Making superior corrosion resistant aluminum oxide films using
ozone-electrochemical and electron microscopy studies
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Aluminum surfaces have been subjected to oxidation at 300 K, using a molecular beam of ozone of
97% purity. An enhancement of the kinetics of oxidation is found compared to oxidation.bji@

oxide film produced exhibits enhanced corrosion resistance as measured by several electrochemical
methods compared to comparable thickness oxide flms made by oxygen exposure. Transmission
electron microscopy measurements show that the ozone-grown films exhibit small pore sizes and
also increased average density as measured by the behavior of the radial distribution function
derived from electron diffraction measurements on films made from ozone and oxygen. These
effects may be due to the lower oxygen vacancy defect density in films made from ozone. The
special properties of ozone-grown aluminum oxide films are preserved even after the films are
removed from vacuum and exposed to the atmosphere20@L American Vacuum Society.
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[. INTRODUCTION produces an oxide film of higher density and smaller pore
diameter than @ as well as superior corrosion passivation

The use of energetic oxygen-containing species to oxidiz roperties. A rationale involving the reduction of oxygen va-

aIummum gu'rfaces ha§ been fognd to prqduge an oxide .f'l ancy defects by Qis proposed to explain the higher corro-
which exhibits superior corrosion passivation propertlesS

i ivati lity of th duced fil dt
compared to films of similar thickness produced by ordinary, lon passivation quality of the4produced film compared to

S the O,-produced film.
oxidation procedures. Thus, we have shown that electron at- 9P

tachment to adsorbed water molecules that produces the tem-
porary negative ion, kD~ leads to fast oxidation of the

Al(111) surface as well as to the production of an oxide film!l. EXPERIMENT
with superior corrosion passivation properttéslt is be-

I f I Ili lumi .999%
lieved that the HO™ species generates a hydroxyl radical Samples of pure polycrystalline aluminuii9s.999%,

\OH, which is an energetic oxidizing agent 'G_oodf_ellovxb 1.4_><1.4><0.15 cnt were mechanically poli_shed
' g : . with SiC abrasive pape600 gri) and then electropolished
In_the same S.p'm’ the ozone moleculey, s an energetic i, 5 196 NaOH solution for periods sufficiently long
species. The G|bbs_free energy of the reaction to prOdUC§OO Clcn?) to remove the thick oxide layer. Then the Al
ozone from oxygen is shown in E). samples were transferred into an ultrahigh vacuum chamber
3/20,(g)—04(g); AG°=163 k/mol. (1) and cleaned to the final stage with ‘Arbombardment
(Ep+=1 keV, Po,=5%10"° Torr, I/A=8 uAlcm?) for
The investigation of the interaction of ;Owith the  2-3 husing a Leybold IQE 10/35 ion gun. The samples were
Al(111) surface is reported in another paper, where x-raythen annealed to 673 K for 5 min. The cleanliness of the Al
photoelectron spectroscog¥PS) was employed to investi- surface was measured using an Auger electron spectrometer
gate the kinetics of oxidation as well as the character of thantil, following ion bombardment and annealing, only the
oxide film produced from @ compared to that produced AI°(LVV) feature in the Auger spectrum was observed. We
from O,.3 estimate that less than 1 at. % of oxygen was present on the
In this article, we apply @to a polycrystalline Al surface cleaned surface, judging from the IOILL)/AI°(LVV) inten-
and then use a variety of probes to more fully understand thsity ratios which were near zero. Nine aluminum samples
properties of the oxide film compared to films of comparablewere oxidized using @and seven were oxidized using, O
thickness which are made using @s the oxidizing agent. The ultrahigh vacuunfUHV) chamber is equipped with a
The oxide films produced from £and G have been com- 360 I/s ion pump, a 150 I/s turbopump, and a titanium sub-
pared by electrochemical methods and also by transmissidimation pump. The base pressure measured after a 12 h
electron microscopy methods, and it has been found that Obakeout was typically 10~ ° Torr. Residual gas analysis
was carried out with a quadrupole mass spectromgi@i
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An all glass ozone generafovas used to produce ozone 0,
from oxygen at 1 atn{99.994% pure @ VWSCO). Ozone ' L w0 e’ ' 200K
produced in the high voltage capacitor tube is trapped in A""L""’—j e omt —
silica gel at 195 K using an acetone/dry ice bath. Residual T\ °

1.6)(10‘6 ——a—_/v—

oxygen was pumped away using a mechanical pump, and O

was then evolved from the silica gel by slight warming. w 810" N
O3 (97% puré was supplied to the chamber through an £ —————— 120 N
all-glass doser assemBlycontaining a glass capillary of —— et T N
~0.06 mm inner diameter to control the conductance gf O — 2" n”
into the UHV chamber. Taking into account the fractional e T T e ST SRy o
interception of the gas beam by the sample, estimated to be .
a=0.6 from the doser/sample geometre incident flux of Tt e P W *
O; and G is, respectively, 2.%10*0; molecules crm? " o, "
s L. [P(Torn] and 3.4<10"® O, moleculescm?s ! ' v som " 300K
-[P(Torrn], whereP(Torr)= pressure in the high pressure w0 —] oKL
gas storage lingboth O; and G were used at-4 Torr). \ |
The Al samples, oxidized with either ;Qor O,, were /v
transferred from the UHV chamber to an electrochemicalcell ¢ | ___ .. ___,\/\/‘
for electrochemical impedance spectroscoRiS) measure- ° . ___,\_/\/_
ments and Tafel analysis. The conventional three-electrode — mm,,
electrochemical cell, described previoulyas used for EIS TN ’\

,\,"\,—-—' atmosphere——-"\/ \ - -

and Tafel measurements. The cell, filled with 3.5% NaCl y

solution, contains a counterelectrotff), a reference elec-

trode (saturated Calomel, SGEnd a working electrodéhe

Al sample. The electrolyte was also deaerated with nitrogen

gas (N, 99.998% for 30 min before the measurements. FiG. 1. Auger spectra of aluminum oxidized by, @nd Q at 300 K.
EIS spectra were taken at open circuit potential with a

potentiostat—galvanostat programmable electrochemical im-

pedance apparatugnodel PGZ301, RadiomeferThe fre- tion process from @exposure are shown in the top part of

g?i?gyaraq%z V;is fg?;tilzgov\lfgizstor;%'?ﬁ' t;:zeE?g] Fr)rl:;uadsire_Fig. 1 and Auger spectra for oxidation by, @) are shown
ments PP P in the bottom part of Fig. 1. The growth of the3AI(LVV)
L L . peak at 56 eV and the (RLL) feature at 525 eV and the
Linear polarization measuremenf§afel analysis were

performed for two representative samples after EIS measurg_ecreage of the A[LVV) r(]68 eV) pea K IS ob.ser\./ed with
ments using a scan rate for the potential applied to the teérgcreasmg exposure. Much more rapid oxidation is observed
in the case of @. By an exposure of 6410 O3/cn?, the

electrode of 0.8 mV/s. The potential was applied in the rangg, o .
between—1.50 and—0.66 V. Al peak completely disappears from the spectrum.

Transmission electron microscogf EM) analysis was
employed to study the structure of the amorphousQAl i : i : ' .
films. The microscopédJEOL200CX TEM, operated at 200 T=300'K

A

-

1 2 L L L
20 40 80 80 480 520 560

E, eV E, eV

K

keV) is equipped with a Philips energy-dispersive x-ray : %;=3.a , 0,
(EDX) detector to perform energy dispersive x-ray spectros- 3ot o

copy. Digital capture of the selected area diffraction pattern 3 it 0,
(SAED) was performed to measure a radial distribution func- = ) e
tion (RDF).” The data acquired were described by the func- 3 o4~ :
tion, J(r), which represents the number of atoms lying at © 00 ¢ 0,0,)em? 20x10°

7'y L

O(KLL)

distances betweemnandr +dr from the center of an arbitrary
atom. This function is proportional to the average density,™
p°, at very large values af where the distribution of atoms
appears to be homogeneous from the center.

Ill. RESULTS 0 . _ _
A. Kinetics of aluminum oxidation at 300 K 0.0 9.0x10”7  1.8x10®  2.7x10"

2
The kinetics of aluminum oxidation monitored by Auger g, 0,(0,)/em

electron spectroscopy are shown in Figs. 1 and 2. Figure |]—‘|e. 2. Kinetics of aluminum oxidation by £and Q measured by Auger

shows the sequence of Auger spectra obtained for OXYQ€dbectroscopy. The inset shows the initial growth of the oxygen Auger inten-
and ozone exposure at 300 K. Auger spectra for the oxidasity, and the initial slopes yield sticking coefficie®,(Os) and Sy(0,).
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Figure 1 shows also the change in the Auger peaks wher
the samples were exposed to atmosphere following con:
trolled oxidation in the vacuum system. Additional growth of
the oxygen Auger peak-to-peak intensity both for ozone-
formed and oxygen-formed oxides is observed upon atmo-
spheric exposure. A 20% increase in the oxygen signal for':,
the ozone-oxidized sample is observed after atmospheric ex2
posure. Following atmospheric exposure the oxygen signa F
from the oxygen-formed oxide is 83% of the signal for the [ o
ozone-formed oxide after both oxide films were exposed to
atmosphere.

<R (0,)>=250.2kQ
<d_(0,)>=15.1 A .
<R_,(0,)>=27.6 kQ
<d_(0,)>=16.0 A

Figure 2 shows the uptake curve for the &nhd Q, reac- 10 loa f
tions with aluminum. The relative initial sticking coefficients 9
for ozone and oxygen adsorption, evaluated by the initial . . . . .
slope of the oxygen signal in the Auger spectra, is shown in E
the inset of Fig. 2. The initial sticking coefficient for ozone is > I,.(0;)=48 nA/cm’ pit
3.8 times higher than that for oxygen. ™ E,,(O;)=-0.680 V
OCP(0,)=-1.20 V
A0} 4
<OCP= Al+O, I,,.(0,)=216 nA/cm’
B. Electrochemical impedance spectroscopy study (101; - o E,(0,)=-0.724 V
and Tafel analysis of the various oxide films s OE:P OCP(0,)=-1.38 V
EIS spectra for 16 experimentshown at the top of Fig.  -140 ----}: -
3) and Tafel plots for 2 representative samplgisown at the ©J 451 . A|+92 . ) . o
bottom of Fig. 3 were measured from the aluminum sample 10 10°  10* 107 10°  10° 10"
oxidized with ozone and with oxygen using the same expo- logl
sure of 2.0¢10*® Oz/cm? or O,/cn?. The change of the
impedance of the cell is described by the formula Fic. 3. Electrochemical impedance spectra of aluminum oxidized with O

and G;, showing results for 16 measurements and representative Tafel plots
Z=R¢+R,/(1+ wROC)2+ j(— ngC)/[l—F (C!)ROC)Z], ) for O,- and GQ-oxidized samples.

where Z=total impedance, iH); Ry and R, are the resis-

tances of the electrolyte solution and the oxide film respec- o . . .
tively, in Q; C=capacitance of the oxide, in farads; P — metal density(in g/cn7); e = equivalent weightin

—2xf, wheref=ac frequency, in Hz: anj=—1.% The glequivalent® Therefore, the rate of corrosion for the

formula for the impedanceZ, was fitted to the EIS data O5-formed layer is significantly lower.

obtained to extract the values for resistariRg, and capaci- 'The. Epi.t (pitting potentia) values fpr the 0z0 ne-fgrmgd
tance,C,, of the aluminum oxide layer. oxide is higher by 44 mV, also showing superior oxide film

The thickness was evaluated according to the dependena}ab'“ty towarc_i piting. .

for a parallel plate capacitor witlc=gs,A/d, where C The open circuit potentiglOCP) represents the potential

—capacitance, in farads;=dielectric COﬂStar:It'80=8.85 for zero net current flowing through the sample. It was mea-

%1012 F/m'A,=area of the sample inzmanddzithickness sured for all 16 samples after 30 min of electrolyte deaera-
' ! tion. The average values of the OCP and the range of the

of the oxide, in m. Using a dielectric constant of 8.5, the Cp f I | tudied is sh by th b :
calculated average thickness for the ozone-grown oxide is, or all samples studied IS snown by the range bars in

15.1 A and for th _ ide th thick-19- 3. The average OCP value for th%—tbrmeq oxide is
ness is alg 0 '(g\r € oxygen-grown oxide the average thic —1.17 V, and for the @formed oxide the OCP is-1.40 V,

The Tafel plot corrosion measurement method uses ca‘nd the difference is significant when compared to the statis-

wide dc potential spectrum and provides additional corrosior]iICaI range of the OCP measurements.
information(bottom of Fig. 3. The corrosion current density

was evaluated using VoltaLab40 software. The ozone-

formed oxide shows a corrosion current density of 48C. TEM measurements

nAlcn?; the oxygen-formed oxide shows a corrosion current
density of 216 nA/cri The corrosion current density is pro-
portional to the corrosion rate according to the dependenc

Figure 4a) shows a TEM image from an aluminum
sample oxidized with oxygen. The bright features, postulated
o be pores in the oxide structure, have a distribution in size
rate = oA 1p ¢, 3  from 30 to 700 A, with an average pore size of 200 A. The
SAED pattern taken from this area is shown in the upper-
wherel ., =corrosion current density, A/cm A=empirical  right inset of Fig. 4a). Figure 4b) shows a TEM image from
constant 1.2866x 10°, (in equivalents of smil/Ccm yegr an aluminum sample oxidized with ozone. The inset is the
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a) O,-oxidized Al

QO =t -
0w O N

4%=A P

OO

b bdoooo
D A N O N A O

Fic. 5. Relative difference in film densities represented [aKr)
(03)=J(r)(0,)1/3(r)(0O,), whereJ(r) = radial distribution function.

weak O—0 bond in ozone is probably a thermodynamic fac-
tor related to its higher reactivity with the aluminum surface;
[D(0,—0)=106.7 kJ/mo].}2

In our study of oxidation of both the A111) single crys-
tal surfacé and polycrystalline aluminum by £and Q, mol-
Fic. 4. TEM images ofi@ an O-oxidized sample and afb) Os-oxidized  ecules, a higher reactivity was measured fgrad well. For
sample. The insets are the electron diffraction pattern of the oxide film. A (111) at 300 K, the ratio of the initial Sticking coefficients
is  S,(03)/S,(0,)=6.73 On polycrystalline Al the
So(03)/S,(0,) ratio is 3.8, as seen from Fig. 2.

SAED pattern corresponding to this area. The range of pore For O; exposures above 1.3x 10'° O/cn¥ a saturation
diameter distribution is estimated to be from a few arigaro  effect for O; adsorption is observed. The rate of adsorption
to 100 A, with a typical diameter of 40 A. decreases to almost zero as seen in Fig. 2.

Both oxides are amorphous as judged by the diffuse ring These results clearly show that both initial surface reac-
of the SAED patterns for both samples. A qualitative com-tivity and saturation coverage of;@n both polycrystalline
parison of the diffraction patterns for the two oxide films Al and with Al(111) exceeds that of ©by a large factor.
indicate that they differ. The compositions of the two oxide
films were measured by EDS, showing that both samples
contain aluminum. B. TEM and SAED studies of oxide morphology and

Figure 5 shows the functiopd(r)(0s)=J(r)(0,)]/d(r)  density
X(0O;) as a function ofr. At larger the difference in this TEM measurements revealed that both ozone- and
function represents the difference between the average deﬁxygen_produced oxide films are amorphous in nature. A
sities of ozone-formed and oxygen-formed oxide, which ap{arger pore size and lower density for oxygen-grown oxide is
proaches 4%. observed by TEM and SAED methods. A 4% difference in

the densities of @ and Q;-produced oxide films is derived
from the radial distribution function](r), at large values of
IV. DISCUSSION r. Such a difference in structure can be rationalized by a
schematic representation of the oxide structure, shown in
Fig. 6% Due to the amorphous nature of the oxide, the alu-

It is known from the literature that the initial Gsurface  minum and oxygen ions can form irregular groups of rings.
reactivity at 300 K, as judged by the sticking coefficient of We postulate that more open rings, produced by &d due
O, molecules on the AlLl1l) surface, is rather low to oxygen vacancy effects, are partially eliminated by O
(0.005-0.02°2% Ozone, on the other hand, is known to be oxidation.
highly reactive on various surfaces including noble metals. The size of the pore channels will determine the diffusion
For instance, the dissociative sticking coefficient of the O rate of the ions and electrons and the rate of corrosion. The
molecule on the P111) surface at 300 K is 0.2% In other  denser structure is expected to be more resistant to electron
studies the high reactivity of ozone was used for oxidation ofand ion transport. Due to its higher reactiviggs measured
silicon surfaces using ozone dissolved in watefhe very by the sticking coefficient we postulate that Qis able to

A. Surface reactivity of O 5 compared to that of O ,
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a) High density formed films. The pitting potential is higher by 44 mV for
. the ozone-formed layer.
Al Barrier Al,O L
er H2s As measured by Auger spectroscopy, the dramatic in-
crease in exposure to oxygen due to atmospheric exposure

/ o after the samples are removed from the vacuum chamber
o causes an increase in thgKQL) Auger intensity. This is
? ° ’b postulated to be due to additional oxidation of both ozone-

and oxygen-formed films. The corrosion passivation proper-
ties of the film measured by EIS and Tafel analysis, after
atmospheric exposure on nine samples originally oxidized
with O3, consistently showed higher impedance and smaller
values of the corrosion rate. Evidently, the structural and
b) Low density electrical properties of the thin 15 A film of the;@rown
oxide render improved stability towards corrosion even after
a dramatic increase in exposure to oxygen in the atmosphere.

Al Barrier Al,04

L~

) D. Open circuit potential measurements and relation
between solid state and electrochemical
measurements

L More positive open circuit potential values were observed
for ozone- formed oxide in 3.5% NaCl solution compared to

° oxygen-formed oxide film. The more positive open circuit

Fic. 6. Schematic two-dimensional representation of aluminum oxide strucpo'[entlal results When.the oxide is more r§S|Stant to elect!’on

tures. transport(less conductive Because the oxide electrochemi-
cal properties are dependent on the rate of electron transport
across the oxide, the solid state and electrochemical proper-

reduce the density of oxygen vacancies, causing the pore si3€$ are correlated. A diagram of the potential difference be-
to decrease and the film density to increase. The differencd¥/€en the reference electrode and the working electfaide

in oxide film structure implied schematically in Fig. 6 at the MinUM samplgis shown in Fig. 7. The average measured
atomic level are probably connected to the differences irpotential difference is-1.40 V for oxygen-formed oxide and

pore size shown in Fig. 4 at the 10—100 A level of measure—1.17 for ozone-formed oxide. The higher OCP corresponds
ment. to a higher value of the work functior,. The structural and

electronic effects governing corrosion kinetics may be re-
lated to the differences in work function observed through
C. Electrochemical evaluation of aluminum oxide the OCP measurements.
layers

The electrical resistance of the oxide film is an indicatorvV. CONCLUSIONS
of corrosion inhibiting behavior. As shown in Fig. 3 the av-
erage impedance of the films grown from ozone~40
times higher than that for oxygen-grown films with a similar
thickness (15-16 A. Direct current measurements also (1) The initial kinetics of formation of the oxide layer are
showed an increased corrosion passivating property for oxide faster for Q than for G on both A(111) and polycrys-
layers grown with ozone. The corrosion current density for  talline Al. This is attributed to the more favorable ther-
ozone-formed oxide is 4.5 times lower than for oxygen-  modynamic energy of ozone compared to oxygen.

A number of interesting conclusions can be drawn from
this study of the oxidation of AlL11) and polycrystalline Al.

Reference ALO,(0) ALO,(0,)
Electrode
(SCE) — l l
¢AI203(O,) <"I\I,O,(Oz)

Fic. 7. Open circuit potential between the reference
_________ I electrode and the aluminum sample.

R/ N
S Rt
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