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Abstract: As the microelectronic industry develops, components that can perform several different
tasks receive increasingly more attention, resulting in multifunctional materials being highly sought
after. Al2O3 is widely present in electronic applications as a protective coating or as an electrical
and thermal insulator due to its mechanical and thermal stabilities and chemical inertness. Al2O3

is also an important dielectric material, with high resistivity and stable permittivity over a wide
range of temperatures and electric fields, but its modest permittivity necessitates large effective
areas or extremely thin layers when a large capacitance is desired. Composites consisting of discrete
conducting phases within an insulating matrix can produce large capacitance via Maxwell–Wagner
polarization. In this work, Al2O3/Al composite thick films with different volume ratios of Al were
prepared using the aerosol deposition method. A relative dielectric permittivity (εr

′) of 800 at 1 MHz
was achieved at 27 vol% of Al, a sixty-sevenfold enhancement compared to Al2O3. On the other
hand, dielectric losses, tan(δ), at 1 MHz increased from 0.01 for Al2O3 up to 0.58 for the composite
with 27 vol% of Al. A finite-element model of the composites was implemented, supporting the
nonlinear electrical behavior of the composites as function of vol% of Al. Our results show novel
possibilities for the applications of Al2O3-based materials in the microelectronic industry, especially
for temperature-sensitive applications, for which the integration strengths of aerosol deposition
are valuable.

Keywords: alumina; aluminum; multifunctional materials; thick films; aerosol deposition

1. Introduction

In recent decades, the electronics industry has sought increasingly small high-perform-
ance components that can perform multiple functions at the same time, resulting in more
intense research on multifunctional low-cost materials [1]. For example, Al2O3, or namely
alumina, is already used in electronic devices as a protective layer due to its high mechanical
stability, chemical inertness, and electrical insulating properties [2–4] and therefore is a
promising candidate for multifunctional applications. In light of this, it is highly desirable
to expand the functionalities of Al2O3-based layers, for example for complementary metal-
oxide semiconductor (CMOS) or embedded capacitor applications [5,6]. However, in such
cases a large dielectric permittivity εr’ is needed [7,8], usually ∼30 for CMOS applications
and over several hundred for embedded capacitors. Therefore, the low relative dielectric
permittivity of Al2O3, which is ∼10 at 1 kHz [9], is a limiting factor.

Ceramic–metal composite materials can exhibit a significantly larger dielectric per-
mittivity when compared to that of pure ceramics, in our case Al2O3. When an external
electric field is applied, the free electrons from the embedded metal particles move to the
metal/insulator interfaces, acting as additional electric dipoles, therefore increasing the
total dielectric permittivity. This is known as Maxwell–Wagner polarization [10–12]. By
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increasing the metallic content within the matrix, εr
′ also increases. However, at a critical

concentration the metallic material will form a conductive percolative path across the insu-
lating matrix, which will undergo an insulator-conductor transition. In addition, there is a
sharp increase in εr’ at a critical concentration, also called the percolation threshold [13–15].
The enhancement of εr’ for ceramic–metal composites at the percolation threshold is typi-
cally for a factor of a few tens. However, the tan(δ), also referred to as dielectric losses, also
tends to increase by a similar amount [16–18]. For example, for BaTiO3/(Ni0.3Zn0.7)Fe2.1O4
composites, both the εr’ and dielectric losses, tan(δ), were reported to have increased by a
factor of 10 [19].

The preparation of ceramic–metal composite films can be difficult, as conventional
ceramic-based film preparation methods usually rely on high sintering temperatures (above
900 ◦C) which leads to undesired effects such as interdiffusion and oxidization of the
metallic filler [2,20,21]. To overcome this issue, aerosol deposition (AD) can be used. The
AD method is a spray-coating process that allows for the preparation of dense films at room
temperature. The ceramic–metal composite powder is mixed with a carrier gas to form an
aerosol which is ejected towards the substrate with high kinetic energy due to pressure
difference. Upon impact, the particles fragment and rebond to the substrate forming the
film [22,23]. The AD method allows parameters such as carrier gas, gas flow rate, and
number of scans to be controlled.

Investigations of Al2O3 films prepared via AD have been previously reported [2,24,25],
as well as Al2O3-based composite films with metallic, such as silver [26] and copper [27],
and polymer fillers [9]. However, the research on Al2O3-based composites has been
focused on mechanical and optical properties, while the influence of the metallic filler on
the dielectric permittivity of the composite was not studied. In addition, Al as a metallic
filler in the ceramic matrix has not yet been reported. In light of this, we prepared Al2O3/Al
composite films using the AD method and investigated the effects of the Al filler on the
structure and on the dielectric properties of the samples. We used Al as the metallic filler
since it is an affordable, abundant material that was shown to have a high AD rate [2].
The ceramic–metal composite powders were prepared with different Al vol%, ranging
from Al2O3 (0 vol%) to Al (100 vol%). A 67-fold enhancement of the dielectric permittivity
of Al2O3 was achieved for the first time, expanding the possibilities for Al2O3-based
electronic components.

2. Materials and Methods

For the preparation of composites, raw Al (99.96%, 2 HPC, Toyal Europe, Accous,
France) and Al2O3 (99.8%, A 16 SG, Almatis, Ludwigshafen, Germany) powders were used.
The Al2O3 was thermally treated in a chamber furnace (Custom-made, Terna, Ljubljana,
Slovenia) at 1150 ◦C for 1 h with heating and cooling rates of 5 K ×min−1 and additionally
milled in a planetary ball mill (PM400, Retsch, Haan, Germany) at 200 min−1 for 4 h using
an Al2O3 milling jar and yttrium-stabilized zirconia milling balls with diameters of 3 mm
in iso-propanol as a liquid medium. The treatment of the Al2O3 powder was necessary
to achieve a particle size distribution suitable for the AD method [21]. The as-received Al
powder was already within the optimal particle size range, and therefore no additional
processing was required. To prepare the composites, Al2O3 and Al powders were dry
mixed in different Al volume ratios (0 vol%, 3 vol%, 7 vol%, 13 vol%, 15 vol%, 21 vol%,
23 vol%, 27 vol%, 33 vol%, 60 vol%, and 100 vol%) and homogenized in a roll-mill at
50 min−1 for 48 h with yttrium-stabilized zirconia balls with 10 mm diameters. Prior to the
AD, the powders were sieved through an 80-micrometer mesh and vacuum-dried for 12 h
at 80 ◦C and at 10 mbar. The particle size analyses of the powders were performed using
a light-scattering laser granulometer (S3500, Microtrac, York, PA, USA), and isopropanol
was used as the medium. The particle size distribution of the powders (Supplementary
Material: Figure S1) shows that all compositions are within 0.2 µm–5 µm optimal range for
AD [20].
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The AD apparatus was provided by InVerTec e.V., Bayreuth, Germany. Detailed
information of the AD method can be found elsewhere [21]. Stainless steel (SS, no. 304,
American Iron and Steel Institute, Washington, DC, USA) squares with dimensions 15 mm
× 15 mm × 0.8 mm were used as substrates, and all depositions were performed with the
process parameters shown in Table 1. The number of scans was adjusted to achieve 4 µm–5
µm thickness in all films.

Table 1. Parameters used during AD.

AD Parameters

Carrier gas species N2

Nozzle geometry (slit size) (0.5 × 10) mm2

Nozzle-to-substrate distance 5 mm

Sweep speed 5 mm × s−1

Gas flow rate 4 L ×min−1

Pressure in the deposition chamber 0.2 mbar

The powders and the as-deposited films were investigated using X-ray diffraction
(XRD) analysis with a high-resolution diffractometer (X’Pert PRO, PANalytical, Almelo,
The Netherlands) with Cu–Kα1 radiation. Diffraction patterns were recorded in the Bragg-
Brentano geometry with a 100-channel X’Celerator detector in a 2θ range 10–70◦ with a
step of 0.034◦ and an integration time of 100 s per step.

For the microstructural analyses of the films in cross-sectional form, the samples were
cut, mounted in epoxy resin, and fine-polished with a colloidal silica suspension. Analyses
were performed using scanning electron microscopy (SEM) and energy dispersive spec-
troscopy (EDS) using a field-emission scanning electron microscope (FE-SEM, JSM-7600F,
JEOL, Tokyo, Japan) equipped with a backscattered electron detector and an energy disper-
sive X-ray spectrometer (Inca Oxford 350 EDS SSD, Oxford Instruments, Abingdon, UK).
Prior to the SEM analyses, all samples were coated with a 10-nanometer-thick carbon layer
by carbon evaporation (Bal-Tec Sputter-coater SCD 050, Bal-Tec, Pfäffikon, Switzerland).

The Al volume fraction in the thick films was estimated from a combined analysis of
the SEM images and EDS mappings, using the ImageJ tool [28]. The Al volume fraction
was estimated as the ratio between the sum of the areas of the embedded Al particles and
the total cross-sectional area of the film. To minimize errors, the values were calculated
from three different regions and averaged.

The topography of the samples was characterized using atomic force microscopy
(AFM) and conductive atomic force microscopy (CAFM). Both types of measurements
were performed using Asylum Research MFP-3D (Oxford Instruments, Abingdon, UK)
microscope and titanium-iridium-coated silicon tips (Asylec-01-R2, Oxford Instruments,
Abingdon, UK). For surface characterization, the images were scanned in 20 µm × 20 µm
areas from which the surface roughness (root mean-square roughness, Rq) was calculated.
The CAFM measurements were performed in 10 µm × 10 µm areas and DC voltage of 10 V.

Prior to dielectric measurements, gold electrodes of 1.0 mm diameter were deposited
through a shadow mask onto the surface of the samples by magneton sputtering (Cin-
quepascal SRL, Milan, Italy). The dielectric properties were measured using a Precision
LCR meter (HP 4284A, Santa Rosa, CA, USA) within the 1 kHz–1 MHz frequency range.

The percolative behavior of the prepared composite films was simulated using a
simple, 2-dimensional finite-element model. By using COMSOL Multiphysics® Version
5.5 [29] in combination with Matlab LiveLink, we simulated the ac electrical conductivity
of Al2O3/Al composites. The simulations were performed using the Frequency Domain
solver; the frequency range spanned from 1 kHz to 1 MHz, and the DC voltage was set to
1 V. The boundary conditions of the system geometry were as follows: the left and right
edges were electrically insulating; the top and bottom edges were set as the electrodes: bias
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and ground, respectively. The relative permittivity of Al and Al2O3 were both assumed
to be independent of frequency and were set to 104 and 10, respectively. Similarly, the
dc conductivity (σ) values were set to 0 for Al2O3 and 3.7 × 107 S/m for Al. It is worth
mentioning that, in our case, the electrical response of a particular composite structure
should vary little with the precise values used the conductivity of either phase, since such
quantities differ by several orders of magnitude. The physical properties of the materials
used in the simulation are collected in Table 2.

Table 2. Physical properties of Al and Al2O3 used for the simulations [2,30].

Physical Property Al Al2O3

σ (S/m) 3.7 × 107 0

εr’ (/) 104 10

Density (g/cm3) 2.70 3.97

The Al2O3 matrix was generated as a rectangle of 4.5 µm× 27 µm, and the Al particles
were generated as spheres within this matrix. Their center positions were generated
according to a uniform distribution, while a gaussian distribution was used for the radius
of the particles. The gaussian parameters were evaluated as follows: from SEM images, the
mean diameter and standard deviation of the Al particles within the Al2O3 matrix were
estimated. From the percolation theory perspective [13,31], the two axes of an embedded
particle play distinctive roles. The horizontal axis connects different particles forming
larger clusters. On the other hand, the vertical axis contributes to the formation of clusters,
similar to the horizontal axis, but it is also the direction that directly connects the top and
bottom electrodes, resulting in a percolation path throughout the film. In light of this, to
approximate the asymmetric Al particles into spheres, the vertical axis was used as the
reference to generate the radius of the particles. It is worth emphasizing that the estimated
particle diameters from SEM were used as reference values for the radius of the simulated
spheres. This was conducted in order to compensate for the pronounced asymmetry
between horizontal and vertical axes of the Al particles. The simulated composite film
structures were represented in a circuit model as an ideal capacitor in parallel with a
simple resistor, enabling direct comparison of calculated admittance and conductivity with
measured complex permittivity [32].

3. Results and Discussion

The X-ray patterns of the prepared composite films are shown in Figure 1a, while the
particle size distributions, X-ray patterns, and SEM images of the precursor powders are
shown in Supplementary Material: Figures S1, S2, and S3, respectively. As expected, with
increasing Al content in the compositions, the Al peaks become more intense (Figure 1b).
Compared to the Al peaks, the Al2O3 peaks are broader (Figure 1c), which is most likely due
to the brittleness of the ceramic material that leads to fracturing of the crystallites during
aerosol deposition [2,3,21]. In contrast, Al shows narrower peaks, which is consistent with
the fact that it is ductile and therefore tends to not fragment as much as Al2O3. In agreement
with this, from Figure 2 and Supplementary Material: Figure S4 it can be promptly observed
that, in the deposited films, the Al particles are much larger than the Al2O3 particles.
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Figure 1. (a) XRD patterns of the composite films. (b) Enlarged view of the most intense peak of
(b) Al and (c) Al2O3.

Figure 2 shows the SEM and EDS analyses for the Al2O3 film and composite films in
cross-section with 3 vol% Al, 23 vol% Al, 27 vol% Al, and 33 vol% Al. The SEM images
reveal highly dense films with no visible pores and excellent adhesion to the substrates. The
EDS analyses show a homogeneous distribution of Al in Al2O3 matrix. In the composite
films, the brighter regions in the Al mappings and dark regions in the oxygen mappings
represent the Al phase inside the Al2O3 matrix. It is evident that the Al2O3 films have
the least rough profile compared to other films, suggesting that the Al content plays a
significant role in the surface roughness. The SEM images of all prepared thick-film samples
can be found in Supplementary Material: Figure S4. To investigate whether the vol% of Al
in the composite films differs from the nominal vol% of Al from the composite powders,
the vol% Al in films was estimated from SEM/EDS images. From the estimates, the Al
contents embedded in the Al2O3 matrix were in good agreement with their respective
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nominal values. The comparison between the values is shown in Supplementary Material:
Figure S5.
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Figure 2. SEM images using a backscattered electron detector (a) and EDS mapping of oxygen (b)
and Al (c) for Al2O3 film and composite films with 3 vol%, 23 vol%, 27 vol%, and 33 vol% of Al
content. The regions highlighted in yellow indicate the Al phase within the Al2O3 matrix. Yellow
lines are guides to the eye.

To better characterize the influence of the Al content within the Al2O3 matrix, the
surface topography of the films was investigated using AFM, shown in Figure 3a. The
roughness factors of the prepared samples, i.e., the ratio of the surface roughness (Rq) to
film thickness (t), were calculated [33,34] and are shown in Figure 3b. It can be seen that
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the Al2O3 films have the lowest roughness factor of 15 × 10−3, while Al films show the
highest roughness factor of 80 × 10−3. In composites up to 21 vol% of Al, the roughness
factors do not exceed 40 × 10−3. However, an increase in roughness factor appears in films
with ≥23 vol% of Al content, where the factors increase to over 50 × 10−3. This sharp
increase suggests that Al is playing a more significant role in the structure of the films with
≥23 vol% of Al content.
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Figure 3. (a) AFM topography images of the thick-film surfaces. (b) Roughness factor versus Al
content. The roughness factor was calculated by averaging the Rq values of five areas per composition.

The dielectric permittivity of ceramic–metal composites is enhanced by increasing the
metal content within the ceramic matrix, especially near the percolation threshold, which
is the transition point from electrically insulating to conducting. The enhanced εr’ at this
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critical point can be mathematically expressed according to percolation theory as the power
law [12,15,31,35], in our case as:

εr
′(fAl) = ε′r(Al2O3)

∣∣∣∣ fc − fAl
fc

∣∣∣∣−q
(1)

where fc is the percolation threshold in vol%, fAl is the Al volume fraction, and q is the
critical exponent. Due to the nonlinearity of the phenomenon, it is expected to observe a
swift change in the electric properties of the films, especially near fc.

In order to identify percolative paths in the films, CAFM measurements were per-
formed, as these measure the local electrical current flowing through the films (Figure 4a).
The CAFM results for the Al2O3 film and composite films with 3 vol%, 23 vol%, 27 vol%,
and 33 vol% content of Al are shown in Figure 4b,c. In Al2O3 films, the local electric
currents flowing through the sample were below the detection threshold (0.5 pA [36]) of the
measuring device; thus, the films exhibit good electrically insulating properties. This trend
is maintained up to an Al content of 21 vol%. At 23 vol%, the material starts to conduct
locally, but only minor regions of local electrical current up to 1.3 pA are observed. At an Al
content of 27 vol%, a few areas of enhanced local electric currents of ∼80 pA are observed,
which is around 80 times higher than in the previous composition. This trend may be an
indicator that this composition is close to the percolation threshold. At 33 vol%, the sample
locally conducts in many regions across the surface, indicating that this composition is
above the percolation threshold. The local electrical currents that flow through the sample
can reach 140 pA.
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and composite films.
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The εr’ of the composite films as a function of frequency is shown in Figure 5a. Films
with compositions ≥ 33 vol% of Al were not measured as they were electrically conductive
films; therefore, the Cp-D model would be unsuitable for interpretation and beyond the
scope of this work. In addition, it is worth mentioning that in the case of tan(δ)� 0.1, the
quantitative uncertainty is significantly increased [37]. Note that for up to 21 vol% of Al
content there is no significant change in the εr’ of composite films compared to Al2O3 films.
However, the εr’ increases for compositions ≥ 21 vol% of Al, especially at 27 vol% of Al,
which exhibits a significantly large enhancement. This trend is in good agreement with
previous CAFM electric current mappings, which showed more areas of higher intensity
electric current across the surface at 27 vol% of Al; hence, this concentration must be close
to the percolation threshold. At 1 MHz, the Al2O3 films show εr’ of 12, while the composite
films with 27 vol% of Al show a value of 800, a sixty-sevenfold increase.
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Figure 5. (a) εr’ of the composites as function of frequency, the inset shows εr’ up to 60. (b) εr’ at
1 MHz as function of Al content. (c) The tan(δ) as function of frequency, the inset shows tan(δ) up to
0.4. (d) tan(δ) at 1 MHz as function of Al content.

At 1 MHz, the best fit for the power law (Equation (1)) results in q = 1.6 and fc = 29 vol%.
The dielectric permittivity values at 1 MHz as function of Al content and the best fit are
shown in Figure 5b. With increasing Al content, the tan(δ) values also increase, especially
at frequencies lower than 10 kHz, shown in Figure 5c. As the frequency increases, the
tan(δ) decreases, and at 1 MHz, the films with 27 vol% of Al exhibit tan(δ) of 0.58 which
is higher than that of Al2O3 films, i.e., tan(δ) ∼ 0.01, as shown in Figure 5d. Although the
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mathematical model (Equation (1)) results in fc = 29 vol%, it is evident from the CAFM
measurements that at 27 vol% the compositions are bordering the percolation threshold.

Furthermore, we simulated the percolative trends of the compositions using a simple
finite-element model. The center coordinates of the Al particles were generated according
to estimates from SEM images, as described in the experimental section. In this manner, we
obtained 0.385 µm and 0.117 µm for the mean diameter and standard deviation, respectively.
The gaussian distribution and histogram from SEM data are shown in Figure 6a. From
the simulations, we observe a sudden increase in electrical conductivity at 27 vol% of Al,
indicating that this composition is at the percolation threshold. The electrical conductivity
for different compositions at 1 kHz and 1 MHz is shown in Figure 6b. Our percolation
threshold obtained from the simulations, 27 vol%, is in excellent agreement with the experi-
mental results shown above. Figure 6c shows the voltage and polarization distributions at
1 MHz for the 27 vol% composition. Notice in the polarization panel, that the largest values
are located at the metallic-insulating interfaces, as expected from the Maxwell–Wagner
effect [13].
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4. Conclusions

In conclusion, Al2O3/Al thick films were prepared for the first time via AD. Successful
depositions of composite powders with different vol% of Al were achieved. The films
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exhibited dense structure with no pores and homogenous distribution of Al throughout the
Al2O3 matrix. At 27 vol% of Al, a sharp increase in the dielectric permittivity of the films
was achieved. At 1 MHz, the Al2O3 films show εr’ of 12, while the composite films with
27 vol% of Al exhibit a value of 800. On the other hand, the tan(δ) of Al2O3 films is 0.01
and increases to 0.58 for the composite films with 27 vol% of Al. By combining dielectric
measurements and CAFM electrical current mappings, we were able to determine the per-
colation threshold at ∼27 vol% of Al. Our experimental results were further confirmed by
a simple finite-element model of the composite films. From the simulations, the percolation
threshold was obtained at 27 vol% of Al, in excellent agreement with the experimental
data. To conclude, our results broaden the possibilities of use Al2O3-based ceramic-metal
composites in the microelectronics industry.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/cryst13050850/s1, Figure S1: Particle size distribution of all
compositions; Figure S2: X-ray patterns of the composite powders; Figure S3: SEM images of the
precursor powder of all compositions; Figure S4: SEM images (left) and EDS mapping of oxygen
(middle) and aluminum (right) for 7 vol%, 13 vol%, 15 vol%, 21 vol%, 60 vol%, and Al films; Figure S5:
Comparison between the estimated Al volume fraction in the composite films and the nominal Al
volume fraction in the powder mixtures prior to AD.
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