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l. Introduction

Dielectric layers in tantalum capacitors are formed by anodic electrolytic oxidation of porous tantalum pellets. The
thickness of the dielectric is proportional to the formation voltage, d = axVs, where the coefficient « is typically ~2
nm/V, and V: is from 2.5 to 4 times greater than the voltage rating (VR). Estimations based on these data show that
for capacitors rated from 6 to 50 V the thickness of the dielectric is from 30 to 450 nm and at rated voltages tantalum
capacitors are operating at high electric fields, in the range from 100 to 200 V/um. These fields are only 2-3 times
below the breakdown fields in Ta205 dielectrics that are in the range from 320 to 420 VV/um [1]. Thermochemical
processes in the dielectric operating under high electric fields can cause failures at voltages substantially lower than
the breakdown voltage (VBR). These processes can be modeled as time-dependent dielectric breakdown (TDDB) in
tantalum capacitors [2], and indicate that VBR is an important characteristic directly related to the quality and
reliability of the parts.

Thin tantalum pentoxide dielectric layers in capacitors are grown on the pellets made of sintered tantalum powder,
have a rather large, in the range from 100 to 500 cm?, and irregular surface area. Considering condition on the surface
of the pellet and stresses during manufacturing and assembly, it is reasonable to assume that Ta205 dielectrics have
a certain concentration of structural defects reducing VBR, and hence reliability of the parts. These defects are
responsible for the infant mortality failures, and to reduce the probability of failures, special screening tests to remove
defective samples with low values of VBR have been suggested. KEMET is using a simulated breakdown testing,
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SBDS, during manufacturing of their high-quality commercial capacitors [3]. A margin verification test had been
suggested for the users to cut-off low-voltage tails of VBR distributions as an additional screen for space-quality
capacitors [4].

In spite of the presence of defects, tantalum capacitors can assure long-term operations in variety of reliability
demanding applications, including space instruments. To a large degree, this is due to the self-healing processes that
allow for a fast termination of breakdown and prevention of significant damage to the dielectric. In this case, a
momentary scintillation current spike occurs instead of a catastrophic short circuit failure of the capacitor.

A mechanism of self-healing in MnO2 capacitors is associated with oxygen reduction in the cathode layer caused by
local overheating and isolation of the breakdown site with high-resistive Mn203/Mn304 compositions. The process
of the manganese oxide conversion occurs with time and when sufficient power supply current is instantly available,
the joule heating might trig exothermic reactions of tantalum oxidation by oxygen generated in MnO2. This situation
might happen when the damage to the dielectric is large enough, for example due to pop-corning associated with
soldering of parts containing moisture [5]. In low impedance circuits, this damage can result in significant inrush
currents and so-called first turn-on failures that in the worst case can cause ignition of the part and damage the whole
assembly.

To prevent post-soldering catastrophic failures, proofing, or controlled, slow powering up of capacitors had been
suggested by J. Prymak and co-workers [6]. This process supposed to activate the self-healing mechanisms in tantalum
capacitors and thus prevent short circuit failures. In a later work by CALCE, it has been shown that scintillation
conditioning does not degrade reliability of capacitors, but can increase surge current breakdown voltages up to 25%
[7]. However, this conclusion was made based on testing of two lots only. Our data showed that in general, proofing
might not guarantee reliability of the parts, be damaging, and has rather limited applications [8].

Although the mechanism of self-healing in MnO2 capacitors is commonly accepted, its details have not been
sufficiently analyzed yet and the effect of scintillations on performance and reliability of the parts has not been fully
understood. In particular, there is practically no data regarding durations and amplitudes of the scintillation spikes
and the degree to which they can change characteristics of the capacitors. More analysis is necessary to reveal possible
lot-to lot variations of the self-healing efficiency of capacitors. Also, there is only limited information regarding
location and appearance of the damaged sites.

Even less is known about self-healing in chip polymer tantalum capacitors, CPTCs. Prymak and co-workers assumed
that for these devices, the self-healing activity involves changes in the conductivity to the fault site, or a break in the
contact by evaporating the polymer. It was suggested that this activity requires much less energy than for MnO2
capacitors [9]. T.Zednicek [10] also explained self-healing in CPTCs by formation of voids caused by evaporation or
peeling-off the conductive polymer at the breakdown site. Y.Freeman [11] attributed self-healing in polymer
capacitors to separation between the PEDOT and PSS molecules in the vicinity of defect sites in the dielectric caused
by high current density and rising temperature. It was assumed that this separation increases resistance of the polymer
and decreases leakage currents in the parts. Moisture, working as a plasticizer enhances self-healing and thus is
beneficial for performance of capacitors.

In spite of the importance of self-healing for assuring reliable operation of tantalum capacitors, the associated
processes and mechanisms have not been studied sufficiently and need more analysis. In this work, different types of
polymer and MnO2 capacitors have been tested for scintillation breakdown using a constant current stress (CCS)
technique modified to allow detection of current spikes during breakdown. Characteristics of the parts and in
particular leakage currents were measured to assess the efficiency of self-healing and suggest better screening
procedures. Damaged sites were localized using infrared camera and their appearance analyzed after deprocessing
and cross-sectioning. Thermal processes during scintillations have been modeled to better understand mechanisms of
self-healing and post-scintillation behavior of tantalum capacitors.

Il. Experiment

Measurements of breakdown voltages in capacitors in this study were carried out using a constant current stress, CCS,
technique [2] that has been modified to detect voltage variations during scintillation events and the shape of the power
supply (PS) current spikes. Figure 11.1.a shows a schematic of the test set-up. A source measurement unit (SMU),
typically Keithley 2400, in a constant current mode was used to charge a capacitor under test that had a 10 ohm current
sense resistor connected in series. An oscilloscope that was trigged by the breakdown event was used to monitor
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voltage across the capacitor and PS currents by voltage measurements across the sense resistor. Test parameters,
including the level of charging current and duration of the test were controlled by a PC that was also used to record
variations of voltage with time of charging and oscilloscope data. The level of charging currents was selected to
charge capacitors to the rated voltage within a few seconds.

When a charging current, e, is applied to a capacitor, having a leakage current 1 (t,V), that depends on voltage and
time under bias, the voltage across the part increases with time:

V(D) = o fllen — L& V)] dt (1.1

where Cpc is the capacitance measured at quasi-static conditions. This capacitance is a sum of an AC capacitance
measured at 120 Hz, Cac, and absorption capacitance, Cap, that is typically 5 to 20% of Cac[12]:

Coc = Cac + Cab. (11.2)

When I, >> |, the voltage increases with time linearly, V(t) = lenxt/Cpc and the slope of the V-t curve can be used
to calculate the value of Cpc. The breakdown voltage is determined as maximum on the V-t curves.

At high enough voltages, the charging current might be comparable with the leakage current and the V-t curve becomes
sublinear as shown in Fig 11.1.b. At this condition, the leakage current can be calculated as:

av (o)
dt

IL(t, V) = ICh - CDC (“3)

Obviously, when I, is not sufficient, breakdown cannot be reached, the voltage is stabilizing at a certain level V <
VBR as shown in Fig.1l.1.c, and larger charging currents should be applied to cause breakdown.

Due to self-healing, the voltage across the part that drops during a scintillation starts increasing again and the process
can be repeated (Fig. 11.1.b). If self-healing does not occur or is not sufficient for voltage to increase again, the part
remains shorted after breakdown as shown in Fig. I11.1.d. In this case, voltage is stabilizing at a relatively low level
Vs = knXRs, Where Ry is the short circuit resistance. These types of scintillation events are defined as damaging
scintillations.
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Figure 11.1. Schematic of the test set-up (a) and typical CCS data recorded during self-healing (a) and damaging (d)
scintillation events in 10 uF 25 V MnO2 capacitors. Fig. (c) shows an example of CCS testing that required
increasing charging currents to reach breakdown. Dashed line in Fig.1.b was calculated at Cpc = 10.5 uF.



A total current flowing through a capacitor during a scintillation event is a sum of the PS current, Ips, and internal

current caused by discharging of the capacitors, lgisch: Isc = Ips + Laiscn- The discharge current can be calculated as a
derivative of the voltage variations during breakdown:

Lgiscn(t) = Cyac X dV(t)/dt- (11.4)

Examples of voltage variations, discharge currents calculated per Eq.(I11.4), and measured power supply currents
during scintillation events for two types of MnO2 capacitors are shown in Fig.11.2. The discharge current spikes are
sharp, have a width of ~ 10 usec and can reach dozens of amperes. Spikes of the currents provided by the power
supply have a trapezoid shape with the width from ~100 psec to ~200 psec and much lower amplitudes, ~ 0.22 A.
The width of PS spikes increases practically linearly with the breakdown voltage (Fig. 11.2.c), whereas the width of
discharge spike have a tendency of decreasing with VBR.
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Fig.11.2. Variations of voltages, discharge currents, and power supply currents during scintillation events in two
types of MnO2 capacitors, 6.8 uF/35 V (a) and 4.7 uF/50 V (b). Figure (c) shows correlation between the widths of
the PS and discharge current spikes and breakdown voltages for different samples of 4.7 uF 50 V capacitors.

To determine whether results of CCS testing reflect processes during scintillations or they depend on the power source,
breakdown voltages and shapes of PS spikes have been measured for several groups of capacitors with 10 to 20
samples each group using different power supplies. In one group, CCS testing was carried out using SMU Agilent
K2400 that has maximum current of 200 mA and another group was tested using a less compliance current SMU,
Keithley K237, that is capable to provide maximum current of 10 mA.

Results of VBR measurements for five types of MnO2 capacitors are shown in Table 11.1. Analysis of the data using
Student’s t-test show that at 95% confidence level the distributions of breakdown voltages in both cases are similar.
However, amplitudes and widths of PS current spikes were substantially less for SMU K237 as evident also from Fig.
11.3.

Table I1.1. Average values and standard deviations (in brackets) of breakdown voltages measured using different
power supplies.

Part QTY K 2400 K237

20 1013 (6.1) 1025 (8.6)
10 1086 (11.8) 103.6 (12.1)
10 841 (32) 844 (47)
13 1207 (13) 135.4 (19)
13 333 (67) 276 (6.3
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Fig.11.3. Typical power supply current spikes during scintillation events tested using different power supplies
(K2400 and K237) in CWR09 4.7 uF 50 V (a) and CWRO06 6.8 uF 35 V (b) types of capacitors.

An additional prove that the shape of PS spikes does not reflect processes during scintillations was obtained by the
breakdown simulation experiments. A short circuit condition in the part was simulated by a power N- FET connected
to MnO2 4.7 uF 50 V capacitors in parallel. At a certain moment before breakdown of the part, the switch was closed
and maximum reached voltage simulating breakdown voltage and the shape of PS spike were detected by an
oscilloscope. Results of these tests are shown in Fig. 11.4. The amplitudes and shapes of PS spikes during these
simulations were comparable to actual breakdown events, and similar to results shown in Fig.Il.2.c, the width of the
spikes increased linearly with the simulated breakdown voltage.
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Fig. 11.4. Examples of voltage and power supply current variations during breakdown simulation by external
shorting of the parts (a) and correlation between the width of the power supply current spikes and breakdown
voltage in 4.7 uF 50 V capacitors during simulations (b). The red marks in figure (b) correspond to results of actual
scintillation tests.

Results show that the shape and amplitude of PS current spikes depend on the dynamic characteristics of the power

supply used and do not reflect self-healing processes in the parts. The duration of the self-healing process is apparently
greater than the width of the PS current spike.

Scintillation events were characterized by the shape of discharge, including breakdown voltage, minimal voltage
before increasing caused by self-healing, Vimin, and the width of the discharge, Wid, determined as shown in Fig. I1.5.
The value of Wid allows for estimations of the average discharge current as follows:

Idisch = CACXO.SX(VBR'Vmin)/Wid (||.5)
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Fig. I1.5. An example of a discharge process for a scintillation event in a polymer 33 uF 25 V capacitor illustrating
parameters calculated based on V-t curves.

[ll. Breakdown voltages and scintillation times in MnO2 and polymer capacitors

lI.1. Distributions of VBR and Wid.
Various groups of MnO2 and polymer capacitors rated at voltages from 6.3 V to 35 V were used to evaluate the effect
of the type of cathode materials on scintillation breakdowns. Each group had typically from 10 to 20 samples. Weibull
distributions of VBR were characterized by two parameters: the characteristic breakdown voltage, 7, and slope, or
shape factor, . The durations of scintillation events, or scintillation times, Wid, were approximated by log-normal
distributions and characterized by the median values. The spread of Wid was evaluated using 25th and 75th percentiles
of the distributions.

Examples of VBR distributions for two types of polymer and MnQO2 capacitors rated to 6.3 V and 35 V are shown in
Fig. I1l.1.a. Distributions for 35 V capacitors were practically identical, whereas 6.3 VV polymer capacitors had
somewhat lower values of VBR compared to MnO2 parts. Polymer and MnO2 35 V capacitors in this chart had the
same cases and were produced by the same manufacturer, which might explain the similarity of the distributions.

PAQ style polymer capacitors with different ratings had the same slopes of VBR distributions (Fig. I11.1.c) indicating
similar concentration of defects and similar mechanisms of breakdown. The median value of the breakdown voltage
normalized to VR increased from 2.6 for 35 V capacitors to 3 for 10 V and to 3.8 for 6.3 V ratings. This behavior is
similar to MnO2 capacitors [2] and indicates a greater breakdown margin for low voltage capacitors for both types of
technologies.

Distributions of scintillation times, Wid, for 4 lots of MnO2 and 5 lots of polymer capacitors rated to 35 V are shown
in Fig. l11.1.b. In spite of a relatively wide spread of the data, on average, the duration of scintillation events in MnO2
capacitors (~90 usec) is almost an order of magnitude shorter than for polymer cathode parts (~700 psec). For some
lots, the distributions were bimodal indicating the presence of faster and longer scintillation events.

Fig. 111.1.d illustrates the effect of voltage rating on the width of scintillation spikes for PAQ type capacitors. Same
type polymer capacitors had similar Wid distributions for 10 uF and 33 uF capacitors indicating that the value of
capacitance does not affect significantly the duration of scintillation events. Approximately 20% of 35 V capacitors
had several times greater Wid values comparted to the rest of the group. At lower voltage ratings, the median of the
Wid distributions increased from 0.36 msec at 35 V to 0.6 msec at 10 V and 0.75 msec at 6.3 V and contrary to 35 V
capacitors the distributions had no outliers.
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Fig.l11.1. Weibull distributions of breakdown voltages for polymer (CPTC) and MnO2 capacitors rated to 6.3 V and
35V (a) and lognormal distributions of the width of scintillation spikes for different lots of capacitors rated to 35 V
(b). Figures (c and d) show distributions of breakdown voltages and durations of scintillation events for the same
types of capacitors but with different ratings. Here and below different lots of capacitors are marked by three letters
indicating type of the cathode material (M for MnO2 and P for polymer), manufacturer (A, B, or C), and the last
letter or number reflects the type of capacitors.

Due to some variations of manufacturing processes, used materials, and the level of quality of the capacitors, one can
expect differences in VBR distributions for lots rated to the same voltage. However, in spite of the spread of data, the
voltage rating correlated well with breakdown voltages in the parts. Fig. I11.2.a shows variation of the average values
of VBR calculated for several lots of MnO2 and polymer capacitors with the voltage rating. Considering the spread
of the data, there is no significant difference in breakdown voltages between CPTC and MnO2 capacitors with similar
ratings. On average, VBR is 2.7 times greater than VR for both type of capacitors, which is in agreement with results
described by Y.Freeman [11] showing that at formation voltages below 200 V, MnO2 and polymer capacitors have
similar breakdown voltages. However, the ratio VBR/VR is greater than the average, ~3.5 for 6.3 V capacitors and
lower, ~2.5 for 35 V capacitors, which is likely related to a greater concentration of defects in thicker Ta205 dielectrics
[11].

The chart on Fig. 111.2.a also shows variations of average values of Vpin for both types of capacitors. Discharging
during scintillation events in MnO2 capacitors results in voltage dropping practically to zero before it starts increasing
again as a result of self-healing. For polymer capacitors, Vmin increases linearly with VR, Viin ~ 0.5VR, reaching ~ 18
V for capacitors rated to 35 V. Considering that the discharge energy is proportional to V?, this implies that the
difference in the discharge energy is only slightly, by ~ 4%, greater for MnO2 compared to polymer capacitors.

On average, the slopes of Weibull distributions of breakdown voltages, g, are substantially larger for polymer than for
MnO2 capacitors (see Fig. I11.2.b). This indicates tighter distributions for CPTCs that is likely related to a lesser
probability of having defects in the dielectric, therefore smaller low-voltage tails of the distributions. Apparently,
polymer technology allows for softer and less stressful conditions of the cathode formation compared to MnO2
technology.

Average scintillation times, are varying from ~0.25 £0.2 msec for 35 V to ~1.25 +1 msec for 6.3 V MnQ2 capacitors
(see Figure 2c). For polymer capacitors rated to 16 V and above, these values are 2 to 7 times greater. Discharge
times are similar for both types of capacitors rated to 6.3 and 10 V, but the spread of Wid values is large, ~ 1 msec for
6.3 V to ~ 0.5 msec for 10 V capacitors. (see Fig. 111.2.c). There is a tendency of decreasing Wid with the rated voltage.

A trend of decreasing breakdown voltages with the value of capacitance was observed for the non-solid electrolyte
tantalum [13] and ceramic [14] capacitors. The effect was attributed to a greater probability of having defects in the
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dielectric for the larger surface area parts. However, no correlation between VBR and capacitance was found for solid
electrolyte capacitors used in this study (see Fig. I11.2.c). This might indicate a relatively even distribution of
concentration of defects along the surface of the pellet.
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Fig. I11.2. Variations of average breakdown voltages (a), median values of the slopes of breakdown distributions
(b), and scintillation times (c) for MnO2 and polymer capacitors with the rated voltage. Figure (c) illustrates the
lack of correlation between VBR and capacitance values for 10 V and 35 V capacitors. Digits at the marks
correspond to the number of tested lots.

I11.2. Effect of moisture.
It is known that performance of tantalum capacitors can change substantially [15-17] in humid environments, but there
is no sufficient information on the effect of moisture on breakdown voltages, especially for CPTCs. To assess this
effect, capacitors from several lots before CCS testing were split into three groups. The first group was tested in “as
received” condition, the second after bake at 125 °C for 120 hours (marked below as “dry” capacitors), and the third
after storage in humidity chamber at 85 °C, 85% RH for 1 week (marked below as “wet” capacitors).

An example of results of CCS testing for polymer and MnO2 47 pF 35 V capacitors is shown in Fig. I11.3.a.
Breakdown voltages in “as received” and baked polymer capacitors were similar (7 = 78.8 and 75.8 V respectively).
However, wet capacitors had 7 = 90.2 V, which is substantially, by ~ 20% greater than for dry parts. No statistically
significant difference in VBR distributions was observed for MnO2 capacitors. At all conditions, the slopes of
distributions were greater for polymer than for MnO2 capacitors. Distributions of VBR for the “as received” and dry
CPTCs were close indicating a low moisture content in the “as received” capacitors.

Majority of the samples in both types of capacitors had similar distributions of scintillation times in wet and dry
conditions (see Fig. 111.3.b). However, for approximately 10% of the parts the proportion of samples with large Wid
values was greater for dry capacitors (an increase from ~ 0.1 msec to 0.5 msec for MnO2 and from 1 msec up to ~3
msec for polymer capacitors). Overall, the difference in Wid values between MnO2 and polymer capacitors was
consistent with results shown in Fig. 111.2.c.
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Fig. 111.3. Distributions of breakdown voltages (a) and times of scintillations (b) for polymer and MnO2 47 uF 35 V
capacitors. Open marks correspond to MnO2 and filled marks to polymer capacitors.

Results of CCS testing for 5 lots of MnO2 and 14 lots of polymer capacitors in wet and dry conditions are displayed
in Fig. 111.4. MnO2 capacitors had close breakdown voltages for wet and dry samples: the average ratio of breakdown
voltages was 1.03 at a standard deviation of 0.07. This result is consistent with results of our previous study where
storage in humidity chamber at 85 °C/85% RH for 240 hours for 10 lots of MnO2 capacitors did not change
distributions of VBR [18] substantially. However, moisture has a much stronger effect on breakdown voltages for
polymer capacitors: an average increase of VBR for 14 lots was 21% at a standard deviation of 14% (see Fig. 111.4.a).
Although there is a tendency of decreasing Wid for some wet compared to dry capacitors (see Fig.111.4.b), the effect
is not as strong as for breakdown voltages.
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Fig. 111.4. Average values of breakdown voltages (a) and scintillation times (b) for different types of wet and dry
tantalum capacitors. Error bars correspond to the values of standard deviations.

IV. Damaging scintillations

IV.1. Effectiveness of self-healing.

Due to self-healing, capacitors during CCS testing can recover after the first scintillation so the voltage across the part
continue increasing at the same rate as initially as shown for MnO2 capacitors in Fig. IV.1.a. However, in some cases,
the voltage after scintillations does not increase, but remains constant indicating a short circuit in the part as shown
for polymer tantalum capacitors in Fig 1VV.1.b. Similar scintillation events indicate that the part is not self-healed and
damage site is not isolated. CCS testing of different lots of MnO2 and polymer capacitors showed that the proportion
of samples that are damaged by the first scintillation might vary from lot to lot substantially. In this study, the
proportion of damaging scintillations was used as a metric to assess the self-healing capability of the bunch.
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Fig. IV.1. Results of CCS testing at 1 mA for MnO2 (a) and polymer (b) 47 uF 35 V capacitors from the same
manufacturer. A sample of MnO2 capacitors (SN10) experienced non-damaging scintillations during three
consecutive tests and five samples of polymer capacitors were damaged by the scintillation that resulted in short
circuit failures with resistances in the kiloohm range.

A proportion of the first damaging scintillation events, d, was calculated for 5 lots of MnO2 and 11 lots of polymer
capacitors rated to 35 V. Results of these calculations are shown in Fig. IV.2.a. On average, the value of d is much
less for MnO2 (davr = 11.5% at a standard deviation of 14.6%) than for polymer capacitors (dar = 88.3% at a standard
deviation of 14.3%).

Average values of d for 41 lots of polymer and 34 lots of MnO2 capacitors with different VR are plotted in Fig. IV.2.b.
For capacitors rated to >16 V, the proportion of damaged parts is much greater for polymer than for MnO2 parts, but
for lower voltages, the spread of data increases, so the difference is not significant. This might be due to different
cathode materials used for high- and low-voltage polymer capacitors. In the first case, pre-polymerized PEDOT:PSS
compositions are used, whereas low-voltage capacitors are typically manufactured using in-situ polymerized PEDOT
polymers. Based on results in Fig. 1V.2.b, self-healing processes in high-voltage CPTCs are much less effective than
in MnO2 capacitors.
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Fig. IV.2. Proportion of damaging scintillations in different lots of MnO2 and polymer capacitors rated to 35 V (a)
and variations of average values of d with the rated voltage (b). Digits in (a) indicate the number of tested samples
in a lot, and dashed lines correspond to average values of damaged polymer and MnO2 capacitors. Digits in (b)
indicate the number of tested lots and the error bars correspond to the standard deviations.

IV.2. Damaging scintillations in MnO2 capacitors.

To assess the reproducibility of self-healing in similar types of capacitors, 5 types of 6.8 uF 35 V MnO2 capacitors
were tested at the same conditions. Results of these tests are shown in Table 1VV.1. The value of d varied from 5% to
almost 90% indicating that the probability of damage, hence the self-healing capability is lot-related.

A snapping sound that indicates formation of cracks in the parts can be often heard during CCS testing, and in some
cases, scintillations resulted in formation of chip-outs as shown in Fig. 1\VV.3. However, severe damage to the part that
destructed a portion of the cathode layers and exposed tantalum pellets, did not result in a short circuit. These parts
behaved similar to capacitors with non-damaging scintillations and could sustain several consecutive scintillation
breakdowns. Apparently, self-healing in MnO2 capacitors can be effective enough to assure functioning of capacitors
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even after severe mechanical damage. Also, as can be seen from Fig. VI.3.c, consecutive scintillations can cause
damage at different sites of the same part.

Table IV.1. Proportion of 6.8 uF 35 V capacitors shorted after the first scintillation test.

Part QTY Damage, %
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Fig. IV.3. Examples of scintillation events in different types of MnO2 capacitors that caused visual damage in the
parts without short circuit. A 15 pF 35 V capacitor in (a) had a chip-out after the first scintillation event, but then
sustained two more events at higher voltages. A 33 uF 35 V capacitor (b) also had a chip-out after the first
scintillation, but then sustained 5 more breakdowns before failing at 1.1 kohm. Another type of 33 uF 35 V

capacitor had a chip-out after the second CCS test, but passed the third one (c). A CWR06 10 uF 25 V capacitor (d)
had two chip-outs at different locations during two consecutive CCS tests.

voltage, V

60

voltage, V'

Some samples of CWRO06 capacitors that are encapsulated with a relatively thin conformal coating had damage that
could be seen even without chip-outs. Fig. 1V.4 shows results of testing of a 10 uF 25 V capacitor using a power
supply capable of providing high dynamic currents. During this test, the current spike happened at 19 V, had a width
of several milliseconds and reached 9 A. After breakdown, the current stabilized at 3 A by the PS and the power was
turned off after ~ 1 sec. Although this part did not ignite, the burning area under the coating spread along the surface
of the slug approximately half of the distance between anode and cathode terminals. Apparently, when high enough
currents are available after breakdown, the damaged area spreads along the surface of the slug. This and other

experiments confirm that if not terminated, the damaging process can continue for a few seconds until the whole
surface of a capacitor is burned-out.
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Fig. IV.4. Variations of voltage (a, b) and current (b) during a scintillation event in a 10 uF 25 V MnO2 capacitor
that resulted in extensive burning area under the coating on the surface of the pellet.

Consecutive scintillation in MnO2 capacitors often result in increasing breakdown voltages (see Fig. IV.5. a, b).
Capacitors in these lots can sustain multiple breakdown events without short circuit. However, in some lots VBR
changes erratically (see Fig.IV.5. ¢, d). The first case is more probable for lots with low proportion of damaging
scintillations, whereas lots with large values of d are more likely to have decreasing breakdown voltages. Apparently,
in the first case, self-healing isolates damage reliably, and the next breakdown happens at a new site and at higher
voltages, whereas in the latter case, repeat breakdowns occur likely at the same damage site.
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Fig. IV.5. Variations of VBR during consecutive CCS tests for MnO2 capacitors with low (a, b) and large (c, d)
proportion of damaging scintillations. The values of d are 2/42, 0/9, 13/20, and 9/19 for figures (a to d) respectively.

In many cases, faster and more powerful discharges increased the probability of damage as it is shown for MnO2 100
uF 10 V capacitors in Fig. IV.6.a, b. For SN8, SN9, and SN10 discharge of capacitors during scintillations occurred
smoothly but the values of Wid varied substantially, from 1.3 for SN8 to 0.1 msec for SN10. Sorting in the kiloohm
range happened for SN9 and SN10 that had minimal Wid values.

During scintillation events in 47 uF and 6.8 uF capacitors rated to 35 V (see Fig.1V.7.c to f) the rate of discharge was
changing with time substantially. Samples SN18 and SN19 of 47 uF capacitors had similar breakdown voltages and
width of scintillation spikes ~ 80 usec. However, discharging of SN18 occurred smoothly, the current spike was ~ 70
A and did not damage the part. Discharging of SN19 occurred much faster, mostly during first 10 usec and resulted
in a current spike of ~ 220 A that caused shorting with a 10 kohm resistance.
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A similar increase in the rate of discharge occurred for SN5 of 6.8 uF capacitors at the end of the discharging process
during the third CCS test. Two first tests had smooth discharges with current spikes ~ 5 A and were not damaging.
During the third test, the current spike increased to ~18 A and resulted in a 0.8 kohm short.
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Fig. VI.6. Results of scintillation testing in different MnO2 capacitors: 100 uF 10 V (a, b), 47 uF 35 V (c, d), and
6.8 uF 35V (e, f) illustrating that faster and more powerful discharges are more likely to cause damage.

However, in some cases the rate of discharge appeared similar for damaging and non-damaging scintillations during
consecutive CCS testing (see Fig. VI.7.a, b) and increasing of the rate of discharge did not cause damage (Fig. IV.7.c,
d and e, f). Apparently, the power of discharge is only one of the factors affecting the probability of damaging.
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Fig. IV.7. Results of CCS testing (a, ¢, €) and variations of discharge voltages with time (b, d, f) during consecutive
scintillation tests for 6.8 pF 35V (a, b), 22 uF 6 V (c, d), and 68 pF 6 V capacitors. Note that the 7™ test of the 6.8
uF capacitor resulted in a short circuit whereas the rate of discharge was similar to the non-damaging tests. In the
22 uF and 68 puF capacitors, the discharge during one of the tests was much faster than in others, but all scintillations
were not damaging. The rate of discharging during consecutive testing of 68 uF capacitors changed almost an order
of magnitude, but the part did not fail short circuit.

Large value MnQ2 capacitors are often burning during CCS testing that contrary to surge current test is carried out at
relatively low charging currents. Examples of similar tests for 330 uF 10 V and 470 uF 6.3 V tantalum capacitors are
shown in Fig. IV.8. Note that the discharge was completed in ~200 usec for both types of capacitors, whereas the
burning lasted a few seconds after the power supply was disconnected. This indicates that the ignition in large value

capacitors might be trigged by a scintillation event even when capacitors are used in high impedance circuits with a
limited current from the power supply.
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Fig. IV.8. Results of CCS testing for large-value MnO2 capacitors, 330 uF 10 V (a, b) and 470 uF 6.3 V (c, d).
Inserts show burned capacitors after the testing.

IV.3. Damaging scintillations in polymer capacitors.
Durations of scintillation events in 25 and 35 V polymer capacitors are 4 to 7 times larger compared to MnO2
capacitors. For this reason, the average discharge power in CPTCs is lower, and the probability of damaging should
have been less than in MnO2 capacitors. However, majority of polymer capacitors fail the first scintillation test.
These failures are due to substantial variations of the discharge power with time during scintillations. Examples of
such events for PB4 47 uF 35 V capacitors are shown in Fig. 1V.9.

CCS testing of SN18 resulted in a rapid increase of the discharge current up to 20 A initially and exponential decrease
with time after breakdown (Fig. 1V.9.b). Eventually, the voltage after breakdown stabilizes after hundreds of
miliseconds at a level that corresponds to 6.8 k of the short circuit resistance. However, the characteristic time of the
exponentially decreasing current spike was 180 psec. Sample SN8 from this group of capacitors also had maximum
discharge rate at the beginning of the process that resulted in a 100 psec, 30 A current spike and short circuit failure
at 4.6k after hundredths of milliseconds (Fig. I1V.9 c, d). For SN13, the increase of the discharge rate occurred twice,
at the beginning and at the end and of the scintilation resulting in a relatively small spike of 10 A, 100 usec, initially

and another, a more powerful spike of 88 A, 50 usec, at the end of the process that lasted ~ 1 msec. Apparently, the
second spike resulted in a 0.4k short circuit.
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Results of CCS testing for three types of polymer 33 uF 35 V capacitors are shown in Fig.IV.10. In all cases, the
scintillations appeared to be damaging, but to the different degree. PAQ capacitors (Fig.1V.10.a) failed mostly with
short circuits at the ohms level, whereas PC8 capacitors (Fig. 1VV.10.b) failed at dozens of kiloohms. Voltages across
PC9 capacitors (Fig. 1V.10.c) increased with time after scintillations, but at a slower rate than initially. Calculations
showed that this corresponds to increasing of leakage currents from below 1 pA initially to 350 — 400 pA after
scintillations. The rate of discharge, hence discharge currents, in all parts was changing with time substantially. PC8
and PC9 capacitors had maximal rates initially, during first 100 usec of the discharge period, which resulted in current
spikes reaching from 8 to 18 A (Fig.1V.10.h, i). For PAQ capacitors, similar spikes occurred towards the end of the
scintillation events (Fig.1V.10.g).
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Fig. IV.10. Results of scintillation testing for three types of 33 uF 35 V polymer capacitors: PAQ (a, d, g), PC8 (b,
e, h), and PC9 (c, f, i). Figures (d, e, f) show variations of discharge voltages for 4 to 5 samples in each group, and
figures (g, h, i) display examples of discharge currents calculated based on V-t curves for one of the samples in the

group.

Proportions of damaged capacitors after CCS testing for 4 lots of MnO2 and 18 lots of polymer capacitors in dry and
wet conditions are shown in Fig. IV.11. Average values of d and the relevant standard deviations for wet and dry
MnO2 and polymer capacitors are shown in Table IV.2. Similar to results discussed above, polymer capacitors are
much more susceptible to damage caused by scintillation breakdowns. However, due to a wide spread of d, no
significant effect of moisture on the probability of damaging during scintillations was revealed.
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Fig. IV.11. Proportion of damaged capacitors in different lots of wet and dry polymer and MnO2 capacitors.

Table 1V.2. Effect of moisture on the proportion of damaging scintillations.

QTY of lots davr, %0 STD, %

‘ 83 117
‘ 96 168
19 3 w2
19 s 288

It is important to note that evaluation of whether a CPTC is damaged or not for capacitors in dry condition is
complicated by the anomalous transient effect [16]. Dry polymer capacitors require high charging currents to reach
breakdown. When this current exceeds the leakage current caused by the damage, the part can continue charging and
appears as not damaged even if leakage current is above the specified limit. Fig. IV.12.a shows an example of CCS
testing for dry 100 uF 10 V polymer capacitors that required 100 mA charging currents to reach breakdown. At this
condition, damaged capacitors with leakage currents in milliampere range would be able to pass the testing.
Measurements of 1-V characteristics of the parts after the testing (see Fig.IV.12.b) were close to linear indicating that
the parts were shorted with resistances in the range from 2.5 to 5 kiloohm.

35 — PB5100uF 10V CCSat100mA_ ces  PB5100UF 10V after CCS
30 p ‘ E j
25 @\“7 AN 4E3 I
i’ 20 Z \/ < 3E-3
= / ——SN14 3 283
10 L
SN15 1E3
5 ——SN16 =
0 SN17 0.E+0 ¢
0 1 2 3 4 5 6 0 2 4 6 8 10
time, sec voltage, V
\ a) )

Fig. IV.12. An example of CCS testing at a charging current of 100 mA for dry PB5 100 uF 10 V capacitors (a) and
post-testing I-V characteristics (b) indicating short circuit resistances in the range from 2.5 to 5 kiloohms.

IV.4. Resistance of damaged capacitors.

Distributions of post-scintillation resistances in most types of polymer capacitors rated to 35 V stretched widely, from
ohms to hundreds of kiloohms (see Fig. 1V.13.a). Different lots of CPTCs have different distributions and the median
value of the resistance varies from ~10 ohm for PAQ 33 uF 35 V capacitors to 20 kohm for PC1 33 pF 35 V capacitors.
Capacitors rated to voltages below 35 V had a similar wide range of resistances as shown in Fig. IV.13.b to d. All
voltage ratings MnO2 capacitors damaged by scintillations had typically higher resistances than polymer capacitors.
In some cases, distributions of resistances were bimodal suggesting presence of at least two groups of with different
severity of damage.
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Fig. IV.13. Distribution of resistances after scintillation testing in capacitors rated to 35 V (a), 25 V (b), 16 V (c),

and 10 V (d).

IV.5. Stability of resistance in damaged capacitors.
The resistance of capacitors after damaging scintillations is often unstable for both, MnO2 and polymer parts and can
be changed by repeat scintillation events. In some cases, shorted MnO2 capacitors could be healed at relatively low
voltages after a powerful enough current surge. However, these parts have a greater chance to turn into shorts with
even lower resistance.

To simulate the effect of low-voltage operating conditions, 6.8 uF 35 V MnO2 capacitors having shorts after
scintillation testing were tested using a dynamic power SMU (Keysight N7973A). During this test, the voltage was
increasing to 15 V at a rate of 5V/sec and voltages and power supply currents were recorded every millisecond. Test
results for 4 samples that recovered at a voltage of ~ 5 V are shown in Fig. 1V.14.
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Fig. IV.14. Low-voltage testing of 6.8 uF 35 V MnQO2 capacitors that have been damaged by CCS testing. Inall
cases, samples recovered at ~ 5 V as a result of additional scintillations that produced a few millisecond power
supply current spikes with amplitudes from 0.1 to 1 A.

Recovery of polymer capacitors that have been damaged by scintillations can also happen but occurs differently
compared to MnO2 capacitors. Fig. 1VV.15 shows results of four consecutive CCS tests for a sample of PC8 22 uF 35
V capacitors. This part failed at 54 kohm after the first scintillation with voltage stabilizing at ~ 27 V (Fig. IV.15.a).
However, voltage continued increasing above 30 V during the second and the third tests, although at a lower rate than
initially thus indicating high, but decreasing with consecutive tests leakage currents. During the fourth test, the rate
of voltage increase was similar to the initial suggesting that the leakage currents decreased to the microampere range,
and the part reached voltages higher than the initial breakdown. After that, the part failed at ~ 6k. The rate of voltage
discharge during the fourth test was greater than during the first one (see Fig. IV.15.b) indicating a more powerful
breakdown.

100 . PC8 22uF 35V CCS SN5 at 0.5mA 100 PC8 22uF 35V SN5
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2 test 4 20
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10 R =6k 10 es
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0 2 4 6 8 10 12 0 400 800 ] 1200 1600 2000 2400
time, sec a) time, usec b)

Fig. IV.15. Four consecutive CCS tests at 0.5 mA for SN5 of 22 uF 35 V capacitors (a) and kinetics of the voltage
discharge process for the initial and final tests (b).

The first scintillation test did not cause short circuit during testing of 33 uF PC8 type capacitors rated to 25 V and 35
V, but increased leakage currents from less than 1 pA initially to ~ 650 - 850 uA after scintillations (see Fig. 1V.16.a,
¢). Both parts had lower leakage currents during the second test, but breakdown voltages did not change substantially.
The 25 V capacitor failed hard short circuit at 8 ohm during the third CCS testing at apparently lower rate of the
discharge than initially (Fig. 1V.16.b). However, the final V-t curve indicated presence of power spikes. The 35V
capacitor passed two additional CCS tests at higher charging currents (1.2 and 1.6 mA) and breakdown voltages close
to the initial. This capacitor failed short circuit at 29 ohm after the fifth test following a sharp, 2 psec and 95 A
discharge current spike that occurred at the end of the discharging process (see Fig.1V.16.d).
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Fig. IV.16. Results of CCS testing for 33 uF 25 \/ SN4 (a, b) and 33 uF 35 V/ SN8 (c, d) PC8 capacitors.

A similar behavior was observed in other types of CPTCs (see Fig. IV.17). Sample SN4 of PC1 33 uF 35V capacitors
that had a substantially increased leakage current (~25k resistive short) as a result of a 30 A, 10 usec current spike at
the beginning of the scintillation (Fig. IV.17.b). The part appeared normal during the second test, but failed at 6 ohm
after a short, 2 usec 300 A current spike in the middle of the discharge process. Sample SN3 of PC9 capacitors (Fig.
1V.17.c) was damaged by the first scintillation associated with a 15 A, 20 usec current spike at the beginning of the
process that resulted in leakage currents increased up to ~ 350 pA. Leakage currents during the second test remained
large, although somewhat lower than after the first scintillation. During the third test at a larger charging current, the
part appeared normal and sustained ten scintillations at breakdown voltages between 63 to 70 V.
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V. Effect of scintillations on characteristics of capacitors

Capacitors damaged by scintillation breakdown are revealed based on analysis of results of CCS testing as it is
described in section 1V. According to this method, if voltage can increase above VR after breakdown at the same rate
as initially, the part considered self-healed. In other words, the part considered self-healed if leakage current caused
by a possible damage is well below the charging current. Obviously, this technique might be not sensitive enough to
reveal degradation in parts with low leakage currents. Determination of self-healing based on results of CCS testing
might be acceptable for practical reasons, because in many applications excessive leakage currents will not cause
failures of the system. However, for a better understanding of the mechanisms of breakdown and self-heling, more
information related to the effect of scintillations on performance of the parts is necessary. In this section, we compare
AC and DC characteristics of different types of capacitors before and after CCS testing.

V.1. AC characteristics.

Correlations between capacitance, DF, and ESR for different types of MnO2 capacitors before and after scintillation
breakdowns are shown in Fig. V.1. Figures (a) to (c) correspond to non-damaging scintillations, whereas (d) to (f)
show results for both, damaging and non-damaging scintillations. Majority of the 130 tested capacitors after
scintillation events had practically the same values of capacitance as initially (Fig.V.1.a, d) and only ~20% of the
samples that have been damaged during CCS testing had capacitance decreased by a few percent. These samples had
the most significant damage after scintillation breakdowns and failed with resistances in the range of dozens of ohms.
Stability of capacitance indicates that the damaged area is at least two orders of magnitude less than the total area of
the part. Equivalent series resistances (ESR) also did not change significantly after CCS even for capacitors severely
damaged by scintillations, see Fig.V.1.c and V.1.f. Obviously, this is due to the high frequency of measurements, 100
kHz, when the impedance is sensitive to shorting resistances that have values comparable to ESR, which is typically
below ~ 1 ohm.

Approximately 10% of self-healed capacitors had substantially increased DF values after CCS testing (Fig. V.1.b).
Damaged capacitors had the most significant increase in DF (Fig.V.1.e) that is due to a direct effect of the shorting
resistance on DF. Note that the limit for DF is typically in the range from 8% to 12%, whereas actual values are
almost an order of magnitude below. Because of the substantial DF margin, capacitors damaged by scintillations
might have “out-of-family”, but still acceptable characteristics and thus pass the screening. To select the best quality
parts for space applications, the out-of-family parts should be screened out, for example, using the 3-sigma criterion.
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Fig. V.1. Correlation between the initial and post scintillation values of capacitance (a, d), dissipation factor (b, €),
and ESR (c, f) for different types of MnO2 capacitors. Dotted lines here and below correspond to no change values.
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Similar to MnO2 capacitors, capacitance and ESR in polymer tantalum capacitors did not change much after CCS
testing, but dissipation factors increased significantly (see Fig. V.2). The values of DF in PC8 and PC9 capacitors
increased on average 2 to 4 times, but remained within the specified limits. However, for PAQ capacitors, the increase
was more substantial, and ~80% of the parts failed DF.
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Fig. V.2. Distributions of capacitance (a), dissipation factor (b), and ESR (c) in “as received” condition (dark
marks) and after CCS testing (empty marks) for three types of 33 uF 35 V polymer capacitors.

As was shown in section 111, breakdown voltages in tantalum capacitors might change in the presence of moisture.
The effect of moisture content on variations of AC characteristics caused by scintillation breakdown for three types
of tantalum capacitors is illustrated in Fig.V.3. Similar to results in Fig.V.1 and Fig.V.2, values of DF experienced
the most significant changes, but these changes were comparable for wet, dry, and virgin MnO2 capacitors. Polymer
47 uF 35 V capacitors appear to have a more serious degradation in wet condition. This might be partially due to
higher breakdown voltages for wet compared to dry polymer capacitors.
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Fig.Vv.3. Effect of moisture on variations of AC characteristics after CCS testing for MnO2 33 uF 25 V (a, b, ¢) and
polymer 47 uF 35 V (d, e, f) capacitors.

V.2. Leakage currents.

Fig. V.4 shows examples of the effect of CCS testing on leakage currents in different types of MnO2 and polymer
capacitors. Increasing DCL for polymer capacitors was expected because majority of these parts have been damaged
during scintillation events. However, results show that leakage currents increased significantly even for capacitors
that considered self-healed (majority of MnO2 and some polymer capacitors). Due to a large (orders of magnitude)
margin between the actual and specified leakage currents, majority of capacitors that could have been damaged by
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scintillation events, for example, during Weibull grading test would be considered acceptable. Revealing and
screening-out capacitors with the out-of-family DCL values, similar to requirements of M55365 for T-grade parts (3-
sigma test), will help to select best quality capacitors for space systems.
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Fig. V.4. Effect of scintillation breakdowns during CCS testing on leakage currents in MnO2 (a, b) and polymer (c)
capacitors.

Variations of leakage currents with time under bias before and after CCS testing for different types of MnO2 capacitors
are shown in Fig. V.5. Scintillation breakdowns increased leakage currents from several times to several orders of
magnitude for all samples, including parts that appeared self-healed during CCS testing. In cases when currents
increased more than 2 orders of magnitude, their behavior was erratic indicating that scintillation events can happen
with time under bias at rated voltages. In some cases, currents decreased gradually with time similar to virgin samples
and although the level of currents was much larger than for non-stressed samples, they remained below the specified
limits. These results indicate that some capacitors damaged by scintillation breakdowns during manufacturing might
still have acceptable leakage currents. However, the reliability of these parts might be compromised, and for space

applications these parts should be screened out by monitoring leakage currents and revealing the out-of-family
samples.
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Fig. V.5. Variations of leakage currents with time at room temperature and rated voltages for different types of
MnO2 capacitors before and after scintillation breakdown testing. Solid lines in figures (d, e, f) correspond to virgin
parts and dashed lines to the parts after scintillation breakdown. Note that the specified leakage current in pA for
MnQ2 capacitors can be calculated as 0.01xVRxC, where VR is in volts and C is in microfarads.
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The effect of scintillations on long-term variations of leakage currents for 6.8 uF 35 V MnO2 capacitor is shown in
Fig. V.6. Atroom conditions, currents in virgin capacitors (15 pcs) do not exceed 0.1 uA and remained stable for 100
hours of testing (Fig. V.6.a). After CCS (Fig. V.6.b), currents in all parts (55 pcs) increased up to an order of
magnitude. Four samples, SN9, 10, 51 and 54, had even greater currents, were unstable and had scintillation-like
spikes. Note, that SN9 failed CCS at 8 kohm and SN51 failed at 3.6 kohm, but no damage was detected during CCS
testing for other samples. Anomalies in leakage currents for samples SN9 and SN54 appeared after a few hours of
electrification and would have not been detected by regular screening procedures. Apparently, excessive currents and
anomalies might develop in damaged capacitors with time under bias.

Fig. V.6.c displays result of 800 hours life testing at 85 °C 35 V for a group of 15 non-stressed samples and capacitors
stressed by three non-damaging scintillation breakdowns (47 samples). For this test, the parts with anomalies shown
in Fig. V.6.b were removed from the population. All non-stressed capacitors at 85 °C had leakage currents well below
1 uA, whereas capacitors that experienced scintillation breakdowns had more than two orders of magnitude greater
and increasing with time currents. Approximately 40% of capacitors after scintillation testing increased leakage
currents by the end of life testing above the specified limit of 24 A, whereas leakage currents in non-stressed parts
remained below 0.5 pA.
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Fig. V.6. Variations of leakage currents in CWRO09 6.8 uF 35 V with time at 35 VV and room temperature before (a)
and after (b) CCS testing. Figure (c) shows results of life testing during 800 hours at 85C, 35V for non-stressed and
capacitors stressed by 3 non-damaging scintillation tests.

Relaxation of leakage currents with time under bias for polymer 47 uF 35 V capacitors before and after CCS testing
is shown in Fig. V.7. Based on CCS results, scintillation breakdowns in all these parts were damaging and as shown
in Fig. V.7.b resulted in increased leakage currents by 2 to 3 orders of magnitude. However, the currents decreased
gradually with time and reduced by more than an order of magnitude after 100 hours of testing. Baking of the parts
at 125 °C for 1 hour decreased currents even more (Fig. V.7.c); however, they still remained approximately 10 times
greater than initially.

Testing at 85 °C and 35 V for 100 hours (Fig. V.7.d) resulted in further decreasing of leakage currents that apparently
stabilized by the end of testing at levels from 4 to 40 pA, that is close to the level of currents at room temperature.
This behavior is likely associated with anomalous transients in dry polymer capacitors when leakage currents are
decreasing at higher temperatures [19]. Some samples at 85 °C had relatively shallow current spikes, and the
maximum spike when the current increased more than 3 times was detected in SN7 (Fig. V.7e). Considering that the
time between the current reading was 10 min, most likely the actual amplitude of the spike was much greater. After
the spike, the currents decreased gradually, in about 1 hour, to the initial level.
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Fig. V.7. Leakage currents in polymer 47 uF 35 V capacitors at room temperature (a, b, ¢) and 85 °C (d, e) before
(a) and after (b-e) CCS testing. Fig. (e) shows a current spike at ~91 hour of testing in SN7. Note that the currents
were scanned every 10 min, so the actual spike amplitude might be much greater.

The effect of scintillation breakdowns on leakage currents in low-voltage 6.3 V 330 uF and 10 V 100 pF polymer
capacitors is illustrated on Fig. V.8. For these parts, leakage currents after CCS testing also increased substantially,

by 2 to 3 orders of magnitude, but had a tendency of decreasing with time during 100 hours testing at room temperature
and rated voltages.
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Fig. V.8. Initial and post scintillation testing leakage currents in polymer 330 uF 6.3 V (a) and 100 pF 10 V (b)
capacitors at room temperature and rated voltages. Solid lines in (a) correspond to the initial, and dashed lines to
post-CCS leakage currents.

Examples of V-t characteristics measured during CCS testing and the effect of testing on leakage currents in PC8 33
pF 25V and PB4 220 pF 16 V capacitors are displayed in Fig. V.9 and V.10 respectively. The V-t characteristics are
shown for samples that had minimal and maximal currents after the testing shown in Fig. V.9.d. Overall, similar to
the previously discussed cases, leakage currents for both types of capacitors increased after scintillations by more than
2 orders of magnitude. Sample SN3 of PC8 capacitors at the end of CCS testing had leakage currents ~ 3 mA at 32
V (see Fig. V.9.a), which is consistent with ~1 mA current during post-CCS measurements at 25 V (Fig. V.9.d).
Sample SN5 passed three scintillations with increasing slopes of V-t curves at voltages above 25 V thus indicating
improvements in leakage currents. As a result, leakage currents in this sample after CCS were close to the initial (Fig.
V.9.d). For SN9, improvements in leakage currents also occurred during test 1 and 2, but test 3 resulted in further
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degradation (Fig. V.9.c). Asaresult, currents at 25 V increased compared to the initial by about an order of magnitude
(Fig. V.9.d). These data show a correlation between currents assessed based on results of CCS testing and post-CCS
direct measurements of leakage currents.
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Fig. V.9. Results of CCS testing for SN3 (a), SN5 (b), and SN9 (c) of PC8 33 uF 25 V capacitors and relaxation of
leakage currents for virgin (solid lines) and post-CCS testing (dashed lines) capacitors (d).

Contrary to PC8 type capacitors, no correlation between the level of damage detected during CCS testing and post-
testing measurements of leakage currents was observed for PB4 capacitors (see Fig. V.10). Sample SN1 passed test
1, but increased leakage currents to ~ 10 mA at 16 V during test 2 (Fig.VV.10.a). However, this sample had relatively
low, ~ 1 pA currents after the testing (Fig. V.10.c). Sample SN5 had leakage currents ~ 5 mA at 16 V at the end of
the first CCS test (Fig. VV.10.b), but the currents decreased to below ~ 0.5 mA in several minutes of electrification after
the testing (Fig. V.10.c). Sample SN7 that apparently passed three tests without degradation (Fig. V.10.b) had leakage
currents more than an order of magnitude greater than initially (Fig. V.10.c). At85°C and 16 V post-CCS test leakage
currents initially were up to three orders of magnitude greater than for virgin capacitors but then gradually decreased
more than an order of magnitude with time by 100 hour (Fig. V.10.d).
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Fig. V.10. Results of CCS testing for SN1 (a) and SNs 5 and 7 (b) of PB4 220 uF 16 V capacitors. Figures (c) and
(d) show variations of leakage currents with time at rated voltage and room temperature and 85 °C respectively.
Solid lines in figures (c, d) correspond to virgin and dashed lines to capacitors stressed by scintillation breakdown.

Fig. V.11 shows results of initial and post-CCS measurements of leakage current for polymer and MnO2 22 uF 35V
capacitors from the same manufacturer. Based on CCS results, 15 out of 20 polymer and 1 out of 20 MnO2 capacitors
have been damaged by scintillation events. Leakage currents in all self-healed MnO2 and 7 polymer capacitors were
monitored for 20 hours at room conditions and 35 V (see Fig. V.11.b). Similar to previous cases, DCL in MnO2
capacitors increased approximately an order of magnitude and had a tendency of further increasing with time under
bias. Polymer capacitors had a more significant increase of DCL initially, but by 20 hours leakage currents in most
parts reduced more than 2 orders of magnitude and were close to the level in unstressed parts. Even capacitors that
failed CCS testing with resistances in the kiloohm range (dashed lines in Fig.V.11.b) reduced leakage currents with
time substantially.
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Fig. V.11. Initial (a) and post-CCS (b) leakage currents in MB5 and PB5 22 uF 35 V capacitors. Dashed lines in
(b) correspond to capacitors that failed CCS test at the indicated resistances.

Results show that both types, polymer and MnQO2, capacitors that appear self-healed during CCS testing have leakage
currents significantly increased compared to the initial level. Overall, the increase of currents is greater for polymer
than for MnO2 capacitors. However, contrary to MnO2 capacitors, that increase leakage currents with time under

bias, polymer capacitors after CCS testing have a tendency of decreasing currents and recovery even after a significant
degradation initially.

VI Failure analysis

Several samples of MnO2 and polymer capacitors damaged by CCS testing have been deprocessed by removing plastic
case and cathode layers or cross-sectioned to reveal location and appearance of damaged sites. Before deprocessing
or cross-sectioning, location of the damage was detected using a FLIR infra-red camera at a dissipating power in the
range from 20 mW to 120 mW. Examples of hot spots in MnO2 and polymer capacitors are shown in Fig. VI.1.
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a) b)
Fig. VI.1 Two side views of a 6.8 puF 35 V MnO2 capacitors SN 93 failed CSS testing at 40 ohm (a) and polymer
PC8 33 uF 35V capacitor failed at 5.4 ohm (b). To get location of damage on the pellet, thermal images are overlaid
with x-ray images.

VI.1. MnQO2 capacitors.

Results of cross-sectioning of SN65 of 6.8 uF 35 V MnO2 capacitors that failed scintillation testing at 240 ohm are
shown in Fig. VI.2. This part was designed using a flute-like shape of the pellet that allows for increasing of the
surface area and thus reduction of ESR. The damaged site had a size of ~ 200 um and was located on the surface of
one of the groove as shown in the insert. The breakdown formed a void in the MnO2 and carbon layers and resulted
in structural changes in the MnO2 and tantalum pellet. SEM and EDS analysis showed oxygen reduction in the
manganese oxide and presence of fused tantalum oxide particles. The oxide areas comprised of a mixture of non-
stoichiometric manganese and tantalum oxides.

s o

Ay

Fig. VI.2. Damaged site in a 6.8 uF 35 V capacitor that failed scintillation testing at 240 ohm. Here and below
black arrows indicate areas of a tantalum pellet with fused particles and dissolved oxide.

Similar results, in particular voids and structural changes in the manganese oxide layer and the pellet, were observed
during cross-sectioning of two other samples of 6.8 uF 35 V capacitors shown in Fig. V1.3 and VI1.4. In both cases,
damage was located on the surface of the pellet and had a size ~ 100 um. Sample SN 93 in Fig. V1.3 had damage at
the corner of the pellet (see insert) and was cross-sectioned along the groove. The damaged site in SN71 in Fig.V1.4
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was cross-sectioned across the groove. Similar to the previous case, SEM and EDS analysis showed evidences of
formation of areas with mixed TaOx/MnOx oxides.

ohm.

Fig. VI.4. Damaged site in MnO2 6.8 uF 35 V, SN71, that failed at 5k after the third scintillation tests. The left is
an SEM and right an optical image of the same site. Note that darker manganese oxide areas in the optical image
indicate oxygen reduction caused by the scintillation event.

Damaged sites in two other samples of MnO2 6.8 uF 35 V capacitors were revealed after chemical deprocessing (see
Fig. V1.5 and V1.6). In these two cases, the damage was also located on the surface of the pellet and had a size ~ 100
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pm. EDS analysis showed that the glassy layers on the surface of the damage consisted of tantalum and manganese
oxides.

N 8 * B ¥ o | S o = | ! W 5 £
Fig. VI.5. Sample SN72 of 6.8 uF 35 V MnQO2 capacitors failed at 26k after the second scintillation test.

b= P o AT e
Fig. V1.6. Sample SN83 of 6.8 uF 35 VV MnO2 capacitors failed at 17k after the first scintillation test. Dotted ovals
indicate two damaged areas in the part.

A similar appearance had damage on the surface of a 10 uF 25 V CWRO06 capacitor that had a chip-out during the

Fig. VI.7. Damage in a 10 uF 25 V CWRO06 capacitor. This damage happened during the second scintillation test
that created chip-out, but did not cause short circuit in the part.

Fig. V1.8 shows results of CCS testing and the following failure analysis of SN4 of 100 uF 10 V CWR29 capacitors
that failed at 63 ohms. A relatively large current spike, up to 70A at a width of ~100 usec (Fig. V1.8b) apparently
consists of multiple, at least three, shorter duration spikes. Similar results were obtained for SN9 and 10 as shown in
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Fig. V1.9 that failed in the kiloohms range. Note that the size of the damage for SN4 (~200 um) was greater than for
SN9 and 10.
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Fig. V1.8. Results of CCS testing (a, b) for SN4 of 100 uF 10 V CWR29 capacitor and an overall (c) and close-up
SEM views of the damaged area showing multiple local breakdown sites.
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Fig. VI.9. Results of CCS testing (a, b) for SN9 and SN10 of 100 puF 10 V CWR29 capacitors and SEM views of
the damaged sites (c-f). Inserts show edg (c) and corner (d) locations of breakdown.

Damaged sites in all cases were located on the surface of the slug and had sizes in the range from 100 to 200 um. The
damaged sites are often located at the edges or corners of the pellets. These sites experience greater mechanical
stresses hence greater probability of damaging. For this reason, multi-anode capacitors might have a greater risk of
failure compared to the single anode parts. However, this risk most likely will be lower compared to three single
anode capacitors connected in parallel.

Evidences of the explosion-like damage caused by scintillation breakdown included formation of voids in the cathode
materials (carbon and MnQO2 layers) and molten and solidified mixture of tantalum and manganese oxides. Surface
areas of the slug at the damage had fused tantalum particles with apparently fused Ta and Mn oxides. However, the
sites had no evidences of molten tantalum. In agreement with the accepted self-healing model, elemental EDS analysis
showed that the oxygen concentration in the manganese layers at the damaged sites was reduced indicating formation
of high-resistive Mn203 and Mn304 oxides.

VI.2. Polymer capacitors.

Figure V1.10 displays scintillation events during CCS testing for two samples of PB4 47 uF 35 V capacitors that failed
hard short circuit at 1 ohm (SN6) and 460 ohm (SN7). Optical and SEM images of the relevant damage sites revealed
after chemical deprocessing are shown in Fig. VI.11 and V1.12. Similar to MnO2 capacitors, the damaged areas were
located on the surface of the slugs and have a size of ~ 100 um. Although sample SN6 failed after the first scintillation,
it had multiple, at least 5 damaged sites as indicated in Fig. V1.11. Discharge currents in this sample (see Fig. V1.10.b)
had at least two spikes, one at the beginning and another at the end of the scintillation process that might be associated
with different locations of breakdown. EDS analysis showed the presence of tantalum oxide and traces of carbon and
sulfur indicating remnants of the conductive polymer. Excessive amount of silver was detected at the site 5 that was
likely due to the molten silver from the silver paint that mixed up with tantalum oxide during scintillation (Fig. VI.11).
A similar presence of silver was detected also on the surface of the damage in sample SN7 (see Fig. VI1.12).
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Fig. V1.10. Results of CCS testing (a) and discharge currents and voltages during scintillation events in SN6 (b) and
SN7 (c) of PB4 47 uF 35 V capacitors.

Fig.VI1.11. Polymer PB4 47 uF 35 V capacitor SN6 that failed after the first scintillation event at lohm. Numbers

indicate micro explosion areas that happened during the scintillation. Elemental analysis of area 5 revealed
excessive amount of silver.
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Fig.VI1.12. Sample SN7 of polymer PB4 47 uF 35 V capacitors that failed after the first scintillation at 460 ohm.

Note that the bottom SEM image and the relevant EDS mapping show the same site as the above images after

rotation of the sample. A darkening area on the shoulder that can be seen on the insert corresponds to a lighter area
on the bottom SEM image. This area indicates likely another damaged site in the part.

Two samples, SN2 and SN5, of polymer PC9 33 uF 35 V capacitors had increased leakage currents after scintillation
testing but were able to reach the rated voltage at milliampere-level currents (see Fig. V1.13). Sample SN2 increased
leakage currents to several hundred microamperes after the first test at 0.5 mA (Fig. V1.13.a) and appeared to recover
after additional tests at higher charging currents. The scintillation events had durations ~ 1 msec, which is typical for
CPTCs, and was associated with ~ 70 usec discharge current spikes of a few amperes amplitude (Fig. VI1.13.b).
Sample SN5 also increased leakage currents after the first testing to hundreds microamperes and to milliamperes after
the second test (see Fig. VI1.13.c). Discharging during breakdown in this part was also similar to SN2 with somewhat
greater current spikes reaching ~10 A.
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Fig. VI1.13. Results of CCS testing for SN2 (a, b) and SN5 (c, d) of polymer PC9 33 uF 35 V capacitors.
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Due to a relatively large post-CCS resistances in these samples, IR camera test failed to detect location of the damage.
Optical examinations after chemical deprocessing revealed darkening areas as shown in Fig. VV1.14 and 15. However,

no significant structural defects were detected by SEM examinations.
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Fig. V1.14. PC9 33 uF 35 V SN2 capacitor after deprocessing showing SEM images of the corner area that has
darkening on the optical image (insert).
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Fig. VI.15. Optical (a) and SEM (b) views of PC9 33 uF 35 V SN5 capacitor after deprocessing.

A sample of another type of polymer capacitors, PCM SN4, had similar dark areas on the surface of the pellet after
failing short circuit at 0.7 ohm (Fig. VI.16). This part passed the first test without substantial damage but failed the
second test that resulted in a 25 A current spike by the end of the discharging process (Fig. VI1.16.b). Deprocessing
revealed damage at the corner of the slug (Fig.VI.16. ¢ to e). Dark areas observed on this and other samples are
apparently remnants of overheated and destructed PEDOT:PSS cathode layer as evident from the presence of sulfur
and carbon revealed by EDS analysis (Fig.V1.16. g — h).
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Fig. V1.16. Results of scintillation testing of PCM SN4 33 pF 35 V capacitor that failed shorted at 0.7 ohm after the
second CCS test (a, b), optical (c) and SEM (d, e) views of the damaged area after deprocessing. EDS mapping (f -

h) shows presence of remnants of a conductive polymer cathode layer.

A more powerful scintillation event with a discharge current spike of 90 A that resulted in a 5 ohm resistance happened
in PAQ SN2 capacitor (Fig. VI.17. a, b). Deprocessing of this part revealed substantial damage at a corner of the slug
(c, d, e) that also showed up as darkening on the surface of the pellet. The following SEM and EDS analysis revealed
presence of sulfur and silver along the periphery of the damage. This indicates that similar to previous cases, a high-
temperature event resulted in a destruction of conductive polymer and silver epoxy and fused some elements to the
oxide on the surface of the part.
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Fig. VI.17. A scintillation event in PAQ 33 uF 35V, SN2 capacitor (a, b) that resulted in a substantial damage at

the corner of the part (c to €). Figure (f) is EDS mapping of an area shown in the insert.

A similar scintillation event in another sample of PAQ capacitors, SN3, have resulted in a 1.7 ohm short as shown in
Fig. VI.18. a, b. Following the hot spot detection, the part was cross-sectioned through the damaged site. Cross-
sectioning revealed a relatively large, ~300 um, damage on the surface of the pellet adjacent to a void in the conductive
polymer. A comparison of the damaged area of the pellet (Fig. VI.18. e, f) with the bulk areas (Fig. V1.18. g, h) of
the same sample suggests intensive oxide diffusion, fusion of the oxidized tantalum particles, and a substantial
reduction of the size of pores between particles in the pellet. This fusion was caused by overheating during scintillation
that likely resulted in oxide diffusion into tantalum and forming a non-stoichiometric tantalum oxide TaOx, x < 2.5,

that might have substantially higher electrical conductivity compared to the stoichiometric Ta205 layers.
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Flg VI.18. A scmtlllatlon event in PAQ 33 uF 35V SN3 capacitor (a, b), optical (c d) and SEM (e, f) images of
the cross-section across the damaged site. For comparison, figures (g, h) show internal, non-damaged areas of the
part. The dark grey areas correspond to Ta205 dielectric and black areas are pores in the pellet.
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Sample SN5 of PCM 33 uF 35 V capacitors failed at 120 ohm the second scintillation test (see Fig.VI.19. a, b) that
resulted in a relatively large, ~0.6 msec discharge current spike with the amplitude in the range from 3 to 4 A. After
CCS testing, in an attempt to get 1-V characteristic of the damaged capacitor, the part was tested by a high dynamic
current power supply at voltages increasing linearly within 3 sec to 35 V. During this testing (see Fig.V1.19. c, d), the
currents increased linearly up to ~ 0.1 A at 3.3 V, that corresponds to ~ 33 ohm resistance, and then reduced to the
milliampere range apparently due to a low-voltage scintillations and self-healing at the damaged site. As the voltage
continued rising, the part experienced a few more scintillation events and finally failed short circuit at 0.4 ohm after
~10 A current spikes at 35 V with duration of dozens of milliseconds.
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Fig. VI.19. Scintillation events in SN5 of 33 uF 35 VV PCM capacitors (a, b) and variations of voltage and current
during the following testing using a high dynamic current power supply (c, d). Note that figure (d) shows the same
event at ~ 3 sec as figure (c), but with different scales.

IR camera was used successfully to locate the damaged site and Fig. V1.20 shows cross-sectional views of the damage.
Similar to previous cases, the damage was located at the surface of the pellet and had a size of ~ 200 um. SEM
examinations revealed evidences of molten tantalum adjacent to large areas of Ta/TaOx mixture formed because of
melting and solidification of multiple oxidized tantalum particles comprising the pellet.
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Fig. VI1.20. Cross-section of a 33 uF 35 V PCM capacitor, SN5, that failed short circuit at 0.4 ohm after CCS testing
followed by I-V measurements using a high dynamic current power supply..

Results of failure analysis show that most damaged sites in capacitors that failed short circuit after scintillation
breakdowns are located on the surface of the pellets. In MnO2 capacitors, reduction of oxygen in manganese layers,
which is in agreement with the known self-healing mechanism, was confirmed by EDS analysis of damaged areas. In
both types, polymer and MnO2, capacitors scintillations resulted in fusing of oxidized particles on the pellet, formation
of large areas of non-stoichiometric tantalum (or Ta/Mn) oxides, and voids in the cathode layers.

VIl Discussion

VII.1. Energy of scintillation events.
High current density associated with breakdown can cause local overheating and result in a physical damage to the
structure. In case of tantalum capacitors, this might include local melting of tantalum, dissolving of tantalum
pentoxide, or degradation/destruction of cathode layers.

The source of energy released during scintillation breakdown is the energy stored in the capacitor itself, Ec, and energy
provided by the power supply, Eps, that can be calculated as follows:

Ec=C/yx (VEn = Vi) (VIL.1)
Eps = fOWPSI(t)Ps X V(t)gr X dt, (VI1.2)

where C is the capacitance, Ver and Vmin are maximum and minimum voltages during scintillation, 1(t)ps and Vggr(t)
are the power supply current and voltage across the capacitor during breakdown, and Wps is the width of PS spike.

For rough estimations, the energy delivered by the power supply can be estimated as:

EPSI = Ips X VBR X Wps , (VII2a)
where Ips is an average PS current during the spike.

As was shown in section 111, breakdown voltages for both types of capacitors increase approximately proportionally
to the rated voltage, Ver = 2.7%VR. However, MnO2 capacitors are typically discharging by scintillations completely,
SO Vmin = 0, whereas the minimal voltage for polymer capacitors increases with VR, Vpin = 0.5%VR.

As was shown in section Il, current spikes produced by a power supply source depend on its dynamic characteristics.
For Keithley 2400 that was used in most experiments, the current spike amplitude was constant, Ips = 0.22 A, and Wps
increased linearly with breakdown voltage: Wps = 1.56xVBR -41.9 = 4.21xVR -41.9, where Whps is in psec.

Results of calculations of Ec and Eps’ for capacitors from 3.3 uF to 330 uF rated to different voltages are shown in
Fig. VII.1. The energy of scintillation events varies from 0.1 mJ for 4 V 3.3 uF capacitors to more than 300 mJ for
330 pF 16 V capacitors. For the same rating, Ec for MnO2 capacitors is only ~ 4% greater than for polymer capacitors.
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The energy of scintillation events that comes from discharging capacitors is orders of magnitude greater than from the
power supply, and even for relatively low value, 3.3 pF capacitors rated to 4 V, it is more than an order of magnitude
greater than Eps.

The current in the damaged area is the sum of the internal, or discharge current of the capacitor and external current
provided by the power supply. When the level of breakdown current is high enough, local overheating is substantial
to trig extensive generation of oxygen from MnO2 cathode, start the exothermic reaction of tantalum oxidation and
self-ignition. The latter is enhanced when the size of tantalum particles in the pellet is small. For this reason, large
value (greater than 100 uF) MnO2 capacitors can ignite even when powered up with current limiting resistors or by a
PS with low limiting currents (see examples in Fig. I1V.8). In this regard, large CV value CPTCs are more reliable
compared to MnO2 cathode capacitors.

The assessment of the possible damage size, r, caused by scintillation breakdown can be made for adiabatic conditions.
At these conditions, the whole discharge energy goes for heating up of a certain volume of the pellet that can be
represented by a sphere of radius r. Increasing temperature of this sphere by AT requires energy Q:

Q=vXpXcxAT (V11.3a)

where v is the volume of the sphere, p is the specific density, and ¢ is the specific heat capacity of the pellet. When
the temperature rise exceeds the melting point for tantalum, additional energy is required for fusing, and the heat
energy can be calculated as:

Q:UXPX(CXAT+CI£), (V11.3b)
where C; is the heat of fusion.

Characteristics of materials used for calculations per Eq.(V11.3) are shown in Table VI1I.1. The table shows also critical
temperatures associated with different structural and phase changes in the materials: melting temperature of tantalum,
3017 °C, melting of Ta205, 1870 °C,which is close to the sintering temperature during formation of the pellet,
decomposition or oxygen reduction of MnO2, 535 °C, and decomposition of conductive polymer, 290 °C. The latter
value was determined in [20] using thermogravimetric analysis (TGA) and Differential scanning calorimetry (DSC)
of different PEDOT-based compositions used as cathode materials in tantalum capacitors.

Estimations show that the amount of heat necessary to increase temperature of the dielectric and cathode layers is
negligible compared to the one that is required to heat-up the tantalum.

Table VII.1. Characteristics of materials used

UgK) 140
gowt .1 82 s
Jkg 1756
W/(mxK) 58 0.2-05 ~0.2
°C 3017 1870 535 290

The energy required to melt a sphere of tantalum of radius r (Q_Ta), reach the temperature that would cause melting
of tantalum oxide (Q_TaO) or cause decomposition of manganese oxide (Q_MnQO) or polymer (Q_polym) is shown
in Fig. VII.1b. The energy required to reach melting point for tantalum is substantially greater than the additional
energy necessary for melting, so Q_TaO is only ~40% less than Q_Ta. However, the energy required to reduce oxygen
in MnO2 or damage conductive polymer is much less than the energy necessary to heat up the pellet to the melting
point of tantalum. For MnO2 capacitors, it is 17% of Q_Ta and for polymer 9% of Q_Ta.

The energy dissipated during scintillation breakdowns is sufficient to damage a relatively large area of the pellet. A
33 uF 35 V capacitor can store ~150 mJ and bring a sphere of tantalum with a size of ~200 um to the melting
temperature. This energy is also sufficient to reach temperature necessary to reduce oxygen in MnO2 or destruct
polymer cathode with a sphere of r > 300 um. These estimations are in reasonable agreement with results of failure
analysis in section VI, where in most cases, damages had a size in the range from 100 to 200 pm.
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Fig.VIIL.1. Variations of the discharge energy for capacitors rated from 3.3 to 330 uF and voltages from 4 to 50 V
(a) and relationship between the energy necessary to heat up damage to the critical temperature and the size of
damage (b). The dashed line in figure (a) indicates the energy provided by Keythley 2400 power supply. Different
lines in figure (b) correspond to energy required to melt tantalum (Q_Ta), melt oxide (Q_TaO), reduce oxygen in
MnO2 (Q_MnOQ), or decompose conductive polymer (Q_polym).

VII.2. Discharge times during scintillations.

Due to energy losses, the size of the damage can be substantially less than estimated above. Apparently, the faster the
voltage discharge during scintillation the closer thermal processes to adiabatic conditions. The rate of capacitors’
discharge can be estimated based on the value of ESR. A charged capacitor shorted externally will decrease voltage
with time exponentially with the characteristic time = CxESR. Considering that the same value polymer capacitors
have much lower ESR compared to MnO2 capacitors, the characteristic times will reduce respectively. For example,
median ESR values for 10 uF to 47 uF capacitors rated to 35 V used in this study are within 20 to 30 mohms for
polymer and from 100 to 200 mohms for MnO2 types. Respectively, the range of zis ~ 0.2 to 1 usec for polymer and
~ 2 to 10 usec for MnO2 capacitors. However, measurements of the discharge width were 2 to 3 orders of magnitude
greater than . More than that, these values for polymer were substantially greater than for MnO2 capacitors.

This discrepancy can be explained considering difference in discharge conditions for a capacitor shorted externally,
and internally, as in the case of breakdown. Schematics in Fig. V11.2 illustrate these two cases. For a capacitor shorted
externally, the discharge occurs in all areas of the pellet and the current is accumulated along the whole surface in the
cathode layers. In this case, the transient currents flow is similar to AC currents and the effective resistance is
determined by ESR. During breakdown, the current flow is restricted by a small area of the damaged site and Ruisch iS
significantly greater than ESR, hence the duration of the scintillation events, Wid = CXRyisch, is substantially larger
than the discharge time, .
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Fig. VII1.2. Discharge in a tantalum capacitor during an external (a) and internal (b) shorts. Figure (c) illustrates
currents flowing along the cathode layers inside a capacitor during breakdown.

The discharge resistance, Raisch, can be estimated as a constriction electrical contact resistance of a circular area
between two contacting semi-infinite materials: tantalum on the one side and MnO2 or conductive polymer on another.
For small contact sizes, r, the constriction resistance can be calculated using a modified Holm’s equation:

1| Pra + Pcat ]

L) » (VI1.4)

Raisch =

where pra and pca are specific resistances of the tantalum and cathode materials, and y is the porosity of the pellet.
The resistivity of tantalum, p 1a = 1.3E-5 ohm_cm, is more than 4 to 5 orders of magnitude below the cathode
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materials, p_car = 1 to 10 ohm_cm for MnO2 capacitors and 0.1 to 1 ohm_cm for polymer capacitors. Considering
that yis typically ~0.5, the contribution of tantalum resistance to Rgisch Can be neglected.

Variations of Rgisch Calculated per Eq.(VI1.4) at ¥ = 0.5 with the damage size are shown in Fig. VI1.3. Values of Raisch
for micrometer size damage are relatively large, in the range from 0.5 to 50 kiloohm. This means that a substantial
portion of the discharge energy will be lost for heating of areas outside the breakdown site. For this reason, formation
of small size damage with r <~ 10 pum in the bulk of the pellet during scintillation events, is unlikely.

Analysis of possible damage size was done in an assumption of adiabatic conditions. This assumption might be
reasonable at fast enough events when a time for the temperature spreading over the region is comparable with the
duration of the event. The characteristic time of heat diffusion across a sphere of radius r can be estimated as:

ezrz/ay

where a = k/p x ¢ Is the thermal diffusivity. This characteristic indicates the rate at which a temperature variation

(VI1.5)

propagates through the material. Based on estimations for composite materials [21], the value of « for a tantalum
pellet with the porosity y= 0.5, is ~ 1.2E-5 m?/sec. Variations of § with r (see Fig. VI11.3) show that scintillation events
in the range from 0.1 to 1 msec might result in adiabatic heating for the damage size in the range from 50 to 100 um,
which is close to the sizes of damages revealed by failure analysis. This confirms that adiabatic conditions can be
used for analysis of thermal processes for scintillation events.

Assuming that pores of the slug are completely filled with cathode materials and y = 0.5, variations of Rgisch With the
size of damage calculated per Eq.(V11.4) are shown in Fig. VII1.3. Based on the duration of scintillations for 33 uF 35
V capacitors (Wid ~1 msec for polymer and ~0.1 msec for MnO2 capacitors), the value of Rgisen is ~ 30 ohm for
polymer and 3 ohm for MnO2 capacitors. This corresponds to the damage size of 15 to 150 um for polymer and more
than 1 mm for MnO2 capacitors. The latter size is comparable with the size of the slug and is not realistic. Also,
according to these estimations, Raisch , hence duration of the scintillation events for MnO2 should be greater than for
polymer capacitors, which does not agree with experimental data.

Equation VI1.4 is applicable in the assumption of a contact between two semi-infinite materials. This assumption
might be used if pores in the slug are filled with cathode materials, MnO2 or conductive polymer. In a case when
cathode layers inside the pores are thin, the current will flow along the surface of the pores as shown in Fig. VI1.2.c,
and actual resistance will be much greater than the one estimated per Eq.(V11.4). To explain this discrepancy, we need
to consider actual internal structure of the capacitors.
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Fig. VI1.3. Calculated per Eq.(VI11.4) discharge resistance at different damage sizes. The dotted lines corresponds to
the resistance values calculated for 33 uF 35 V capacitors based on typical durations of the scintillation events. The
dashed line is the characteristic time of heat diffusion calculated per Eq. (VI11.5).

VII.3. Internal structure of the pellet in MnO2 and polymer capacitors.
Examples of internal views of cross-sectioned MnO2 and polymer capacitors are shown in Fig. VII.4 and V.I1.5.
Apparently, the thickness of cathode layers covering pores of the pellets is much greater for MnO2 than for polymer
capacitors. For this reason, the assumption that the cathode material fills pores completely might be reasonable for
MnO2, but is not realistic for polymer capacitors. At the size of pores of a few micrometers and the thickness of
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polymer coating below 0.1 pum, the effective resistivity of the cathode material in pores will be 10 to 100 times greater
than the resistivity of PEDOT:PSS (0.1 to 1 ohm_cm). At these conditions, the value of Rqisen for polymer will increase
above the one for MnO2 capacitors. This explains one of the reasons for greater discharge times of scintillation events
for polymer than for MnO2 capacitors.

Fig. VI1.4. Cross-sectional views of MnO2 capacitors showing that pores in the pellet are almost completely filled
with the cathode material. (a, b) 220 uF 10 V, Mfr.B; (c) 10 uF 35V, Mfr.A; (d), 6.8 uF 35 V, Mfr.C. The
thickness of MnO2 layers in the pores is typically ~0.5 to 1 um.
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PEDOT:PSS

Fig. VIL5. Internal views of 33 puF 35 V from Mfr.C (a — d) and 15 pF 35 V from Mfr.A (e, f) polymer capacitors
showing that the thickness of conductive polymer in pores is below ~ 0.1 um.

VIl.4. Power of scintillation events.

The severity of the damage depends on the temperature rise in the breakdown site that in turn is controlled by the
power dissipated during the scintillation. The power of scintillation is a product of the discharge current and voltage
across the capacitor that was detected experimentally by oscillograms of the events:

dv (t)

P(t)=CxV(t) x o (V11.6)

Results of these calculations for several types of MnO2 and polymer capacitors are shown in Fig. VII1.6. As discussed
before, damaging scintillations are often associated with a sharp voltage decrease resulting in high current spikes. The
amplitudes of power during these spikes vary from hundreds of watts to dozens of kilowatts, and their duration is in
the range from 2 to 5 psec. The less powerful spikes that did not cause shorting failures had typically amplitudes
below a few hundreds of watts and durations from 10 to 100 psec.
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Fig. VI1.6. Examples of CCS testing (left charts) and variations of voltage and power during scintillation events
(right charts) for different MnO2 (a to d) and polymer (e to h) tantalum capacitors.

A simple one-dimensional model allows for the assessment of temperature on the surface of a sample that experienced

an instant energy pulse. For a power pulse amplitude Py and duration At, the peak temperature rise of the surface of
in adiabatic conditions is [22]:

0.5
AT = ZPOA—t , (VIL7)
nr2(ymkpc)0-s

At the porosity »= 0.5 and materials’ characteristics for tantalum shown in Table VII.1, results of AT calculations for
different power of scintillation breakdown and damage size are shown in Fig. VII.7. For a given size of the damage,
same energy spikes (PxAt = const) result in substantially greater temperatures for shorter spikes. For example, one
kilowatt 3 psec spike can increase temperature of a 100 um site up to 4000 °C, whereas for a spike of 100 W with
duration of 30 usec the temperature rise will be ~ 1000 °C. Melting of tantalum can be expected in the first case,
whereas only reduction of oxygen in MnO2 or decomposition of polymer can be expected in the second case. Also,
longer spikes allow for more energy losses and make adiabatic conditions, hence applicability of Eq.(VI11.7), less
acceptable.
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Fig. VIL.7. Maximum temperature at the damaged site on the surface of the pellet for power spikes with different
amplitudes and durations.

As was discussed above, the in-bulk location of damage will have a large constriction resistance that would limit the
power dissipated at the breakdown site substantially, thus making damage very unlikely. Obviously, defect sites at
the surface of the pellet would have much lesser constriction resistances. This explains results of failure analysis
showing that in all cases the damage was located at the surface of the pellet. At a thickness of the cathode shell layers
from 10 to 20 um and resistivity of the cathode material from 0.1 to 10 ohm_cm, the constriction resistance of a 100
to 200 um damage will be from 0.3 to 300 ohm. This is more than an order of magnitude lower than for the bulk
location of the damage.

Obviously, total resistance of a damaged capacitor is a sum of the constriction resistance and the resistance of the
damage site itself. Considering increasing resistance of the damaged site after oxygen reduction in MnO2, this
additional resistance might be large enough for MnO2 capacitors. A substantial increase of the resistance might occur
in both MnO2 and polymer capacitors if a decomposition of the cathode layers results in a large enough void capping
damaged.

VII.5. Mechanism of breakdown.

Processes of polymer cathodes formation occur at much lower temperatures (> 180 °C) compared to MnO2 cathodes
that are formed by pyrolysis of manganese nitrate at temperatures in the range from 250 to 350 °C. At high
temperatures required for MnO2 formation, significant concentration of oxygen vacancies at the Ta/Ta205 interface
is generated. Also, high-temperature processes create greater mechanical stresses, hence generate more defects in the
Ta205 dielectric compared to polymer cathodes. This might explain tighter distributions of breakdown voltages in
CPTCs compared to MnO2 capacitors. A higher concentration of defects and oxygen vacancies in MnO2 than in
polymer capacitors, hence greater concentration and size of the filaments, explain a faster, more powerful, and more
complete (Vmin = 0) discharge in MnO2 capacitors during scintillation events.

Based on results of section V, all scintillation events in both types of capacitors, including those that passed CCS
testing without damage, resulted in increased leakage currents. This behavior can be explained considering processes
in Ta205 dielectric layers at high, close to breakdown voltages. At high electric fields, an intensive growth of
conductive filaments in the Ta205 dielectric of both types of tantalum capacitors occurs. This process is similar to
the one responsible for switching and operation of the resistive elements formed by thin tantalum oxide structures that
have been extensively studied for the last decade for development of high-efficiency redox-based resistive random
access memory (ReRAM) microcircuits [23-26]. It is commonly accepted that the switching behavior in these
structures is related to reversible formation and rupture of nano-size filaments composed of oxygen vacancies (Vo).

Typically, ReRAM elements are prepared by means of atomic layer deposition, chemical vapor deposition, or reactive
sputtering of tantalum in oxygen containing atmosphere that results information of nanometer size layers of tantalum
oxide structures [24]. Elements with thicker tantalum oxide layers have been shown also to have a similar switching
behavior. In [27], 100 nm Ta205 layers were deposited via radio frequency(RF) sputtering to produce Ag/Ta205/Pt
switching elements. In these structures, silver ions in addition to Vo participated in the formation of the filaments that
were directly observed by the transmission electron microscopy (TEM), energy dispersive spectrometry (EDS) and
electron energy loss spectroscopy (EELS) techniques. High humidity enhanced migration of silver ions allowing
formation of conductive filaments at lower voltages. A review of high-spatial resolution spectroscopic techniques
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that have been used to get insights into the filament formation and the corresponding structural and chemical changes
in different types of filamentary-switching oxides, including Ta205 are described in [28].

Structures with a relatively thick, 20 to 40 nm Ta205 layers operating at voltages from 10 to 20 V were formed by
anodic oxidation of tantalum in [29]. Results of this work suggest that processes in tantalum capacitors and ReRAM
elements using Ta205 dielectric are similar. However, electrochemically grown Ta205 layers are more dense and
less porous compared to the sputtered films and are less sensitive to the presence of moisture.

In a simplified form, the mechanism of filament formation and operation of ReRAM elements can be described as
follows. At a positive bias on tantalum, oxygen ions are dragged to the anode leaving oxygen vacancies in the oxide.
As aresult, vacancies start accumulating at some locations at the cathode surface forming sites from which conductive
filaments are growing. At a negative bias on tantalum, oxygen ions move back and recombine with the vacancies thus
resetting the element and switching it from a low- to a high-resistive mode. In thin Ta205 oxide layers, the filament
growth occurs within dozens of nano-seconds at a few volts bias. In particular, devices based on the electrochemically
grown tantalum oxide show the SET switching times of 20 ns and RESET times of 165 ns [29]. In general, switching
times in different types of ReRAM elements decrease exponentially with the set or reset voltage [30].

The formation of filaments is a stochastic process and multiple filaments in Ta205 elements with different diameters
are likely formed [31]. The switching can also occur at the same polarity of the bias as the setting process if the
applied voltage is high enough to generate sufficient amount of joule heating and destruct the filaments thermally [32].

Simple Ta/Ta205/Me structures do not endure multiple switching cycles because oxygen ions can move deep into
tantalum and the reversibility of the processes in such elements is poor. A substantial improvement in reliability was
achieved by introducing thin, nanometer-size layers of oxides that play a role of a buffer zone capable to easily
accumulate or release oxygen ions. These layers can be formed by non-stoichiometric oxides of Ti [24], Hf [24, 33],
Ta[23, 25, 31], and Mn [34, 35].

Processes in the dielectric during scintillation breakdowns in tantalum capacitors can be explained by formation and
destruction of conductive filaments at high electric fields similar to operation of ReRAMs. Fig.V11.8 gives a schematic
illustrating the process of the filaments’ formation and rupture during breakdown. The filaments are forming along
the whole surface of the dielectric in a capacitor but their concentration and size is uneven and in some areas, likely
at the defects in tantalum, concentration of the vacancies and filaments might be much greater than in others. When
one of the filaments grows large enough, a micro-scintillation event occurs. This event has a short, in the range of
dozens of nanoseconds, duration and is terminated by a thermal destruction, and similar to resetting of ReRAMs
elements does not damage structure of the anode material (pellet for tantalum capacitors). Due to a short duration and
small size, micro-scintillations discharge capacitors only partially and locally, so the process continues until multiple
events occur (progressive breakdown [36]) to create a macro-scintillation that is detected experimentally during CCS
testing.
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Fig. VI1.8. A schematic showing formation and growth of conductive filaments (a), thermal micro-scintillation
breakdown resulting in a rupture of the filaments (b) and remnants of the filaments that increase local electric field
and thus leakage current after breakdown (c).

The initial micro-scintillation facilitates discharging at the close-by filaments due to increased temperature in the area
that decreases breakdown voltages in tantalum capacitors [37]. In addition, micro-scintillations generate electrical
oscillations along the surface of the dielectric that might increase voltage and facilitate additional micro-breakdowns.
These oscillations occur because at sub-microsecond times of the pulses, the dielectric can be presented as a distributed
capacitance and inductance ladder. As a result of progressive micro-scintillations, a relatively soft breakdown with
duration from 0.1 to 1 msec occurs, but the structure of the pellet remains intact.
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After such a breakdown, capacitors have normal characteristics and can be considered self-healed. However, the
destruction of the filaments occurs only partially, so the remnants of filaments increase local electric fields in
capacitors under bias as shown in Fig. VI1.9.c. This rises injection of electrons from the cathode and increases post-
CCS leakage currents in the parts.

At rated voltages, the filaments continue growing, although at a much lower rate than at pre-breakdown voltages. This
growth increases further the electric field and conduction through the dielectric with time under bias, which is
consistent with the results of section V. Another factor increasing the rate of degradation is generation/activation of
oxygen vacancies during scintillation events that enhance redistribution of the charged vacancies, Vo**, and reduce
the barrier at the cathode/Ta205 interface [38]. The increased rate of degradation of leakage currents indicates that
reliability of the self-healed capacitors can be compromised; however, capacitors with relatively low concentration of
oxygen vacancies might have stable, although increased leakage currents and endure long-term operation.

VII.6. Mechanisms of self-healing.
Destruction of the filaments in tantalum capacitors occurs ether thermally by the joule heating, or by recombination
with oxygen generated at the cathode. The first process occurs in both types, polymer and MnO2 capacitors, whereas
the second one can occur in MnO2 capacitors only. The latter is due to the capability of MnO2 to generate oxygen
under heating and also to provide oxygen for solid state anodic oxidation in MnO2/metal structures under bias [39].
For this reason, a better self-healing in MnO2 capacitors is due not only to the transformation of MnQO?2 into a less
conductive Mn203 or Mn304 compositions, but also to a more efficient and faster destruction of the filaments.

Due to a smaller constriction resistance for damage sites on the surface of the pellet compared to the bulk areas,
damaging scintillations were associated with defects at the surface of the slug. For this reason, the uniformity and
thickness of the cathode shell layers plays an important role in the self-healing process. Sufficiently thick and dense
MnO2 layers on the surface of the Ta205 dielectric improve the self-healing capability of tantalum capacitors [11].
A relatively poor reproducibility of cathode shell layers that is intrinsic to the MnO2 technology might be one of the
reasons of significant lot-to-lot variations of the proportion of damaging scintillations. In general, the uniformity of
the polymer cathode shell layers is substantially better than of MnO2 cathodes.

In many cases, discharging during scintillation events that typically last for 0.2 to a few milliseconds occur not
smoothly, but exhibit one or several short, a few microseconds, high-power spikes. This behavior can be explained
assuming that the concentration of filaments in different areas of the dielectric varies substantially and the process of
their growth continues after breakdown process at other micro-scintillation sites has started. At a certain moment,
simultaneous, within a few microseconds, micro-scintillations at several adjacent filaments occur as shown in see Fig.
VIL9. As a result, the scintillation breakdown is powerful enough to cause damage to the structure of the pellet
including fusion of the oxidized tantalum particles, and changing the composition of oxides and creating voids in
cathode layers.

Contrary to MnO2, leakage currents in polymer capacitors after scintillation events decrease with time under bias.
Also, some CPTCs can recover after repeat exposure to high voltages during CCS testing. Apparently, self-healing
in polymer capacitors is not only less effective than in MnO2 capacitors but occurs differently.

Large leakage currents in CPTCs after scintillation events can be explained assuming that these events are associated
with overheating and moisture release from polymer cathode layers. Assessments of the Joule heating and temperature
of conductive filaments during reset switching of NiO elements [40] showed that the critical temperature for
destruction of the filament is ~350 °C and the effective size of the heated area is ~ 80 nm. Obviously, thermal
destruction of multiple filaments might result in formation of a relatively large area with substantially increased
conductivity of the Ta205 dielectric.

The effect of increasing leakage currents in dry polymer capacitors by orders of magnitude is known and is the major
reason of the anomalous transients phenomena observed in these parts [16]. Conduction in discharged dry polymer
capacitors rises exponentially with voltage [19], so leakage currents after the first scintillation might be comparable
or even greater than the charging currents during CCS testing. With time under bias, these currents decrease gradually
(hours to dozens of hours) and the parts can recover (self-heal). Conduction of Ta205 dielectrics in these capacitors
reduces with time by orders of magnitude due to electron trapping at the states in the PEDOT:PSS polymers that
increases the work function of the cathode and reduces electron injection. The process of trapping occurs faster at
high electric fields/high currents thus explaining recovery of the parts after repeat scintillation tests.

50



A significant increase of leakage currents in dry polymer capacitors explains also the effect of moisture on breakdown
voltages that has been shown in section 111 of this report. Contrary to MnO2 capacitors, the presence of moisture in
CPTCs reduces leakage currents by several orders of magnitude [19] and thus reduces the probability of breakdown.

tantalum pellet ﬂ + +
R 4 : :
Ta205 IYyYVY \

MnO2 or - Y o : Cx =
PEDOT:PSS o2 & void © PEDOT-PSS = void C
carbon =, N
silver epoxy — — -

a) MnOx, x<1.5 b) c)
Fig. VI1.9. Illustrations of a multiple micro-scintillation event resulting in damage to the surface of the pellet (a),
self-healing in MnO2 (b) and polymer (c) tantalum capacitors.

Self-healing in MnO2 and polymer capacitors is due to combination of different mechanisms. These mechanisms
involve (i) thermo-oxidative destruction of the conductive filaments, (ii) conversion of MnO2 areas at the damaged
site into high-resistive oxides, and (iii) formation of voids in the cathode layers as illustrated in Fig. VI1.9.b. Self-
healing in polymer capacitors is due to (i) thermal destruction of the filaments, (ii) formation of voids in the cathode
layers, and (iii) trapping of electrons into states in conductive polymers (see Fig. VI1.9.c).

Different processes have different efficiency and require different times to recover capacitors from a short circuit to a
condition with an acceptable level of leakage currents. Destruction of the filaments occurs fast, within dozens of
nanoseconds, and due to recombination with oxygen generated in MnO2 is more effective for MnO2 than for polymer
capacitors. Oxygen reduction of MnO2 that forms high-resistive oxides and isolates the damage requires from 0.1 to
1 msec. The time necessary for formation of the voids is difficult to assess, but based on results of monitoring of PS
current spikes, it is likely within a few milliseconds. Itis possible that similar to self-healing in polymer film capacitors
[41], the probability of void formation in tantalum capacitors depends on the mechanical stresses in the part that are
created during high-temperature curing (typically at 175 °C) and cooling of the molding compound. The level of
compression at the cathode layers surrounding the pellet affects the size of the voids and time of their formation.

Thermal destruction of the filaments in polymer tantalum capacitors happens also rather fast, within dozens of
nanoseconds, and similar to MnO2 capacitors, void’s formation happens within a few milliseconds. Reduction of the
anomalous conduction of the Ta205 dielectric requires much longer time, and depending on the voltage and
temperature, this process might take from seconds to hours.

VIII. Summary

Technique.
The constant current stress (CCS) technique has been modified to detect variations of voltage across capacitors (V-t

curves) and power supply current spikes during breakdown events. Discharge currents and power during scintillations
were calculated based on V-t data. This technique has been used to study specifics of scintillation processes in variety
of MnO2 and polymer tantalum capacitors. Simulations of breakdown by external shorting and experiments with
different power sources showed that PS current spikes depend on the dynamic characteristics of the power supply and
do not reflect directly processes during scintillations.

Breakdown voltages and scintillation times.

Testing of 34 lots of MnO2 and 45 lots of polymer capacitors rated to voltages from 6.3 to 35 V showed that on
average, breakdown voltages in polymer and MnO2 capacitors with the same ratings are close. However, polymer
capacitors have tighter distributions and average values of the slope of Weibull distribution, £, are in the range from
13 to 20 for polymer and from 6 to 10 for MnO2 capacitors. This indicates a lesser concentration of defects in the
dielectric in polymer capacitors, which is likely due to a lesser temperatures and mechanical stresses associated with
formation of cathodes.

On average, breakdown voltages increase linearly with the rating: VBR = 2.7<xVR. However, the breakdown margin
is much greater for low-voltage than for high-voltage capacitors. VBR = 3.5xVR for 6.3 V capacitors and VBR =
2.5%VR for 35 V capacitors.
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The moisture content in MnO2 capacitors does not affect breakdown voltages significantly. However, in CPTCs VBR
increased by ~ 21+14 % after 1 week in humidity chamber at 85%RH and 85 °C compared to capacitors that had been
dried-out at 125 °C for 120 hours. This effect is yet another manifestation of anomalous transients in polymer
capacitors.

Scintillation times are typically smaller for MnO2 (Wid = 400 usec) than for polymer (Wid = 1 msec) capacitors and
there is a trend of decreasing Wid with voltage rating for both types of capacitors. Although average discharge currents
in polymer capacitors are several times lower than in MnO2 capacitors, several short current spikes with amplitudes
up to dozens and hundreds of amperes and duration of a few microseconds might happen during a scintillation event.
Similar spikes are causing damage and low-resistive shorts in capacitors.

Efficiency of self-healing.

In this study, a capacitor considered damaged by scintillations if it fails the first CCS test with a short circuit or has
leakage currents close to the charging current. The proportion of damaged capacitors, d, was used to assess the
effectiveness of the self-healing of a lot. Values of d for MnO2 capacitors varied from lot to lot substantially indicating
that the self-healing capability is lot-related. The presence of pores in the cathode layers allowing silver penetration
to the pellet and a relatively poor reproducibility of the shell layers in MnO2 capacitors might be one of the reasons
of these variations.

Contrary, to MnO2, most polymer capacitors rated to 16 V and more, appear damaged after the first scintillation test.
The average value of d for 5 lots of 35 V MnO2 capacitors was 11.5%, but it was substantially greater, 88.3%, for 11
lots of 35 V polymer capacitors thus indicating a less effective self-healing.

Some MnQ2 capacitors were functional even after being physically damaged by breakdown that resulted in chip-outs
in the case, destruction of a portion of the cathode layers, and exposing tantalum pellets. These parts did not fail short
circuit and were able to sustain consecutive scintillation tests indicating high self-healing efficiency that can be
provided by the MnO2 technology.

Repeat scintillation tests of MnO2 capacitors resulted in increasing breakdown voltages for approximately 50% of
cases. Capacitors in these lots can sustain multiple breakdown events before failing short circuit. However, in some
lots VBR changed erratically during consecutive tests. The first case is more likely for lots with low proportion of
damaging scintillations, whereas lots with large values of d are more likely to have decreasing breakdown voltages.
Apparently, in the first case, self-healing isolates damage reliably, and the next breakdown happens at a new site and
requires higher voltage, whereas in the latter case, repeat scintillations are likely happening near the same damaged
site.

Several MnO2 330 pF and 470 pF capacitors ignited during CCS testing and their burning lasted for several seconds,
much longer after the test was terminated. This indicates that the energy stored in large value capacitors might be
sufficient for a scintillation event to trig ignition even when parts are used in high impedance circuits with a limited
current from the power supply. In this regard, large CV value CPTCs are more reliable compared to MnO2 cathode
capacitors.

Distributions of post-scintillation resistances in most types of polymer capacitors stretched widely, from ohms to
hundreds of kiloohms. However, behavior of these parts is often unstable for both, MnO2 and polymer capacitors and
their resistances can change after repeat testing. In some cases, shorted MnO2 capacitors could be healed at relatively
low voltages after a powerful enough current surge. However, these parts have a greater chance to turn into shorts
with even lower resistance.

Effect of scintillations on characteristics of capacitors.

Capacitance and ESR for both, polymer and MnO2 tantalum capacitors did not change significantly after CCS testing,
which can be explained considering that the damaged area after scintillation breakdown is relatively small. However,
depending on the severity of damage, dissipation factors might increase several times or up to several orders of
magnitude. Due to a large margin, capacitors after scintillations might have DF values within the specified limits.
Considering that reliability of these parts can be compromised, to select the best quality capacitors for space
applications, the out-of-family samples should be screened out, for example, using the 3-sigma criterion.

Both types, polymer and MnO2 capacitors that appeared self-healed during CCS testing have leakage currents
significantly increased compared to the initial level and in this regard all scintillation events degrade tantalum
capacitors. Overall, the increase of currents is greater for polymer than for MnO2 capacitors. However, contrary to
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MnO2 capacitors, where leakage currents increase with time under bias, polymer capacitors after CCS testing have a
tendency of decreasing currents and recovery even after a significant degradation initially.

In some cases, leakage currents at rated voltages in capacitors that passed CCS testing have erratic behavior indicating
occurrence of additional scintillations after hours of operation at relatively low voltages. This behavior is consistent
with the TDDB model of failures in capacitors that have breakdown voltages reduced by previous scintillation events.

Appearance of damaged sites.

Results of failure analysis show that damaged sites in capacitors that failed after scintillation breakdowns are located
on the surface of the pellet. In MnO2 capacitors, reduction of oxygen in manganese layers was revealed by EDS
analysis of damaged areas. This confirms the known self-healing mechanism in these parts. In both types, polymer
and MnQ2 capacitors, scintillations resulted in fusing of oxidized particles in the pellet, formation of large areas of
non-stoichiometric tantalum (or Ta/Mn) oxide, and voids in the cathode layers.

Analysis of energy transformations in the parts during breakdown shows that the energy stored in capacitors is
sufficient to create damaged area in the range from 100 to 200 um, which is in agreement with results of failure
analysis. The surface location of damaged sites is due to much lower constriction resistances for discharge currents
at the surface than in the bulk of the pellet.

The power during scintillation events vary from hundreds of watts to dozens of kilowatts, and the duration of high-
power spikes is in the range from 2 to 5 usec. Calculations based on the amplitude and width of the power spikes
show that short high-power spikes can increase temperature of a 100-200 um size surface area of the pellet to above
2000 °C, which is sufficient to fuse oxidized particles of the pellet and change composition of the oxides. Less
powerful spikes with amplitudes of dozens of watts and durations from 10 to 100 psec can increase temperature by
several hundreds of degree Celsius, which is sufficient to damage or transform cathode layers without causing
catastrophic failures. In some cases, several high-power short spikes occur during breakdown resulting in multiple
locations of damaged sites on the surface of the pellet.

Mechanisms of breakdown and self-healing.

Breakdown in tantalum capacitors is due to the growth of conductive filaments in the Ta205 dielectric and occurs
when the filaments are large enough. The process of filaments formation and growth is similar to the one responsible
for switching and operation of resistive elements in redox-based random access memory (ReRAM) microcircuits. The
filaments have submicrometer sizes and are formed as a result of migration of oxygen vacancies. Destruction of the
filaments occurs during micro-scintillation events that have duration of dozens of nanoseconds and is due to the Joule
heating and/or generation of oxygen that compensates vacancies in case of MnO2 cathodes.

Consecutive micro-scintillations result in a relatively large discharge times in capacitors that typically last hundreds
of microseconds for MnO2 and up to a few milliseconds for polymer capacitors. One of the reasons for a shorter
duration of scintillations in MnO2 capacitors is a more efficient destruction of the filaments that occurs mostly due to
compensation of vacancies with oxygen generated by MnO2.

When the process of progressive micro-scintillations reaches a defect site on the surface of the pellet, their intensity
increases resulting in a powerful, up to dozens of kilowatt, breakdown that lasts for a few microseconds and causes
damage to the part. The damage includes structural changes in the pellet, oxygen reduction in MnO2 or
thermal/thermal-oxidative destruction of conductive polymers, and formation of voids in cathode layers.

Several mechanisms with different efficiency and time frame occur to recover capacitors from a short circuit to a
condition with an acceptable level of leakage currents. For MnO2 capacitors, these mechanisms include (i) thermo-
oxidative destruction of the conductive filaments, (ii) conversion of MnO2 at the damaged site into high-resistive
oxides, and (iii) formation of voids in the cathode layers. Self-healing in polymer capacitors involves (i) thermal
rupture of the filaments, (ii) formation of voids in the cathode layers, and (iii) charge trapping in the polymer cathode
that decreases anomalous currents caused by drying and discharging associated with the initial scintillation.

Destruction of the filaments occurs fast, within a few microseconds, transformation of MnO2 into high-resistive forms
of oxides that isolates the damaged area requires from 0.1 to 1 msec, and the time necessary to create a void is likely
a few milliseconds. The longest process that depending on voltage and temperature might take from seconds to hours
is reduction of the anomalous conduction of the dielectric in polymer capacitors.
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