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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 solution at 65 oC. The 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

The barrier-type anodic oxide layer on aluminum are used 
as a dielectric layer in aluminum electrolytic capacitors and 
the electrical properties of capacitors depending on the 
dielectric characteristics and dimensions of anodic oxide 
film in relation to the electrochemical oxidation process for 
film formation. Thus, it is important in the manufacture of 
electrolytic capacitor to form anodic oxide films with dielec
tric properties for high performance. The formation of bar
rier-type oxide film on aluminum has been reported by many 
authors,1-4 but there have been few reports that mention the 
electrochemical behaviors of barrier-type oxide film formed 
directly in ammonium adipate solution. In this study, the 
influence of anodizing time and applied voltage on the for
mation of anodic film in ammonium adipate solution are 
investigated. Also the formation rate and the dielectric prop
erties of barrier-type anodic films are examined. For the 
evaluation of the properties of barrier-type anodic films in 
this paper electrochemical impedance spectroscopy (EIS) 
was applied. In general the oxide films on Al, Ti, Nb and Ta 
have a variable stoichiometry5-7 with gradual reduction of 
oxygen deficiency towards the oxide-electrolyte interface. 
Therefore, the impedance properties of a barrier-type oxide 
layer on aluminum have not been fully described with an 
equivalent circuit of a simple RC element for an ideal capac
itor. Thus, for the interpretation of impedance spectra for 
oxide layers of inhomogeneous dielectric, the Young imped
ance,8 which differ from the behavior of ideal capacitors, 
was introduced. In this paper for comparison with the oxide 
thickness evaluated by impedance spectroscopy, the thick
ness of the barrier-type anodic film is examined by the trans
mission electron microscopy (TEM) and the Rutherford 
backscattering spectroscopy (RBS).

Experiment지 Section

Oxide film formations. A sheet of aluminum (99.99 wt%, 
Tokai Metals Co, Japan) for oxide layer was electropolished 

in a perchloric acid/methanol mixture at 20 V for 5 min. at 5 
oC, then washed in distilled water and finally dried in a cool 
air stream. After electropolishing, the aluminum oxide films 
were prepared at a constant voltage of 140 V for 5, 10, 15 
and 20 min in electrolyte. And for analysis of the effect of 
anode voltage on film thickness the samples were anodized 
at 80, 100, 120 and 140 V in electrolyte for 10 min. Anodiz
ing was accomplished with the 150 g/L ammonium adipate 
(NH4OCO(CH2)4COONH4)solution at 65 oC. The anodic 
process in ammonium adipate solution formed the barrier
type oxide films. The anodic film thickness formed on alu
minum differed according to applied potential and duration 
time.

After anodizing, the oxide layers were washed and rinsed 
in distilled water and were prepared for working electrode. 
The behavior of these oxide films was studied by impedance 
spectroscopy at 25 oC in 0.5 M K2SO4, an unstirred and aer
ated solution. All potentials are referenced to the Hg/Hg2SO4 

/0.5 M K2SO4 solution in this paper. A platinum sheet was 
used for the counter electrode. The exposed total area of the 
working electrodes in electrolyte was 1 cm2.

Impedance spectroscopy measurements. Electrochemical 
impedance spectroscopy experiments were performed using 
commercially available equipment (IM6, Zahner-electric, 
Germany). The computer system integrated into this device 
was used for measurement and data evaluation. All imped
ance spectra were plotted against the frequency range. The 
impedance spectra were measured at open-circuit potential 
imposing a low amplitude AC voltage signal of 10mV. The 
total complex impedance of the material electrode system is 
recorded as a function of the applied frequency.

The recorded impedance spectra are treated by

ln{Z0)} = ln(| Z(曲 |} + 旅何)
or log{Z(曲} = log{| Z(曲 |} + i臥3) log e (1)

Since the real part of log Z according to Eq. (1) is the loga
rithm of modulus |Z| and the imaginary part is the phase 
angle (p, it is obvious that Bode diagrams (log |Z| vs. log f,臥 
vs. log f) should be used if frequency dependencies are to be 
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explicitly be represented. The advantages of Bode plots and 
the loss of information resulting from Nyquist plots were 
convincin이y demonstrated by Mansfeld.9 After the mea
surement of the complex impedance as a function of fre
quency the electrochemical behavior of the oxide layer on 
aluminum can be analyzed with fitting of equivalent circuit. 
This is performed by a computer simulation and fitting pro- 
gram.10,11

Transmission electron microscopy. In order to compare 
the oxide film thickness with the value calculated from 
impedance spectroscopy and investigate the microstructures, 
the cross sections of the aluminum substrate and its attached 
aluminum oxide layer were examined by transmission elec
tron microscopy (TEM). For ultramicrotomy, a narrow strip 
of the anodized specimen was embedded with a mixture of 
epoxy resin and a hardener. After curing at 60 oC for 24 
hours, the specimen was sliced into thin sections of about 
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 interface 
plane between the substrate and the oxide film in order to 
minimize compressive-tensile stresses in the direction of 
thickness measurement. The sectioned specimens, which were 
floated on a pool of distilled water contained in the knife 
assembly, were picked up on copper grids and observed at 
accelerating voltage of 100 kV, using transmission electron 
microscope (JEM 1210).

Rutherford backscattering spectroscopy. The RBS mea
surements were carried out by irradiating with 4He2+ at 2 
MeV, using a tandem-type accelerator (6SDH-2 Pelletron). 
The scattered particles were detected at a 170o scattering 
angle to the incident beam direction normal to the oxide film 
on aluminum substrate. The energy distributions of the scat
tered ions were accumulated in 1024 channel spectra.

Results and Discussion

Impedance spectroscopy. When aluminum is anodically 
oxidized at constant potential, the currenttime response dur
ing oxide film growth on the aluminum can provide infor
mation regarding the type of film that is being formed. For a 
compact barrier film growth,1,4 the current-time response 
shows that a rapidly decaying current leads to small steady 
state values, and after a short time the anodic current slowly 
and continuously decreases with time. Eventually a steady 
state is reached. At this stage the steady-state current is gen
erally related to the rate of electrochemical dissolution of 
metals through the passive film and the chemical dissolution 
of the oxide and the rate of film growth can be characterized. 
In this paper, the impedance measurements for an analysis of 
the effect of anodizing time on anodic film properties were 
carried out after a short period of stabilization. To investigate 
the formation of anodic film, the anodic films were produced 
not only at 140 V for 5, 10, 15 and 20 min but also at 80, 
100, 120 and 140 V for 10 min in 65 oC ammonium adipate 
solution.

The measured impedance spectra of anodic films are
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Figure 1. Bode diagram of the measured impedance spectra on 
anodic oxide layer formed at 140V for 5, 10, 15 and 20 min in 
ammonium adipate solution.
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Figure 2. Bode diagram of the measured impedance spectra on 
anodic oxide layer formed for 10 min at 80V, 100V, 120 and 140 V 
in ammonium adipate solution.

90

shown in Figures 1 and 2. The spectra of anodic films on 
pure aluminum were recorded at open-circuit potential in the 
frequency range from fmin = 10 MHz to fmax = 1 MHz. In the 
measured spectra, the impedance behavior represents pas
sive oxide layer characteristics, of which capacitive response 
is illustrated by a phase angle close to -90o over a wide fre
quency range. Figures 1 and 2 show no significant differ
ences between their impedance behavior.

Equivalent circuit. To evaluate the measured impedance 
spectra, the simple equivalent circuit in Figure 3 was intro
duced. In the equivalent circuit, which consists of two 
impedance elements, oxide resistance and electrolyte resis
tance can be described in terms of resistance, and layer 
impedance in terms of Young impedance. In general, the 
anodic oxide films on aluminum are characterized by vari
able stoichiometry, with gradual reduction of oxygen defi
ciency towards the oxide-electrolyte interface. In the case of 
anodic films on aluminum, because the properties of oxide 
layer have not been fully described with equivalent circuit of 
simple 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.

fitting instead of an ideal capacitor.
The physical meaning of Young impedance8,12,13 is based 

on an oxide layer with behavior of non-ideal capacitor. The 
oxide layer is properly described by a dielectric layer of sur
face area A, thickness d and dielectric constant £ with a verti
cal decay of conductivity

6s = oy(x=o)[1 -exp(—：/do)] (2)

in an outer zone of effective thickness do, at a distance x 
from the surface.

Its impedance depends on three parameters: capacitance 
Cy, relative penetration depth p and time constant T, accord
ing to the following expression,

= ^n (1上祟쯔쓰인Q) ⑶

Y 10心 I 1 + iODT 丿 V 7

where Cy = ££A/d, p =do/d, T = ££(0)/ 6(0). (4)

In these equations Cy is the capacitance of the oxide layer, 
£ is the dielectric constant for aluminum oxide, £ is the per
mittivity of free space (& = 8.85x10-12F/m), A is the surface 
area, d is the thickness of oxide, and 6(0) is the conductivity 
at metal-oxide interface.

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

T(x) = £o£x)/6(x), (5)

which increases from outside to inside. At the metal/oxide 
interface (x=0), according to Eq. (5), the time constant repre
sent T = ££(0)/6(0) in Eq. (4). If p(=d°/d) is the relative pen
etration depth of the conduction in the layer of the total 
thickness d, then 6 at x =d° is decayed to gd。)= 6(0)/e.

These behaviors of Young impedance are presented as 
Bode plots in Figure 4, and it can be clearly seen that Young 
impedance converges with decreasing frequency asymptoti
cally to a resistance8,10 by Eq. (3)

lim Z = Ry =另(exp (1/p)-1) (6)
o T 0 C y

Figure 4. Impedance spectra of non ideal capacitance according 
to Young model. The impedance and phase shift angle depend on 
parameter p at Cp=41nF/cm2 and T=572ns, which is fitted element 
from spectrum measured on anodic film formed at 140V for 5 min.

and with increasing frequency to a capacitance.

lim ZY = -1— (7)
O T8 y ioC

The impedance characteristics in Figure 4 depend on 
parameter p , the relative penetration depth, which is depends 
on the effective range between the charge carrier concentra
tion and oxide thickness. Ifp is 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 
p is zero, Young impedance behaves like an ideal capacitor.

Therefore, the impedance magnitude of circuit model A in 
Figure 3, according to the discussion above, can be deter
mined by the frequency range. At very low frequencies, the 
circuit impedance, according to Eq. (6), is given Eq. (8).

—1 —1 —1 ' fZa = Re + (R「+ R11) (8)

But at high frequencies range, the circuit impedance, accord
ing to Eq. (7), can be described by Eq. (9).

_?
R1 i2nf - R2 - Cy

Za = Re +--------- -一1--------- 2---------- , 2 ⑼

1 + (2nf - R1 - Cy)2 1 + (2nf - R1 - Cy)2
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Figure 5. Deviation plots for fitting of the spectra measured on 
anodic film formed at 140V at 5 min, 10 min, 15 min and 20 min 
with equivalent circuit A.
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Figure 6. Deviation plots for fitting of the spectra measured on 
anodic film formed at 80V, 100V, 120V and 140V for 10 min with 
equivalent circuit A.

Deviations of fitted values. The quality of fitting to 
equivalent circuit is judged by the error distribution vs. the 
frequency, comparing experimental with simulated data. 
Figures 5 and 6 show the deviations between the measured 
and fitted values of the impedance modulus (in dZ/Z, (Zmea- 
Zcalc)/ZcalcX100%) and phase angle (in dW(grad), Wmea-WcalC) 
for each of the experimental frequency values. If the mea
sured data agree with the assumed equivalent model, only 
random variations due to scatter of the experimental data are 
observed. If the measured data do not agree with the 
assumed equivalent model, a systematic trend, usually a 
sinusoidal variation, is observed.14 Since no systematic 
errors and relatively small deviations in Figures 5 and 6 are 
observed, it can be assumed that the experimental data agree 
with the equivalent model. The fitted spectra evaluated in 
Figures 5 and 6 exhibit mean deviations of phase angle from 
0.35o to 1.01o and from 1.54% to 4.83% for mean deviation 
of modulus of impedance from the measured ones.

These mean deviation plots show that the equivalent cir
cuit A in Figure 3 is valid for analysis of the spectra.

The influence of anodizing time on anodic films. After 
the impedance spectra were fitted to circuit model A, the fit 
results of R1 and CY were plotted vs. anodizing time at 140 V
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Figure 7. Oxide resistance and capacitance for the oxide films as 
a function of duration time at 140 V.

in Figure 7. It shows the Ri, the bulk resistance of the bar
rier-type layer, vary in the range from several hundred MW 
to several GO, which is expected for a highly insulating 
material. In addition, CY, the layer capacitance of the barrier
type oxide, is relatively low and decreases slightly with 
anodic time. This slight decrease of Cy may reflect the 
increase in the anodic film thickness with anodic time. In 
general, the calculated capacity CY can be directly converted 
to an oxide thickness.

From capacitance of oxide layer the anodic film thickness 
is calculated using the conventional equation, as given in

dox= £&Ar/CY, (10)

where dox is the thickness of the barrier-type oxide layer, CY 

is the capacitance of the AJ2O3 layer, £ = dielectric constant 
for aluminum oxide, £ is the permittivity of free space (& = 

8.85X10-12 F/m), A is the surface area, r is the geometrical 
surface area factor. Taking £ = 8.5 for AbO315 and r =1.05, 
the thickness of the oxide layer can be estimated. Figure 8 
shows the relationship between anodic time vs. formed film 
thickness for a constant applied anodic voltage of 140V. In 
Figure 8, the effect of anodizing time on the film thickness is 
not so remarkable. The oxide films formed at applied con
stant anodic voltage of 140V indicate a thickness from 192 
nm for 5 min. to 210 nm for 20 min. However, an early stage 
up to 5 min during anodization represents rapid film forma
tion and growth. It is a reflection of a rapidly decaying cur
rent to small steady-state values in current-time response. At 
the stage of non-steady state current , the rate of film growth 
cannot be characterized

According to Habazaki,16 the film with constant growth 
slope is formed as a result of the transport of ions across the 
film thickness in the presence of a high electric field. For 
anodizing of Al at high faradaic efficiency, it is established 
that about 40% of the film thickness is formed at the film
electrolyte interface by the migration of Al3+ ions outwards, 
while the 60% is formed at the metal-film interface by the 
migration of O2-/OH- ions inwards. Thus, the growth rate of 
anodic film in Figure 8 is proportional to a ratio of 0.97 nm/
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Error Ms = 21.81 
Count = 4.00 
Intercept = 191.6
Slope = 0.97 
R-Square = 0.73
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Anodizing time at 1 40V(min)

Figure 8. Thickness of the barrier-type oxide layer as a function 
of anodic duration time at 140V in ammonium adipate solution.

min in ammonium adipate solution at the applied constant 
anodic voltage of 140 V.

The influence of applied voltage on anodic film. The fit 
results of R1 and CY for barrier- type anodic film as a func
tion of applied anodic voltage under constant time of 10 min 
are given in Figure 9. It can be seen from Figure 9 that the 
resistance of oxide film, R1, increases from 570 MQ to 1.15 
GO, while Cy gradually decreases from 65.6 nF/cm2 to 38.6 
nF/cm2 with increasing anodic voltage. From the capaci
tance of the oxide layer the thickness of the anodic film can 
be calculated by the Eq. (10). Figure 10 shows the thickness 
of anodic film as a function of applied anodic voltage for 10 
min in ammonium adipate solution. For an anodizing time of 
10 min the anodic film thickness increases from 120 nm at 
applied voltage of 80 V to 205 nm at 140 V. Figure 10 indi
cates that the anodic film thickness is dependent on anodic 
voltage with a ratio of 1.45 nm/V in ammonium adipate 
solution at anodic voltage range of 80 to 140 V for 10 min. 
This growth ratio of oxide film is similar to the results 
obtained by Takahashi,17,18 who reported a thickness/voltage 
ratio of 1.42 nm/V for the barrier oxide underlying the 
porous film formed on pure Al in neutral solution at 60 oC.
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Figure 10. Thickness of the barrier-type oxide layer as a function 
of applied anodic voltage for 10 min in ammonium adipate 
solution.

Comparison of the film thicknesses. In general, the fit
ted capacitance Cy from impedance measurement can be 
directly converted to an oxide thickness by Eq. (10). To vali
date this concept, the oxide film thickness from impedance 
spectroscopy was compared with the value determined from 
transmission electron microscopy (TEM) and Rutherford 
backscattering spectroscopy (RBS) on the barrier-type 
anodic film formed on pure aluminum in ammonium adipate 
at 140 V and 65 oC for 10 min.

Figure 1 1 shows a barrier-type oxide film with uniform 
thickness, for which the measured average values in thick
ness is about 200 nm. As can be seen the thickness observed 
under TEM correlates well with the thickness, 205 nm, 
determined by interpretation of impedance spectroscopy. 
Although the calculated film thickness from impedance spe- 
croscopy is 2.5% thicker than that obtained by TEM, the 
validity of the interpretation by impedance spectroscopy can 
be confirmed by the direct observation of the film thickness 
using TEM.

Figure 12 shows the cross section of the oxide as Figure
11. However, the morphology of the layer is different from

Figure 9. Oxide resistance and capacitance for the anodic films as 
a function of anodic voltage for 10 min.

Figure 11. Transmission electron micrograph of the cross section
of the barrier-type oxide film formed on pure aluminum in 
ammonium adipate at 140V and 65 oC for 10 min.
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Figure 12. Transmission electron micrograph as Figure 11, but 
after electron-beam induced crystallization of the amorphous oxide 
films.

Figure 13. Rutherford backscattering spectroscopy result on the 
barrier type anodic film formed on pure aluminum in ammonium 
adipate at 140 V and 65 oC for 10 min.

that of the film in the structure. It is implied that the anodic 
oxide film is formed in amorphous state during anodization, 
which has been transformed into the crystalline state by elec
tron-beam irradiation for several ten second periods.

Rutherford backscattering spectroscopy. Figure 13 shows 
the backscattering spectrum from an anodic film formed on 
aluminum in ammonium adipate solution at 140 V for 10 min. 
The spectrum shows that the profiles from the elements of 
aluminum and oxygen in the oxide films are superimposed 
on the background profile scattered from the aluminum sub
strate beneath the film. Aluminum and oxygen elements cor
responding to the scattering energies from the film surface 
are shown in the profile.

It can be calculated that the anodic film has a composition 
almost equivalent to AbO3, using the Bragg’s rule,19 and a 
thickness value of 192 nm, assuming that the density20 of the 
barrier-type anodic oxide film for the amorphous state is 
3.10 g/cm3. While the density of a-AbO3 (corundum) is 
nearly 4.0 g/cm3, the density of j-AbOa is usually close to 
3.2 g/cm3, in spite of the fact that both of the compounds 
possess same nominal stoichiometry. Thus, although as- 
formed oxide film has a similar ratio to that of the stoichio
metric aluminum oxide compounds in the number of alumi- 
mum and oxygen atoms, this does not mean that the film is 
crystalline. As can be seen in Figure 12, where the amor
phous oxide layer goes through electron-beam induced crys
tallization, it is noteworthy merely that the elements of 
aluminum and oxygen are present in this proportion.

Conclusion

The effect of applied voltage and anodizing time on the 
formation and characteristics of the barrier-type oxide layer 
was investigated by electrochemical impedance spectros
copy. Because the barrier-type anodic films exhibit a non
ideal capacitive behavior, the Young impedance is a very 
useful element for the characterization of aluminum oxide 
layer in an equivalent circuit.

From a comparison of the fitting results with both the 

observation of microstructure by TEM and the interpretation 
of RBS, the fitted capacitance by the equivalent circuit can 
be directly converted to the oxide thickness. The fitted 
results used by Young impedance show clearly that the 
thickness of oxide film with applied anodic voltage 
increased linearly with a ratio of 1.45 nm/V, and in the case 
of the effect of the anodizing duration at a constant 140 V on 
film thickness, the thickness increased with a ratio of 0.97 
nm/min.

In terms of the number of aluminum and oxygen atoms, 
as-formed oxide film has a similar ratio to that of stoichio
metric aluminum oxide compounds, but the structure of the 
film is amorphous and can be transformed into crystal by 
electron-beam irradiation.

The electrochemical behavior of anodic film and the 
growth rate of barrier-type oxide layer formed in ammonium 
adipate solution can be monitored by electrochemical 
impedance spectroscopy.
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