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Abstract: The aim of this work was to investigate oxidation of aluminum in Ar/O2 

mixture DC gas discharge. The experiments were performed in a prototype cylindrical plasma 

chemical reactor with sectional cathode and common anode. The method of horizontal sections 

was customized and used as main diagnostic to determine the kinetics of the oxide growth. The 

Langmuir probe was used as substrate. The oxide grown in the plasma on the aluminum 

substrate has been studied by atomic force microscopy (AFM). Analyzing the experimental 

data, we find that the kinematics of oxide growth can be controlled over time at the same 

discharge current and gas pressure.. The obtained aluminum oxide films are thin and robust, 

making them suitable for micro and nanoelectronic applications. 

 

Keywords: Plasma oxidation; Plasma chemical reactor; DC gas discharge; Langmuir probe.  

 

 

1. Introduction 

Plasma processing has emerged as an important technology for the deposition and 

etching of thin solid films in the manufacture of microelectronic devices. In fact, a lot of the 

progress achieved to date in device miniaturization would have been much more difficult 

without the unique characteristics of plasma processes. Although plasma chemical reactors are 

widely used, a lack of fundamental understanding has resulted in heavy reliance on empiricism 

in process design and control.  

Deposition and selective etching of films is fundamental to many of the steps involved in 

electronics industry. The chemically reacting, weakly ionized gas discharges are particularly 

powerful tools for depositing and removing thin films. 

In this work we are using a different approach. We grow thin films of Al2O3 on 

aluminum substrate in DC gas discharge. While the Langmuir probe is used to investigate the 

plasma parameters, the growth of films on the probe surface is considered as a side and 

harmful phenomenon caused by impurities (typically oil vapors from vacuum pumps), the 

measures taken for cleaning the probe are necessary and useful. If it is necessary, using the 

Langmuir probe, to diagnose the electron component, then it’s cleaning (in this case 

continuously) is a necessary condition for application of the Langmuir probe method [1-3]. 

When switching to the investigation of chemically active plasma, the situation is radically 

amended. Diagnostics of plasma parameters and studying the kinetics of growth and the 

mechanism of formation of layers in the glow discharge in vapors of organic, fluorine-, 
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chlorine-, silicon and organo-metallic substances is one of the areas of application of electrical 

probes. It is known that in such discharges are produced polymers, and metal oxide layers that 

are widely used in various technologies [4-7]. Although the work in this area is not limited and 

the lot of results obtained, their interpretation can hardly be considered comprehensive and 

unambiguous. The capabilities of the probe method are many, and restrictions on its use are not 

clearly established. 

When studying the kinetics of growth of the layer, the probe can be considered as a 

substrate, and the distortion of the probe IV, as a parameter, which allows monitoring the 

kinetics of growth of the layer. It is considered, that for the first time this idea has been applied 

in the work of Klage [1]. 

Another method to study the growth of dielectric layers is the “method of the horizontal 

sections”. In the works [8-11] has been developed a probe method for studying the kinetics of 

growth and some electro-physical properties of the dielectric layers in DC glow discharge. One 

of the main advantages of the method is that it allows to investigate the dependence of the 

kinetics of growth of the layer of the magnitude of the flow, the kinetic energy and the sign of 

the charged particles, and in some cases, the magnitude of the flow of neutral particles. The 

method allows to measure the concentration of charged particles in the plasma, the mean 

energy (temperature) of electrons and EEDF and also to estimate the gas temperature of the 

plasma. 

 

2. Experimental 

 

The low pressure plasma reactor which was used in the present work (Fig.1) consists of 

vacuum chamber, disk shaped anode made of stainless steel and sectional cathode made of 

aluminum cylinders, lying in one plane. The vacuum chamber is made of glass cylinder with 

length of 160mm and internal diameter of 73mm. The reactor is powered by an adjustable 

high-voltage power supply - 1,5kV max. In series with every cathode is connected a ballast 

resistor with resistance value of 5,6kΩ. The vacuum is created using a rotary vacuum pump. 

The pressure is controlled with a reducer valve and needle valve, and is measured by a pirani 

gauge. 

 

 
 

Figure 1. Plasma reactor 

 

For the purpose of the experiment were prepared aluminum substrates (probes) with 

purity of 99.5%. The substrate is with disk shape with thickness 0.1mm and diameter of 3mm. 

For investigation of the resulting oxide layer contributes the high flatness of the substrate. This 

requires polishing the specimens in several stages - mechanical and electrochemical. One of the 

sides of the disk is isolated with thin high temperature epoxy. Half of the active surface of the 

substrate is covered with metal mask attached to the substrate using AZ1350J mask material 

(Fig. 2).  
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                                     а) 

 
                b) 

 

Figure 2. a) Substrate half covered with mask material; b) Substrate with metal mask attached 

to it with the mask material - 1 polished surface, 2 metal mask, 3 border between the polished 

surface and the metal mask, 4 remains of the mask material 

 

After the preparation of the substrates (probes), they are placed in the plasma reactor and 

twelve consecutive IV characteristics of the plasma are taken in the following conditions: 

1) Voltage between electrodes - 307V 

2) Distance between electrodes - 80 mm 

3) Discharge current - 12mA 

4) Distance probe-anode (reference electrode) - 40 mm 

5) Gas mixture - 90% Ar / 10% O2 

6) Pressure - 1 mBar 

7) Time separate IV’s - 520.8 sec 

In Figure 3, are presented the probe IV’s. The first one is in blue and the last one in red.  

 

 
Figure 3. Consecutive probe IV’s  in DC gas discharge of Ar/O2 mixture 

 

The shift of the IV characteristic to the left (in time) is a sign of "pollution" of the probe 

due to the growth of resistive (oxide) layer on its surface. Having a record in time for each 

point of the measurements, we can restore the change of "relative" resistance of the probe, 

which is presented in Figure 4. 
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Figure 4. Change of the "relative" resistance of the probe in time 

 

As it is seen in Figure 4, as a result of the oxidation, for maintaining a certain current 

through the probe in time the potential must be changed. Based on this experiment, we do the 

reverse experiment – we set a constant current through the probe and record the change of its 

potential in time. 

In Figure 5 are presented curves showing the change of the potential over time at a 

constant current through the probes, of aluminum disk probe and cylindrical platinum probe 

(d = 100μm, l = 5mm). We can see that because the absence of “pollution” (oxidation), the 

potential of the platinum probe is constant in time, whilst the potential of the aluminum probe 

changes as a result of the oxidation. 

 

 
 

Figure 5 Change of the potential of the probes in time 

 

The experiment is conducted under the following conditions: 

 

 Pressure 

[mBar] 

Discharge 

current 

[mA] 

Probe current 

[mA] 

Ar 

[%] 

O2 

[%] 

Aluminum probe 1 12 0,5 80 20 

Platinum probe 1 12 0,5 80 20 

 

After the completion of the experiment, the metal mask was removed from the probe 

surface. The probe was mounted on a conductive holder in order to enable examination of the 

formed oxide layer with Scanning Kelvin Probe Microscopy. 

EDX analysis of the probe surface was performed (Fig. 6). In this analysis were not 

found large differences in the concentration of oxygen on both sides of the contour between the 
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treated area and the protected by the metal mask area. The results didn’t prove the presence of 

an oxide layer. This was not surprising, because the expected thickness of the oxide is up to 

100nm and in this range the equipment used for the analysis is not accurate.  

 

 
 

Figure 6. EDX analysis of the treated surface of the probe 

 

The next analysis of the probe was atomic force microscopy (AFM) and Scanning Kelvin 

Probe Microscopy. 

Due to the large surface roughness of the samples in relation to the expected thickness of 

the grown oxide, the examination of the topography of the surface doesn’t give a good result. 

The mapping of the surface potential by atomic force microscopy (Scanning Kelvin Probe 

Microscopy) is a method with a very high resolution (nm), which is used to study the corrosion 

of metals due to the dielectric properties of the oxide coatings obtained on metals in the process 

of corrosion. Mapped surface potential represents the potential between the scanned surface 

and the top of the cantilever.  

The color diagram of topography in figure 7 (a), (c) and (f) obtained from the scanning of 

three random locations along the border between the grown layer of aluminum oxide (left half) 

and the surface of pure aluminum showed the presence of a relatively thin layer with variable 

thickness between 40 and 80 nm. Due to the small thickness of the grown aluminum oxide and 

the high surface roughness of the sample, the oxide layer is hard to be noticed - brighter left 

side. The color charts of the surface potential (Figure 7 (b), (d) and (f)) show significantly more 

clear the presence of the layer of aluminum oxide due to the dielectric properties in contrast to 

the carrier metal (Al) - lower surface potential (dark region) from the left, due to the presence 

of the layer of aluminum oxide. 

 

 

 

 

 

 

 

 

 

 

 

 

 

                                        a) b) 
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                                        c) 

 

d) 

 
                                        e) 

 

f) 

 
 

Figure 7. Topography (a, c and e) and surface potential (b, d and f) of three random locations 
along the border between area with grown layer of aluminum oxide (left half) and unoxidized 

area of aluminum (right half) of the probe. 
 

3. Conclusions 
 

As a result of the experiments and the following investigation of the substrate is proven 
that an aluminum oxide can be grown in DC plasma. It is proven that the process can be traced 
using the substrate as a probe. Full investigation of the parameters of the grown oxide is not 
held due to a limitation in the choice of substrates with guaranteed parameters and restrictions 

in hardware capabilities for the investigation of super thin oxide. Research will continue with 
the selection of material and shape of the probes and creating a model of the process. 
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Пивоваренная отрасль является одним из инвестиционно привлекательных 

секторов экономики и занимает важное место в перерабатывающей промышленности 

Республики Казахстан [1]. Предприятия данной отрасли до сих пор не обеспечены в 

достаточном количестве собственным качественным сырьем, в частности, 

пивоваренным ячменем. В связи с тем, что большая часть территории Казахстана по 

почвенно-климатическим условиям не подходит для возделывания пивоваренных 

ячменей удовлетворительного качества, сырьё ввозили из стран ближнего и дальнего 

зарубежья. В условиях СНГ проблема для Казахстана стала особенно острой. 

Традиционно главным и основным сырьем в пивоварении является солод. Солод из 

ячменя является предпочтительным, поскольку наряду с высокой урожайностью он 

характеризуется и высокими пивоваренными качествами, и хорошими солодовыми 

свойствами [2]. 

Однако не всегда экономически целесообразно варить пиво, на 100% используя 

ячменный солод, и пивоваренные заводы вынуждены минимизировать свои расходы без 

изменения качества или характера своего пива [3]. Переработка на пиво непивоваренных 

ячменей с высоким содержанием белка (выше 12%) и низким содержанием крахмала и 

экстрактивностью с экономической точки зрения невыгодна, а с точки зрения качества 

нежелательна [4]. 

В этом контексте дополнительное использование зерновых культур (с 

солодовенными свойствами) для частичного замещения ячменного солода становится 

стандартной процедурой [5]. Это позволяет решить вопросы интенсификации 

технологических процессов производства, рационального использования сырьевых 

ресурсов, расширения ассортимента и повышения качества готовой продукции [6].  

В настоящее время для приготовления напитков брожения наряду с традиционными 

видами злаков (ячмень, пшеница, рожь) перерабатывают и применяют такие зерновые, 

как тритикале, амарант, сорго, гречиху, овес и т.д., а также получаемый из данных 

зерновых культур солод, которые до недавнего времени шли 


