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Abstract 

In this work, multilayer structures were fabricated on silicon substrates by dc reactive magnetron sputtering 

technique. Different layers from silicon dioxide (SiO2), zinc oxide (ZnO), and aluminum (Al) were deposited 

with different thicknesses to compare different multilayer structures by recording their photoluminescence 

(PL) spectra in the spectral range of 200-1100 nm. The structure of Al/ZnO/SiO2/Si showed higher PL 

intensity than those of other structures due to the radiative activity of ZnO in addition to the important role 

of aluminum layer to enhance the PL signal as a result of the localized surface plasmon resonance (LSPR) 

at the interface between Al and ZnO layers. 
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1. Introduction 

The transparent conducting oxides (TCOs) 

represent the cornerstone to develop the next 

generation of optoelectronic devices such as solar 

cells, light-emitting diodes (LEDs), and flat displays. 

Zinc oxide (ZnO) – as a TCO – is considered as an 

ideal candidate due to its wide direct energy band gap 

(~3.37eV) at room temperature, high excitonic 

binding energy (60 meV), which guarantees high 

photoluminescence efficiency at elevated 

temperatures [1-6]. Despite the featured 

characteristics of pure ZnO, the enhancement of its 

performance requires the incorporation of other 

elements or forming multilayer structures. Doping 

ZnO with aluminum (Al) or adding aluminum as a 

thin layers within the multilayer structure – known as 

AZO – very active way to increase the charge carrier 

concentration and enhance the electrical conductivity 

with no effect on the optical transparency in the 

visible region of electromagnetic spectrum [7-9]. 

When aluminum atoms are incorporated as donor 

dopants in the ZnO lattice structure, a noticeable 

change in the optical characteristics may result due to 

the increase in the concentration of free carriers 

according to the Burstein-Moss effect as the optical 

energy band gap increases due to filling the lower 

states in the conduction band with excess electrons. 

The understanding of this effect is necessary to 

interpret the changes in optical transmission and 

absorption characteristics of the multilayer structures 

at different doping levels [10-12]. 

To explain the practical advantages of the 

multilayer Al/ZnO/SiO2/Si structures, the individual 

roles of each layer is indicated. Since silicon shows 

weak light emission due to indirect band gap, then the 

incorporation of an optically active layer, such as 

ZnO, may facilitate the production of light-emitting 

diodes (LEDs) in integrated circuits (ICs) at lower 

cost and reduced size for optical communication 

systems [25-27]. Also, such multilayer structures can 

be used as windows or front electrodes in solar cells 

to increase the energy conversion efficiency [28,29]. 

Such multilayer structures can be employed in the 

fabrication of thin-film transistors (TFTs) for touch 

screens and transparent displays. They provide an 

ideal balance between high transmittance and low 

electrical resistance for flexible and transparent 

displays as the control of photoluminescence 

characteristics ensures the purity of display colors 

[30-32]. 

The aim of this work is to introduce the synergetic 

effects of the multilayer Al/ZnO/SiO2 structures 

grown on silicon substrates by studying the 

photoluminescence characteristics and their 

dependencies on crystalline structure and surface 

topography. 

 

2. Experimental Part 

A dc reactive magnetron sputtering system was 

used in this work to prepare the multilayer structures 

on silicon substrates. The cleaning of silicon 

substrates is considered as the fundamental and 
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crucial step in fabrication of semiconducting 

structures for optoelectronics because even the slight 

surface contamination can result in defects within the 

deposited layers, which directly affect the electrical 

and optical properties of the final device. Cleaning 

step is started by removing the organic residuals such 

as oils, sticking materials and fingerprints. For this 

purpose, organic solvents are used consequently as 

the substrates are immersed in acetone for 5 minutes 

inside an ultrasonic bath to break the stuck organic 

layers, then directly transferred to ethanol to remove 

the residual acetone and prevent the formation of any 

organic thin layers due to its evaporation. Then the 

substrates are rinsed thoroughly in de-ionized (DI) 

water to remove the traces of the solvents. 

After cleaning with organic materials, a standard 

cleaning method – known as RCA cleaning – 

containing two steps is applied. In the first step, the 

substrates are immersed for 15 minutes in a solution 

of de-ionized water, ammonium hydroxide (NH4OH), 

and hydrogen peroxide (H2O2), with mixing ratio of 

5:1:1, respectively, to remove residual micro-

particles and contaminants. This solution can oxidize 

and dissociate the organic impurities in addition to 

separate the micro-particles from the substrate 

surface. The substrates are then rinsed in DI water to 

remove the residual solution. In the second step, the 

metallic contaminants are removed by immersing the 

silicon substrates in a solution containing DI water, 

hydrochloric (HCl) acid, and H2O2 with mixing ratio 

of 6:1:1, respectively, for 10 minutes at 70-80 °C. 

This solution dissolves the metallic ions existed on 

the substrate surface or trapped with the surface oxide 

layer. Then, the substrates are rinsed thoroughly in DI 

water to remove the residual acid. 

In most optoelectronics applications, the 

naturally-formed oxide layers on the silicon surface 

are not desired, therefore, the steps mentioned above 

are followed by immersion of the cleaned substrates 

in a diluted solution (1-2%) of hydrofluoric (HF) acid 

for few seconds to remove the SiO2 layer might be 

grown on the surface and forming an H-terminated 

surface, which shows lower chemical activity for 

short time, then rinsed in DI water, carefully dried 

using dry nitrogen gas. 

After completing the cleaning procedure, the 

silicon substrates are transferred to plasma chamber 

and subjected to plasma discharge for 10 minutes to 

activate the surface before deposition process is 

started because exposure to plasma leads to break the 

residual organic bonds and hence increase the surface 

energy. This would enhance the homogeneity and 

adhesion of the thin layers to be deposited later. 

The preparation of the multilayer structures is 

started with the deposition of 200 nm SiO2 layer by 

sputtering a silicon target in existence of oxygen gas 

in the gas mixture (Ar:O2) with mixing ratio of 10:90 

for 120 minutes. The sample is left to cool down to 

the room temperature before changing the sputtering 

target by zinc (Zn) to repeat the sputtering process 

using Ar:O2 gas mixture with mixing ratio of 50:50 to 

deposit a 150 nm layer of ZnO after 90 minutes. The 

sample is left to cool down to the room temperature 

and the sputtering target is replaced by aluminum (Al) 

sheet to deposit a 100 nm layer of aluminum over the 

ZnO layer after 45 minutes. The sample is left inside 

the deposition chamber under vacuum for 24 hours to 

ensure the chemical and structural stabilities. Then, 

the samples are transferred to the characterization 

systems to carry out the absorption and 

photoluminescence measurements. A Spectra 

Academy KMAC S2100 spectrophotometer was used 

to record these spectra in the spectral range of 200-

1100 nm. Figure (1) shows schematically the steps to 

prepare multilayer structure in this work. 

 

 

 

 

 

 

Fig. (1) Schematic diagram of the experimental steps to 

prepare the multilayer structures of Al/ZnO/SiO2/Si in this 

work 

 

3. Results and Discussion 

Figure (2) shows the photoluminescence (PL) 

spectra of the prepared multilayer structures using a 

UV laser of 385 nm as an excitation source, whose 

spectrum is seen as a sharp peak on the left. This 

wavelength was selected according to the absorption 

spectra of the prepared samples because laser source 

can provide reasonably high intensity with 

monochromaticity to ensure high response of the 

samples. All samples show emission spectra within 

the range 500-560 nm (visible region) with peaks 

centered around 530-540 nm. Such emission is 

usually attributed to the emissions from oxygen 

vacancies of interband states in metal oxide (SiO2 and 
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ZnO) molecules, which refers to the same 

fundamental mechanism of fluorescence in all 

samples regardless the existence or absence of the 

ZnO and Al layers. Also, the sequence of the 

deposited layers was found to affect the intensity of 

the spectrum but not the emission peak. These spectra 

are reasonably wide due to the multiple radiative 

centers in the ZnO layer, defect distribution, and the 

effects of inter-reaction between the different layers. 

 

 
Fig. (2) PL spectra of the multilayer structures prepared in 

this work 

 

The Al/ZnO/SiO2/Si structure shows the 

maximum PL intensity while the SiO2/Si structure 

shows the minimum intensity. This difference is 

ascribed to the important role of aluminum layer to 

enhance the PL signal as a result of the localized 

surface plasmon resonance (LSPR) at the interface 

between Al and ZnO layers. The existence of 

aluminum leads to increase the local electromagnetic 

field near the ZnO layer, which increase the 

probability to absorb the excitation photons and hence 

increase the rate of radiative transitions and 

consequently the PL intensity. As well, the existence 

of the dielectric SiO2 layer between the Si substrate 

and ZnO layer reduces the non-radiative 

recombination, limits the energy loss as heat, and 

increase the photo-emission efficiency. The 

ZnO/SiO2/Si structure shows lower intensity than the 

Al/ZnO/SiO2/Si structure due to the absence of the 

plasmonic amplification effects attributed to the 

aluminum layer. The SiO2/Si structure actually 

exhibits very poor PL as it lacks to a photo-active 

material such as ZnO, therefore, its signal may be a 

noise or emission activity due to the defects or 

secondary oxide phases present at the interface 

between SiO2 and Si surface. 

The differences in the peak position or spectrum 

width are resulted from the differences in the 

microstructures, lattice stresses, and the nature of 

interfaces between layers. For example, in case of the 

ZnO/Al/SiO2/Si structure, the existence of Al layer 

may reasonably affect the surface morphology of the 

next ZnO layer during deposition or heat treatment, 

which leads to modify the density of surface defects 

of re-distribute the inter-band states within the energy 

bandgap. As well, the difference between the spectra 

of the Al/ZnO/SiO2/Si and ZnO/Al/SiO2/Si structures 

may change the conditions of reflection and optical 

interference within each structure, which may 

enhance or reduce specific parts of the PL spectrum 

due to the constructive and destructive interferences. 

Therefore, these spectra are attributed to ZnO 

radiative activity in addition to the optical, plasmonic, 

and inter-band effects within the whole multilayer 

structures. 

 

4. Conclusion 

In concluding remarks, different layers from 

silicon dioxide (SiO2), zinc oxide (ZnO), and 

aluminum (Al) were deposited with different 

thicknesses to compare different multilayer structures 

by recording their photoluminescence (PL) spectra in 

the spectral range of 200-1100 nm. The structure of 

Al/ZnO/SiO2/Si showed higher PL intensity than 

those of other structures due to the radiative activity 

of ZnO in addition to the important role of aluminum 

layer to enhance the PL signal as a result of the 

localized surface plasmon resonance (LSPR) at the 

interface between Al and ZnO layers. 
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