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Oxidation of aluminum and relevant polarization
in dc biased silver metaphosphate glass
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A comprehensive study was made on biasing the silver metaphosphate glass with a dc
pulse train, by using sputtered aluminum or evaporated aluminum as the anode. Oxidation
of aluminum proceeded at the anode-glass interface, and relevant polarization and
depolarization peaks were seen at the onsets of biasing and off biasing, respectively. It was
suggested tentatively that the polarization arose from orientational motion of the P—O
dipoles within the oxide, with 54 + 1 kJ/mol as the activation energy for relaxation.
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1. Introduction

When we want to study ion dynamics in ion-conducting
glass electrically, we usually deposit metal electrodes
on both sides of a sample, bias it with dc/ac voltage,
and measure the electrical response via the electrodes.
Therefore, the observed response must inevitably be
electrode-related. The present author has long used gold
and silver as the electrodes [1]. As is well known, gold
acts virtually as a blocking anode (from which no in-
jection of the anode metal ions is possible) while silver
is very easily injected into glass when it is used as the
anode.

Recently, a preliminary study was made on dc biasing
the silver metaphosphate (AgPO3) glass using evap-
orated aluminum as the anode metal [2]. Aluminum
has stronger affinity for oxidation than gold and silver.
Therefore, we expect that oxidation of aluminum (the
so-called “anodization”) would proceed if aluminum is
used in lieu of gold and silver as the anode. The AgPO;
glass is a silver-ion conductor. However, the studies
with an X-ray photoelectron spectroscopy (XPS) sug-
gest that the metaphosphate (PO5’) ions would conduct
toward the anode besides the silver ions conducting
toward the cathode [2, 3]. As a result, dc biasing the
aluminum-anoded glass generated a dielectric oxide at
the anode-glass interface, possibly by electrochemical
reaction of the PO5 ions with the aluminum anode. The
purpose of the present study was to gain further insight
into the nature of solid-state anodization of aluminum
on the silver metaphosphate glass, by using sputtered
aluminum or evaporated aluminum as the anode.

2. Experimental

The samples were made by melting a mixture of appro-
priate amounts of AgNO3 and NH4H, POy in a platinum
crucible at 500°C for 1-2 h, quenching on a carbon
plate to a thickness of ~0.6 mm, and depositing alu-
minum (300-500 A thick) and gold (~400 A thick)
on both sides. The resulting samples, in the configura-
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tion AI/AgPOs/Au, were labeled E or S according to
whether the aluminum anode was made by evaporation
(E) or by dc sputtering using argon ions (S§).

A sample was biased with a pulse train, made of
pulses of height V; and width 50 ms followed by 50 ms
of off-voltage, and the induced current, i, was detected
as an output voltage, V, (=i R;), across a reference re-
sistor R; (= 1.18 Q) by an oscilloscope. The applied
field for forming an oxide layer (termed the “forming
field”), E;,, was varied from 10 to 750 V/cm. The mea-
surements were made in vacuo (~107° torr), at or below
140°C which is about twenty degrees below the glass
transition temperature [4].

After dc biasing, the depth profiles of Al, Ag, P, and
O were measured from the anode surface by XPS af-
ter intermittent etchings of the surface by an argon-ion
beam. Since the etching rate was different for different
compositions and materials as well as variable experi-
mental settings, the sputtering time rather than the depth
was used as the abscissa.

3. Results

Figs 1 and 2 compare the depth profiles of virgin (i.e.,
non-biased) samples E-I and S-1, and the ratios of num-
ber of atoms for oxygen-to-phosphorus, O/P, and silver-
to-phosphorus, Ag/P, as a function of the sputtering
time. The depths at the ends of the sputtering time were
0.1 wm. The near parallelism in the depth profiles of
oxygen and phosphorus (except excess accumulation
of oxygen at the anode-glass interface) suggests pref-
erential movement of the negative ions in the form of
PO5 toward the anode during deposition of aluminum
[3]. The rise of oxygen concentration at the outermost
surface is due to a “passive” film, formed on exposure
of as-deposited aluminum to the air. For sample E-1, we
see the peaks of oxygen and phosphorus concentrations
below the anode, followed by their troughs where silver
in alternation gave the peak. Such undulations are not
seen for sample S-1.
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Figure 1 Depth profiles of virgin sample E-I and the ratios of number of
atoms for oxygen-to-phosphorus, O/P, and silver-to-phosphorus, Ag/P,
thereof.
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Figure 2 Depth profiles of virgin sample S-I and the ratios of number
of atoms for O/P and Ag/P thereof.

Although there are some differences in the depth pro-
files of virgin-E and -S samples, the depth profiles after
dc biasings resembled to each other and were similar
to Fig. 10 in [2]. Besides, no differences in the elec-
trical responses to dc biasings were found between E
and S samples either. For example, Fig. 3 shows the
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Figure 3 Electrical response of sample S-1I to 500 V/cm biasing with a
pulse train at 96°C.
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Figure 4 Cycle-dependencies of Q(on), Q(off), and Q(total) for sample
S-1I at 96°C and sample S-IIT at 140°C, both to 500 V/cm biasings.

response curve of sample S-1I to 500 V/cm biasing at
96°C. In addition to the conduction current which de-
cayed monotonously to zero, with the overall charge
of 0.0068 C/cm?, the sharp positive and negative cur-
rent peaks were seen at the onsets of biasing and off
biasing, respectively. Periodic undulations in the peak
heights are the “beats,” caused by mismatch of our
slow (40 kS/s) sampling rate with the fast relaxational
process.

Sample S-III was biased with 500 V/cm at 140°C.
The electrical response of this sample was almost iden-
tical with the reported one [2], with 0.0091 C/cm? as the
overall charge flowed. Fig. 4 shows the areas covered by
the sharp peaks during biasing, Q(on), and during off
biasing, Q(off), as well as the total conduction charge
flowed on biasing up to a given cycle, Q(total), for sam-
ples S-IT and S-III. The ratio Q(on)/ Q(total) was plotted
for both samples, as well as for sample E-II for which
biasing was made at 140°C with 500 V/cm (Fig. 5).

The formation or annihilation process of polarization
on biasing or on off biasing is given by the charging or
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Figure 5 Cycle-dependencies of the ratio Q(on)/Q(total) for sample
S-1I at 96°C, sample S-III at 140°C, and sample E-II at 140°C, all to
500 V/cm biasings.
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Figure 6 The relaxation time of polarization for sample S-1I to 500 V/cm
biasing at 96°C and sample S-III to 500 V/cm biasing at 140°C, as
estimated from the polarization/depolarization peaks on biasing (“on”)
and on off biasing (“off”).

discharging current of the form

[ =i,exp(—t/1) (1)

provided the relaxation time, 7, is single-valued. Fig. 6
shows the estimated t values from the initial slopes of
the log i versus ¢ curves for samples S-II and S-I11. It is
to be noted that 7 in reality has some distribution, those
shown in Fig. 6 being the initial but dominant values.
In our glass, the silver ions are the dominant charge
carriers. When this glass is biased with a pulse train,
especially when gold is used as the anode, the silver
ions conduct first, leaving the positive-ion depleted re-
gion (PDR) underneath the anode. On off biasing, some
of the silver ions which conducted in the last cycle of
biasing back-diffused into the PDR and gave the nega-
tive current [3]. Even in our aluminum-anoded samples,
the silver ions would conduct toward the cathode and
generate the PDR. On off biasing, back-diffusion of

LOG [1-Q(on)/Qo]

LOG (R or R’)

0.5
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Figure 7 Logarithmic plots of [1 — Q(on)/Q,] as a function of biasing
time for sample S-II to 500 V/cm biasing at 96°C, and for samples
S-IIT and E-II to 500 V/cm biasings at 140°C, respectively. (Bottom)
Logarithmic plots of R (the ratio of the conduction charge in a given
cycle of biasing to the conduction charge in the initial cycle of biasing)
and of R'(= 1 — Q(on)/Q,) for sample E-II.

the silver ions would induce the negative current too,
besides the negative current by annihilation of polariza-
tion. This may be the reason for larger values of Q(off)
and t(off) as compared to Q(on) and 7(on) (Figs 4 and
6).

With increasing cycles, however, Q(off) and t(off)
approached Q(on) and 7(on), respectively. The growth
of Q(on) with cycles may reflect the growth of the ox-
ide, so is given in the form

Q(on) = Qo[1 —exp(—z/7(0x))], 2)

where 7(0x) is the relaxation time for oxidation which
characterizes the process of oxidation. The initial slopes
of log [1 — Q(on)/Q,] versus t gave 0.3 s for t(ox) of
samples S-IIT and E-II at 140°C, while 1.5 s for sample
S-IT at 96°C (Fig. 7). These 7(ox) values are in rough
accord with those estimated from the conduction cur-
rent curves. This is exemplified in the bottom of Fig. 7
for sample E-II, where the curves of log [R (the ratio of
the conduction charge flowed in a given cycle of biasing
to the conduction charge flowed in the initial cycle of
biasing)] and log [R’ (=1 — Q(on)/Q,)] gave the same
initial slopes. The Arrhenius plots of 7(ox) gave about
46 kJ/mol as the activation energy for oxidation.

The saturated value of Q(on) (= Q(off)), Q,, was
indifferent to the forming field (Ej,) applied, except
below 100 V/cm (Fig. 8). From the relation

Q=CVv, 3)
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Figure 8 The saturated value of polarization, Q,, at 140°C as a function
of the applied (forming) field, Ej,. The data are from S and E samples.
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Figure 9 The capacitance, C, at 140°C as a function of the applied
(forming) field, E;,, or of 1/Ej,. The data are from S and E samples.

the capacitance of our electrolytic capacitor, C, was cal-
culated. It was found that C increased approximately
linearly with a reciprocal of Ej, (Fig. 9). Similarly, 7,,
the saturated value of 7(on) (= (off)), increased ap-
proximately linearly with 1/E;, (Fig. 10). The curve
of Fig. 9 is well understood on the ground that the
thickness of the oxide attained, at end cycles of bi-
asing, increases in proportion to the forming voltage,
Vio, Or to the forming field (Ej,,) if sample thicknesses
are the same, more or less. The approximately linear
growth of the oxide with Vj, is well known in the fabri-
cation of an electrolytic capacitor in a liquid electrolyte.
The departure from linearity below 100 V/cm (Figs 9
and 10) may reflect some incompleteness in the oxide
formed, although biasing even with 10 V/cm at 140°C
(for sample S-1V) yielded coincidences between Q(on)
and Q(off) and between 7(on) and 7 (off) at end cycles
of a pulse train (not shown).

After biasing with Ej, of 100 V/cm at 140°C, sam-
ple S-V was cooled to lower temperatures stepwise
and biasings were repeated. No more conduction cur-
rents were seen, except the sharp positive and negative
peaks at the onsets of biasing/off biasing. This sequence
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Figure 10 The relaxation time, 7,, at 140°C as a function of the applied
(forming) field, E;,, or of 1/Ej,. The data are from S and E samples.
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Figure 11 Arrhenius plots of the relaxation time, t,, for sample S-V
on initial biasing with 100 V/cm at 140°C, followed by biasings with
100 V/cm at several temperatures below 140°C. This sequence was
repeated by biasing with 500 V/cm at 140°C, then by biasing with
1000 V/cm at 140°C.

was repeated by biasings with 500 V/cm, then with
1000 V/cm. It was found that 7, decreased irreversibly
with an increase in Ej,, fitting into the curve of Fig. 10,
although Q, was almost fixed. The Arrhenius plots of t,
(Fig. 11) reveal that the activation energy for relaxation
is constant (54 % 1 kJ/mol) irrespective of Ej, applied.

The capacitance of an electrolytic capacitor thus
formed would remain intact, satisfying Equation 3,
when the capacitor is biased with a voltage V; which
is less than the forming voltage, Vi,. Truly, C and t
were found to be approximately constant while Q,, de-
creased with decreasing V; for sample E-III when, after
initial biasing with the forming field of 500 V/cm at
140°C, the sample was subjected to biasing again with
500 V/cm, followed by biasing with 200 V/cm, then
with 100 V/cm (Table I). The Arrhenius behavior of
T, was reversible, unless biasing was made with a field
higher than Ej,.



TABLE I List of Q(total), the total charge flowed during biasing till
conduction-current cease; Q,, the saturated value of polarization; C,
the capacitance; and t, the relaxation time, for sample E-III which, after
initial biasing with 500 V/cm at 140°C, was biased again with 500 V/cm,
followed by biasing with 200 V/cm, then with 100 V/cm

Q(total),
E; (Vlem)  C/cm? Qols (Clem?)  C/s (Flem?)  (sec)
500 (initial)  0.0099 6.2x 1076 12x1077  0.98 x 10~
500 - 5.5x107° 1.0x1077  1.0x10™*
200 - 1.6x107®  073x1077 0.89x 104
100 - 0.83x107° 0.80x10~7 0.78x 1074
50 -
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Figure 12 Depth profiles from the aluminum anode side of sample E-III
after biasing with 500 V/cm at 140°C and the ratios of number of atoms
for O/P and O/Al thereof. The depth at the end of the sputtering time
was 0.06 pm.

The depth profiles were measured for many E and
S samples, but the general features seen are similar to
those reported [2], with the shoulder at its tail of the pro-
file of aluminum and the corresponding peaks in oxygen
and phosphorus, followed by the plateaus in oxygen,
phosphorus, and silver. The initial peaks underneath
the anode are assigned tentatively to the relevant ox-
ide [2]. Only for one sample could we see the oxide
which was isolated from the overlapping aluminum an-
ode. Fig. 12 shows the depth profiles of sample E-III
after biasing with 500 V/cm at 140°C. At the bottom
are shown the ratios of number of atoms for O/P and
O/Al. The ratio of O/Al at its plateau (near the sputter-
ing time of 5 x 10* s) was about 1.5, suggesting that
the composition of our oxide is Al,(P, )O3, with x < 1.
The thicknesses of the oxide layers were 10-20 nm.
Silver seems not to be the main constituent of the ox-
ide, since it appeared from underneath the oxide. We
are uncertain whether the oxide is crystalline or non-
crystalline, although X-ray diffraction studies gave no
sign of a crystal. It is well known that the aluminum ox-
ide formed by liquid-phase anodization is amorphous.
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Figure 13 (A) Electrical response of aluminum-anoded sample S-VI to
500 V/em biasing at 140°C, after biasing till conduction-current cease.
(B) Initial response of this sample on reverse polarity, now with gold as
the anode.

Finally, let us consider biasing sample S-VI with
500 V/cm at 140°C, firstly with aluminum as the anode
till conduction-current cease; then the polarity was re-
versed, now with gold as the anode (Fig. 13). (In this
case, the pulse train was made of pulses of 10 ms du-
ration, followed by 10 ms of off biasing.) On reverse
biasing, the sharp positive and negative peaks due to po-
larization/depolarization were annihilated within initial
several cycles. This exemplifies the peculiar nature of
an electrolytic capacitor that its function as a capaci-
tor can easily be destroyed when it is biased in reverse
polarity.

4. Discussion

Ata given cycle of biasing and off biasing, the estimated
charge Q(on) is the charge induced in the external cir-
cuit by the formation of polarization, by

O(on) = CAV, 4)

where AV is a potential drop across the oxide. The
capacitance, C, may be given by

C/s = £08(0x)/d(0x), (5)

where &, is the permittivity of free space and ¢ (0x) is
the relative dielectric function of the oxide.

Suppose e(ox) and the resistivity of the oxide are
invariable in the course of anodization. At initial cy-
cles of biasing, the oxide may be very incomplete in
its morphology as a dielectric, perhaps be dappled, to
give a small AV and small Q(on). With increasing cy-
cles, however, the oxide would grow from a dappled
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to a continuous or planar layer. Once the oxide be-
comes continuous (at which AV may still be less than
Vio), O(on) would remain constant (= Q,) during fur-
ther oxide growth, till saturation in Q(total) at which
AV reaches V.. This may be the reason why the ratio
Q(on)/Q(total) passed through the maximum (at 0.6—
0.8 s) to a decline for 140°C-biased samples S-1II and
E-II (Fig. 5). (The difference between S-III and E-II is
unknown at present.) For 96°C-biased sample S-II, on
the other hand, it took far longer time before the ratio
reached maximum. At final cycles, Equations 4 and 5
give

0o/s = g,e(0x)Vip/d(0%). (6)

Q,/s must be fixed constant irrespective of Vi, (or Ej,)
applied (Fig. 8), provided d(ox) increases linearly with
Vio-

The dielectric function of crystalline alumina is
almost frequency independent in the range of 10°—
10'0 Hz [5]. This indicates the absence, in the genuine
alumina, of the permanent dipoles as ours having the re-
laxation time as large as 10~* s at 140°C. The XPS data
implies that our oxide is of the composition Al,(P, )O3,
with x < 1. The depth profiles (Fig. 12) suggest vari-
ation in the concentration of the phosphorus atoms
within the oxide, having smaller x in the very prox-
imity of the anode. A hypothesis based on the data of
7, (Figs 10 and 11 and Table ) is that the polarization
arises from orientational motion of the P—O dipoles
within the aluminum oxide, that the motion is retarded
by the presence of the intervening silver ions, and that
the amount of those silver ions is gradually and irre-
versibly removed out of the oxide with an increase in
Ejo.

5. Conclusion

A comprehensive study was made on biasing the silver
metaphosphate glass with a dc pulse train, using sput-
tered aluminum or evaporated aluminum as the anode.
No particular differences were found between them in
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their electrical responses. The experiments suggest that
the oxide formed at the anode-glass interface on biasing
may be responsible for the observed dielectric behavior.
The results are summarized as follows:

(1) The response curve of a sample to biasing with a
dc pulse train can well be understood on the ground that
the oxide was initially dappled, but grew to a continuous
or planar layer when Q(on) reached saturation (= Q,),
till no further oxidation when a potential drop across the
oxide layer reached the forming voltage. It is suggested
from the Ej,-dependences of Q, and 7, that the oxide
thickness grows with Ej, almost linearly, at least with
E;, of more than 100 V/cm at 140°C. The activation
energy for oxidation is about 46 kJ/mol.

(2) The composition of the oxide may be Al,(P, )O3,
with x < 1. It is suggested that the polarization arises
from orientational motion of the P—O dipoles within
the aluminum oxide, that the motion is retarded by the
presence of the intervening silver ions, and that the
amount of those silver ions is gradually and irreversibly
removed out of the oxide with an increase in Ej,. The
activation energy for relaxation was 54 & 1 kJ/mol ir-
respective of Ej, applied.

(3) Similarly to the liquid-state counterpart, our solid-
state electrolytic capacitor can also be destroyed easily
when it is biased in reverse polarity, with aluminum
acting the cathode.
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