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In this work, we present an extensive investigation of the effect of Al2O3 decoration on 

the morphological, structural and opto-electronic properties of a porous Si (Sip)/Cr2O3 

composite. The Sip layers were prepared by the anodization method. Al2O3 and Cr2O3 thin 

films were deposited by physical vapour deposition. The morphological and micro-structural 

properties of Sip/Cr2O3/Al2O3 were studied using the scanning electron microscope, energy 

dispersive X-ray spectroscopy and X-ray diffraction techniques. It was found that Al2O3 

decoration with different concentration strongly affects the Sip/Cr2O3 microstructure mainly 

at the level of porosity. Variable angle spectroscopic ellipsometry demonstrates a strong 

correlation between optical constants (n and k) of Sip/Cr2O3/Al2O3 and microstructure 

properties. Dielectric properties of Sip/Cr2O3/Al2O3 such as electrical conductivity and 

conduction mechanism were explored using impedance spectroscopy over the temperature 

interval ranging from 340 to 410°C. A semiconductor to the metallic transition has been 

observed at high frequency. 

 

 

 

 

1. Introduction  

Metal oxides such as TiO2, ZrO2, SnO2, SiO2, Al2O3 and 

Cr2O3 are very interesting materials applied in different 

high technological fields. These binary oxides are currently 

being investigated as potential SiO2 substitutes in the next 

generations of semiconductor devices [1]. Among these 

materials, Cr2O3 thin films are of high importance for a 

wide variety of applications. 

They have found potential uses in opto-electronic 

devices, mainly as radiation filter for solar energy harvest-

ing [2,3], electrode for electro-chromic windows [4], and 

lithium batteries [5]. Cr2O3 thin films have demonstrated 

excellent hardness along with high wear and corrosion 

resistance [6]. Alumina chromium catalysts based on the 

Cr2O3/Al2O3 binary system have been known for a long 

time and they are widely used in the reaction of dehydro-

genation of light alkanes [7-10]. The properties of alumina 

chromium catalysts depend on numerous factors: method 

and regime of the support preparation, nature of the 

deposited component, and variety of the phase states and 

degree of dispersity [11-13]. When deposit on Sip/Cr2O3 

alumina appears to be highly promising material because 

of its high electrical permittivity, a bandgap of about 

2.98 eV [14,15] and its excellent thermal stability [16]. 

There are ample routes for the synthesis of Cr2O3 thin films 

such as laser ablation [17], e-beam evaporation [18], 

chemical and physical vapour deposition (PVD) [19,20, 

21], and spray pyrolysis [22]. PVD is selected in this work 
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regarding too many advantages, such as large production 

area and uniform thickness distribution. Using suitable 

precursors and post-deposition treatments, PVD has ability 

to have a fine control over a concentration of deposited 

materials and oxygen vacancy [23]. Actually, the nature of 

active catalytic centres in the Al2O3/Cr2O3 binary system 

for the reaction of alkane dehydrogenation is not well 

known. The challenge of increasing the catalytic activity 

and decreasing the abrasive properties of the alumina 

chromium catalysts remains urgent. A detailed investiga-

tion of the electronic structure is necessary in order to solve 

these problems. Photoluminescence techniques (PL) are 

well known for their high sensitivity in comparison to the 

spectrophotometric investigation methods. 

Their selectivity and non-disruptive action appear to be 

a promising direction for the investigation of samples with 

high chromium content (above 1.0 wt%), mainly the opto-

electronic properties of the Al2O3/Cr2O3 system, in 

particular, Cr3+: Al2O3 with chromium content up to 

1.0 wt%. Many methods were developed to probe the local 

structures of a nano volume of Cr3+ that allowed differ-

entiating phase states of the doped matrix and investigating 

the local electronic structure [24]. Spectroscopic 

ellipsometry (SE) [25] is an excellent technique used for 

the analysis of very thin layers. It has been used for the 

optoelectronic investigation of Sip/Cr2O3/Al2O3. Our 

samples structure has been modelled as alternately over-

lapping layers; each layer has its own intrinsic properties. 

The main purpose of this work is to study the influence of 

the Al2O3 content on Sip/Cr2O3 micro-structural and 

optoelectronic properties. 

2. Experimental details 

The porous Si layer has been prepared using electro-

chemical anodization technique. A current density of 

10 mA/cm2 has been applied to a silicon substrate 

immersed in hydrofluoric acid (HF) solution. The obtained 

Sip layer was then etched in an acidic mixing solution 

(HNO3: 10%, HF: 20%, H2O2: 70%) followed by rinsing 

with distilled water and drying under oxygen to produce a 

Sip with an ordered pore structure. Using the PVD 

technique, we respectively deposited on the Sip substrate a 

layer of CrN. The Al2O3 films were then deposited with 

different concentrations: (a) 0%, (b) 3.5%, (c) 7%, 

(d) 11%, (e) 19%, (f) 24% relative to the concentration of 

CrN by an RF reactive magnetron sputtering at a deposition 

temperature of 660°C. The Sip/CrN/Al2O3 obtained 

structure was then thermally introduced into an oven under 

oxygen flow at a temperature equal to 1500°C to substitute 

nitrogen with oxygen and to convert CrN to Cr2O3.  

3. Characterizations 

The microstructure and elemental composition of the 

Sip/Cr2O3/Al2O3 samples were characterized using a FE-

SEM (model ZEISS Ultra Plus) equipped with an EDX 

detector and at an accelerating voltage of 30 kV. The 

crystallographic structures of Sip/Cr2O3/Al2O3 were carried 

out by an X-ray diffraction (XRD) technique using a 

Bruker D8 advance X-ray diffractometer working with 

CuKα radiation (λCuKα = 1.5406 Å). 

A controlled HP4192A analyser operating in a 

frequency range between 7 Hz and 19 MHz was used to 

analyse the electrical properties of Sip/Cr2O3/Al2O3. An 

electrical test has been conducted using two electrodes 

configuration. The electrodes were deposited on both ends 

of the sample using silver paste. Electrical 

characterizations were carried out over a large range of 

temperature between 190-370°C and the frequency varied 

in the 5 Hz-13 MHz range. 

4. Results and interpretation 

4.1 Morphology and structure of Sip/Cr2O3/Al2O3 

4.1.1 Energy dispersive X-ray (EDX) analysis 

The film composition has been evaluated using EDX. 

Figure 1 shows the EDX spectrum of the Sip/Cr2O3/Al2O3 

thin films and the relative elementary composition. EDX 

analysis confirms the presence of mainly Si, O, Al, and Cr 

in the Sip/Cr2O3/Al2O3 samples. The atomic percentage of 

Si, O, Cr, and Al is 45.8%, 31.8%, 12.0%, and 3.2%, 

respectively. 

EDX surface mapping (Fig. 2) of Sip/Cr2O3/Al2O3 

clearly shows a uniform distribution of all the elements 

throwing the whole surface. 

4.1.2 SEM analysis 

Figure 3 shows a cross section view of Sip/Cr2O3/Al2O3 

layers after coating as a function of alumina concentration: 

(a) 0%, (b) 3.5%, (c) 7%, (d) 11%, (e) 19%, (f) 24% 

relative to the concentration of CrN.  

In general, the growth of the layers begins with the 

incorporation of aluminium crystals in Sip/Cr2O3 pores. 

The material forms small pseudo -pyramids by nucleation 

[26,27]. The cross-section view shows the growth of a 

columnar layer where the thickness increases with an Al2O3 

concentration.  

4.1.3 X-ray diffraction analysis  

Evolution of XRD spectra of Sip/Cr2O3/Al2O3 samples 

annealed at 660°C is presented in Fig. 4. The spectra show 

eight diffraction peaks corresponding respectively to 

SiO2 [101], Al2O3 [104], Al2O3 [311], Al2O3 [200], 

Al2O3 [115], Cr2O3 [115], Cr2O3 [120], and Al2O3 [511] 

 
Fig. 1.  The EDX analysis of Sip/Cr2O3/Al2O3 
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planes of cubic Si phase, with a preferential orientation 

along [101] direction. The integration of aluminium 

crystals in the pores of Si coated with Cr2O3 under oxygen 

flow gives rise to another phase of alumina, which appears 

at different orientations. 

To calculate the average size of Al2O3 crystallites, the 

Debye Scherrer equation has been used following the 

equation below [28]: 

 𝐷 =
0.9𝜆

𝛽2 cos 𝜃
  , () 

where D is the average crystallite size, λ is the 

wavelength of the X -rays, θ is the Bragg diffraction angle, 

and β is the adjusted FWHM. The Al2O3 crystallites size 

increases from 2.8 nm to 6.7 nm as the Al2O3 concentration 

increases. The increase in the size of the crystallites was 

probably due to a diffusion of aluminium crystals from the 

surface towards the interior of the Sip coated with Cr2O3, 

which improved the crystallinity of the structure of the 

films. 

4.2 Opto-electrical characterization 

4.2.1 Optical analysis 

The analysis of ellipsometric spectra requires the use of 

an optical model fitting exactly the configuration of the 

surface studied. 

This will allow us to determine the optical parameters 

with good precision. For this purpose, samples were 

considered as a multilayer, consisting of a succession of 

layers of different compositions as shown in Fig. 5. The 

compositions of each layer were reported in Table 1. 

Our proposed model is in harmony with De Laet et al. 

[29,30]. Based on the approximation of the effective 

medium (EMMA) of Bruggeman [31] it is shown by our 

model in Fig. 5. It can be noticed that there are five layers 

superimposed vertically (layer 1 - layer 5). 

 

Fig. 2. The EDX-mapping of a Sip/Cr2O3/Al2O3 thin film. 

 
Fig. 3. SEM cross-sectional images of Sip/Cr2O3 coated with 

Al2O3 at different concentration: (a) 0%, (b) 3.5%, (c) 7%, 

(d) 11%, (e) 19%, (f) 24%. 

 

 

Fig.4. X-ray diffraction patterns of Sip/Cr2O3 coated with 

Al2O3 at different concentration. 

 

Fig. 5. Ellipsometric model of the multilayer structure 

Sip/Cr2O3/Al2O3./Al2O3. 
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The proposed structure is composed of vacuum 

mixtures, Cr2O3, Si, and Al2O3, but each layer has intrinsic 

compositions. The optical model is accepted when the 

unbiased estimator, which is the root means squared error 

(RMSE) is under 9% [32]. 

𝑅𝑀𝑆𝐸 =

√
1

2𝑁−𝑃−1
∑ [(𝑡𝑎𝑛 𝜓𝑗

𝑚 − 𝑡𝑎𝑛 𝜓𝑗
𝑠)

2
+ (𝑐𝑜𝑠 Δ𝑗

𝑚 − 𝑐𝑜𝑠 Δ𝑗
𝑠)

2
]𝑁

𝑗=1 . 

      (2) 

Determination of the physical parameters (n and k) 

depends on the adequate optical model to fit the tan ψ and 

cos Δ experimental data. The constructed optical model of 

the multilayer structure is schematized in Fig. 5. Where Ψ 

and Δ denote the amplitude ratio and phase difference, 

respectively, between the p-polarization and s-polarization 

components of the polarization state of the incident light, 

or the so-called ellipsometric parameters. N is the number 

of points, P is the number of parameters, m refers to the 

measured spectra and s refers to the simulated spectra. 
After any optimization, we have obtained a good 

adjustment between the experimental results and theory fit 

(Fig. 6). The curves exhibit an almost close agreement 

throughout the spectral range. This method can also be used 

to determine the thickness of the studied layer based on the 

interference between the reflected rays.  

In Table 1 the layer thickness and the RMSE values 

corresponding were recorded. The optical constants, such 

as the refractive index (n) and the extinction coefficient (k) 

were extracted and evaluated as a function of the Al2O3 

(Fig. 7). 

The refractive index n has been found to increase with 

the Al2O3 concentration, while the extinction coefficient k 

decreases. For example, at 600 nm the refractive index 

increases from 2 to 3.5 while the extinction coefficient 

decreases. This behaviour can be attributed to the diffusion 

of cations along the grain boundaries of Al2O3 which 

 

   

 

 

Fig. 7. Effect of Al2O3 concentration on the refractive index n and the extinction coefficient k of Sip/Cr2O3/Al2O3  

Table 1.  

Layer thicknesses and film porosity at different concentration of Al2O3. 

Al2O3 

concentration 

(%) 

Layer 1+2 

Al2O3+Cr2O3  

(nm) 

Layer 3  

Al2O3+Cr2O3  

(nm) 

Layer 4  

Al2O3+Cr2O3 

(nm) 

Layer 5  

Al2O3 

(nm) 

Porosity (%) RMSE 

0 % ® ® ® ® 82 0.019 

3.5 % 82 28 37 13 73 0.028 

7 % 50 12 22 16 65 0.037 

11 % 46 13 24 17 55 0.046 

19 % 200 120 190 90 37 0.073 

24 % 220 130 160 110 20 0.09 

 

Fig. 6. Experimentally measured (symbols) and fitted (red dots) spectroscopic ellipsometry data of Sip/Cr2O3 coated with 

Al2O3 at different  concentration.



         M. Ghrib et al. / Opto-Electronics Review 28 (2020) 155-163 159 

 

creates an opposite flow of vacancies towards the surface 

of the Sip/Cr2O3 layer. The vacancies can condense and, 

then, reach the Cr2O3/Al2O3 interface to form cavities under 

the grain boundaries of Al2O3. 

4.2.2 Conductivity measurements   

The complex impedance diagrams measured on all the 

Sip/Cr2O3/Al2O3 samples over a frequency range (100 Hz 

to 13 MHz), and temperature (300-410°C), are shown in 

the representation of Nyquist [Z'' = f(Z')] in Fig. 8. In 

practice, it is possible to find several contributions to a 

dielectric response of an oxidized material (grains, grain 

boundaries, interface, etc.). The semicircles corresponding 

to Sip/Cr2O3/Al2O3 show different radii (unsimilar to 

Debye). This effect is explained by a dipolar system 

involving multi-relaxation processes [33] and indicating 

the semiconductor nature of all the samples. This also 

indicates a change in the resistance R0 as a function of the 
deposited alumina concentrations. Variation in the peak Z''  
intensity confirms the presence of a low-capacity 

semiconductor region that we can associate with the 

response of the Cr2O3 grain embedded in alumina, and of 

the vacuum percentage changing from sample to sample. 

Others pay attention to a variation in the radii of the 

semicircle of each sample. 

4.2.3 Imaginary part of impedance 

The graphs showing the evolution of the imaginary part 

Z''  of the impedance of the Sip/Cr2O3/Al2O3 sample with 

frequency at different temperatures are shown in Fig. 8. 

Maximum of Z''  gives the frequency fmax relaxations which 

are governed by the Arrhenius  [34-37] law: 
 

 𝑓𝑚𝑎𝑥 = 𝑓0𝑒

𝐸𝑎(𝑧")

𝑘𝐵𝑇  () 

Where Ea(Z'' ) is the activation energy and f0 is the 

characteristic phonon frequency and kB is the Boltzmann 

constant. 

The activation energy associated with the relaxation 

process Ea(Z'' ) was determined from Eq. (3) by the plotting 

log(fmax) vs. reciprocal of temperature. We note in Table 2 

that the activation energy increases with alumina content to 

2.31 eV, with an Al2O3 concentration equal to 19% and 

decreases thereafter.  

 

Fig. 8. Complex impedance spectra of Sip/Cr2O3/Al2O3. 

f8 

.
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The observed variation is explained by the 

incorporation of Al2O3 in Sip/Cr2O3, and the decrease in the 

vacuum percentage, which facilitates the rate of jump 

activated thermally. The decrease in Ea(Z'' ) for [Al2O3] equal 

to 24% is probably due to the nucleation of a new surface 

layer which Al2O3 crystals are very far apart which ceases 

the thermally activated jump [38]. This evolution could 

also be attributed to vacancies in deposited alumina and to 

interface defects due to vacancies in chromium occupied by 

oxygen atoms after the surface coating with Al2O3. The 

values of Ea(Z'' ) for Sip/Cr2O3/Al2O3 (Fig. 9) show two 

domains of activation energy with temperature.  

Change in the electrical properties of the prepared thin 

film can be explained by the presence of a new oxide 

formed in the pores of Si by transfer of the oxygen supplied 

 

    

   

 

  

  

    

 

 

     

  

   

during the  external oxide   dissociation.  One cause of the 
oxide dissociation is   the  excess  of   cations created at the 
grain boundaries,  subsequently causing them   to diffuse 
through the layer.  Conductivity  follows  power  law  with  the

pulsation given by the equation below [39]:

𝜎𝑡 = 𝜎𝑑𝑐 + 𝜎𝑎𝑐(𝑇, 𝜔) , ()

  where ω is  the  angular  frequency, T is  the  absolute 
temperature, σdc is the independent frequency conductivity or

dc conductivity and σac is the ac conductivity.

4.2.4 Frequency dependence of ac conductivity

  In  order  to  determine  the  conduction  mechanism  of 
dispersions  of  Sip/Cr2O3/Al2O3,  we  have  calculated  the 
conductivity  values  of  dispersions  over  the  frequency  range

[1 Hz, 10 Hz] and at different temperatures in Fig. 10.

Dependence  of  the  alternative  conductivity σac

with
frequency at  different  temperatures  can  be  modelled  by

Jonscher’s universal power law:

𝜎𝑎𝑐 = 𝐴𝜔𝑠 . ()

  A is   the   constant   dependent   on   temperature, s is   the 
material property which can have any value between 0 and 1, 
and σac is the ac conductivity.

 

Table 2. 

Activation energy  Ea and barrier height Wm of Sip/Cr2O3/Al2O3 

Al2O3 conc. Ea(Z'' ) (eV) Ea(dc) (eV) Wm (eV) 

a 1.91 1.82 1.55 

b 1.99 1.86 1.65 

c 2.00 1.89 1.68 

d 2.20 1.93 1.73 

e 2.31 2.08 1.81 

f 1.79 1.79 1.64 

 

 

Fig. 9. Angular dependance of Sip/Cr2O3/Al2O3. 
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The evolution of s with temperature is dependent on the 

conduction mechanism. The exponent “s” expresses the 

relative reduction in the size of alumina crystals with 

frequency and is defined as follows: 

 𝑠 =
𝑑 ln 𝜎𝑎𝑐

𝑑 ln 𝜔
  . () 

However, the frequency exponent s raised from the 

slope of ln(σt) [Fig. 11(a)] decreases proportionally with 

temperature. These results can be explained by the charge 

transfer, which has been described as a superposition of the 

various conduction phenomena. Sip/Cr2O3/Al2O3 

morphology contains metal islands surrounded by 

amorphous alumina regions. Electronic wave functions are 

localized in amorphous regions but delocalized in metallic 

regions. For the charge transfer, metal conduction takes 

place in the metal islands while it is done by jumping in the 

amorphous regions. Inside the metal region, there is inter-

 

Fig. 10. Angular dependance of ac conductivity Sip/Cr2O3/Al2O3 thin films. 

 
 

 

Fig. 11.  (a) Temperature dependence of the exponent s and (b) dc conductivity curve for Sip/Cr2O3/Al2O3. The dots 

are the experimental points and the solid line is the least-square straight line fit. 
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fibrillar and intra-fibrillar conduction by hopping loads 

from the end of a chain to the other. The equation correlated 

with the model is written as follows [40]:  

 𝑆 = 1 −
6𝑘𝐵𝑇

𝑊𝑚
. () 

T is the absolute temperature, Wm and kB are 

respectively, the maximum height of the barrier and the 

Boltzmann constant. The value of Wm (Table 2) is 

determined from the adaptation of s as 1 −
6𝑘𝐵

𝑊𝑚
𝑇. 

It can be noted that Wm increases slightly depending on 

the concentration of Al2O3 up to 1.81 eV, then decreases 

slightly.  

Using the Arrhenius law to exploit the experimental 

results of dc conductivity [41]: 

 𝜎𝑑𝑐 =
𝐶

𝑇
𝑒

−
𝐸𝑎(𝑑𝑐)

𝑘𝐵𝑇 , () 

where C is the constant and Ea is the activation energy 

for the hopping conduction. 

Figure 11(b) shows the plot of ln(σdc·T) vs. 1000/T for 

Sip/Cr2O3/Al2O3 thin films. It is observed that the films dc 

conductivity decreases when temperature increases 

according to Arrhenius law. This evolution demonstrates 

the thermal activation mechanism of the electrical 

conduction, which indicates a semiconductor’s behaviour 

of the Sip/Cr2O3/Al2O3 hybrid system. 

The activation energy Ea(dc) is extracted from the slope 

of ln(σdc·T) vs. 1000/T. Ea(dc) values are summarised in 

Table 2. Our electrical studies show that in thermal 

fluctuation it is possible to supply sufficient energy to a 

dipole hopping across the potential barrier from one 

position to another equilibrium position [42-44].  

5. Conclusions 

We have studied the opto-electrical properties of a 

Cr2O3/Al2O3 deposit in a porous silicon layer. It was 

found that the structural properties depend significantly 

on the Al2O3 concentration. From the XRD study, we note 

that the concentration of Al2O3 deposited on Sip/Cr2O3 

was a key factor in improving crystallinity. After the 

deposition of Al2O3 under oxygen on Sip/Cr2O3 the 

structure tends to crystallize for a temperature which 

reaches 660°C. The ellipsometric analysis of 

Sip/Cr2O3/Al2O3 shows the evolution of optical 

properties (refractive index, extinction coefficient) as a 

function of the Al2O3 concentration. Consequently, the 

refractive index increases while the extinction coefficient 

decreases with the concentration of Al2O3. This change 

appears to be linked to the progressive increase in the 

pores filling as a function of Al2O3 concentration and 

structure modification. In addition, from the impedance 

measurements, we note that the ac conductivity obeys the 

law of universal power and the transport of charge 

carriers can be quantified using the CBH model. Finally, 

these results are very interesting because we have 

successfully prepared films for opto-electronic 

applications. 
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