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Abstract

The Nishitani's equations for impedance of anodic oxide films have been
derived based on a p-i-n model under the assumption of wepe({dn{{wep., where
o is angular frequency, e is dielectric constant, and po and g, are the resistivity
of the interface region and the intrisic region of the anodic oxide film,
respectively. Since it is not possible to evaluate all parameters in the equations,
however, any clear physical picture cannot be obtained from the equations.
Therefore, the equations are modified under the assumption of wr,>)1 and
In(1+w?r,2){<1, where ro=cp./(47) and ro=cps/(47). The modified equations
are then used to explain the change in the frequency characteristics of anodic
oxide films when they are heated.

The change in impedance of anodic oxide films when they are heated is
attributed mainly to the increase in the diffusion layer and to the decrease in
the resistivity of anodic oxide films.
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1. Introduction

Anodic oxide films on valve metals, especially
aluminum and tantalum, are used as dielectric
of electrolytic capacitors’®>. Since the anodic
oxide films have an effect on the electrical
properties of capacitors. there have been many
attempts to explain their properties. Recently,
Nishitani'> derived the equations (Egs. 14 and
15) for equivalent series resistance and capaci-
tance by applying the versions of Scholte®,
Sasaki®> and Young?®. Nishitani

failed to determine the values of all the para-

However,
meters in the equations. It was, therefore,
impossible to test the assumptions he made.

This paper presents modified forms of Nishi-
tani’s equations and a method of evaluating
parmeters in the equations. The equations are
then used to explain the change in the impe-
dance of anodic oxide films on tantalm before
and after their heat treatment.

2. Equations for Impedance of Anodic
Oxide Films

The p-i-n structure model of anodic oxde
films on valve metals has been suggested by
many authors'"®>, Scholte and van Geel®
analyzed their measurements of equivalent
series resistance R, and capacitance C; of the
aluminum!aluminum oxide]electrolyte|system
in terms of a series of parallel resistance-
capacitance combinations.
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where R; and C; are the components of the
ith parallel combination and w=2xf (f is fre-
quency). Here R; and C; are assumed to be
independent of frequency.

Impedance measurements on anodic oxide
films on niobium by Young?> showed that
plots of 1/C, against log f and plots of R,

against 1/f were linear; and the ratio of the
slopes of the plots was close to 9.2~4 In 10.
The result could be accounted for by consi-
dering that the frequency dependence of the
film impedance is due to a variation in con-
ductivity through the film, as can be seen
from the Scholte and van Geel’s theory des-
cribed in the following: Consider an infini-
tesimal sheet element of oxide of thickness dx,
resistance dR and capacity dC at a distance
from the metal. This element contributes
dR/[140*(dCY(dR)*] and ¥ (dR)*dC/[1+?
(dR)dC)*] to the equivalent series resistance
R, and to reciprocal of the equivalent series
capacitance 1/C; as in Egs. (1) and (2)*
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where d is the film thickness. The resistance
dR and the capacity dC can be expressed by

arR=p-%-
_ KA
and dC= ax

Here p(x) is the resistivity at distance x
from the metal/oxide interface into the oxide,
A is the area of the film, and

r=e/(4xX9X101)=0,0885X 107!% farad/cm

The dielectric constant ¢ is assumed constant.
The quantity dRJC which is equivalent to
£p(x) has the dimension of time(sec) and can
be denoted by =

Therefore, we have

d
Re= g\ ®
1 _ 1 d (szz
G i) T e 4 (6

Assuming an exponential dependence of
resistivity on distance in the Oxide, 7. e.,

* Notation Cr and Rs denote properties of oxide
films only whereas C, and R, denote properties
of oxide films with external resistance. Refer to
EqSt (26)1 (27) and (28)‘
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p(x)=py explax) or =179 exp(ax) where p, is
the value at x=0, r,=«p, and a is constant.
Young integrated Eqs. (5) and (6) and obtain-
ed the following results.

Rr=— ,} - Ctan i er)—tanwr,)] (D)
1_ 1 1+o?7d
Cr 2axA 1+ w?2? ) ®

where rs=rp(d)=17, explad)

Young further assumed that wr,({1Kwrs in
the audio frequency range. Then Egs.(7) and
(8) reduce to Egs. (9) and (10).
1

Rf=———”u €))
4C,fIn .
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o =t (10)
Cr CJn-"2
T,
_ %A
where C, = g

Equations (9) and (10) satisfied Young's
experimental results. The further discussion
of the equations is omitted bebause they are
the special forms of the more general equations
that are discussed subsequently.

Nishitani’? suggested, as Scholte and van
Geel®> and Sasaki® did, the p-i-n structure
of the films in which the distribution of resis-
tivity p is not uniform. The concentration
profiles of metal jons and oxygen ions are
expected to be the usual diffusion layer profile
which is approximated to be the reciprocal of
exponential function as shown in Fig. 1. Since
resistivity of the film is proportional to the
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Fig. 1. Schematic p-i-n structure of anodic
oxide film.
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Fig. 2. The resistivity distribution in anodic
oxide film.

reciprocal of the concentration of impurities,

we have
0=s=w =1, explax)
w=x<d t,=1, explaw) an

where d and w are the total thickness of the
oxide film and the total thickness of the diffu-
sion layer, respectively, as shown in Fig. 2.

Substitution of Eq. (11) into Egs. (5) and
(6) gives us?’
sz[ tan™lgr,—tan"lor,
WTy
p]n.}i
+ 1y L (12)
1+ {wr,)? Tw
Ca(1+17)l,.*ru—
1n [ 1 Cwrs)? ]
C 1+(or.)t plory)
—_— = 2
as

where p=({d—w)/w

If we introduce the condition of wr.<{1wr,
as Young and Nishitani did,
the following equations;

wr.,r:—}—zpln{“’—

then we obtain

Rr= " (4
ZwZCaTwcl_!_p)ln_‘L_l‘
;  Imer,tpln ::'
T e (15
Co(1+1’)ln -
ar,7m+2pln :"’
tands=wCrRsr= < (16)

2wr..,(ln“’7 w +P1n:_:)



Frequency Characteristics of Anodic Oxide Films on Tantalum——D.N. Lee and Y.K. Yoon 33

o C

Fig. 3. The resistivity distribution in anodic
oxide film.

For wr, to be 10 at 50 c/s, 7,=0.0318 sec,
and for wr, to be 0.1 at 8Kc/s 7,=1.99Xx 1078
sec.

When p equals zero z, becomes r,, and
Egs. (14) and (15) reduce to Egs. (9) and
(10). The same results can be obtained for
the case shown in Fig. 3.

If the capacitance C,, at a given angular
frequency o, is known, the capacitance C; at
arbitrary angular frequency o is given by

lnwr,+pln To
%/o — To (17)
4 Inw,r,+pln Tw

To
Using Eqs. (17) and (16), Nishitani'? expressed
the experimental results on tan 6, and C; in
Tw
To
Nishitani however failed to evaluated para-
Tw
To
and 7, could not give clear physical picture of

the model. methods of

AL, am

It can be seen by

terms of parameters p log and 7,.

meter r, or p, and the parameters p log

In the following,
evaluating the parameters in Eqgs.

and (16) are presented.
examining Eqs. (15) that plots of ~Cl; against
log f are linear.

The slope is equal to _w_l_._#r (=slo-
C.,(1+p)log w

T

pe) and the value of _CIT at log f=0 is equal

to

Tw
To

C.(1+plog—-*
Hence, we obtain

intercept v
__Qépe—p =M=1og2m,,,erlog{T (19

Substitution of Eq, (19) into Eq. (16) gives
us the expression of tan d, in terms of 7, or

log2zz,+ plog

(=intercept) (18

b log :" . Therefore, values of tan 5, against
frequency can be used to evaluate 7, or
? log :'” Once either ¢, or p log :"’ is ob-

tained, the other can be evaluated using Eq.
9. in terms of

b log

If we express tan &
Tw
T,

I b log—2=-

_ 2 T,
tand, = W0 I f T er.(Mlogp) 20
M—p log =
1 10< )

To

where 7,= o D)

The value of M is obtained from the experi-

mental data of C, against frequency, the value
TW

of plog p
sured data of tan &, against frequency by the

can be evaluated from the mea-

curve fitting, and the value of r, is calculated
by making use of Eq. (21). Two unknown
parameters ihat are to be evaluated are C,
and r,. However their unique values cannot
be determined,

If we assume wr,>)1 and In(14e?r3){{],
then Egs. (12) and (13) reduce to Eqs. (22)

and (23)

o _tap-l T
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and tan é;=wC K,

o, (%—tan"wra) +pln—=

— To
= o~ 24
wr,,(lnwr,,,+p1n . )
Note that Eq. (23) is the same as Eq. (15).
The parameters in Eqs. (22) to (24) can be
evaluated as follows; Substituting Eq. (19)

into Eq. (24), we obtain

Tw

w -
—-—tanlor, plog .
Min10-+Inf +wrw(M'+Iogf) (255

where 7, is given by Eq. (21). The values

tan 8,=

Tw
To
experimental data of tand, against frequency.

of 7, and p log can be evaluated from the

The value of r, is obtained by substituting
fx into Eq. (2D).

To
the values of 7, and r, are known, the value

the value of p log- Since

of p can be evaluated. Finally the value of
C, is obtained from Eq. (18) by substituting
all the known values of parameters.

In order to demonstrate what is described
above, electrical properties of an anodized
tantalum foil before and after heat treatment
will be analyzed and discussed based on the

model subsequently.
3. Experimental Work

A tantalum foil of about 5 mil thickness
was obtained by rolling 0.047 thick tantalum
sheet of 99.95% purity obtained from Fansteel
Metallurgical Corporation. A sample was cut
from the 5 mil foil. The apparent surface
area of the specimen was approximately 8cm?.
The sample was cut so that a 2 mm tab was
left attached to serve as the electrical contact.
The tab served the purpose of minimizing
apparent area changes as the measuring elec-
trolyte level changes. The sample was degrea-
sed in trichloro-ethylene and then polished in
Bright Dip solution that is composed of 5 parts
(by volume) of 98% H:S04, 2 parts of 70%
HNO,, and 2 parts.of 48% HF. The chemically

polished sample was leached in the boiling
deionized water for several minutes to remove
residual fluoride. It was then vacuum annealed
at 2000°C and 4X10"*mm Hg for 30 min.

The sample was anodized in a 0.01% H3PO,
solution held at 90°C. The voltage was in-
creased manually, maintaining a nearly cons-
tant formation current density less than 0.5
until 100 volt was reached. The
sample was then held at the formation voltage
for 1% hr.

Capacitance and dielectric loss measurements
were made with GR Model 1608-A impedance
bridge with GR 1310-B oscillator and GR 1232~
A tunable detector, The bias voltage was not

ma/cm?

supplied, The measuring electrolyte was 30%
H,SO, at room temperature,

The heat treatment was carried out in air
in a furnace controlled to 4-10°C. The results
obtained when the sample was heated at 260°C
for 3 hours 50 minutes in air were compared
with those obtained when the sample was not
heated.

4. Results and Discussion

Experimental results are tabulated in Table
1 and 2. When anodized tantalum was heated
at a temperature of 260°C for 2 hours 50
minutes, capacitance, tan é, and frequency
dependences of equivalent series resistance and
capacitance and capacitance all increased.
Similar results have been reported previously
by other investigators® ©.

The measured values of equivalent series
resistance R,, equivalent series capacitance C,
and tan & do not necessarily show characteris~
tics of anodic oxide films. At low frequen-
cies the measured values of C,, R, and tan &

are given as follows™®;

C, = Cf (26)
R=R+R, @
and tané=tané;+wC R, @8

where R, is the external resistance due to
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Table 1. Frequency characteristics of an anodized tantalum specimen before heating

Freq. (Hz)

1/Freq. C(pF) 1/C,(pF™1) tan § tan 8, R,(ohm)
25. 0. 0400 1.4170 0. 7057 0. 005125 0. 00508 23. 0253
50. 0. 0200 1. 4140 0.7072 0. 004850 0. 00476 10.9180
100. 0. 0100 1. 4120 0.7082 0. 004800 0. 00445 5.4104
120. 0. 0083 1.4110 0. 7087 0. 005280 0. 00586 4. 9630
200. 0. 0050 1. 4090 0. 7097 0. 004980 0. 00428 2.8126
500. 0. 0020 T.4050 0.7117 0. 005750 0. 00399 1. 3027
1000. 0. 0010 1. 4020 0.7133 0. 005400 0. 00185 0.6130
2000. 0. 0005 1. 4000 0.7143 0. 009000 0. 0020 0.5116
R,=0.4 ohm ‘ a
Table 2. Frequency characteristics of an anodized tantalum after heating
Freq. (Hz) 1/Freq. C,(uF) 1/C(uF~1) tan & tan &r R,(ohm)
50. 0. 0200 1. 5390 0.6398 0. 043000 0.0354 88. 9366
100. 0. 0100 1.5200 0.6579 0. 056700 0. 0416 59. 3680
120. 0. 0083 1.5150 0. 6601 0. 0528C0 0. 0348 46. 2233
200. 0. 0050 1. 4990 0.6671 0. 062600 0.0323 32. 9140
500. 0. 0020 1. 4720 0.67¢3 0.101500 0.0284 21.9487
1000. 0. 0010 1. 4550 0.6873 0. 168000 0.0235 18. 3767
2000. 0. 0005 1.4390 0.6949 0. 308000 0.0225 17.0326
R,=15.8 ohm

leads, electrodes, electroyte, efc, whose value
is the equivalent series resistance intercepted
at 1/f=0 in plots of the equivalent series resis-
tance against 1/f. The external resistance of
an anodized tantalum specimen before and
after heating was found to be 0.4 and 15.8
ohms. The substantial increase in resistance
R, after heating is attributed to a local short-
circuiting of the Ta,0s film due to extraction
of some of the oxygen from the oxide film by
the tantalum. Figure 4 shows experimental
plots of 1/C; against log f.

As expected from Eq. (15) (23),

1/C, vs. log f show linear dependence.

plots of
Plots
of tané; vs. frequency and R, vs. frequency
are shown in Figs. 5 and 6, respectively.
Substantial changes in frequency characteris-
tics of Cs, tan 4, and R; due to heating the
specimen can be explained by examining the
values of parameters in Table 3, which satisfy

the assumptions we made in the derivation of
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Fig. 4. Plots of 1/C; vs. log f.
Egs. (22) to (24) in the frequency ranges

between a lower range of audio frequency and
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Fig. 5. Plots of tan ér vs. frequency.

several thousand hertz. The values of para-
meters are shown in Fig. 7. A substantial
increase in diffusion layer due to heat treat-
ment may be expected. A decrease in resisti-
vity of the anodic oxide film may be attributed
to either a change in the crystallinity of the
tantalum oxide film!® > or to cracks in the
film or to the both effects. Anyhow an increase
in the leakage current was observed for the
specimen heat-treated(our unpublished results).

It is also noted that the values in Table 3
show the assumption, wr, )1,
frequency range, whereas the assumption,
wr,{{1, holds only in a rather low frequency

range. The various properties of anodic oxide

in the audio
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Fig. 6. Plots of R, vs. frequency.
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Fig. 7. Changes in the resistivity distribution
before and after heat-teatment.

films will be discussed based on Egs. (23), (24)
in our forthcoming paper!®.

Table 3. Changes in characteristics of the anodic oxide film by heat treatment: Analyzed using

Eqs. (28) and (20

characteristics of an anodized tantalum specimen
before heating

Tw 5.42 sec

Pu 2.22X10" ohm cm
7o 1.176 X104 sec

Po 4.82X10" ohm cm
C, 1.400 pF

b 32.1

plog (zu/7.) 149.67

Characteristics of an anodized tantalum specimen

after heating

0.291 sec
1.19X10" ohm cm
2.972X107* sec
1.217%10” ohm cm
1.412 pF

5.18

20. 67
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5. Summary

A method is presented for evaluating para-
meters in the equations for impedance of anodic
oxide films that were derived based on a p-i-n
model. The model is then used to explain the
changes in frequency dependence of the impe-
dance of equivalent series capacitance and
equivalent series resistance when the specimen
is heated. These changes are attributed to the
increases in the diffusion layer and to the
increase in the conductivity of the film.
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