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Breakdown voltages and electromnic current data (at constant voltage) of anodic tantalum oxide films
in contact with aqueous, as well as non-aqueous, electrolytes of varying concentrations and com-
positions have been obtained at 298 K. Both breakdown voltage and electronic current depend on
electrolyte concentration, resistivity and composition. A linear relation between breakdown voltage
and logarithm of electronic current has been observed. The effect of electrolyte concentration,
composition and resistivity on breakdown voltage has been discussed in terms of the Ikonopisov
electron injecting avalanche model of electrical breakdown. The values of the parameters for impact
ionization coefficient (&) and primary electronic current () have been evaluated. The major factor
contributing to the decrease in breakdown voltage with increasing electrolyte concentration is the

increasing primary electronic current.

1. Introduction

During anodic polarization, there is a limit to the
thickness of oxide films beyond which the film breaks
down. The voltage at which this phenomenon occurs
is referred to as the breakdown voltage. Such studies
are of great importance because of their utility in
capacitor technology. This subject has received atten-
tion but the results obtained and the views expressed
are at variance [1-10]. Tkonopisov [2] proposed a
theoretical model of electrical breakdown in which he
assumed the occurrence of the injection of electrons
onto the conduction band: the electrons were then
accelerated by the anodization electric field caus-
ing avalanche multiplication. Albella and coworkers
{1, 3, 4] have extended Ikonopisov’s model to explain
the details of breakdown phenomena. Since these
models are based on injection of electrons, or elec-
trons in the form of anions, into the oxide film, it
envisages an important role for the electronic current.
‘How is breakdown voltage related to electronic
current? and ‘How are both breakdown voltage and
electronic current affected by the concentration and
composition of electrolytes?” These questions formed
the determining objectives for the present study.

2. Experimental details

Square tantalum specimens (2 x 107*m?) in area and
0.25 mm thick) with short tags were cut from tantalum
sheet (99.9% purity) and the edges of these samples
were made smooth by abrading with a fine emery
paper. The surfaces of the samples were cleaned by
dipping them in molten KOH and the chemical polish-
ing of the specimens was done in a mixture of con-
centrated sulphuric, nitric and hydrofluoric acids
in the ratio of 5:2:2, respectively, for 3-5s. The

0021-891X/91 $03.00 + .12 © 199! Chapman and Hall Ltd.

samples, after washing, were placed in boiling water
for about [0 min to remove any remaining impurities
from the surface of the sample. The specimen, thus
prepared, was placed in a glass cell and was surrounded
by platinum gauze which served as a cathode. Anodic
polarization of the sample up to a desired formation
voltage was carried out at a constant current density
(100 Am™?) in electrolyte solutions (250 ml) using an
electronically operated constant generator. Anodiza-
tion was performed in aqueous solutions of formic
acid (HCOOH) and butyric acid (C,;H,COOH) in
deionized water (electrolyte conductivity = 0.5 x
1074Q "'m™'); and in solutions of ammonium dihydro-
gen phosphate (NH,H,PO,) in a solvent which was
prepared by mixing formic acid and ethyl alcohol in
the ratio of 2:1. Breakdown voltage values (break-
down voltage, V5 = cell voltage minus the voltage
drop across the electrolyte at the first visible spark)
were obtained in the respective electrolyte solutions.
The appearance of ‘first spark” was the criterion
employed for identifying the breakdown voltage: this
identifying decision was found to give good repro-
ducibility and sensitivity. For measuring electronic
current, the anodization of Ta was carried out at a
constant current density in an electrolyte solution of
known concentration until the cell voltage was slightly
greater (~ 10V) than 300V in the case of aqueous
formic acid and butyric acid and 200V in the case of
non-aqueous ammonium dihiydrogen phosphate solu-
tions. The voltage was maintained constant at 300 V
(200V in case of non-aqueous solution) and readings
from a potentiostat (as well as a microammeter) were
noted. A slow decrease in the magnitude of current,
which ultimately reached a constant value after about
1 h, was noted. This constant value is referred to as the
‘electronic current’. Then, after decreasing the voltage
by 20V and holding it constant, the procedure for
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Table 1. Values of the constants of dependence of electrolyte concentration and resistivity on breakdown voltage and electronic current

Contacting elecirolyte Constants of resistivity-

electronic current

Constants of electrolyte
concentration-breakdown

Constants of resistivity-
breakdown voltage

dependence voltage dependence dependence

LOg (ae) be a. bc ag bB

(Am™?) W) ") V) W)
Aqueous formic acid 0.743 0.507 697.5 125.0 225.2 245.7
Aqueous butyric acid 0.919 0.358 610.0 112.5 12.8 253.6
Non-aqueous ammonium 0.586 0.511 507.1 119.6 200.3 2333

dihydrogen phosphate

noting the electronic current was repeated as described
above. Similarly, the electronic currents were measured
at other constant voltages and in other electrolyte
solutions. Fach experimental observation was repeated
four times taking a fresh electrolyte solution each
time. The thicknesses of the films were calculated
using the Faraday law and the field strengths were
calculated using the thickness values and correspond-
ing voltage to formation. The tantalum oxide density
was taken as 7930kgm > as reported by Young [14].
The conductance of the electrolyte solutions were
measuring using a digital conductivity bridge. The
chemicals used were of Aldrich. All data refer to an
ambiant temperature of 298 + 0.5K.

3. Results

Breakdown voltages, V3, obtained at varying con-
centrations of aqueous formic and butyric acids and
non-aqueous ammonjum dihydrogen phosphate solu-
tions are shown in Fig. 1. The breakdown voltage
decreases with increasing electrolyte concentration
and varies linearly with logarithm of reciprocal con-
centration. Thus the effect of electrolyte concentration
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Fig. 1. Plot of breakdown voltage (V3) against logarithm of recipro-
cal of electrolyte concentration. Key: (O) Aqueous formic acid; (®)
aqueous butyric acid; (s) non-aqueous ammonium dihydrogen
phosphate.

on breakdown voitage can be represented by
Vs = a + b log (1/C) (H

where g, and b, are constants whose values are reported
in Table 1. The low values of V; obtained for high
electrolyte concentration possessing low resistivity
suggest a direct relation between breakdown voltage
and electrolyte resistivity (p). The effect of concentra-
tion on ¥, was checked more directly by measuring the
resistivities of solutions. The plots of breakdown vol-
tage and logarithm of electrolyte resistivity are linear
(Fig. 2) and their relation can be represented as

Ve = ag + bglogp 2

where gy and by are constants whose values are also
given in Table 1.

The results of electronic current (at constant tem-
perature and field strength) through Ta,Oy films in
contact with varying concentrations of the electrolytes
show that the magnitude of the electronic current (j;)
increases with electrolyte concentration and for the
same concentration, electronic current varies with the
composition of the electrolyte (Fig. 3). The variations
in the magnitude of electronic currents with electrolyte
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Fig. 2. Effect of electrolytic resistivity on breakdown voltage
(V, against log p). Key as in Fig. L.
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Fig. 3. Effect of electrolyte concentration on electronic current
(log j. against log C). Key as in Fig. 1.

concentration and composition may be due to the
variations in the values of the resistivities. The plots of
log j, against p are found to be linear (Fig. 4) and the
relation between electronic current and electrolytic
resistivity is

logj. = loga. + b.logp A3)

where a, and b, are constants and are given in Table 1.
The dependence of breakdown voltage (¥;) on elec-
tronic current is indicated by the linear plots of log j,
versus Vy (Fig. 5). This suggests a strong correlation
between the clectronic current and the breakdown
phenomenon. The electronic current density (j,),
injected into the conduction band of the oxide film
from the electrolyte/oxide interface, increases expo-
nentially according to an avalanche process [1-4].
Therefore, the electronic current density at the anode
should be given by

Jo = Joe™ 4
where « is the impact ionization coefficient and dis the

distance travelled by the primary electrons on their
way to the anode. As a first approximation it may be

0.0
04

0.2

log T2 (AR?)

03]

0.4

0.5

Q.6 1 I 1 I L
04 04 08 12 16 20 24

log pl(Qm)

Fig. 4. Variation of electronic current (log j,) with logarithm of
electrolytic resistivity (log p). Key as in Fig. 1.
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Fig. 5. Relation between electronic current and breakdown voltage.
Key as in Fig. 1.

assumed that d is equal to the total oxide thickness
and, during anodization at constant current, the
oxide thickness increases linearly with the voltage, i.e.
d = BV, where § is the anodization constant and is
equal to the reciprocal of the field, i.e., 1/E.
Substituting for d in Equation 4, then

Jo = Joe?’ &)
and, from Equation 5
1 -
x = 2372'303 log (j./jo) (6)
or
2.303E .
x = ——log (elhd) Q]

Knowing the field (E), the primary electronic current
(Jo) and the electronic current at a particular constant
voltage (j,), the impact ionization coefficient can be
evaluated from Equation 7. Values for j, were obtained
from the intercepts of the linear plots of log /. against
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Fig. 6. Plot of logarithm of electronic current (log j,) against Vol-
tage (V) at different concentrations in aqueous butyric acid. Key:
(3 10, (x) 25, (a) 50, (¥) 100, (O) 250, and (®) 500 molm>.
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Table 2. Parameters of electrical breakdown of tantalum oxide films in varying concentrations of different electrolytes*

Llectrolyte Impact ionization Primary electronic Breakdown Elecrrolytic
concentration coefficient (o) current (J,) voltage (V) resistivity (p)
(molm~?) (x 107 em™") (Am™?) V) Qm)
Aqueous formic acid

10 8.02 0.003 570 25.16

25 6.96 0.008 525 15.62

50 6.83 0.011 495 11.18
100 4.97 0.049 430 7.25
250 4.82 0.068 395 4.77
500 3.95 0.149 355 3.23
Agqueous butyric acid

10 5.98 0.036 490 81.61

25 6.18 0.038 455 50.33

50 5.62 0.062 420 41.17
100 4.87 0.113 385 29.22
250 3.54 0.292 350 17.42
500 3.17 0.417 305 14.38
Non aqueous ammonium dihydrogen phosphate

l 12.18 0.011 395 7.55

10 7.25 0.088 380 4.76

25 6.13 0.170 345 3.94

50 6.24 0.199 305 2.74
100 5.20 0.348 265 2.16
250 4.99 0.474 215 1.11

* Oxidation current density: 100 Am™2.

V. Such plots for only one electrolyte (butyric acid)
are shown in Fig. 6. The primary electronic currents
were found to depend both on electrolyte concentra-
tion and composition and, for a particular electrolyte,
increase with increasing electrolyte concentration
(Table 2). The value of impact ionization coefficients
were calculated at all the concentrations and the results
are presented in Table 2.

4. Discussion

As shown above, breakdown voltage depends on elec-
trolyte resistivity and the relevant relation is given in
Equation 2. Tkonopisov [2] derived such a relation
from his theoretical model of electrical breakdown. In
the Ikonopisov model of avalanche breakdown an
electronic current is injected from the electrolyte to the
oxide conduction band. The high field strength there
accelerates the injected electrons to an energy which is
sufficient to free other (secondary) electrons by impact
ionization so that an avalanche multiplication can
occur which causes electrical breakdown when a cer-
tain critical current is reached. In the Ikonopisov
theoretical equation, the constants ay and by (at con-
stant temperature, composition, concentration and
current density) are given by

Em .
ag = — (log jy — log a.)
(®)
by = 2.303 o,
re

where ¢, is the energy which is sufficient to free other
electrons by impact ionization, r is the recombination
length, e is the electronic charge, jy is the value of the

electronic current at a thickness sufficient for oxide
destruction, and g, and b, are the constants of the
dependence of electronic current on resistivity. The
constants ¢, and r are specific only for the anodized
metal and the quantity b, characterizes the injection of
electrons from the electrolyte into the oxide film.
From Equation § we get

%‘2 _ 2.303¢,, ©)
R re

The constant b, determines the injection of electrons
from the electrolyte into the oxide. Since &, (a
threshold energy for the impact ionization), and r (a
recombination length) are specific only for the anodized
metal, thus by/b, = constant. Thus, since the experi-
ments were carried out at constant temperature and
current density, then the ratio of by/b, is constant for
any two electrolytes. This ratio was determined and
the values for aqueous formic acid, butyric acid and
non-agueous ammonium dihydrogen phosphate solu-
tions were found to be 485, 708 and 457, respectively.
The order of the values is reasonably constant which
shows that the effect of electrolyte concentration
(resistivity) on the breakdown voltage can be explained
satisfactorily in terms of Ikonopisov’s electron inject-
ing model.

According to Albella and coworkers [1], it is possible
to make an estimation of the variation of breakdown
voltage with the electrolyte concentration and com-
position if it is assumed that the breakdown appears
when the avalanche current j, reaches a certain frac-
tion Z of the total anodization current, j, . Under these
conditions the breakdown voltage satisfies the equation

Joexp (@BVy) = Zj (10)
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or

23
v, = 03E

log (Z1/jy) (an
If « decreases with increasing electrolyte concentra-
tion, it will mean an increased V; at high electrolyte
concentration. However, the experimental values
showed a decrease with increasing electrolyte con-
centration. Therefore, o is not a major factor contri-
buting towards change in the breakdown voltage
value with increase in the electrolyte concentration; it
is the increase in primary electronic current ( j,) which
is a major factor contributing towards the decrease of
V3 with increase in the electrolyte concentration.
Further, at a particular concentration, aqueous formic
acid, which has a lower primary electronic current
than butyric acid, is associated with a higher break-
down voltage, thus emphasizing the role of the pri-
mary electronic current in explaining the effect of
composition on breakdown voltage.

Acknowledgements

Dr. Parveen Katyal gratefully acknowledges the
Council of Scientific and Industrial Research, New

Delhi, for the award of a Research Associateship.
Thanks are also due to the Head of the Chemistry
Department at the Maharshi Dayanand University
for providing laboratory facilities.

References

[11 L Montero, J. M. Albella and J. M. Martinez-Duart, J.
Electrochem. Soc. 132 (1985) 814.
21 S. Ikonopisov, Electrochim. Acta 22 (1977) 1077.
{31 J. M. Albella, I. Montero and J. M. Martinez-Duart, ibid. 32
(1987) 255.
[4]  Idem, J. Electrochem. Soc. 131 (1984) 1101.
[5] F. Di. Quarto, S. Piazza and C. Sunseri, ibid. 131 (1984)
2901.
{61  Idem, J. Electroanal. Chem. 248 (1988) 99.
[71  V.Kadary and N. Klein, J. Electrochem. Soc. 127 (1980) 139
and 128 (1981) 749.
[8] S. Ikonopisov and N. Elenkov, J. Electroanal. Chem. 88
(1978) 417.
[9  A.K.Vih, in J. W. Diggle (ed.), ‘Oxides and Oxide Films’,
Vol. 2, Marcel Dekker, New York (1973).
f10] J. J. Randall, Jr, W. J. Bernard and R. R. Wilkinson,
Electrochim. Acta 10 (1965) 183.
[11]  S. Ikonopisov and N. Elenkov, J. Electroanal. Chem. 86
(1978) 105.
[12] K. C. Kalra, Parveen Katyal and K. C. Singh, Thin Solid
Films 177 (1989) 35.
{13]  S. Tkonopisov and N. Elenkov, J. Electroanal. Chem. 88
(1978) 417.
(14 L. Young, Proc. R. Soc. Lond., Ser. A 244 (1978) 41,



