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To investigate the effect of applied voltage and anodizing time on the formation and characteristics of barrier-
type oxide layer, aluminum was anodized in 150 g/L ammonium adipate solutidiCaflét electrochemical
behavior of oxide layers on aluminum was studied using impedance spectroscopy. The fitted results of imped-
ance spectroscopy show clearly that the thickness of the oxide film subjected to applied anodic voltage in-
creased linearly at a ratio of 1.42 nm/V, but the effect of the anodizing duration at constant voltage on film
thickness was not remarkable. From a comparison of the fitting results and the observed microstructure using
TEM, the fitted capacity by equivalent circuit can be directly converted to an oxide thickness.

Introduction in a perchloric acid/methanol mixture at 20 V for 5 min. at 5
°C, then washed in distilled water and finally dried in a cool
The barrier-type anodic oxide layer on aluminum are usedair stream. After electropolishing, the aluminum oxide films
as a dielectric layer in aluminum electrolytic capacitors andvere prepared at a constant voltage of 140 V for 5, 10, 15
the electrical properties of capacitors depending on thand 20 min in electrolyte. And for analysis of the effect of
dielectric characteristics and dimensions of anodic oxidenode voltage on film thickness the samples were anodized
film in relation to the electrochemical oxidation process forat 80, 100, 120 and 140 V in electrolyte for 10 min. Anodiz-
film formation. Thus, it is important in the manufacture of ing was accomplished with the 150 g/L ammonium adipate
electrolytic capacitor to form anodic oxide films with dielec- (NH;,OCO(CH;)s.COONH,) solution at 65°C. The anodic
tric properties for high performance. The formation of bar-process in ammonium adipate solution formed the barrier-
rier-type oxide film on aluminum has been reported by manyype oxide films. The anodic film thickness formed on alu-
authors;™ but there have been few reports that mention theninum differed according to applied potential and duration
electrochemical behaviors of barrier-type oxide film formedtime.
directly in ammonium adipate solution. In this study, the After anodizing, the oxide layers were washed and rinsed
influence of anodizing time and applied voltage on the for-in distilled water and were prepared for working electrode.
mation of anodic film in ammonium adipate solution are The behavior of these oxide films was studied by impedance
investigated. Also the formation rate and the dielectric propspectroscopy at 2% in 0.5 M K;SQy, an unstirred and aer-
erties of barrier-type anodic films are examined. For theated solution. All potentials are referenced to the Hg#idy
evaluation of the properties of barrier-type anodic films in/0.5 M KoSQu solution in this paper. A platinum sheet was
this paper electrochemical impedance spectroscopy (ElS)sed for the counter electrode. The exposed total area of the
was applied. In general the oxide films on Al, Ti, Nb and Taworking electrodes in electrolyte was 1cm
have a variable stoichiometrywith gradual reduction of Impedance spectroscopy measurementSlectrochemical
oxygen deficiency towards the oxide-electrolyte interfaceimpedance spectroscopy experiments were performed using
Therefore, the impedance properties of a barrier-type oxideommercially available equipment (IM6, Zahner-electric,
layer on aluminum have not been fully described with anGermany). The computer system integrated into this device
equivalent circuit of a simple RC element for an ideal capacwas used for measurement and data evaluation. All imped-
itor. Thus, for the interpretation of impedance spectra forance spectra were plotted against the frequency range. The
oxide layers of inhomogeneous dielectric, the Young impedimpedance spectra were measured at open-circuit potential
ance® which differ from the behavior of ideal capacitors, imposing a low amplitude AC voltage signal of 10mV. The
was introduced. In this paper for comparison with the oxiddotal complex impedance of the material electrode system is
thickness evaluated by impedance spectroscopy, the thickecorded as a function of the applied frequency.
ness of the barrier-type anodic film is examined by the trans- The recorded impedance spectra are treated by
mission electron microscopy (TEM) and the Rutherford IN{Z(c} = Inf] Z(c) [} + id(c)

backscattering spectroscopy (RBS). or log{Z(c)} = log{| Z() [} + i$(c) log e )

Experimental Section Since the real part of lag according to Eq. (1) is the loga-
rithm of modulus 4| and the imaginary part is the phase
Oxide film formations. A sheet of aluminum (99.99 wt%, angleg, it is obvious that Bode diagrams (I@jVs logf, ¢
Tokai Metals Co, Japan) for oxide layer was electropolished's logf) should be used if frequency dependencies are to be
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explicitly be represented. The advantages of Bode plots ar -
the loss of information resulting from Nyquist plots were
convincingly demonstrated by Mansféldfter the mea-
surement of the complex impedance as a function of fre 10°
guency the electrochemical behavior of the oxide layer o
aluminum can be analyzed with fitting of equivalent circuit.
This is performed by a computer simulation and fitting pro-
grami®t

Transmission electron microscopy In order to compare
the oxide film thickness with the value calculated from
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impedance spectroscopy and investigate the microstructure 10k L 140V for 20min

the cross sections of the aluminum substrate and its attach ook o
aluminum oxide layer were examined by transmission elec 107 107 10° 10' 10* 10° 10t 100 10°
tron microscopy (TEM). For ultramicrotomy, a narrow strip Frequency(Hz)

of the anodized specimen was embedded with a mixture (Figure 1. Bode diagram of the measured impedance spec
epoxy resin and a hardener. After curing at®60for 24 anodic oxide layer formed at 140V for 5, 10, 15 and 20 i
hours, the specimen was sliced into thin sections of abolammonium adipate solution.

20-25 nm in thickness with a diamond knife. The slicing
direction of the cutting edge of the diamond knife with

respect to sample holder was perpendicular to the interfac

plane between the substrate and the oxide film in order t

minimize compressive-tensile stresses in the direction o o~

thickness measurement. The sectioned specimens, which we £ 5

floated on a pool of distilled water contained in the knife < \;;

assembly, were picked up on copper grids and observed § °

accelerating voltage of 100 kV, using transmission electror 3 °

microscope (JEM 1210). a { “é
Rutherford backscattering spectroscopy The RBS mea- £ 10E 5. ovfor 10min B <

surements were carried out by irradiating with ZHat 2 oL 550V for 10min

MeV, using a tandem-type accelerator (6SDH-2 Pelletron) B0 “‘OZ for tomin

The scattered particles were detected at & dditering L v S

angle to the incident beam direction normal to the oxide filrr Frequency(Hz)

on aluminum substrate. The energy distributions of the sca_. . :
di lated in 1024 ch | Figure 2. Bode diagram of the measured impedance spec
tered ions were accumulated in 1024 channel spectra. anodic oxide layer formed for 10 min at 80V, 100V, 120 and :

) _ in ammonium adipate solution.
Results and Discussion

Impedance spectroscopyWhen aluminum is anodically shown in Figures 1 and 2. The spectra of anodic films on
oxidized at constant potential, the currenttime response dupure aluminum were recorded at open-circuit potential in the
ing oxide film growth on the aluminum can provide infor- frequency range frorfyin = 10 MHz tofma= 1 MHz. In the
mation regarding the type of film that is being formed. For aneasured spectra, the impedance behavior represents pas-
compact barrier film growth? the current-time response sive oxide layer characteristics, of which capacitive response
shows that a rapidly decaying current leads to small steadg illustrated by a phase angle close td -®&r a wide fre-
state values, and after a short time the anodic current slowlyuency range. Figures 1 and 2 show no significant differ-
and continuously decreases with time. Eventually a steadgnces between their impedance behavior.
state is reached. At this stage the steady-state current is genEquivalent circuit. To evaluate the measured impedance
erally related to the rate of electrochemical dissolution ofspectra, the simple equivalent circuit in Figure 3 was intro-
metals through the passive film and the chemical dissolutioduced. In the equivalent circuit, which consists of two
of the oxide and the rate of film growth can be characterizedmpedance elements, oxide resistance and electrolyte resis-
In this paper, the impedance measurements for an analysistaice can be described in terms of resistance, and layer
the effect of anodizing time on anodic film properties wereimpedance in terms of Young impedance. In general, the
carried out after a short period of stabilization. To investigatenodic oxide films on aluminum are characterized by vari-
the formation of anodic film, the anodic films were producedable stoichiometry, with gradual reduction of oxygen defi-
not only at 140 V for 5, 10, 15 and 20 min but also at 80ciency towards the oxide-electrolyte interface. In the case of
100, 120 and 140 V for 10 min in 86 ammonium adipate anodic films on aluminum, because the properties of oxide
solution. layer have not been fully described with equivalent circuit of

The measured impedance spectra of anodic films arsimple RC elements, Young impedance was utilized for data
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Figure 3. Electrical equivalent circuit A with Young impedance
for fit of the oxide layer. 90 =
o)
fitting instead of an ideal capacitor. 3
The physical meaning of Young impedaiiéé®is based l
: . . . . ~ 60
on an oxide layer with behavior of non-ideal capacitor. The %
oxide layer is properly described by a dielectric layer of sur- <
face ared\, thicknessl and dielectric constastwith a verti- ©
cal decay of conductivity 2 30
<
Ov(9 = Ov(x=0) [1~€XP(-X/o)] ) -
in an outer zone of effective thickneds at a distance 0 : 2 ol vl ool vt 1
from the surface. 1072107 10° 10" 107 10° 10* 10° 10° 107
Its impedance depends on three parameters: capacitan Frequency(Hz)
Cy, relative penetration depghand time constart, accord- d y
ing to the following expression Figure 4. Impedance spectra of non ideal capacitance acc
' L to Young model. The impedance and phase shift angle dep
__b il +iwrexp(p ) parametep at Cy=41nF/cni and =572ns, which is fitted eleme
2y = i wCy "0 1+iwor O ) from spectrum measured on anodic film formed at 140V for £
where Cvy = &€EA, p =di/d, T = &&(0)/0(0). 4)
. . . _ and with increasing frequency to a capacitance.
In these equatiorSy is the capacitance of the oxide layer,
¢ is the dielectric constant for aluminum oxidgis the per- lim Z. = 1 @)
ittivi - 12 i Y7
mittivity of free spaceg, = 8.8510““F/m), A is the surface W= 1wC

aread is the thickness of oxide, a0) is the conductivity
at metal-oxide interface.

In the dielectric of the capacitor with a vertical gradient of
the conduction in the direction(distance from metal/oxide
interface to surface), the local time const#x at a distance
x from the surface depends only on the local dielectric con
stantg(x) and the local conductivity(x) according to

The impedance characteristics in Figure 4 depend on
parametep, the relative penetration depth, which is depends
on the effective range between the charge carrier concentra-
tion and oxide thickness. fis small,i.e., it can be associ-
ated with the rapid decrease of carrier concentration density
or the relatively large thickness of the oxide layer, in these
cases, the Young impedance for the fit is especially valid. If

1(X) = £&(X)/0(X), (5) p is zero, Young impedance behaves like an ideal capacitor.
o ] o _ Therefore, the impedance magnitude of circuit model A in
WhICh increases from_ outside to |n5|de.' At the metal/omde,:igure 3, according to the discussion above, can be deter-
interface ¥=0), according to Eq. (5), the time constant repre-mined by the frequency range. At very low frequencies, the
sentt = ££(0)/a(0) in Eq. (4). Ifp(=do/d) is the relative pen-  cjreuit impedance, according to Eq. (6), is given Eq. (8).
etration depth of the conduction in the layer of the total
thicknesd, thenq atx =do is decfa\yed to(do) = o(0)/e. Z, =R+ (R;l + Rf)_l ©)

These behaviors of Young impedance are presented as
Bode plots in Figure 4, and it can be clearly seen that Youngut at high frequencies range, the circuit impedance, accord-
impedance converges with decreasing frequency asymptoiing to Eq. (7), can be described by Eq. (9).
cally to a resistanée® by Eq. (3)

R, i2nf (R? [T,

1+ (2nf[R, [Cy)° 1+ (2nf (R, [T,)°

lim Z, = Ry, = L (exp( 1p)-1) 6 ‘a=Ret ©
w-0 Cy
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Figure 5. Deviation plots for fitting of the spectra measured on Anodizing time at 140V(min)

anodic film formed at 140V at 5 min, 10 min, 15 min and 20 min

. . S Figure 7. Oxide resistance and capacitance for the oxide fili
with equivalent circuit A.

a function of duration time at 140V.

9
3 o in Figure 7. It shows theiRthe bulk resistance of the bar-
T 0 —ge8ifaaasesnsesssosase cooeonsbsinest8EiBias rier-type layer, vary in the range from several hundred MW
8 sF ] to several @, which is expected for a highly insulating
= S’ o material. In additionCy, the layer capacitance of the barrier-
79 type oxide, is relatively low and decreases slightly with
< oF anodic time. This slight decrease 6f may reflect the
R L ot . increase in the anodic film thickness with anodic time. In
§ 0 o gesETt E@A IO Y e general, the calculated capaditycan be directly converted
L TS ’ 2 ¢ 100V or 1omin to an oxide thickness.
N S T IR . A S From capacitance of oxide layer the anodic film thickness
L A L A is calculated using the conventional equation, as given in
Frequency(Hz)

Figure 6. Deviation plots for fitting of the spectra measured on Gox= £80AT/Cy (10)
anodic film formed at 80V, 100V, 120V and 140V for 10 min with whered,y is the thickness of the barrier-type oxide lagr,
equivalent circuit A. is the capacitance of the 8 layer, £ = dielectric constant
for aluminum oxideg, is the permittivity of free spaces(-

Deviations of fitted values The quality of fitting to  8.85<10*2 F/m), A is the surface area,is the geometrical
equivalent circuit is judged by the error distribution vs. thesurface area factor. Takirgg= 8.5 for AbOs*® andr =1.05,
frequency, comparing experimental with simulated datathe thickness of the oxide layer can be estimated. Figure 8
Figures 5 and 6 show the deviations between the measurgtiows the relationship between anodic time vs. formed film
and fitted values of the impedance modulusd@dry, (Zmex thickness for a constant applied anodic voltage of 140V. In
Zca))/ Zcaicx100%) and phase angle @grad), WmeaWealc) Figure 8, the effect of anodizing time on the film thickness is
for each of the experimental frequency values. If the meanot so remarkable. The oxide films formed at applied con-
sured data agree with the assumed equivalent model, ongtant anodic voltage of 140V indicate a thickness from 192
random variations due to scatter of the experimental data aren for 5 min. to 210 nm for 20 min. However, an early stage
observed. If the measured data do not agree with thep to 5 min during anodization represents rapid film forma-
assumed equivalent model, a systematic trend, usually tion and growth. It is a reflection of a rapidly decaying cur-
sinusoidal variation, is observ&d.Since no systematic rent to small steady-state values in current-time response. At
errors and relatively small deviations in Figures 5 and 6 ar¢he stage of non-steady state currehe rate of film growth
observed, it can be assumed that the experimental data agsnot be characterized
with the equivalent model. The fitted spectra evaluated in According to HabazaKkf the film with constant growth
Figures 5 and 6 exhibit mean deviations of phase angle fromlope is formed as a result of the transport of ions across the
0.35 to 1.02 and from 1.54% to 4.83% for mean deviation film thickness in the presence of a high electric field. For

of modulus of impedance from the measured ones. anodizing of Al at high faradaic efficiency, it is established
These mean deviation plots show that the equivalent cirthat about 40% of the film thickness is formed at the film-
cuit A in Figure 3 is valid for analysis of the spectra. electrolyte interface by the migration of*Alons outwards,

The influence of anodizing time on anodic filmsAfter while the 60% is formed at the metal-film interface by the
the impedance spectra were fitted to circuit model A, the fimigration of 3 /OH" ions inwards. Thus, the growth rate of
results of RandCy were plotted vs. anodizing time at 140 V anodic film in Figure 8 is proportional to a ratio of 0.97 nm/
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Figure 8. Thickness of the barrier-type oxide layer as a functionfigyre 10. Thickness of the barrier-type oxide layer as a fun
of anodic duration time at 140V in ammonium adipate solution.  of applied anodic voltage for 10 min in ammonium adi

solution.

min in ammonium adipate solution at the applied constant
anodic voltage of 140 V. Comparison of the film thicknesses In general, the fit-
The influence of applied voltage on anodic flmThe fit  ted capacitance \Cfrom impedance measurement can be
results of R andCy for barrier- type anodic film as a func- directly converted to an oxide thickness by Eg. (10). To vali-
tion of applied anodic voltage under constant time of 10 mirdate this concept, the oxide film thickness from impedance
are given in Figure 9. It can be seen from Figure 9 that thepectroscopy was compared with the value determined from
resistance of oxide film, Rincreases from 570 Mto 1.15 transmission electron microscopy (TEM) and Rutherford
GQ, while Cy gradually decreases from 65.6 nF/am38.6  backscattering spectroscopy (RBS) on the barrier-type
nF/cnt with increasing anodic voltage. From the capaci-anodic film formed on pure aluminum in ammonium adipate
tance of the oxide layer the thickness of the anodic film camt 140 V and 65C for 10 min.
be calculated by the Eq. (10). Figure 10 shows the thicknessFigure 11 shows a barrier-type oxide film with uniform
of anodic film as a function of applied anodic voltage for 10thickness, for which the measured average values in thick-
min in ammonium adipate solution. For an anodizing time ofess is about 200 nm. As can be seen the thickness observed
10 min the anodic film thickness increases from 120 nm atinder TEM correlates well with the thickness, 205 nm,
applied voltage of 80 V to 205 nm at 140 V. Figure 10 indi-determined by interpretation of impedance spectroscopy.
cates that the anodic film thickness is dependent on anoditlthough the calculated film thickness from impedance spe-
voltage with a ratio of 1.45 nm/V in ammonium adipate croscopy is 2.5% thicker than that obtained by TEM, the
solution at anodic voltage range of 80 to 140 V for 10 minwvalidity of the interpretation by impedance spectroscopy can
This growth ratio of oxide film is similar to the results be confirmed by the direct observation of the film thickness
obtained by Takahashi®who reported a thickness/voltage using TEM.
ratio of 1.42 nm/V for the barrier oxide underlying the Figure 12 shows the cross section of the oxide as Figure

porous film formed on pure Al in neutral solution at’60 11. However, the morphology of the layer is different from
2.0 80
. 1.5 B . “g
3 o
I3} c
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Applied anodizing voltage for 10min(V) Figure 11 Transmission electron micrograph of the cross se
Figure 9. Oxide resistance and capacitance for the anodic films aof the barrier-type oxide film formed on pure aluminun
a function of anodic voltage for 10 min. ammonium adipate at 140V and ®5for 10 min.
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o o . ) barrier type anodic film formed on pure aluminum in ammol
Figure 12. Transmission electron micrograph as Figure 11, bu adipate at 140V and 68 for 10 min.

after electron-beam induced crystallization of the amorphous oxid
films.

observation of microstructure by TEM and the interpretation
that of the film in the structure. It is implied that the anodicof RBS, the fitted capacitance by the equivalent circuit can
oxide film is formed in amorphous state during anodizationpe directly converted to the oxide thickness. The fitted
which has been transformed into the crystalline state by elecesults used by Young impedance show clearly that the
tron-beam irradiation for several ten second periods. thickness of oxide film with applied anodic voltage

Rutherford backscattering spectroscopy Figure 13 shows increased linearly with a ratio of 1.45 nm/V, and in the case
the backscattering spectrum from an anodic film formed orof the effect of the anodizing duration at a constant 140 V on
aluminum in ammonium adipate solution at 140 V for 10 min.film thickness, the thickness increased with a ratio of 0.97
The spectrum shows that the profiles from the elements aim/min.
aluminum and oxygen in the oxide films are superimposed In terms of the number of aluminum and oxygen atoms,
on the background profile scattered from the aluminum subas-formed oxide film has a similar ratio to that of stoichio-
strate beneath the film. Aluminum and oxygen elements cometric aluminum oxide compounds, but the structure of the
responding to the scattering energies from the film surfacélm is amorphous and can be transformed into crystal by
are shown in the profile. electron-beam irradiation.

It can be calculated that the anodic film has a composition The electrochemical behavior of anodic film and the
almost equivalent to ADs, using the Bragg’s rul€,and a  growth rate of barrier-type oxide layer formed in ammonium
thickness value of 192 nm, assuming that the défsityhe  adipate solution can be monitored by electrochemical
barrier-type anodic oxide film for the amorphous sisite impedance spectroscopy.
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