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Abstract 
In this work, multilayer structures based on consecutive thin films of silver (Ag) and alumina (Al2O3) were grown on 
silicon substrates by RF reactive sputtering technique. With a layer period containing consecutive Ag and Al2O3 
films, the number of these periods was varied to introduce their effects on the optical characteristics of the 
fabricated structures. The spectroscopic ellipsometry was carried out on these structures to determine the 
ellipsometric parameters (amplitude ratio Ψ and phase shift difference Δ) as functions of incident light wavelength 
for three different incidence angles (60°, 70°, and 80°). Results showed that the larger number of periods resulted 
in a higher sensitivity to the incidence angle by the multilayer structure, which is very crucial for practical 
applications such as optical filters and photonic sensors as the thickness and structure of these layers are 
controlled to achieve certain optical response within a desired wavelength ranges. 
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1. Introduction 
Metamaterials represent a real revolution in modern optics as their optical properties exceed the 

limits of natural materials. The original idea of the metamaterials belongs to the theoretical fundamentals 
established by Veselago in 1968 who assumed the existence of materials with negative electrical 
permittivity (ε) and magnetic permeability (μ) at the same time [1-3]. Among these materials, 

as they have , in which the sign 
of the component parallel to the surface (ε||) is reversed to the sign of the component normal to the 

surface (ε ). This is responsible of the formation of 
 According to the geometry of 

the equivalent surfaces, unique optical properties are resulted, such as the possibility to support 
theoretically-unlimited large wave vectors. This leads to interesting physical phenomena like 

As well, the possibility to achieve 

ε|| ε <0, while in the second type, ε|| ε >0. These types show different 
characteristics of propagation and interaction with light [8-10]. 

The most common practical method to achieve these properties in the optical range is the preparation 
of consecutive thin films from metallic and dielectric layers with a condition that the layer thickness is 
reasonably smaller than the incident light wavelength in order to behave as an optically-active 
homogeneous medium according to the effective medium theory (EMT). For example, the Ag/Al2O3 
system was widely investigated as basic and typical model to achieve this behavior. However, the 
transition from simple multilayer structure to a real HMM is not simultaneous as it depends on the 
correlation of several basic design parameters [11-13]. The occurrence of transition from elliptical 
dispersion to hyperbolic dispersion requires precise understanding for the correlation of parameters like 
metallic layer thickness (hm) and dielectric layer thickness (hd) those together determine the fill fraction 
(Φ) of the metal in the structure [14,15]. Also, the wavelength at which this transition occurs (λHMM) 
fundamentally depends on this fill fraction as well as the optical properties of the components (εd and 
εm) [16]. Moreover, merely satisfaction of these requirements is not enough as a minimum number of 
periods in the layers should be reached in order the behavior of the effective medium becomes dominant 
and the properties of the HMM appear completely. Here, the main challenge facing the actual 
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preparation and wide practical employment of these materials is apparently the difficulties in 
determination and verification of design parameters accurately using available and effective 
characterization techniques [17-19]. 

Spectroscopic ellipsometry is a non-destructive and powerful optical technique to meet this 
challenge. In this technique, the variation in light polarization beyond reflection from sample surface is 
measured to precisely extract the optical properties and dielectric functions of the thin layers [20-22]. By 
analyzing the ellipsometric parameters (Ψ and Δ) over a wide wavelength range, the slight variations in 

the tensorial electrical permittivity (ε|| and ε ) can be distinguished, and hence the wavelength at which 
the material’s behavior converts from a system to another accurately can be determined [23]. The 
ellipsometric parameters (Ψ and Δ) are correlated by the following equation for complex reflectance 
ratio (ρ) [24]: 

𝜌 =
𝑟𝑝

𝑟𝑠
= 𝑡𝑎𝑛(Ψ)𝑒𝑖Δ     (1) 

With 

𝑡𝑎𝑛(Ψ) = |
𝑟𝑝

𝑟𝑠
|  0° ≤ Ψ ≤ 90°   (2) 

where Ψ is the amplitude ratio between the p-polarized and s-polarized light after reflection, rp and rs 
are the complex reflection coefficients for light polarized parallel and normal, respectively, to the plane 
of incidence, and Δ is the phase shift difference between the p and s components, where 0°≤Δ≤180° 

The capability of ellipsometry to correlate the theoretical modelling – based on EMT theory and 
transfer matrix charts method (TMM) – to the experimental measurements makes it an optimum 
methodology to create practical design charts. Such charts may provide clear instructions for 
researchers and manufacturers and enable them to determine the optimum parameters to synthesize 
HMMs with previously-determined properties. This may prepare to extend the employment of these 
materials from laboratories to real advanced applications such as quantum optics, sensing, and 

 

2. Experimental Part 
The multilayer structure shown in Fig. (1) was fabricated in this work by RF reactive sputtering 

technique. This structure contains of four main regions, substrate (silicon wafer), native oxide layer (SiO2 
thin film), consecutive metal/dielectric layers (Ag/Al2O3), and finally, protective layer (Al2O3 thin film). 
The advanced RF reactive sputtering technique provides precise control at the atomic scale of the thin 
film structure and thickness. The fabrication process was started by strictly cleaning a single-crystalline 
silicon wafer to remove any organic contaminations or tiny particles may affect the adhesion and growth 
of the deposited layers. The wafer was rinsed in a solution containing acetone, ethanol, and deionized 
water with mixing ratio of (1:1:2) in an ultrasonic bath, then dried with nitrogen to ensure a completely 
clean surface before transferred to the deposition vacuum chamber. This chamber was initially 
evacuated down to 10-6 torr to remove residual water vapor and gases from the deposition chamber. 
Figure (2) shows the RF sputtering system used in this work. 

The substrate’s temperature was controlled during deposition by an electric heater connected to the 
substrate inside the chamber and supplied by electrical power from a power supply outside the chamber. 
This temperature control is very necessary to avoid thermal stress. The deposition process was carried 
out at room temperature without heating of the substrate to achieve the required stability of the optical 
properties of the deposited layers. Using RF power is crucial when the Al2O3 thin films are deposited in 
order to prevent the charge accumulation on the surface of dielectric targets. To deposit silver (Ag) thin 
film, a highly pure (99.99%) silver target was sputtered in existence of argon gas at 13.56 MHz, whereas 
the Al2O3 thin film was deposited by sputtering highly pure (99.99%) aluminum target in existence of 
oxygen in the gas mixture (Ar:O2) with mixing ratio of 1:1. This ratio could be precisely controlled 
throughout the flow rates of both gases into an external mixer before the mixture was pumped into the 
deposition chamber. Fine control of RF power, gas mixture pressure and mixing ratio is crucial to ensure 
the deposition of approximately stoichiometric Al2O3 thin films free of oxygen vacancies that may cause 
undesired optical absorption. 

In order to achieve the periodic structure, a 100nm-thick layer of Al2O3 film was deposited on the 
SiO2 layer, then a 100nm-thick Ag film was deposited. These two thin films form a single period in the 
periodic structure. This period was repeated to prepare N periods before a 80nm-thick Al2O3 film was 
deposited as a protective layer. The film thickness was determined by deposition time according to the 
deposition rates of sputtered materials. The silicon substrate was rotated during deposition to ensure 
homogeneous film thickness as much as possible. As well, a dc biasing voltage of 5 V was applied to 
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the substrate to enhance the characteristic of the deposited films, such as film density, adhesion, and 
oxygen contamination, especially when Ag films were deposited. After the completion of deposition 
process, the multilayer sample was kept inside the chamber before transferred to the ellipsometry 
experimental setup to measure its optical properties. 

 

 

 
 

Fig. (2) RF sputtering system used in this work 

3. Results and Discussion 
Figure (3) shows the variation of the amplitude ratio (Ψ) as an ellipsometric parameter with incident 

light wavelength for three different incidence angles (60°, 70°, and 80°) for the fabricated structure based 
on one period of Ag and Al2O3 films. The values of Ψ follows a clear oscillating behavior over the range 
from 27° to 43° depending on the incidence angle and light wavelength. At shorter wavelengths (300-
500nm) the incidence angle of 60° produce the highest values of Ψ with gradual decrease with 
increasing wavelength. Therefore, the three curves are converging. Within wavelength range of 500-
900nm, the values of Ψ gradually decrease for all incidence angles to reach its minimum of about 27° 
at 900nm for incidence angle of 80°. In the wavelength region longer than 900nm, the values of Ψ are 
approximately stable within the range of 27°-37° with apparent differences with respect to the incidence 
angle. An interesting behavior is observed when the Ψ values gradually increases again. This oscillating 
behavior reveals a complex interference of light within the multilayer structure. This behavior is 
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sufficiently affected by the properties of the dielectric Al2O3 and metallic Ag layers. The variations in the 
slope, maxima, and minima of the three curves are related to the phenomena of constructive and 
destructive interference inside the thin layers [25,26]. As well, the convergence of these curves at 
specific wavelengths refers to optical balance points where the effect of incidence angle is slight [27]. 
These results are crucial to understand the optical characteristics of multilayer structures and their 
applications in designing optical filters and photonic sensors as the thickness and structure of these 
layers are controlled to achieve certain optical response within a desired wavelength ranges. 

 

 

 
Figure (4) shows the variation of the phase shift difference (Δ) as an ellipsometric parameter with 

incident light wavelength for three different incidence angles (60°, 70°, and 80°) for the fabricated 
structure based on one period of Ag and Al2O3 films. The values of Δ shows continuous increase with 
wavelength starting from relatively low values (40°-70°) at 300nm to reach very high values (>150°) at 
1900nm. An approximately linear relationship between Δ and λ can be observed in the wavelength range 
of 700-1900nm. The effect of incidence angle is also observed as the smaller angle (60°) produces the 
higher values of Δ, which confirms the sensitivity of the ellipsometric parameters to the light incidence 
angle in the multilayer structures. The continuous increase in Δ refers to a gradual variation in the phase 
difference between the normal and parallel components of the reflected light those relate to the complex 
interference characteristics within the thin layers. The semi-linear relationship between Δ and λ is very 
useful in practical applications because it allows an accurate calibration of the optical characteristics of 
the layers [28,29]. 

Figure (5) shows the variation of the amplitude ratio (Ψ) as an ellipsometric parameter with incident 
light wavelength for three different incidence angles (60°, 70°, and 80°) for the fabricated structure based 
on four periods of consecutive Ag and Al2O3 films. A distinct behavior shown by these curves highlights 
the increasing optical complexity with additional periods. In the wavelength range of 300-500nm, the 
value of Ψ is sharply increased from 22° to 35° for the incidence angle of 60° while larger incidence 
angles (70° and 80°) produce lower values of Ψ. A slow gradual increase is seen within 500-900nm 
range and a constant (saturated) behavior is observed at wavelength longer than 900nm (41.5°-43° for 
incidence angle of 60°, 33.2°-34.6° for 70°, and 23°-23.65° for 80°). This behavior indicates an important 
physical phenomenon expressing that the multilayer structure has reached an optical stability where the 
effect of wavelength variation on the amplitude ratio (Ψ) is slight [30]. This is attributed to the formation 
of stable interference modes within the periodic structure as the light waves achieve a phase balance 
after sufficient number of reflections between the layers. When compared to the one-period structure, 
the effect of periodic structure can be apparently observed in softening the oscillations and hence 
achieving better optical stability. Such characteristics make these structures optimum candidates for 
applications requiring constant or stable optical response over a wide spectral range due to the resulted 
high-reliable performance and accurate measurements [31,32]. 
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Figure (6) shows the variation of the phase shift difference (Δ) as an ellipsometric parameter with 

incident light wavelength for three different incidence angles (60°, 70°, and 80°) for the fabricated 
structure based on four periods of consecutive Ag and Al2O3 films. Initially, the value of Δ are decreasing 
in the region between 300 and 400 nm before rapidly increasing within the range of 400-900nm. After 
that, the increase in Δ becomes slower at wavelengths longer than 900nm. The effect of the incidence 
angle is apparent to confirm the sensitivity of the Δ measurement in the periodic multilayer structure. 
The approximately linear behavior within 900-1900nm may facilitate the modelling and expectation of 
the optical behavior of the structure. When compared to the one-period structure, an increase in the Δ 
values is observed (153° for one period and 158° for four periods) due to the effect of supported 
constructive interference. 

Figure (7) shows the variation of the amplitude ratio (Ψ) as an ellipsometric parameter with incident 
light wavelength for three different incidence angles (60°, 70°, and 80°) for the fabricated structure based 
on seven periods of consecutive Ag and Al2O3 films. The curves in this figure show a modified mode 
due to the accumulative effect of increasing the number of periods on the optical characteristics. Again, 
these curves indicate a kind of saturation in the Ψ values since the multilayer structure is seen as a 
homogeneous optical medium with specific characteristics regardless the incident wavelength. Also, 
these curves confirm how the larger number of periods leads to enhance the optical stability and 
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reasonably decrease the oscillations. The stable values of Ψ may make these multilayers structures 
suitable for the applications of phase modulation at the near-infrared (NIR) wavelengths [34]. 
 

 

 

 

 
Figure (8) shows the variation of the phase shift difference (Δ) as an ellipsometric parameter with 

incident light wavelength for three different incidence angles (60°, 70°, and 80°) for the fabricated 
structure based on seven periods of consecutive Ag and Al2O3 films. With similar behavior shown in 
previous figures, a further confirmation is seen throughout this figure for the enhancement of optical 
characteristics of the multilayer structure due to increasing the number of multilayer periods to seven. 

 
4. Conclusions 

In concluding remarks, multilayer structures were successfully fabricated from consecutive periods 
of Ag/Al2O3 thin films on silicon substrates by RF reactive sputtering technique. The effect of increasing 
number of periods on the ellipsometric parameters of these structures was introduced as a conversion 
from oscillating to stable state in these parameters was observed as the structure behaved like a 
homogeneous medium. Such stable optical characteristics over a wide range of wavelengths (300-
1900nm) make these multilayer structures optimum choice for optical and photonic applications 
requiring stable and reliable performance such as optical filters, photonic sensors, and phase 
modulators in the NIR region. 
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