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Steady state kinetic data for the growth of oxide film on tantalum in aqueous citric acid have been obtained by
eliminating the difference of film growth caused by different surface. conditions. The rate of increase of field with
logarithm of ionic current density (Tafel slope) is independent of temperature. Various parameters of anodic oxi-
dation have been evaluated using Dewald’s theory. The entrance barrier energy is greater than the corresponding
diffusion barrier energy and this suggests that the rate-controlling step in the kinetics of growth of anodic film is
the ionic movement across the film and not at the metal/oxide interface. The value of net activation energy calcu-
lated using Dewald’s theory agrees well with the value calculated using Dignam’s equation. The data suggest that
Dewald’s theory which takes into account the space charge effect is better than other theories on film growth

kinetics.

The study of kinetics of growth of anodic oxide
films has received considerable attention! 19, be-
cause of the importance of such films in capacitor
technology. In a recent paper from our laborato-
ry'0, it has been shown that the rate of increase of
forming field with logarithm of ionic current dens-
ity (Tafel slope) was independent of temperature
in the anodic growth of oxide film of tantalum in
aqueous electrolytes. Hence single barrier theory
of Cabrera and Mott! was not applicable. Dig-
nam’s® model (quadratic variation of field with
ionic current density) was capable of explaining
temperature-independent Tafel slopes since an ap-
preciable!® contribution (24-37%) of the quadratic
term was observed for the range of current dens-
ity studied. The net activation energy, WE) and
the zero field activation energy (¢) were found to
be temperature-independent. However, this ap-
proach did not take into account the space charge
caused by the accumulation of charged ions in the
oxide film. The double barrier theory of Dewald*
could also explain the temperature-independence
of Tafel slopes. Therefore, in the title investigation
the differences caused by different surface condi-
tions were eliminated by using an improved meth-
od of surface preparation. Applicability of De-
wald’s theory* has been critically examined.

Materials and Methods

Tantalum specimens (99.99% purity) 2x107*
m? in area were prepared in the manner de-
scribed earlier'®. The specimen was anodized first
at current density (i,) and a film was formed (upto
a formation voltage of 30 V), This film improved
the surface condition of the specimen because the

current efficiency was constant. The current dens-
ity was changed to 1, (i, =10i,) and anodization
was continued to a voltage slightly higher than 30
V. After this the current density was adjusted to
i, and film upto 150V was formed. Again the cur-
rent density was changed i, and anodization was
continued for some more time (2 min). The ad-
vantage of taking i, = 10i, was that the Tafel slope
was given by Eq.(1)

E,~E,

T %303 ()

where E, is the field at a higher current density
{i,) and E, is the field at a lower current density
(i,). The values of E, and E, were calculated for
the same formation voltage. If the applied voltage
AV produced a thickness Ax of the anodic oxide
film then Ax could be easily determined from the
charge passed for the formation of film at con-
stant current density. The density of the Ta,O,
film was taken as 7.93 kg dm~> as reported by
Young®. Citric acid used was of AR (BDH) grade.

Results and Discussion

. A plot between voltage of formation versus
time of anodization for the current density pair
50,5 Am~? at 298 K is given in Fig. 1. Similar
plots were obtained at other current density pairs
(30,3; 70,7; 90,9; 110,11; and 130,13 Am™2) and
also at other temperatures (275, 288, 308, 323
and 338 K). Each set of observation was repeated
five times and the values of field strength at a
particular current density set and at a particular
temperature were calculated and the values are
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Fig. 1 — Plot of voltage of formation versus time of anodization
at 298 K.[A—50 Am~%B~5 Am™?].

Table 1 — Calculated Values of Field Strength E, (E,
Values in Parentheses) for Various Current Density

Pairs
Temp. (30,3) (50,5) (70,7) (90,9) (110, 11) (130,13)
(K) EI El El El El EI
275 7519 7.596 7.867 8.043 8.293 8.885
(7.039) (7.111) (7.294) (7.541) (7.694) (8.243)
288 7211 7366 7.526 7.778 7.874 8.372
(6.751) (6.823) (7.051) (7.217) (7.305) (7.768)
298 7.025 7.132 7374 7536 7.630 8.004
(6.508) (6.607) (6.836) (6.992) (7.079) (7.426)
308 6.829 6.892 7.092 7.289 7.361 7.699
(6.326) (6.384) (6.575) (6.763) (6.830) (7.143)
323 6.561 6.604 6.870 6.973 7.035 7.245
(6.078) (6.117) {6.369) (6.398) (6.528) (7.229)
338 6.287 6.339 6.599 6.710 6.743 6.839
(5.824) (5.872) (6.118) (6.155) (6.187) (6.275)

E,andE, valuesin Vm~! x 10 ¥

presented in Table 1. The reproducibility in the
field values was +0.005x 108 Vm~'. The field
strength increases with current density but de-
creases with temperature for all the current dens-
ity pairs studied.

The plot of field strength(E) versus reciprocal
of temperature (1/T) for one current density pair
(50, 5 Am?) is plotted in Fig. 2. Similar plots
were obtained for other current density pairs. The
plots of E versus 1/T irrespective of current
density employed are linear and parallel indicat-
ing that the difference of field at all temperatures
for a given current density pair is constant and
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Fig. 2 —Plot of E versus 1/T.[A—50 Am~ % B~5 Am~?].

hence the Tafel slope is independent of tempera-
ture. The values of Tafel slope at a particular tem-
perature and at a particular current density pair
were calculated using the field values obtained in
all the repeat experiments. The maximum devia-
tion in Tafel slope was £ 0.01 x 10’ Vm~!. The
Tafel slope at a particular current density set was
highly reproducible over a wide range of tempera-
ture e.g. for current density pair 50, 5 Am~? at
275, 288, 298, 308, 323 and 338 K, the values of
Tafel slopes were 2.05, 2.04, 2.05, 2.06, 2.05 and
2.05x 107 Vm™! respectively. The Tafel slopes at
other current density pairs were also calculated in
the same manner. The mean values of Tafel
slopes at various current density sets are reported
in Table 2.

Since the Tafel slope was independent of tem-
perature, applicability of Dewald’s theory* was at-
tempted. Using Dewald’s theory*, the expression
for the change in the field (AE) brought about by
increase in the current density ten times is given
by Eq.(2)

AE=AEO—1/B[F<6>—F(2” (2
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Table 2 — Various Parameters for Aqueous Electrolyte Film from Dewald’s Theory at Different Current Density Sets

Current Tafel slope Entrance Bulk Entrance Diffusion Net (¢-Ebq) (U-Eaq)
density tx1077 half jump half jump barrier barrier activation x 10" x 10"
set (Vm™ 1) distance distance energy energy energy N (J)

(Am~?) b a ¢ x 10" Ux 10" Wx 10"
(nm) (nm) I o))
30,3 1.99 0.2219 0.3684 2.325 3.370 0.489 1.141 1.403
50,5 2.05 0.2145 0.3684 2.362 3.580 0477 1.205 1.592
70,7 2.09 0.2102 0.3684 2.385 3714 0.466 1.213 1.660
90,9 2.18 0.1993 0.3684 2.394 3.975 0.452 1.259 1.876
110,11 221 0.1967 0.3684 2.447 4.138 0.444 1.310 2.009
130,13 229 0.1884 0.3684 2.493 4.440 0.436 1354 2211

where AE, is the change in the field due to sur-
face charge; Kd) is a function dependent upon
the space charge d and is equal to (1+1/d) In
(1+d); &/0 is the value of space charge at higher
current density (i;) and is equal to &/10\*~V
where a and b are bulk and entrance half-jump
distances; and B is ag/kT where ¢ is the charge on
the film, k is the Boltzmann constant and T is the
temperature. Substituting AE;=2.303 kT/bgq in
Eq.(2)we get

2.303 a/b— BAE =Fd)—- R 5/6) )

The Tafel slope (1) using Dewald’s theory* is giv-
en by Eq.(4)

T [1+(%—1)1nm] L (4)

T=—
aq o

Using Egs (3) and (4), the parameters a and b
were determined as under:

(i) Values of a and a/b were assumed and hence
the value of 8{10'**~ ") was evaluated.

(ii) F(8)—F8/0) (the right hand side of Eq. 3)
was represented graphically as a function of 3.

(ili) The value of 2.303 ab—BAE (the left
hand side of Eq. 3) at different temperatures was
evaluated.

(iv) From (ii) and (iii) by interpolation the value
of & was determined.

(v) Using the values of §, a and a/b, the theor-
etical value of Tafel slope (t) was calculated.

Such a calculation was repeated until values of
a and b were found such that an agreement with
experimental values of Tafel slopes were obtained.
For our present data the value of a as 0.3684 nm
fitted successfully for every set of current density.
The value of a and b at different current density
pairs are reported in Table 2. The value of b de-
creases with current density. The values of & at

Table 3 — Values of Space Charge Term & of Dewald’s
Theory for Different Current Density Sets at Various
Temperatures

Temp. d at current density sets (Am~?)
(K)
(30,3) (50,5) (70,7) (90,9) (110, 11) (130,13)

275 0159 0.129 0.099 0.073 0.048 0.029
288 0752 0705 0.664 0.632 0.600 0.582
298 1.332 1263 1.197 1.163 1.124 1.105
308 2046 1940 1863 1.797 1.748 1.725
323 3447 3242 3111 2980 2907 2.865

© 338 5404 5009 4778 4515 4402 4311

different temperatures and for different pairs of
current density show that & increases with tem-
perature (Table 3). The effect of space charge is
more clearly observed at a temperature when the
value of & is greater than unity. This effect be-
comes predominant as the temperature is further
raised. The ratio of bulk and entrance jump dis-
tances for our data varies between 1.66 and 1.95.
No such variations could be observed by
Dewald*, probably due to non-availability of data
for a wide range of current density and tempera-
ture.

According to Dewald’s theory (Eq VIII, Appen-
dix), the space charge factor () depends mainly
on exp. (— W/KT), the value of W can be evaluat-
ed from the plot of logd versus 1/T. Such a plot
is shown in Fig. 3 for only one pair of current
density set (50, 5 Am™2). The plots are linear for
all the current density pairs. The values of W cal-
culated at each current density pair are given in
Table 2. The value of W has positive sign all
along and its magnitude decreases with current
density and varies between 0.489 and
0.436 x107'°J for the range of current density.
Knowing & and E, the surface charge field (E,)
has been evaluated using Eq. (VI) (Appendix).
The values of E,/T were computed and are plot-
ted against 1/T in Fig. 4. For each current density
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Fig. 3 —Plot of log d versus 1/T.

pair such plots are lienar. According to Eq (II)
(Appendix) such plots should be linear with a
slope ¢/bq. From the slopes, the values of ¢ (en-
trance barrier energy) were obtained and are giv-
en in Table 2. Using the relation U= a/bp — W the
values of U have also been calculated and are re-
ported in Table 2.

Both the entrance barrier energy (¢) and diffu-
sion barrier energy (U) seem to increase with cur-
rent density and magnitude of ¢ is smaller than
that of U at all the current density sets (Table 2).
This suggests that the rate-determining step would
be the ionic movement across the film and not at
the metal/oxide interface. However, at high field
the correct activation energies would be (¢ — Ebg)
and (U~Eagq) instead of ¢ and U. Therefore us-
ing average value of field for each current density
set, ' taking charge on each tantalum atom in
Ta,O; film as Se and using the values of ¢, U, b,
a from Table 2, the values of ¢—Ebg and
U—Eaq were computed and are recorded in
Table 2. The value of ¢$—Ebqg is smaller than
U—Eagq at each current density set and this con-
firms our contention that the rate-determining
step would be the ionic movement across the film.
The ivalue of W using Dewald’s theory* at current
density set 50, 5 Am~?2 is 0.477 %10 '°]. (Table
2). The value of WE) at current density 50
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Fig. 4 —Plot of E,/T versus 1/T.[A—30,3 Am~% B - 50,
5Am % C~70,7 Am %D ~-90,9 Am~% E~110, 11 Am~?].

Am~?, reported earlier'®, using Dignam’s equation
was 0.482 %107 1°J. Thus the value of net activa-
tion energy calculated using Dewald’s theory
agrees well with the value calculated using Dig-
nam’s equation. Since Dewald’s theory takes into
account space charge contribution in addition to
the surface charge contribution, it can be con-
cluded that Dewald’s theory explains our data
more satisfactorily.

Appendix
According to Dewald’s theory the field E is a

function of thickness of the oxide and is given by
Eq(I)

E(x)=E;+ 1/8In(1 + fy nyx) (D

where B =aq/KT, y=4nq/e (¢ is the dielectric



NIGAM er al: KINETICS OF GROWTH OF ANODIC OXIDE FILM ON TANTALUM

constant of the oxide) and n, gives the number of
mobile ions per dm® at x=0. E,, the field due to
surface charge, is given by Eq(1I)

kT i
EO = ln ! + i
bg \Nywvgq/ bq

. (In)

where N is the concentration of ions on the sur-
face; v, is the vibrational frequency normal to the
barrier; q is the charge on the film; and ¢ is the
entrance barrier energy. n, is evaluated by substi-
tuting E; (Eq.I) in the expression for the current
in the film at x= 0 and
ip=2avqnyexp{— (U—aEyq) kT ... ()
In the steady state i,=i(x)=i, and from Egs (II)
and (IIT)

(Nsvsq)a/b {1~ ab)

=—1

2avq - (V)

w
exp ( - ﬁ)

Here a¢/b— U of Dewald’s theory has been put
equal to W and i is the current density in A/m?
instead of ions/cm?/s. The experimental field is
given by Eq. (V).

(V)

Substituting Eq. (I} in Eq. (V) the theoretical ex-
pressions for the experimental field and the de-
rived Tafel slopes are given by Eqs (VI)-(VIII)

1
E=E,+-3[1+ In|{1+ Ax|[—1
o s 1+
. (V1)
JdE kT In(1+
andv=|2E| =KT15 4 (gp— )BT BYnoAx)
dlni/; aq Byn,Ax
- (Vo)
or‘c=k—T{1+(a/b—1)ln(1+6>]
aq o]
where
2mnq ab:(1 - ab) w
6 SYHO X ‘VETT( svsq) 1 exp kT Ax
. (VI)
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