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OXIDATION OF ALUMINUM IN A DC ARGON/OXYGEN PLASMA
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Abstract: The aim of this work was to investigate oxidation of aluminum in Ar/O;
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 AlI203 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 1V, 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 5,6kQ. 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).

79



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 [V’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.

0.0020 -

p—
s 0.0015 -

0.0010 -

0.0005 -

-U [V]
Figure 3. Consecutive probe IV’s in DC gas discharge of Ar/O2 mixture

The shift of the I'V 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=100um, | = Smm). 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.

204

254

U, v

2354

40

2304

——— Sample 5
Platimun probe

t [min]

T
80

Figure 5 Change of the potential of the probes in time

The experiment is conducted under the following conditions:

Pressure Discharge Probe current Ar 02
[mBar] current [MmA] [%] [%]
[MA]
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 (hnm), 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.
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Figure 7. Topography (a, ¢ 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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XAPAKTEPUCTUKA COPTOB TPUTUKAJIE
PAHOHUPOBAHHBIX B PECITYBJIMKE KA3AXCTAH

baszutopa M.M., baiirazuesa I'..
(AmamuncKull mexHo02uYeCcKull yHueepcument)

[luBoBapeHHass oTpacib SBISETCS OJHUM W3 HHBECTULMOHHO IIPUBJIEKATEIbHbBIX
CEKTOPOB SKOHOMHUKM U 3aHHMaeT Ba)XHOE MECTO B IMepepadaThIBAOIICH MPOMBIIIICHHOCTH
Pecnybomuku Kazaxcran [1]. Ilpeanpustus AaHHOH OTpacid OO CHUX IMOP HE 0OeCledYeHbl B
JOCTAaTOYHOM  KOJHMYECTBE COOCTBEHHBIM  KAayeCTBEHHBIM  CBIPhEM, B  YacTHOCTH,
NUBOBapeHHBIM suMeHeM. B cBs3u ¢ Tem, yto Gosblias yacth Teppuropun Kaszaxcrana mo
MOYBEHHO-KJIMMAaTHYECKUM YCJIOBUSM HE€ TMOAXOAUT JJIi BO3ZENbIBAHUS IMHBOBAPEHHBIX
SYMEHEH YJOBJIETBOPUTEILHOTO KAayecTBa, ChIphE BBO3UIM M3 CTpaH OJIM)KHEro M JajbHEro
3apy0exbs. B ycnosusx CHI™ npoGnema st Kazaxcrana crama ocoOeHHO OCTPOH.

TpaguIMOHHO IJIaBHBIM M OCHOBHBIM CBIPHEM B IIMBOBAPEHUU ABIsieTCs conoA. Conon U3
AYMEHSI SABJSAETCS NMPEANOYTUTENBHBIM, MOCKOJIBKY Hapsily C BBICOKOH YpO)KalHOCTBIO OH
XapakTepu3yercs W BBICOKMMH MUBOBAapEHHBIMU KayeCTBaAaMH, W XOPOLIMMH COJOAOBBIMU
cBoMcTBamMu [2].

Onnako He Bcerga KOHOMHYECKH IIenecooOpa3Ho Baputh muBo, Ha 100% wucmons3yst
SYMEHHBIN COJIOJ, U MMBOBAPEHHBIE 3aBOABI BHIHYK€Hbl MUHUMHU3HPOBATh CBOM Pacxo/sl 0e3
U3MEHEHHUs KauecTBa MM XapakTepa cBoero nuBa [3]. [TepepaboTka Ha MUBO HEMTUBOBAPEHHBIX
AYMEHEH ¢ BBICOKMM cojiep>kaHueM Oenka (Bbiie 12%) 1 HU3KMM COAEpKaHUEM Kpaxmania u
SKCTPAKTUBHOCTBIO C IKOHOMHYECKON TOYKU 3PEHUsI HEBBITOAHA, @ C TOUKU 3pEHUs KauecTBa
HexenarenbHa [4].

B 3TOM KOHTEKCTE€ [ONOJHMUTEIBHOE HCIOJIb30BAaHUE 3EPHOBBIX KYJIBTYp (C

COJIOJJOBEHHBIMU CBOMCTBAMM) JJIsl YACTUYHOIO 3aMELICHMs SIUMEHHOIO COJI0Jla CTAaHOBUTCS
CTaHAAPTHOM mpouenypoir [5]. DTO MO3BOMSET PEHIMTH BOMPOCH HWHTEHCU(PHUKALUH
TEXHOJIOITMYECKUX IIPOLECCOB IPOM3BOJCTBA, PALMOHAIBHOIO HCIHOJIB30BAHUS ChIPbEBBIX
pPECYpCOB, paCIIMPEHUsI aCCOPTUMEHTA U MOBBIIICHUS Ka4€CTBa T'OTOBOM MPOAYKIUH [6].
B Hacrosiiiee Bpemsi Uisl NPUTOTOBJIEHUS HAMUTKOB OpPOXKEHHsSI HapAly C TpaJWLIUOHHBIMU
BUJIAMU 3JIaKOB (SYMEHb, MMIIEHUIIA, POXKb) MepepadaThIBAIOT U MPUMEHSIOT TaKHE 3E€PHOBBIE,
KaK TpUTHKaJle, aMapaHT, COpPro, I'peuuxy, OBeC M T.J., a TaKXKe IOJy4yaeMbli U3 JaHHBIX
3€pHOBBIX KYJIbTYP COJIOA, KOTOPBIE /IO HEAABHETO BPEMEHH 1IN
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