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The scintillation phenomenon in anodic tantalum oxide has been studied by means of the potential
rise during the reoxidation of samples which had undergone previous scintillation for a specified time.
The information given by these curves, together with measurements of the dielectric properties,

X-ray analysis and observation under the scanning electron microscope, allow two different processes
to be distinguished during scintillation. The first stage of the scintillation is mainly characterized by

a process of attack and partial healing of the oxide film with the formation of pores and microfissures.
The second stage of scintillation is dominated by the process of field crystallization which irreversibly
degrades the oxide’s dielectric properties. The influence of the anodization parameters, such as current

density and nature and concentration of the electrolyte, on the above processes is also investigated.

1. Introduction

The scintillation phenomenon, i.e. dielectric
breakdown during anodization of valve metals,
has an important technical significance since it
establishes a limit for the maximum voltage
attainable in the anodic oxidation process. This
voltage is strongly influenced by the anodization
parameters and especially by the particular elec-
trolyte employed, and, therefore, a significant
effort has been made by the electrolytic capaci-
tor industry to find those electrolytes which
result in a high scintillation voltage {1].

There are several papers dealing with the elec-
tron injection and avalanche mechanisms which
give rise to the initiation of the oxide’s dielectric
breakdown during anodization [2, 3], Less atten-
tion has been directed, however, to the process of
oxide recrystallization which arises as a conse-
quence of the scintillation. The recrystallization,
generally attributed to a temperature rise local-
ized in the breakdown areas, is often described as
an unwanted effect which irreversibly degrades
the oxide’s dielectric characteristics. Although the
recrystallization has been thoroughly character-
ised in tantalum and aluminium oxides by optical
and electron microscopy [4], there is a lack of
quantitative data on the anodization parameters
which control the recrystallization process. In

this work we study the influence of the anodi-
zation current density and of the electrolyte’s
nature and concentration on the different pro-
cesses which occur during scintillation of anodic
tantalum oxide.

2. Experimental

Samples of tantalum foil of 99.96% purity were
washed and degreased following standard pro-
cedures. Afterwards, the samples were chemically
polished in a 5:2:2 mixture of H, SO, , HNO; and
HF acids for 15 s. They were then treated with a
solution of NH4F in HF (300 gdm™) for 15 min.
Finally the samples were thoroughly washed in
deionized boiling water, These treatments leave
the tantalum surface with a very low concentration
of impurities, especially of fluoride ions [5, 6].
The anodization and reanodization experi-
ments were carried out in an electrolytic cell pro-
vided with two Hewlett Packard 6209B power
supplies connected in series and a stainless steel
cathode. The tantalum was anodized at a constant
current until the breakdown voltage was reached
and the sample was left at this voltage for a speci-
fied time (scintillation time). Following this pro-
cedure, the samples were reanodized at the same
current density (as programmed in the power
supply). The fast increase in voltage and the initial

T Part of this work has been presented to the 8th International Vacuum Congress and the 4th International Conference

on Solid Surfaces, Cannes (1980).
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Fig. 1. Evolution of voltage and current for tantalum samples during (a) anodization followed by breakdown and

(b) reanodization.

current ‘transients were recorded in a double-
channel Yew 3047 recorder. A typical plot of the
variation of the voltage and current during the
anodization, breakdown and reanodization pro-
cesses is shown in Fig. 1. After a given scintil-
lation time, the capacitance and associated para-
{lel resistance of the samples were measured at
100 Hz by means of an LCR bridge, Hewlett
Packard 4261A. The leakage current was also
measured by polarizing the samples for 15 min at
a voltage of 100 V.

By means of a protective device, only a circu-
Jar section (~ 1 ¢cm? in area) of the tantalum foil
was in contact with the electrolyte. This avoided
spurious breakdown effects at the foil’s edges
and at the contact between the foil and the elec-
trolyte surface [7].

3. Results

In the reanodization experiments, after the sample
had been under scintillation for a time 7y, the
voltage increased with time in a nonlinear fashion.
Following an initial fast increase, the rate dV/dz
subsequently decreased until breakdown was
reached. Parallel to this, the current across the
sample was very low during the first stage; it
then started to increase slowly and finally,
from the time of the initiation of breakdown;
acquired the value programmed by the power
supply (see Fig. 1b).

A possible interpretation of the reanodization

curves of Fig, 1b is that the first stage corresponds

to the building of the potential difference across

the equivalent resistance of the oxide layer. A
number of pores, caused by the previous scintil-
lation and whose depth is always smaller than the
oxide thickness, must be repaired. However, the
reanodization of the thinner oxide areas (which
correspond mainly to pores and fissures) would
result in a slower rate of voltage increase, which
becomes essentially zero at the breakdown
voltage.

In order to evaluate the rate of voltage increase
after each sample has been subjected to scintil-
lation for time #,, the quotient v = AV/iAt in the
interval 0-250 V, where i is the current density
programmed by the power supply, has been esti-
mated. The current density has been included in
the denominator for the purpose of comparing
the results obtained with different current densi-
ties.

Fig. 2 represents, for different current densities,
the relation v/v, , where vy is the reanodization
rate for £, = 0, as a function of O, the charge per
unit area consumed during scintillation (Q, = it,).
Fach point of the curves of Fig. 2 corresponds to
a different sample, except for the points on the
2 mA cm™? curve which were obtained using the
same sample subjected to alternate processes of
scintillation and reanodization. The results of
Fig. 2 were obtained with an electrolyte consist-
ing of dilute aqueous Hy PO, (resistivity = 3.1 x
103 Q cm). The curves show an approximately
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Fig. 2. Reanodization rates as a function of the charge
consumed during scintillation for several anodization
current densities.

linear decrease of the relative reanodization rate
vfvg with Qg until a minimum is reached. Its
position depends strongly on the current density.
The curves of Fig. 3 show the effect of the
electrolyte’s resistivity (o) on the reanodization
rate, These curves were taken at a constant current
density of 2 mA cm ™ using aqueous H; PO, elec-
trolytes with resistivities in the range 100 to 4400
€2 cm. It can be appreciated from these curves that
the minimum in the reanodization rate is markedly
influenced by the electrolyte’s resistivity. Other
electrolytes, commonly employed in the manu-
facture of solid tantalum capacitors, were also
investigated. These electrolytes are based on mix-
tures of aqueous citric and phosphoric acids in the
case of low-voltage applications, and on a mixture
of the same acids plus ethylene glycol for high-
voltage uses [8]. The behaviour of v/v, versus Qg
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Fig. 3. Reanodization rates as a function of the charge
consumed during scintillation for several electrolyte
resistivities. 0, 0.1k cm; 4, 1.0k cm, o, 1.2k cm;
A,3.0k2cm;o,44kQem.

for these electrolytes, with p = 100 £ cm, yielded
similar results to those of the curve in Fig. 3 cor-
responding to the lowest resistivity for the phos-
phoric acid electrolyte.

After a given time of scintillation, the surface of
the samples was examined under the scanning elec-
tron microscope and X-ray analyses were performed
to determine if a possible recrystallization of the
oxide had taken place. In the common descending
part of the curves of Fig. 2, corresponding to the
first stage of scintillation, the surface presented
isolated pores and microfissures, some with rami-
fications, while the rest of the sample showed the
normal homogeneous aspect of the amorphous
oxide. By the time the minimum of the curve is
reached the start of the formation of grey (recrystal-
lized) oxide is observed, growing radially at different
locations on the sample and covering wide zones
of the sample after long scintillation times. Typical
microphotographs of the surface are shown in Fig.
4 for each of the stages described. The X-ray
diffraction analysis showed the presence of several
crystalline phases of Ta, Os when the samples were
covered with the grey oxide, while the b.c.c. struc-
ture of the base tantalum appeared during the first
stage of scintillation.

It is difficult to give an estimation of the per-
centage of recrystallized oxide formed during
scintillation since it is very irregularly distributed.
However, it is interesting to observe that the addi-
tion of ethylene glycol, in the correct amount, to
the standard electrolytes based on phosphoric
and citric acids strongly inhibits the grey oxide
formation. The most beneficial concentration of
ethylene glycol is about 25%. Higher concen-
trations of ethylene glycol (60% or higher) have
practically no influence in avoiding the oxide’s
recrystallization [8].

The variation of the dielectric characteristics
with scintillation time (represented by the charge
Q) is shown in Figs. 5 and 6 for a typical case
in which the electrolyte employed was a solution
of H3PO, (p = 2200 © cm) and for a current
density of 2 mA cm 2. The capacitance and leak-
age current show a minimum for a value of Q
between 0.4 and 0.5 C cm ™2, whereas the associ-
ated parallel resistance shows a maximum at this
value (Fig. 5). The initial decrease observed in Fig.
5 for the capacitance is probably attributed to a
small oxide growth during the first stage of
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Fig. 4. Typical SEM photomicrographs of the tantalum oxide surface subjected to scintillation: (a) pores and micro-
fissures in the oxide film; (b) recrystallized oxide (reticule 10 um).

scintillation. This assumption is based on the
changes observed in the interference colour of
the oxide film as well as a small increase in the
voltage from the power supply during the first
part of the scintillation process. The increase in
capacitance, the reduction in the associated
parallel resistance and the strong enlargement of
the leakage current, which occur for g, > 0.5 C
cm™2 in the curves of Figs. S and 6, have neces-
sarily to be attributed to the presence of the re-
crystallized oxide which was discussed earlier.

In this case, the effective thickness of the block-
ing oxide film (amorphous oxide) diminishes and
at the same time the leakage current reaches a
high value as a consequence of the boundaries and
fissures that develop between the polycrystalline
grains and the interfaces between the crystallized
and amorphous areas.
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Fig. 5. Capacitance and equivalent parallel resistance as
a function of the charge consumed during scintillation.

4. Discussion

The data presented for the reanodization rates,
together with the observations of the oxide’s
structure, show that during the first stage of the
scintillation phenomenon (up to the minimum in
the curves of Figs. 2 and 3) an effect due to attack
and partial healing of the oxide film predominates,
with the formation of pores and microfissures, the
number of which increases with scintillation time.
The initial points of attack have sometimes been
correlated with the presence of impurities at the
surface as well as other kinds of defects {5].

The very nearly linear decrease of v/v,, cor-
responding to the first stage of scintillation, can
be explained by assuming that the number of pores
produced is proportional to O,, which is equivalent
to supposing that the production of each pore con-
sumes the same amount of charge, When the num-
ber of pores is relatively large, the above assump-
tion has proven to be very useful in explaining
the evolution of the number of current pulses
and the build up of the potential across the oxide
film during scintitlation {9]. Therefore, to a first
approximation, it can be established that the elec-
tric potential increase during the reoxidation of
the oxide layer after scintillation is given by the
expression

AVIAL = k (i —in) @

where k is a reanodization constant when there are
no pores in the oxide and iy, is the current density
employed for the reoxidation of the pores, Writing
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Fig. 6. Leakage current as a function of the charge con-
sumed during scintillation.

iyp = Rplp, where ny, is the concentration of pores
and 7, the current density through each pore, and
since, in agreement with our former assumption,
np = AQ,, with A a constant [9], Equation 1 can
be expressed as

AV/AL = k(i —NQ4ip) - @)

Dividing both sides of Equation 2 by ki (the rate of
potential growth for pore-free oxide) we have:

1 =X (/)05 ®3)

which shows that the ratio v/v, decreases approxi-
mately linearly with O, during the first stage of
scintillation, in agreement with the results of

Fig. 2.

The occurrence of the minimum and the reversal
of the slopes in the curves of Figs. 2 and 3 can be
associated with the formation of crystalline oxide
in a large amount. The recrystallization soon
degrades the oxide’s dielectric characteristics, as
was observed in the discussion of the results of
Figs. 5 and 6. It is also interesting to point out
that the recrystallized oxide is not susceptible to
being reanodized and that the crystallites mainly
appear at the breakdown sites, as has been observed
by Vermilyea [10] and Yahalom and Zahavi [4]
using different electrolytes. In addition, as obser-
ved by Vermilyea [10], the field crystallization for
voltages below breakdown requires the con-
sumption of a certain charge, of the order of 0.4~
0.5 C, the amount of which varies inversely with
the electric field strength across the oxide. As a
matter of fact, this result could very well explain

Vv =

the sequence of the curves of Fig. 2 since the elec-
tric field in the oxide increases with the anodiza-
tion current density [11]. All the results just
described give good evidence of the origin of the
recrystallization phenomenon, which should be
attributed to the electric field. Other explanations
about the origin of the crystallization of the amor-
phous oxide, such as being solely due to Joule
heating during anodization, should be disregarded
[4], although obviously a temperature rise during
anodization would accelerate the field crystal-
lization effect.

The effect of the electrolyte concentration on
the scintillation is also very significant. In effect,
as can be appreciated from the curves of Fig. 3,
the initial decrease of v/v, versus Qg is somewhat
similar for all the electrolytes, but the upturn
branches appear at lower values of (; as the resis-
tivity of the electrolyte gets smaller. In this respect
it should be mentioned that although Jackson [12]
has found that the field crystallization effect
strongly increases with pH, there is a lack of studies
dealing with the influence of the resistivity of the
electrolyte on the recrystallization phenomenon.
Recently Ikonopisov and Elenkov [13] have shown
that the electrolyte concentration plays an impor-
tant role in the electronic current injection across
the oxide. In fact they have found an expression
of the typej, = ao® for the dependence of the
electronic current density j, on the conductivity o
of the electrolyte (2 and b are constants). Although
more experimentation will be necessary to eluci-
date the effect of the electrolyte on scintillation, it
can in principle be assumed that the rate of field
crystallization would be controlled by the elec-
tronic current injected into the oxide and therefore
it could be expected that the rate of crystallization

would increase with j,.
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