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turrent efficiencies, dielectric constants and ion mobilities of variously formed anodic oxide films on tantalm in

the presence of various electrolytes such as citric, tartaric, acetic and hydrocWoric acids have been evaluated. The
cUIT~nt efficiencies of such films are unity upon an electrolyte concentration of 100 mol m-3• However, at higher

elec*,olyte concentration, the experimental mass-gain of the tantalum sample during anodization is greater than thatexpe!::ted for the anodic formation of TazOs on tantalum, implying that mass-gain is probably due to the incorpora
tion of anions into the films. The capacitances of such films depend on the concentration as well as nature of the
aquebus electrolyte. The addition of cWoride ions has been found to' inhibit film growth, the effect being pro

nou~ced with increase in concentration of cWoride ions. Only tantalum ions are mobile during the growth of tantalum ~xide films.
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The kin¢tics of growth of anodic oxide films

formed ~~ tantalum in aqueous electrolytes, and
their bre down characteristics have been ~epor:
ed recen y by the authors 1-3. The present mvestI
gation is Ian extension of our earlier work1-3, and
has been ~mdertakt:!nin view of conflicting results4-'S
of studid on current efficiences, dielectric mea

surement~ and ionic mobilities of such anodic
films.

Materials iand Methods
Tantalujrn specimens (32 x 10-4 m2 in area and

0.25 mm thick) with small tags were cut from tan
talum she~ts (purity 99.9%) mechanically and were
chemicall)( polished and anodically polarized in
aqueous dIectrolytes (at a particular current dens
ity) as deScribed earlier 1• Increase in weight of the
tantalum $pecimen due to its anodic oxidation to
tantalum Qxide was used to calculate current effi
ciency. T~e capacitance and tano measurements
of the oxi~e films were made using an electrolytic
capacitor ,bridge (BPL, India) at 1 KHz [tan 0,
known as Joss tangent or dielectric loss is the ratio
of the voltage drop across the hypothetical series
equivalent, resistance (Rs) and capacitance (Cs)'
Also tan 0:=WCsRs where W= 2nF, F being the
frequency Jj Special care was taken to prevent the
tags dipp~ into the electrolyte.

For ionit mobility measurements, two 0.25 mm

thick tantapum specimens of different area, one of
169 mm2 llrea (sample-I) and the other 100 mm2

area (samI1Ie-II) were anodized upto identical for
mation voltage in 100 mol m - 3 aqueous citric acid
at a currerit density of 30 A m - 2 and then paired
together to' get Ta, Ta20s, Ta sandwitch geometry.
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Perfect sealing of samples I and II was ensured by
applying lacomite and Edward hard vacuum
grease on the joints and the surfaces, except the
outer surface of the sample II in the manner de
scribed earlier 13. The effective geometric surface
area after sealing was 1 x 10- 4m2•

All measurements were made in a well-stirred,
electronically controlled, thermostatic bath main
tained at 298K (± 0.5). The results reported are
the mean of five repeat experiments. All the
chemicals used were of AR(BDH) grade. The
density of tantalum oxide fi1n1 was taken as
793 kg m-3 as reported by Young15•

Results and Discussions

Current efficiency
The data for the experimental mass-gain (as a

result of anodic oxidation), the calculated mass
gain due to oxidation (when current efficiency is
unit) and the current effciency ('YJ) for the growth
of oxide films in 10, 50, 100, 500 and
1000 mol m - 3 aqueous citric acid at a current
density of 50'A m-2 (when a particular amount of
charge was passed) are reported in Table 1.

At each electrolyte concentration current effi
ciency was found to be the same irrespective of
the charge passed. The experimental and calculat
ed mass-gains are close to each other upto an
electrolyte concentration of 100 mol m - 3 (i.e. cur
rent efficiency is close to unity) implying that the
entire current passed is ionic (and no fraction is
electronic) and has been used for the film forma
tion. However, the experimentally observed mass
gains were greater than those calculated by about
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Table I-Experimental and Calculated Mass-Gains and Current Efficienciesfor Formation of Oxide Films on
Tantalumin Aqueous Electrolytes at Different Charges

Electrolyte ConcentrationChargeMass-gain (kg x W)Current
( molm-3)

Cx 103 efficiency
Exp.

Calc.

Citric acid

1083206816900.987
do

5040003303320.994
do

10092807647690.993
do

50043203803581.051
do

100086408017161.118
Tartaric acid

10040003313320.997
do

100017760168014721.141
Acetic acid

10018400152015260.996
do

100094408627831.101

Hydrochloric acid
1004S003933980.987

do
100099208898821.082

6 and 12% respectively at 500 and 1000 mol m - 3

citric acid concentrations. The data in tartaric,
acetic and hydrochloric acids as electrolytes also
showed similar trends (Table 1). The data indicate
an excess equivalent to 14, 10 and 8% respectively
over the calculated mass-gain due to oxidation in
1000 mol m - 3 tartaric, oxalic and hydrochloric ac
ids. Experimental error and formation of higher
<Jxidesof tantalum have been ruled out as .the pos
sible causes for the observed mass-gain since ex
periments were repeated five times and the excess
mass-gain obtained was highly reproducible
(± 2,ug), and in literature formations of no other
stable tantalum oxide, except Ta20s has been re
ported. The only possibility is the incorporation of
anions into the oxide film and this is substantiated
by the results reported in our earlier communica
tion2 that the breakdown voltage of the films is af
fected by the incorporation of anions (and not
cations) from these electrolytes. Further, the incor
poration of anions such as P, C~ S and F into the
oxide film has been reported by other workers4,s
and this also suggests that the enhanced mass-gain
is most probably due to the incorporation of an
ions into the oxide films.

Dielectric measurements

Capacitance data for the oxides films formed
upto various formation voltages (V) in
100 mol m - 3 aqueous citric acid at a current dens
ity 50 A m-2 were obtained. The plot of recipro
cal capacitance (1/ C) per m2 versus thickness per
m2 calculated using Faraday's law, is linear (Fig.
1), indicating that the film is uniformly formed
with constant field and 1/ C can be taken as a
measure of thickness of the oxide film formed in

aqueous electrolyte. The effect of concentration of
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Fig. 1- Plot of 1/C per m2 versus thickness per m2 for anodic
oxide films in aqueous citric acid.

the electrolyte was studied by forming films of
varying voltages in 10, 100 and 1000 mol m - 3 cit
ric acid. The plots of 1/ C per m2 versus V at each
electrolyte concentration are linear (Fig. 2) and
show a higher value of 1/ C for a film formed at
lower electrolyte concentration. The plots of tan~
versus V for these films are given in Fig. 3. As ex
pected tan ~ decreases with the increase in voltage
of formation at each electrolyte concentration.
The values of tan ~ are higher at lower electrolyte
concentration. The capacitance data were also ob
tained for the films formed in 100 mol m - 3 tartar
ic, acetic, oxalic and hydrochloric acids and the
plots of 1/ C per m2 versus V are linear and their
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... (2)

... (1)

c = EAEo
BV

where E is the dielectric constants of the oxide

film, Eo is the permitivity of the free space
(8.85 x 1O-1~Fm-l), A is the area of the specimen
(used as a counter electrode) and d is the thick
ness of the oxide film. At a constant current dens

ity, d increases linearly with voltage and becomes
equal to B V where B is the anodization constant.
Substituting BV for d in Eq. (1) we get

c = EAEo
d

14QO

1200100080b

I.L

NE 600-
~

40b

slopes obtained by the method of least squares are
reported in Table 2. The typical data for a 50V
film (Table 2) show dependence of capacitance on .~ ,
the nature of the electrolyte.

The dielectric constants were calculated using
the capacitance formulae for a parallel plate capa
citor in the manner described below:

The capacitance (C) is defined by Eq. (1)

70

Voltage (V)

200

Fig. 2-t Variation fo lIC per m2 with voltage of formation (Y)
for anqdic oxide films on tantalum at varying concentrations

of aq4eous citric acid [(e) 10 mol m-3; (0) 100; (L::.) 1000].

voltag. IV)

Fig. 3-iYariation of dielectric loss factor (tano) with voltage

of fOllI1fition for anodic oxide films on tantalum at varying
concenttations of aqueous citric acid. [(e) 10 mol m-3; (0)

100; ( L::. ) 1000].

.-

... (3)

putting A= 1 m2 and rearranging Eq. (2), we get

The plot of 11C versus V is linear with the slope
= B / EEo· If the anodization constant is known
then from the slope E can be calculated. Anodiza
tion constants were calculated from the anodiza

tion data using Faraday's law and are reported in
Table 2. Using the slopes of 11C per m2 versus V
plots and the anodization constants (Table 2), the
dielectric constants were calculated. The results

reported in Table 2 show dependence of dielectric
constant on the nature as well as the concentration
of the electrolyte.
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T4ble 2- Dielectric Measurement Data for Variously Formed Tantalm Oxide Films in Aqueous Electrolytes

ElectrolyteConcentrationCapacitanceAnodiationSlope of lICDielectric
(mol m-3)

of.a 50Y filmconstant (fl)versus Y plotsconstant
(FxW)

(my-I x lOW)(F-1 m2Y-I)

Tartaric acid

10010.415.726.1728.8
Acetic acid

10010.916.316.1628.9
Oxalic acid

10010.615.486.0528.9

Hydrochloric acid
10010.816.006.2229.1

Citric acid
1010.215.956.2528.8

do
10011.215.926.2029.0

do
100012.315.856.1229.3

200 I I
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600

of chloride ions tantalum metal combines with

chloride ions giving an adsorbed film of tantalum
chloride (TaCls) which then undergoes partial dis
solution providing Ta +s ions in solution. The re
leased tantalum ions can combine with the chlo

ride ions in the solution giving rise to a stable
chloro-complex of tantalum (of the type
TasC~a-S)-) which does not dissociates and thus
prevents further participation of chloride ions in
the anodic charge transfer. At higher chloride ion
concentration, the chlorocomplex of tantalum is
formed more efficiently, thereby inhibiting the
growth of oxide film. A similar observation has
been recorded earlier1Z•

The rate of film dissolution was studied next by
measuring the capacitance of a 50 Y film (formed
in 100 mol m-3 citric acid) in 5,400 and
10,800 mol m - 3 aqueous hydrofluoric acid solu
tions at various intervals of time (t) and the plots
of 11C per mZ versus t are shown in Fig. 5. The
film dissolves more readily in 10,800 mol m - 3 than
in 5,400 mol m - 3 HF; for instance, the time peri
ods required to dissolve half of the film in 10,800
and 5,400 mol m-3 HF are 205 and 275 sec., re
spectively. The rate of dissolution is very fast upto
a stage when half the flim dissolves and thereafter
it slows down. Similar trends in the rate of disso
lution are found for a 100 Y film (Fig. 5), and
since this film has larger thickness, it requires larg
er time to reduce to half its original thickness. It is
most likely that when TazOs film is put in concen
trated hydrofluoric acid, a surface layer of tanta-
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The effect of chloride ions on the capacitance
of TazOs formed in 100 mol m-3 citric acid was
studied by measuring the capacitances of the films
in the mixed solutions of hydrochloric and citric
acids in the molar ratios of 1:1200, 1:120, 1:12
and 1:2.4. The capacitance of the film increased
with the increase in the amount of chloride ions.
The plots of 11C per mZ versus voltage of film
formation are linear (Fig. 4). The slopes of these
linear plots decrease from 6.20 to 5.30, 4.30, 3.95
and 3.45 mZF-1y-l when the concentration of hy
drochloric acid is increased successively. The
corresponding dielectric constants are, found to in
crease from 29.0 to 33.9, 41.8, 45.6 and 52.2, re
spectively.

Direct anodization of tantalum was also carried

out in all the mixed solutions. It is found, though
the maximum film formation voltage is 365Y in
citric acid yet the films could be formed only upto
340, 320, 280 and 220Y respectively in the re
spective mixed solutions containing chloride ions
in increasing concentration. It appears that during
the growth of tantalum oxide film in the presence

O<l

o 20 SO 100 150

VOllag. (V)

200 2S0 o 200 1000

till
2000 3000

Fig. 4-Effect of chloride ion concentration on anodic oxide
film growth on tantalum. [( 8) 100mol m-3 citric acid; mixed
solution of hydrochloric acid and citric acid in the molar ra-

tios of 1:\ ) 1:1200: Ie' 1'120 (x) 1:12; (,:.) 1:2.4j.

Fig. 5-Rate of dissolution of anodically formed film on tanta
lum in hydrofluoric acid. [(0) 100V in 5400 mol m-3 hydrof
luoric acid; (.) 50V in 5400 mol m - 3 hydrofluoric acid; and

(b.) SOV in 10800 mol m-3 hydrofluoric acid].
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Fig. 6-Plot of variation of voltage of formation versus time
of anodization for tantalum oxide films of various thicknesses

[(0) 30Y; (e) 40Y; (A) 50Y].
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voltage ot the film already present on it (Pig. 6).
This shows that there is no possibility of oxygen
ion moving through the electrolyte to specimen-I
to produce layers inside the existing oxide layers.
The normal rate of anodization compare well with
the anodization rate during this experiment. This
indicates that the field of Ta20s film between
specimens I and II of this experiment remains un
changed and tantalum ions produced at specimen
I are transported to specimen-II through the tanta
lum oxide (where the field is constant) and then to
solution to produce fresh layer on the outer sur
face of the specimen-II. Thus it can be concluded
that only tantalum ions are mobile during the
growth of Ta20s film.

lum f' uoride (TaPS) is formed which dissolved
comp tely in conc HF and hence causes dissolution 0 the film.

Ion m(Jbility studies

Th1speCimens I and II were anodized at film

forma 'on voltages of 30, 40 and 50V in

100 m I m - 3 citric. acid at. a curren,t density. of30 A - 2 and theIr capaCItances before sealing
were rpeasured and found to be 1.92, 1.44, 1.15

(for fl' cimen I) and 1.14, 0.85, 0.68 px 10-6 (for
spec' n II) at the above film formation voltages
respec·vely. In the combined assembly the capa

citanceL of both specimens I and II are the same(0.57, p.43, 0.34 x 1O-6P at 30, 40 and 50V re

spectivfly) and the values are in proportion totheir r1duced areas of 1 X 1O-4m2, and the assem
bly act~ as one unit (area 1 x 1O-4m2). The tag of
the sPeFimen I in each of the paired assembly was
connected to the positive terminal of the constant

current I generator and the specimen II which wasearlier ~odized upto 30, 40 and 50V paired as

semblie~ was further anodized upto 60, 70 and80V, Ifspectively. The capacitances of these

paired ~ystems were again measured taking samples I ard II in the circuit respectively. The capa
citances! of specimens I and II were again found to

be the $ame (0.30, 0.26 and 0.22 x 1O-6p at 60,

70 andfl80Vrespectively) and this ensured com
plete se . g of I and II and no possibility of the
electrol , e creeping through the oxide. The magni
tudes of capacitances were further reduced due to
further ~rmation of the film. The assemblies were
dismantllid by dissolving lacomite in acetone and
washing Iwith conductivity water. The capacitances
of separ~ted specimens I and II were measured as

also tho~e of the outer and inner surfaces of boththe spedmens after applying lacomite to the other
side. Th~ capacitances of the specimen I after se
parationl(1.90, 1.42, 1.17 x x 1O-6p at 30, 40 and

50V, resbectively) and before sealing were identical indi4ating that specimen-I remained unaffect
ed. The Icapacitances per m2 for both the inner

and out~r surfaces of the spec~en-I we~e 0.56,0.42 andl 0.35 x 1O-2Pm-2 at film formatIOn vol
tages of 130, 40 and 50V respectively while the
correspo*ding values for the inner surface of the
specimen~II were 0.57, 0.43 and
0.34 x lOi2p m -2. The magnitudes of capacitance
per m2 fqr the specimen I compare well with those
of the ll$er surface of the specipen-II. This im
plies that I the sandwitched oxide film is not affect
ed. Purth~r anodization of the separated specime
n-I incre;lses the film formation voltage immedi
ately andl the film formation voltage attains the
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