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Abstract 

This work presents a study on the influence of the Al/Si atomic ratio in dc magnetron 

sputtered Al1-xSixOy amorphous and transparent films upon their chemical composition, 

films’ structure, optical and electrical properties. Increasing silicon in Al1-xSixOy films, 

from 0 at. % up to 31.1 at. %, caused an increment of deposition rate and an increment 

in Al-O-Si energy bonds as confirmed by XPS analysis. On other hand, the optical 

constants (refractive index (n) and extinction coefficient (k)), dielectric constant, loss 

tangent (tan δ) and ac conductivity (σac) decrease when the amount of silicon in films 

increased. The results show that refractive index varies linearly with volume % of Al2O3 

(or SiO2). Dielectric constant and dielectric loss evidenced two dipolar contributions, 

attributed to defects located one at or near the substrate/oxide interface, and the other in 

the bulk of the oxide.  

Keywords: Sputtered Al1-xSixOy, Optical properties, Dielectric properties, Electrical 

conductivity.  
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1. Introduction 

Recently, insulating SiO2, Al2O3 and Al1-xSixOy oxide layers have been used extensively 

in industrial applications, such as the optical applications and semiconductors devices, 

due to the combination of their transparency, diffusion barrier and electrical insulation 

properties. For example, Al1-xSixOy and SiO2 were used as antireflection layer in solar 

thermal absorber stacks, which also work as a protective barrier layer [1-3], SiO2 and 

Al2O3 are widely used in electronic devices as thin film transistors, memories structure, 

tunnel diodes, and Si metal-oxide semiconductors [4-7]. Also, Al-SiO2-(n or p) Si and 

SiAlOx/p-Si are already used in manufacturing of some specific types of diodes, the so-

called tunnel diodes Metal-Insulator-Semiconductor, which are used in microelectronics 

(memory devices, photo diodes) and in photo cells applications [8,9]. Using Al1-xSixOy 

instead of SiO2 or Al2O3 enables to have a combination between the properties of SiO2 

and Al2O3, which may improve the fracture toughness, corrosion and oxidation 

resistance. Also, silicon addition to Al2O3 films provides an optimal combination of 

breakdown field strength, band offset and dielectric constant [10]. Moreover, Al2O3 film 

defects, which result from the deviation of stoichiometry of Al and O atoms during the 

deposition, can be compensated by the addition of silicon to AlxOy films. Al1-xSixOy 

films also contribute to the increment of the electrical resistivity of films and 

suppression of flat band shift and hysteresis on the C-V characteristics, as reported in 

[11]. Indeed, Al1-xSixOy films exhibited no degradation in the leakage current compared 

with Al2O3 films and it can have better properties, while being deposited at lower 

temperatures, as compared with Al2O3. This degradation is explained by a formation of 

an interfacial layer when Al2O3 is deposited on Si substrate [12, 13]. So, using 

aluminum silicate (Al1-xSixOy) thin films enables to control the electrical and optical 

properties of those films by controlling their silicon composition. The silicon addition 

provides the possibility of controlling their dielectric constant to have the desired 

electrical and optical properties, which make them good candidates for insulating films 

for power devices and other optical applications [14]. Within the present work, the 

influence of variation of silicon amount in dc magnetron sputtered Al1-xSixOy films upon 

their chemical composition, films’ structure, optical and electrical properties were 

studied.  
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2. Materials and methods 

2.1 Coatings deposition 

Al2O3, Al1-xSixOy and SiO2 thin films were deposited by dc magnetron sputtered onto Si 

(100) wafer (used for Rutherford Backscattering Spectrometry (RBS), X-Ray 

Photoelectron Spectroscopy (XPS) and Scanning Electron Microscopy (SEM) 

analyses), glass (used for tracing the optical properties of films) and stainless steel 

(AISI304) substrates (used for Energy Dispersive X-ray Spectroscopy (EDS) analyses 

and for studying the electrical properties). The depositions were performed using a 

substrate holder placed 9 cm above the target and working in static mode. Al2O3 thin 

films were deposited using an aluminum target (99.99%) with a diameter of 10 cm and 

oxygen as reactive gas. The composition of Al and Si in Al1-xSixOy films was varied by 

adding X number Si pellets uniformly distributed on the Al target erosion zone 

(X=2,3,5,9,11), each pellet with a diameter of 10 mm. The number of Si pellets is 

depicted in Table I, together with the coatings’ thickness and chemical composition. A 

Si (100) wafer was used as a target for the deposition of SiO2 coatings and oxygen as 

reactive gas. 

The stainless steel and silicon substrates were cleaned ultrasonically with acetone for 15 

min, and the chamber was evacuated to a base pressure of 2x10-4 Pa. In order to remove 

oxides and impurities from substrate surface, an etching step was performed before each 

deposition in an argon atmosphere (working pressure of 1.15 Pa) by applying a pulsed 

bias voltage of -500 V. For glass substrates, they were cleaned by alcohol only. The 

target was also sputter cleaned before each deposition in argon atmosphere (Ar flow of 

50 sccm, resulting in a working pressure of 0.38 Pa) and by applying a current density 

of 6.4 mA/cm2 for 3 min. During the target cleaning process, the substrates were 

protected by a stainless steel shield.  

Table I – Coatings identification, chemical composition, thickness and deposition rate 
Sample Number. 

of Si 
discs 

Thickness 
(nm) 

Deposition 
rate 

(nm/min) 

Si  
(at. %) 

Al  
(at. %)

Al/Si 
atomic ratio 

(EDS) 

(Al+Si)/O 
atomic ratio

(RBS) 
Al2O3 0 59.0 1.7 0 38.1 - 0.67 

S2  2 375.9 10.7 29.9 6.6 4.52 0.57 
S3  3 323.5 9.0 22.4 13.5 1.66 0.58 
S5  5 387.1 11.0 11.4 23.1 0.49 0.54 
S9  9 604.7 17.3 7.6 28.0 0.27 0.57 
S11 11 751.3 21.5 4.6 31.1 0.15 0.58 
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The coatings were deposited in Ar+O2 atmosphere, being the Ar and O2 partial 

pressures of 0.38 Pa and 0.048 Pa, respectively. A current density of 6.4 mA/cm2 was 

applied to the target. During deposition, a pulsed dc voltage of -60 V was applied to the 

substrate holder being the frequency 90 kHz. The deposition time was set to 35 min, and 

same deposition conditions were used for all reported thin films, being the only variable 

is the number of Si pellets.  

 

2.2 Coatings’ chemical composition, structure and morphology 

The coatings’ chemical composition was assessed by means of EDS and RBS analyses. 

Scanning electron microscopy analysis was performed in a NanoSEM-FEI Nova 200 

(FEG/SEM) equipment, to determine the coatings thickness and morphology. EDS 

analysis allowed to determine the Al/Si atomic ratio, while RBS was used to assess the 

(Al+Si)/O atomic ratio. EDS analyses were performed with the electron beam of the 

SEM and a EDAX - Pegasus X4M system. The measurements were randomly 

performed on the sample surface with an acceleration voltage of 5 keV. RBS 

measurements were carried out at the CTN/IST Van de Graaff accelerator with detectors 

placed at 140º and 165º to the beam direction. Spectra were collected with a 2 MeV 
4He+ beam. Normal incidence was used in the experiments and the obtained data were 

analyzed with the IBA Data Furnace NDF v9.6i [15]. In order to evaluate the coatings’ 

chemical bonding state X-Ray Photoelectron Spectroscopy (XPS) analysis was 

performed in a Kratos AXIS Ultra HAS X-Ray Photoelectron Spectroscopy system, 

using an Al Kα (1486.7 eV) X-Ray source, with a 40 eV pass energy. The C1s line at 

285.0 eV was used to calibrate the binding energies. The XPS spectra were analyzed in 

CasaXPS software (version 2.3.19, Casa Softw. Ltd), and all peaks were fitted using a 

Shirley background and GL (30) line shape (GL (p): Gaussian/Lorentzian product 

formula where the mixing is determined by m = p/100, GL (100) is a pure Lorentzian 

while GL (0) is pure Gaussian.).  

 

2.3 Optical and Electrical Characterization 

The optical measurements, in transmittance and reflectance modes, were measured in 

the wavelength range of 250 – 2500 nm, using a Shimadzu PC3101 UV–VIS–NIR 
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scanning spectrophotometer. The reflectance measurements were performed at an 

incidence angle of 8º using an integrating sphere attachment and an Al mirror as a 

reference. The reflectance data were corrected according to the Al -reference reflectance 

curve. Then, the results were used to calculate the optical constants and thicknesses of 

films by using SCOUT software [16]. 

 Capacitance – frequency (C-f) measurements, in the frequency range of 20 Hz – 3 

MHz, were carried out at room temperature using the structure of Ag/ Al1-xSixOy / 

Stainless steel, and the area of Ag electrode contact was calculated for each sample. The 

measurements were achieved using a WAYNE KERR 6440B precision component 

analyzer. The complex dielectric constant is given by ε*(ω) = ε′ − iε″, where ε′ and ε″ 

are the real and imaginary parts, respectively. The dielectric loss is given by tan δ = 

ε″/ε'. So, the dielectric constant, the real part of the complex electric permittivity, was 

determined using the equation: 

ε′ =Cd/A ε0.      (1) 

where C is the film capacitance, A is the surface area of the electrode, d is the thickness 

of film, and ε0 = 8.85 × 10-12 F/m is the permittivity of vacuum. 

 The AC conductivity (σac) of prepared films was calculated from the dielectric data 

using the equation [17]: 

σac= ε0 ε′ω tan δ         (2) 

where ω is the angular frequency (ω=2πf, where f is the frequency of AC applied). The 

frequency dependent conductivity was determined from the universal power law [17] 

σ(ω)= σ (0) +Bωi  (3) 

 where, σ (0) is the dc conductivity and Bωi is the frequency dependent part of the 

conductivity with a factor B and frequency exponent 0 ≤ i ≤1. The value of i was 

determined from the plot of ln(σac) vs ln (ω) at high frequency [18-20]. 

 

3. Results and discussion 

3.1 Definition of deposition parameters 

The coating´s thickness and the deposition rate are summarized in Table I, together with 

Al/Si atomic ratio (determined from EDS analysis) and (Al+Si)/O atomic ratio 
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(obtained from RBS analysis). The coatings thickness was determined by SEM cross-

sectional analysis, while the deposition rate was calculated by dividing the thickness by 

deposition time (35 min for all coatings). The coatings were labeled as SX, where X 

represents the number of Si pellets incorporated in Al target erosion zone, e.g. S3 

coating was deposited with 3 Si pellets placed on Al erosion zone. The Al2O3 coating, 

deposited without Si pellets and SiO2 deposited without Al (not included in Table I, 

because was deposited with a Si target). 

In order to attain transparent and dielectric coatings, it is necessary to guarantee that the 

deposition parameters allow having an adequate metal to oxygen ratio. In this sense, the 

first step was the setting of the deposition parameters with the main goal to fix all the 

deposition parameters, except for the amount of Si pellets in Al target. In the first step, 

the voltage-oxygen flow hysteresis curves were determined for different target 

conditions (amount of Si pellets) and different coatings were deposited at different 

points of the hysteresis plot in order to evaluate if transparent coatings were being 

obtained. The hysteresis curves of Al2O3 (reference coating without Si) and S9 coatings 

are depicted in Fig. 1. 

 
Fig. 1: The target voltage as a function of oxygen flow for Al2O3 (reference target) and sample S9. 
 
The hysteresis curves indicate the variation of target voltage with reactive gas flow, 

which allows monitoring the target surface condition. Target surface poisoning in higher 

reactive gas flow can determine the coatings chemical composition as well as the 

deposition rate, since the oxidized target surfaces show a lower sputtering yield in 

relation to metallic targets, which leads to lower deposition rates in the reactive mode. 

The hysteresis curves shown in Fig. 1 indicate that the transition from metallic mode to 

transition mode occurs at 3 sccm for both targets, while the shift from transition mode to 

reactive mode occurred at 4 sccm and 5 sccm for Al2O3 and S9, respectively. This 
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indicates that the width of the transition zone is clearly larger for S9 as compared with 

Al2O3. Braeckman et al. [21] reported the variations in discharge voltage of Ti targets 

with Al rods in reactive sputtering, for different number of Al rods and different 

discharge currents. The authors observed a decrease in the transition width with the 

increase of number of Al rods, which was attributed to the higher ratio of the metal-to-

metal (oxide) sputter yield (equivalent to higher deposition rate ratio of metal-to-

metal(oxide)) of aluminum as compared to titanium. In the present work, a low 

transition width was observed in Al target, which is related to the high reduction in 

sputtering rate with the target surface oxidation, while for the S9 target the transition 

width increased, which is attributed to the lower reduction in sputtering yield of Si with 

oxidation. It would be expected that incorporation of Si pellets lead to a shift of the 

metallic to transition deposition mode to higher gas flow rate, nevertheless, for the 

oxygen flow steps used, this trend was not observed. The incorporation of Si pellets on 

Al target also promoted a shift of the hysteresis curves to higher voltage values, which 

is attributed to the changes in the secondary electrons emission yield with the 

incorporation of Si in Al target. For both Al and Si, it has been reported that the 

transition from metallic to reactive mode leads to a decrease in the target voltage [21]. 

All coatings were deposited in reactive mode for a gas flow rate of 0.048 Pa, being 

found that transparent coatings can be obtained. 

3.2 Chemical composition and structure 

The coatings’ chemical composition was assessed by means of EDS and RBS analyses. 

EDS analysis allows to obtain better quantification of Al and Si allowing to determine 

the Al/Si atomic ratio; however, the oxygen quantification by means of EDS analysis is 

typically obtained with high error. In order to obtain a more accurate oxygen 

quantification the chemical composition was also assessed by means of RBS analysis, 

being the spectra of two coatings (S3 and S9) shown in Fig. 2. The relative heights of 

front edges of different elements (indicated in the figure) are correlated with the relative 

concentrations of those elements. The position of the different elements, located at 

surface sample, is indicated in the graph. Since the atomic masses of Al and Si are 

close, their quantification by means of RBS analysis leads to large uncertainties (around 

3 to 5 at. %). However, the Si amount is higher on coating S9 when compared with the 

spectra of S3 coating. Thus, this characterization was used for the determination of 

(Al+Si)/O atomic ratio, which is shown in Table I. The spectra also show that sample  
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Fig. 2: RBS spectra of two different samples as varying the amount of silicon in films. 

 

S9 is thicker than S3 sample, as previously described and shown in Table I. According 

to the RBS analysis the amount of oxygen in all coatings is nearly constant, showing 

values in order of 60 to 64 at.%. Regarding the Al and Si chemical composition the 

amount of Al decreases from 38.1 at. % (for reference Al2O3 coating) down to 4.6 at. % 

Al for S11 coating, while the Si content shows an opposite trend, increasing from 0 at. 

% for reference Al2O3 coating up to 31.1 at. % for S11 coating. Fig. 3 shows a fast 

increase in Si content when the number of silicon pellets is increased from 0 up to 5, 

which is accompanied by a fast decrease in aluminum content. However, increasing the 

number of silicon pellets from 5 up to 11 promotes a lower increase in the silicon 

content. In fact, this might be the saturation limit for Si, since at this chemical 

composition the Si:O is 1:2, which represents the stoichiometry of SiO2. Regarding to 

the (Al+Si)/O atomic ratio, it can be found that this ratio is constant, showing an 

average value of 0.57, which is in between the Al/O atomic ratio for Al2O3 (0.67) and 

the Si/O atomic ratio for SiO2 (0.5). 

 
Fig. 3: Elemental composition of Si and Al in films as a function of silicon pellets as evaluated by EDS 
and RBS  
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For more details about the chemical structure, three samples: S3, S5 and S9 have been 

chosen for XPS analysis. Fig. 4 represents the evaluated XPS spectra of Al 2p and Si 2p 

core levels. As shown in Fig. 4a, the XPS spectra of Si 2p binding energy can be 

deconvoluted into two sub-peaks in all samples. The respective energies of 102.6 eV, 

103.5 eV correspond to Al-O-Si and Si-O-Si, respectively [6,11,12,22-24]. The ratio of 

peak’s areas (Al-O-Si /Si-O-Si) decreased with increasing silicon amount in films, 

which is 2.96, 1.72 and 0.82 for S3, S5 and S9, respectively.  

  
Fig. 4: XPS spectra of: (a) Si 2p and (b) Al 2p electrons for the three samples: S3, S5and S9. The green 
curve represents the background correction. 
 

For Al 2p spectra, the spectra revealed two peaks located at 74.8 and 75.8 eV, as shown 

in Fig. 4b. The peaks at 74.8 eV and 75.4 eV are considered as Al-O and Al-O-Si 

compounds, respectively [11,12,24]. Moreover, peak’s areas ratio (Al-O/Al-O-Si) have 

the same tend of decrement as in Si 2p spectra, with values 2.1, 1.3 and 0.83 for S3, S5 

and S9, respectively. These results seem to indicate that Al(Si) is present as second 

neighbor of Si(Al) in relatively high percentage. 

The grazing incident X-ray diffractograms for samples S3 and S9 are shown in Fig. 5, 

the spectra indicate that the coatings are amorphous. The SEM cross-sectional 

micrographs of S3 and S9 shown in Fig. 6 indicate that both coatings form a featureless 

morphology, which is the most typical morphology of amorphous coatings.  
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Fig. 5: X-ray diffraction spectra of samples S3 and S9. 

 

 
Fig. 6: Cross-sectional SEM micrographs show a compact featureless morphology of (a) S3 and (b) S9 
samples. 
 

3.3 Optical and electrical properties 

Optical properties of these oxides are very important due to their high transmittance and 

low reflectance. This is associated with the low refractive index and almost zero 

extinction coefficient, which allow their use as antireflecting layer in several 

applications. All samples show a high transmittance and low reflectance. The 

reflectance decreases when the number of silicon discs in the target increases. The 

optical constants, refractive index (n) and extinction coefficient (k), were determined 

from the transmission (T) and the reflectance (R) curves [25] by using the optical 

simulation program SCOUT. As shown in Fig. 7a the addition of silicon is very 

noticeable, inducing the decrease of the refractive index. This behavior was expected 

since the refractive indices of silicon oxide and aluminum oxide are 1.48 and 1.68, 

respectively. So, the results indicate a general decrease of n and k as the amount of 

silicon is increased in films.  
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Fig. 7: (a) Refractive index (n) and extinction coefficient (k) of Al2O3, Al1-xSixOy and SiO2 as a function 
of wavelenght (λ), and (b) Volume contribution of Al2O3 phase estimated by Bruggeman and Looyenga 
effective medium approximation models as a function of the volume contribution of Al2O3 obtained from 
composition measurements. The straight line is only to guide the eyes and corresponds to case when the 
contributions are the same. 

 

The refractive index of Al1-xSixOy films was used to calculate the volume contribution 

of SiO2 and Al2O3 phases, applying the Bruggeman effective medium approximation to 

estimate the contribution of each phase [26]: 

݂ εಲ‐ε೐೑೑
εಲା௄ε೐೑೑

൅ ሺ1 െ ݂ሻ εಳ‐ε೐೑೑
εಳା௄ε೐೑೑

ൌ 0  (4) 

where εA, εB and εeff, are the dielectric functions of Al2O3, SiO2 and Al1-xSixOy films, 

respectively, f and (1-f) are the volume contributions of Al2O3 and SiO2 phases. K is a 

parameter that describes the topology of the constituents, and K=2 was used, which 

describes a volume that consists entirely of spherical particles of material A and B. In 

all cases the extinction coefficient is very close to zero and thus ε=n2. The calculation 

was also performed with the theoretical model proposed by Looyenga [27] for 

heterogeneous mixtures and similar results were obtained:  

εeff
1/3 = f εA

1/3 + (1-f)εB
1/3 (5) 

The results were drawn as a function of the volume contribution of Al2O3 and SiO2 

calculated from composition measurements (from Al and Si at.%, and using the 

densities expected for Al2O3 and SiO2 amorphous phases of 3.2 g/cm3 and 2.2 g/cm3, 

respectively) and are presented in Fig. 7b. The results show that when the volume 

contribution of Al2O3 is lower than 22%, the Al2O3 volume contribution calculated from 

refractive index is lower than the one obtained from composition. On the other hand, 

when the volume contribution of Al2O3 is higher than 50%, the contribution calculated 

from refractive index is higher than one calculated from composition. These results 

suggest the presence of some Al atoms incorporated in SiO2 when the volume 

500 1000 1500 2000 2500

1.45

1.50

1.55

1.60

1.65

1.70

 SiO2
 S11

 S9
 S5

 

E
xt

in
ct

io
n 

in
de

x 
(k

)

R
ef

ra
ct

iv
e 

in
de

x 
(n

)

Wavelength λ(nm)

0.00

0.05

0.10

 S3

 S2

 Al2O3
 (a)

0.0 0.2 0.4 0.6 0.8 1.0
0.0

0.2

0.4

0.6

0.8

1.0

 Bruggeman (K=2)
 Looyenga

A
l 2O

3 c
on

te
n 

fr
om

 r
ef

ra
ct

iv
e 

in
de

x 
(v

ol
.%

)

Al2O3 content from composition (vol.%)

(b)



12 
 

contribution of SiO2 is higher than 78% (or Al2O3 vol.% lower than 22%), and some Si 

atoms incorporated in Al2O3 when the volume contribution of Al2O3 is higher than 50%, 

which agrees with the XPS analysis. This shows that the complete segregation of the 

Al2O3 and SiO2 phases does not occur. 

Mixtures with different composition can be used to deposit films with refractive indices 

in the range of 1.48 to 1.68. Additionally, a small Al addition to SiO2 will increase 

slightly the refractive index, being still good for using as antireflection layer but with 

advantages during the deposition process and with good results in terms of protection 

against oxidation [1,28].  

Frequency dependent capacitance (C-f) and loss tangent (tanδ) measurements were 

carried out at room temperature, in the frequency range of 20 Hz – 3 MHz, in order to 

determine the dielectric permittivity. As shown in Fig. 8a the dielectric constant, the real 

part of the complex permittivity, decreases with increasing the amount of silicon in the 

films. For example, the dielectric constant at 1 kHz decreased from 7.1, for Al2O3, to 

3.9 for S11. Fig. 8b shows the dielectric loss tangent (tan δ) as a function of frequency 

at room temperature. Loss tangent gives the ratio of resistive or loss current to the 

charging current and it is directly related to ac conductivity. The measured values (Fig. 

8b) indicate that these oxides are very good insulators.  

 
Fig. 8: a) Dielectric constant (ε′) as function of frequency and b) loss tangent (tan δ) as function of 
frequency. 
 

The step like decrease in the dielectric constant as a function of frequency, ε´(f), 

corresponds to a relaxation process, with a characteristic relaxation time τ=1/(2πf) of the 

oscillating dipoles. The dielectric strength of the relaxation process can be determined 
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loss tangent correspond to this same relaxation process and its maximums occur at the 

same frequencies of the steps in the dielectric constant (Fig. 8a), and corresponding 

values are indicated in Table II. The frequencies at which these relaxations processes 

occur are in the range 1 - 36 kHz and, although their position is different for different Si 

concentration, due to different degree of Si dispersion in the films, their strength 

systematically decreases with increasing Si content. According to von Hippel [29] these 

peaks can be attributed to interface defects, which can be defects or traps, localized at, 

or near, the interface between the film and the substrate. The Maxwell–Wagner theory 

of a two-layer condenser [30] describes the interfacial space–charge polarization, which 

occurs at the interface of two contacting slabs of frequency-independent materials with 

significantly different conductivities and static dielectric constants. In the Al2O3 

deposition, an interlayer usually forms at the interface between the oxide and substrate 

and the Si addition to Al oxide improves the interface quality [9, 10]. In this respect, the 

compensation created by the addition of silicon to AlxOy films [9,10,13] and the 

corresponding improvement of the interface quality leads to the decrease of defects and, 

thus, to the decrease of the dielectric strength of this interfacial contribution with the 

increase in Si content, as observed in our samples. The compensation effect is consistent 

with the results obtained by XPS and those shown in Fig. 7b obtained from volume 

contribution of SiO2 and Al2O3 phases, applying the effective medium approximation 

models to estimate the contribution of each phase, where Al-O-Si bonds increased with 

Si content, indicating that Al(Si) is present as second neighbor of Si(Al) in relatively 

high percentage.  

 

Table II – fmax of interfacial relaxation processes and exponent i for different silicon content in 
films 

Sample fmax (kHz) Exponent i 
Al2O3 35.2 0.66 

S2 1.1 0.60 
S5 13.8 0.55 
S9 13.4 0.67 
S11 - 0.54 

 

A second step like decrease in the dielectric constant ε´(f), appears around 1-2 MHz and 

corresponds to the onset of a defect or dipolar relaxation peak that extends beyond the 

measured frequency range. They are usually associated to the presence of impurities 
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present in the structure, or traps that can be successively charged and discharged. Here, 

in particular, in this frequency region this relaxation can be associated with Maxwell-

Wagner space-charge interfacial effects occurring at Al2O3-SiO2 interfaces [31] as a 

result of the dispersion of the silicon in the alumina matrix. 

The dielectric constant at 1 kHz, as a function of Al2O3 vol%, is represented in Fig. 9 

for the different samples. The dielectric constant increases with Al content, but in the 

range from 14 to 22 Al2O3 vol% (7.6 to 11.4 Al at.%) its values increase faster due to 

percolation [32] . As shown in Fig. 7b, this is also the composition region where the 

Al2O3 phase contribution for refractive index is lower than one calculated from 

composition, suggesting that some Al atoms are incorporated in SiO2 phase. A similar 

effect was seen in resistivity with increasing Si content [9], in the region between 50 

and 65 vol% of Al2O3 (from 9 to 13 Si at.%), but not seen in our samples composition. 

(we don´t have enough samples in that range), and it is also a composition region where 

the SiO2 phase contribution for refractive index (Fig. 7b) is lower than one calculated 

from composition. 

 
Fig. 9: Dielectric constant as a function of the Al2O3 vol%. 

 

The Cole/Cole plots (or Argand plot) of the dielectric spectra are represented in Fig. 10, 

where the imaginary part of the complex permittivity, ε´´(ω), is plotted as a function of 

the corresponding real part, ε´(ω). The curves consist of a double arc, which represent 

the two relaxation regions, being the left arc the relaxation behaviour of the Maxwell-

Wagner dipole polarization of film and the right arc the space charge polarization due to 

the previously referred film-substrate interfacial defects. The radius of the arcs (∆ε) is 

the dielectric strength of the relaxation process. The right arcs show a depressed 

structure, having the high and low frequency sides with different tilt, indicating an 
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asymmetric distribution of relaxation times [17], related to the degree of homogeneity 

of the Si dispersion near the interface [31].  

 
Fig. 10: Cole/Cole plots (ε" as a function of ε'). 

 

For the frequency dependent conductivity, Fig. 11 shows the plotting of ln (σac) vs. 

ln(ω), which is used to evaluate the frequency exponent i, from equation (3). The 

conductivity decreases with increasing silicon content and the lowest obtained value is 

for S11 (i.e at the frequency of 9 kHz the ac conductivity of Al2O3 was 9.8 ×10-9 S/m 

and it decreased to 3.9 ×10-9 S/m for S11). The Si addition leads to an improvement of 

the electrical insulation. The fitted i values are presented in Table II, and as seen, they 

are between 0.54 and 0.67, which are characteristic of disordered solids, where 0.5 < i < 

1 [32, 33], as in the case of the amorphous films studied here. The i values in this range 

are associated with hopping conduction mechanisms [32].  

 
Fig. 11: ln (σac) as a function of ln (ω). 
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4. Conclusions  

The influence of variation of Al/Si atomic ratio on dc magnetron sputtered Al1-xSixOy 

coatings chemical composition, structure, optical and electrical properties were studied. 

The partial pressure of the oxygen as reactive gas (0.048 Pa) was sufficient for 

oxidation leading to the formation of transparent films, being found that the deposition 

rate of these oxides increased with increasing the silicon amount in coatings, from 0 at. 

% up to 31.1 at. %. All coatings are amorphous as confirmed by XRD and showing a 

compact and featureless morphology typical from amorphous coatings, according to the 

SEM analysis. The Al/Si atomic ratio was varied from 4.52 down to 0.15, through the 

variation of Al/Si erosion area ratio in the sputtering target, while the oxygen amount 

was nearly constant leading to an (Al+Si)/O atomic ratio of 0.54 to 0.58 in Al1-xSixOy 

coatings. The XPS analysis allowed to identify the binding state of the coatings, being 

observed that all coatings contain Si-O-Si, Al-O-Si and Al-O-Al bonds, being the 

contribution of each phase dependent on the amount of Al and Si in coatings, with the 

contribution of Al-O-Al bonds increasing with Al/Si atomic ratio while the contribution 

of Si-O-Si decreases. The transmittance of oxides layers increases (reflectance 

decreases) as increasing silicon and showing general behavior of decrement of the 

optical constant n and k.  

The dielectric function of Al1-xSixOy films was used to calculate the volume contribution 

of SiO2 and Al2O3 phases, applying effective medium approximation models to estimate 

the contribution of each phase. The results show that when the volume contribution of 

Al2O3 is lower than 22%, the Al2O3 volume contribution calculated from dielectric 

function is lower than one obtained from composition. On the other hand, when the 

volume contribution of Al2O3 is higher than 50%, the contribution calculated from 

refractive index is higher than one obtained from composition. 

Finally, the calculated dielectric constant, tangent loss and ac conductivity of the films 

are also decreased as increasing silicon in films, which mean that those oxides are good 

electrical insulators and good candidates for some electrical and optical applications. 

Dielectric constant and dielectric loss evidenced two dipolar contributions, attributed to 

defects located one at or near the substrate/oxide interface, and the other in the bulk of 

the oxide. The dielectric constant at 1 kHz in the range from 14 to 22 Al2O3 vol% (7.6 

to 11.4 Al at.%) increases faster, what coincides with the composition region where the 

Al2O3 phase contribution calculated from dielectric function is lower than one 
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calculated from composition, suggesting that some Al atoms are incorporated in SiO2 

phase. 
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