.73
AlN–500–sitall 63 1106.75 2.087 0.0235 13.07

AlN–600–si
4.14

42 1281.96 2.008 0.0238 9.24
AlN–600–sitall 38 1288.9 2.014 0.023 10.3

AlN–700–si
3.696

63 1063.04 2.037 0.0235 7.73
AlN–700–sitall 63 1047.5 2.037 0.0235 7.5

AlN–800–si
4.272

44 1129.56 1.885 0.0331 28.6
AlN–800–sitall 41 1170.05 1.823 0.0282 25.5

W (MJ) is the magnetron work during overall sputtering process; ν(Al) (%vol) is volume fraction of Al in Al-AlN
boundary layer; D(AlN) (nm) is thickness of core AlN layer; n @633nm is refractive index of core AlN layer; k
@633nm is absorption index of core AlN layer; D(2Ra) is thickness of external AlN rough surface layer.

A direct dependence of the AlN layer thickness on the magnitude of the magnetron
operation work W (the product of the power and the operating duration) was observed
(See Figure 3) for all samples, except for the sample grown at a magnetron power of 600 W.
In this sample, a significantly higher thickness value is observed compared to the rest of the
samples in the series. Assuming that the amount of material sputtered from the magnetron
target is proportional to the operation of the magnetron, the same film thickness should be
obtained with the same work. The thickness for this sample turned out to be higher than
the expected one, which indicates its reduced physical density.
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A direct dependence of the refractive index n on the quality of the Al–AlN interface
is also observed (See Figure 4), except for the sample with a magnetron power of 600 W,
which had the most developed Al relief.
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It can be seen from Figure 5 that monotonic dependences of the refractive index and
absorption on the power of the magnetron are not observed in the samples. We denote
that the samples obtained at the highest and lowest magnetron power have low refractive
indices n, which corresponds to the worst crystalline perfection and low physical density.
Similar observations were made by other authors earlier in [43,44].
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3.2. Raman Scattering Results

AlN crystals have a wurtzite-type structure and contain four atoms in a primitive cell;
therefore, the phonon dispersion of AlN contains 12 modes, three of which are acoustic and
nine optical, as mentioned above. The Raman method was used to study the most intense
modes, A1(TO) and E1(TO), which have frequencies in the range of 600–650 cm−1 [45–48].
This method also makes it possible to characterize the crystal structure in AlN films (single–
crystal, polycrystalline, or amorphous). For single–crystal AlN, peaks of vibration modes
A1(TO), E2(TO), and E1(TO) are observed in the range of 600–650 cm−1, and in the case of
nanocrystalline AlN, the last two peaks merge into one due to broadening [49]. According
to the model presented in [49,50], the broadening of peaks can be related both to the size of
crystallites and to the imperfection of the crystal structure (impurity atoms, inhomogeneous
stresses, etc.). The more perfect the structure of crystallites, the smaller the width of the
peaks from phonon modes, which are observed in the Raman method. Figure 6 shows the
measured Raman spectra of all AlN samples grown on various substrates with varying
magnetron power. It is seen that the observed peaks in the spectra are near (in position) to
the peaks of vibrational modes A1(TO) and E1(TO) for AlN hexagonal symmetry and also
have a strong broadening (40–50 cm−1), which allows us to state nanocrystallinity, or about
the amorphous structure of the obtained films.

Table 3, as well as Figure 6, demonstrates the results of the analysis of the obtained
peaks for the AlN–600 samples on two types of substrates: silicon and glass-ceramic
(i.e., sitall). It can be seen from the presented data that the width of the peaks increases
significantly (by a factor of 1.5–2) for samples grown at a magnetron discharge power of
800 W. This, together with GIXRD data, Raman confirms the amorphous nature of the
obtained AlN layer. This trend is typical for films regardless of the type of initial substrate
since the AlN layer is initially deposited onto the Al layer.

Figure 7 shows the dependences of the widths of the Raman peak of the E1(TO) mode
on the magnetron power at which AlN films were deposited for two series of samples. For
AlN film samples deposited at 600 W, the peak width is the smallest of the entire series
for both. However, according to the obtained GIXRD data, the samples have the smallest
coherent scattering region (CSR) sizes. It should be noted that the half-width of the peaks,
even for these samples, is much larger than the half-width for single crystals [49] and
is comparable with other samples of the series [50]. This may indicate that the phonon
coherence length is smaller than the CSR calculated from the GIXRD data. In general,
according to the Raman analysis, it can be suggested that with an increase in the power
of the magnetron discharge to 800 W, a sharp deterioration in the crystallinity of the AlN
layer occurs.
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Table 3. Characteristics of Raman scattering peaks of AlN films.

AlN–si Position (cm−1) Full Width at Half Maximum (FWHM, ◦)

400 W
E1(TO) 655.4 42
A1(TO) 602.3 39

500 W
E1(TO) 654.8 40
A1(TO) 596.5 66

600 W
E1(TO) 653.9 32
A1(TO) 595.8 62

700 W
E1(TO) 652.7 41
A1(TO) 606.5 52

800 W
E1(TO) 656.1 49
A1(TO) 607.1 63

AlN–sit Position (cm−1) Full Width at Half Maximum(FWHM, ◦)

400 W
E1(TO) 656.9 39
A1(TO) 604 44

500 W
E1(TO) 655.4 37
A1(TO) 598.2 58

600 W
E1(TO) 653.9 33
A1(TO) 592.3 60

700 W
E1(TO) 654.0 41
A1(TO) 607.1 44

800 W
E1(TO) 663.1 65
A1(TO) 591.2 78
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3.3. Grazing Incidence X-ray Diffraction Results

X-ray diffraction patterns of the studied AlN–Al–V films are presented in Figure 8,
where a layer of aluminum nitride was deposited at different powers of the magnetron
discharge on different substrates. During the analysis of diffraction patterns, it was revealed
that for samples grown at a magnetron discharge power of 400–700 W, a hexagonal wurtzite-
type AlN phase was obtained (PDF No. 25–1133). No other phases were observed except
for low-intensity reflections from the silicon substrate. Their observation in the Grazing
Incidence X-ray Diffraction (GIXRD) geometry is explained by the fact that the formed film
did not completely cover the substrate, and therefore, part of the silicon was irradiated by
the beam during the shooting. In the case of the sample obtained at a power of 800 W, the
diffraction pattern also shows reflections that can be attributed to AlN, but their intensity
decreases significantly up to complete extinction.
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It should be noted that AlN in the obtained films has the required c–axis texture, in
which the crystallites are predominantly oriented with the (002) planes towards the surface.
This is evidenced by an increase in the intensity of the 002 peaks with partial or complete
extinction of the remaining peaks. However, the crystal texture of the AlN layer is not
ideal. The presence of reflections 102 and 103 is also noticeable in the diffraction pattern,
which may indicate a deviation of some of the crystallites from the texturing axis associated
with the competitive growth of crystallites in other directions [39]. At the same time, in the
case of a sample grown at 800 W on a sitall substrate, it is seen that the diffraction pattern
shows a set of reflections for misoriented AlN (100, 002, 101, 102, and 103), while their
low intensity and large width indicate a transition to a nanocrystalline state with small
particle size. In the case of a silicon substrate, peaks are not observed due to their extinction.
However, it can be assumed that the film is in a phase state close to that of the film sample
on sitall. Interestingly, the highest intensity of the 002 peaks in the case of samples on silicon
is observed for the sample obtained at 400 W, while on sitall, the intensity is maximum
for the sample obtained at 600 W. This, in particular, can be associated with the degree of
orientation of the film crystallites [51].

For the obtained estimated values of the average crystallite size (See Table 4), it can be
noted that the CSR sizes mainly vary in the range of 60–150 nm. The smallest crystallite
sizes are observed for the sitall-based AlN film fabricated at 800 W, as well as for the
samples obtained at 600 W. At the same time, for these samples, the parameters and volume
of the unit cell are increased compared to the standard ones (a = 3.1114 Å, c = 4.9792 Å,
V = 41.75 Å3). In general, it is noticeable that the cell volume increases with increasing
magnetron power for a film on a silicon substrate and depends nonlinearly in the case of
films on sitall. Taken together, this allows us to make a conclusion about the accumulation
of a significant number of defects in the crystal structure and the deterioration of the quality
of the crystal structure with an increase in the power of the magnetron discharge.

Table 4. Unit cell volumes and crystallite size of AlN layers in AlN–Al–V films.

Power (W)
D (002) (nm) a (Å) c (Å) V (Å3)

Si (100) Sitall Si (100) Sitall Si (100) Sitall Si (100) Sitall

400 165 103 3.1169 3.1334 4.9813 4.9733 41.91 42.29
500 70 96 3.1269 3.1255 4.9535 4.9707 41.94 42.05
600 61 57 3.1449 3.1408 4.9574 4.9680 42.46 42.44
700 95 103 3.1447 3.1166 4.9667 4.9880 42.54 41.96
800 - 30 - 3.1069 - 5.0163 - 41.93

3.4. TEM Results

A thin transverse section (lamella) of an AlN–600 sample was prepared for visualiza-
tion by TEM (Figure 9a). This sample, given the features that were observed during its
study by other methods, was expected to possess a peculiar microstructure that, apparently,
required additional attention. The sample surface was severely damaged, as the sample
surface was etched at 200 nm to obtain the desired lamella thickness due to the specifics of
the FIB-SEM sample preparation procedure.

The images were taken in several areas of the sample by HR-TEM: Sitall–V–Al bound-
aries (Figure 9b), AlN–Al boundary (Figure 9c), and AlN volume (Figure 9d). The regions
are marked on the micrograph of the entire film in Figure 9a in red. For Al and V layers in
high resolution, a high roughness of the interface with neighboring layers is noticeable. A
large number of defects (nanopores) are observed in the AlN layer, the sizes of which vary
from 2 to 3 nm.
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3.5. SEM Cross-Section Results

SEM image of a cross-section of an AlN–600 sample is shown in Figure 10. Images of the
rest of the samples from the series are presented in Figure S1 in Supplementary Materials.
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An analysis of the obtained images showed that the Al layer has an uneven and
“bumpy” surface, which, in turn, may indicate the absence of directionality in the growth of
Al crystallites during their deposition. As a result, the AlN layer becomes misoriented and
rough, which could affect the piezoelectric properties of the AlN film, as well as the velocity
of acoustic waves in the volume and on the surface. As in the TEM images, Figure 10
shows the heterogeneity (porosity) of the vanadium layer. The thicknesses of the layers
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were also estimated, which turned out to be somewhat different from the assessment of the
technologists based on monitoring by a quartz resonator (Table 5).

Table 5. Layer thicknesses in AlN–Al–V composite films on silicon.

Sample Type Vanadium Layer
Thickness (nm)

Aluminum Layer
Thickness (nm)

Aluminum Nitride
Layer Thickness (nm)

AlN–800-si 27 243 952
AlN–400-si 28 206 1086
AlN–700-si 43 205 981
AlN–600-si 56 194 1322
AlN–500-si 38 239 1062

The thicknesses of the film layers vary depending on their power and deposition
duration. The AlN–400 sample is closest to the declared thickness values since the sample
was deposited longer than the others, and, as a result, the crystallites in it appear to be
less defective.

3.6. SEM and SEM-EDS Results in Top View Study

SEM images of the surface of thin films on the example of AlN–800 and AlN–600 samples
(on both substrates) are shown in Figure 11. More details about all images can be found in
Figure S2 in Supplementary Materials.
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The obtained data on the surface visualization by the SEM method correlates with
the AFM data. Samples of thin films grow in the form of close-packed vertically oriented
hexagons and emerge on the surface in the form of dendritic structures, and their form
does not depend on the substrate material. However, it was noticed that the appearance of
the structures on the surface of the AlN–600 sample has slight visual differences. Elemental
analysis of the EDS of the surface layers of all AlN film samples was also performed. The
obtained values of the concentration of the content of elements in the composition of the
samples are presented in Table 6.
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Table 6. SEM-EDS of AlN thin films, at%.

Element AlN–800–
si

AlN–800–
sit

AlN–700–
si

AlN–700–
sit

AlN–600–
si

AlN–600–
sit

AlN–500–
si

AlN–500–
sit

AlN–400–
si

AlN–400–
sit

Aluminum 53 51 51 54 55 54 54 57 55 54
Nitrogen 27 28 35 33 34 33 33 30 32 33
Oxygen 11 11 4 4 3 3 3 3 4 4
Carbon 8 9 9 8 7 8 8 8 8 8
Copper 1 1 1 1 1 2 2 2 1 1

From the analysis of Table 6, it can be concluded that in all the studied samples, there is
an excess of Al, while the stoichiometric ratio of elements in AlN is rather far from the ideal
ratio of 1 to 1. The AlN–800 film grown at the maximum power of the magnetron discharge
in the composition has the highest content of oxygen and carbon impurities, as well as the
lowest content of nitrogen. The closest to the optimum are the AlN–600 and AlN–700 films
since they contain the lowest amount of impurity oxygen and carbon, as well as the highest
content of nitrogen. This is precisely why the surface morphology of AlN–600 film has
visual differences from the surfaces of other AlN film samples. It should also be noted that
with a decrease in the power of the magnetron discharge, the oxygen content in the films
decreases. The presence of 1–2% copper in the films is observed as copper is present in the
composition of the aluminum target, which, during the deposition of films, is deposited
in small amounts on the sample. This may also be the result of insufficient cleaning of
the target before sputtering. The clarity and contrast of SEM images correlate with the
proportion of aluminum in the sample. The greater the concentration of Al (conductive
material), the more contrasted image is visualized since the conductive material allows the
accumulated electric charge from the SEM beam to be removed from the dielectric bulk.

3.7. AFM Results

Scanning probe microscopy results for the films are demonstrated in Figure 12 and
Figure S3 in Supplementary Materials as images representing the developed relief.
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Based on the visual analysis of the obtained images, it was concluded that the type
of structures on the surface of thin films does not depend on the substrate material. In
addition to standard 2D images, numerical values of the roughness parameters of AlN film
samples were also obtained by AFM (Table 7).

Table 7. Surface roughness parameters of AlN film samples from the AFM study.

Sample Number Sa (Arithmetic Mean
Roughness) (nm)

Sq (Root Mean Square
Roughness) (nm)

800–si 23 30
800–sit 22 28

700–si 10 12
700–sit 11 14

600–si 11 14
600–sit 12 15

500–si 11 14
500–sit 14 19

400–si 18 23
400–sit 15 19

Regarding the roughness analysis, in the case of mathematically flat films, the film
roughness parameters should tend to be zero. Although in order to perform the real
technological procedures (e.g., deposition of electrodes on the film surface), the optimal
roughness values typically are in the range from 5 to 7 nm. The AlN–700 sample on silicon
is closest to the satisfactory roughness values, i.e., its roughness is 10 nm. The AFM method
also allowed calculating the advanced numerical values of power spectral density (PSD) of
the surface roughness of the samples by fast axis (x) of AFM scanning (See Figure 13).
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Figure 13. Power spectral density by the x–axis (PSD–x) of the surface roughness of AlN samples.

The amount of large-scale inaccuracies (upper left part of Figure 13) is small, while
most of the roughness is based on small-volume features (See the enlarged value of small-
volume features of AFM morphology in the down-right part of Figure 13). During the
analysis of the curves in Figure 13 and Table 7, it was found that the highest difference in
surface roughness is observed in samples AlN–800 (roughest) and AlN–700 (least rough),
the smoothest sample in the frequency range 4–13 µm−1, which corresponds to irregularities
with characteristic sizes of 77–150 nm is the AlN–600–sit sample. The surfaces of the AlN–
800 samples are the roughest since their curves are clearly higher than those of other
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samples. As can be seen from the presented roughness spectra, there is no unambiguous
dependence of the AlN surface roughness from the substrate material, i.e., from Si or sitall.

3.8. SSMP Piezoresponse Results

Figure 14 presents the results of determining the effective piezoelectric coefficient in
the studied AlN films. It is visible that the d33,eff values of the films differ little for the two
types of substrates within the range of values, except for the d33,eff value for the AlN–500
film on the sitall substrate.
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Figure 14. Dependences of the effective piezoelectric coefficient d33,eff of AlN films on the power of
the magnetron discharge P at which they were fabricated.

The reduced value of d33,eff for this film is probably due to poor electrical contact
between the electrode of the sample holder and the Al layer, which could lead to a lower
amplitude of the alternating voltage between the probe and the Al layer and, accordingly,
a lower piezoresponse. For the silicon substrate, higher average values of d33,eff , are sys-
tematically observed, which may be due to its conductivity, which contributes to a more
uniform distribution of the electric potential over the Al layer. This is also evidenced
by the smaller spread of d33,eff values for AlN films on silicon substrates. It can be seen
from Figure 14 that with an increase in the power of the magnetron discharge from 400
to 700 W, the effective piezoelectric coefficient of the films increases and reaches its max-
imum value at 700 W. At a discharge power of 800 W, the piezoelectric properties of the
films noticeably degrade, which correlates with the deterioration of AlN crystallinity and
stoichiometry. A violation of the described trend is a decrease in the average value of d33,eff ,
at a discharge power of 600 W, which may be due to structural features of AlN–600 films,
namely, reduced crystallite size and an increased unit cell volume (GIXRD data), as well
as increased porosity (ellipsometry data and TEM). The effective piezoelectric coefficient
reaches the highest values at a magnetron discharge power of 700 W, which may be due
to the relatively high structural perfection of the AlN film within this series, as evidenced
by the combination of the following characteristics: low surface roughness (AFM data),
high structural density, and low porosity (ellipsometry data), high degree of stoichiometry
(SEM-EDS data), increased crystallite size (GIXRD data), and relatively high resistivity
(electrophysical measurements data).

3.9. I–V Curve Analysis

Figure 15 shows the current-voltage characteristics of AlN layers in thin AlN–Al–V
composite films on a silicon substrate obtained at different magnetron discharge powers.
The measurement scheme is shown in the inset (See the left-down corner in Figure 15).
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magnetron powers on a silicon substrate.

Since the flowing currents are high, we did not create special guard rings surrounding
the measuring electrode (such rings are usually established when measuring the volume
resistance of dielectrics to equalize the potential of the measuring electrode so as not to
take into account the surface current). Further, we assume that the lower electrode forms
an ohmic contact with the AlN film due to the transition layer between the Al and AlN
films, which creates conductive shunts. A comparison of the curves shows that there is
no direct relationship between the resistance and the conditions for obtaining films (the
power of the magnetron discharge). The highest currents are observed in the AlN–600–si
sample, reaching a value of 10−3 A already at ±2 V (the meter switches to the current
mode due to the set current limit of 10−3 A). According to GIXRD data, this sample has
the smallest crystallite sizes and an increased unit cell volume, indicating the presence of
a significant number of defects in the crystal structure. High currents are also observed
in the AlN–800–si sample, which is also strongly defective up to amorphization and has a
significant excess of the Al content. For samples obtained at powers of 700, 500, and 400 W,
the curves exhibit asymmetry depending on the polarity of the voltage applied to the upper
electrode. It is known that the direct deposition of metal films on the AlN surface creates a
Schottky barrier with high resistance [52]. This effect manifests itself in the I–V curve. The
asymmetry is most pronounced for the AlN–400–si sample, which has the lowest currents.
Structural studies have shown that this film is maximally textured in the 002 direction. The
resistivities calculated from the I–V curve (for U = +2 V) of the studied AlN films are given
in Table 8.

Table 8. Resistance and resistivity values of AlN thin films at a voltage (+2 V).

Magnetron Power (W) Resistance (R, Ohm) Resistivity (ρ, Ohm × cm)

400 2 × 105 107

500 2 × 105 107

600 2 × 103 105

700 5.5 × 104 2.7 × 106

800 2.5 × 104 1.2 × 106

Electrophysical studies of the AlN films grown on silicon substrates revealed that the
resistance was highest in AlN layers fabricated at the lower power of the magnetron dis-
charge. The highest resistance, being the anticipated characteristic of a dielectric structure,
directly correlates with the structural perfection of the layer material.
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4. Conclusions

The samples were grown in the magnetron power range of 400–700 W and presented
rather similar crystal structure and texture. However, they do not demonstrate the ideal
c–axis structure of AlN thin films from the literature. An AlN film sample grown at a
magnetron power of 800 W showed the worst quality of the crystal structure according
to GIXRD and Raman data, as well as significant absorption in the optical range and the
highest surface roughness in the studied series. The reason for such observation is the
misalignment of the AlN–Al layer interface. A good correlation is observed between the
thickness of the AlN films and the total energy expended by the magnetron for sputtering
the target, except for the AlN sample grown at a power of 600 W. This sample, presumably,
had a lower mass density. The same conclusion is confirmed visually by the TEM results in
the form of repeated microstructure defects.

Nevertheless, the refractive index of this sample is quite high, and the phonon scatter-
ing peak in Raman has the narrowest contour, which confirms the high quality of the crystal
structure at the nanoscale. Therefore, we highlight the methodological value of the present
work for other authors who investigate similar films and observe similar results, which
indeed do not present disagreements. There is a correlation between the refractive index
and the quality of the Al–AlN interface, which is characterized by the volume filling factor
νAl. The AlN film fabricated at 600 W also appears to be of high interest because it shows
an anomalously high value of the refractive index and the most developed aluminum
surface in the interface layer. Specific results of the AlN film grown under the 600 W power
present various interesting features, so the balance between nanoscale structural details
and macroscale properties should be considered systematically.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/coatings13020223/s1; Figure S1: SEM cross-section images of
AlN thin films on a silicon substrate; Figure S2: SEM images of AlN thin films on silicon and sitall
substrates; Figure S3: AFM images of AlN thin films on silicon and sitall substrates.
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