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Introduction

One of the major benefits of chip polymer tantalum capacitors (CPTCs) compared to conventional MnO2 capacitors is
reduction of the equivalent series resistance (ESR). Reduction of ESR improves the efficiency of parts for filtering in power
lines and decreases self-heating in capacitors resulting in lower operating temperatures and probability of failure. A substantial
improvement in performance of tantalum capacitors was achieved with introduction of conductive polymers based on
poly(3,4-cthylenedioxythiophene), PEDOT [1], as a cathode materials. Manganese oxide has resistivity ~1 ohm_cm, while
the resistivity of PEDOT based compositions that are conjugated polymers with p-type conductivity is approximately 10 times
less. A breakthrough technology was achieved by introducing a water-soluble poly-styrene sulfonate (PSS) in the polymer
composition and formation of pre-polymerized PEDOT:PSS systems. Pre-polymerized conductive polymers have a better
thermal stability compared to the in-situ polymerized PEDOT films [2] and allow for production of capacitors with high
voltage ratings, up to 125V, that could not be realized with MnO2 technology [3]. A better performance and improved quality
and reliability of CPTCs that had been achieved over the last years made these parts not only preferred components for many
commercial applications, but their employment has begun in reliability-demanding automotive, medical, military and space
systems [4].

One of the major drawbacks of CPTCs compared to MnO2 capacitors is poor long-term stability. The conductivity of
PEDOT:PSS polymers decays with time at high relative humidity or high-temperature storage in dry conditions [5, 6] resulting
in degradation of CPTCs under environmental stresses, in particular, during long-term storage at high temperatures and under
combined stresses of temperature and humidity [3, 7]. Until recently, operating temperature of CPTCs was limited to 85 °C
or 105 °C, and given the limitations of conductive polymer materials, it appeared unlikely that the upper limit would be
increased significantly in the near future [8]. However, in 2014 KEMET and AVX introduced automotive grade capacitors
that can pass biased testing at 85 °C and 85% RH for 1000 hours and unbiased storage at 125 °C for 1000 hours. This had
been achieved by development of new materials and processes [9], and improvements in the packaging system [1].

A certain level of ESR degradation and failure caused by environmental stresses occurs also in MnO2 tantalum capacitors.
However, manganese dioxide has no intrinsic degradation during environmental stresses, and parametric ESR failures of
MnO2 capacitors are typically caused by delaminations and increased resistances at the interfaces between cathode layers
(MnO2/carbon or carbon/silver epoxy). These failures are often due to insufficient margins between the specified maximum
and actual values of ESR [10]. In this situation, even relatively minor changes in compressive stresses caused by moisture-
related swelling or baking-related shrinking of molding compounds might change the level of delamination or cracking
between the cathode layers resulting in ESR variations. These variations occur mostly during the relatively short periods
necessary to stabilize moisture content in the package. Although MnO2 capacitors are specified for a temperature range from
-55 °C to +125 °C, and no storage life testing is required even for military grade capacitors, experiments show that these parts
are thermally stable and can sustain 1000 hour storage at 150 °C and even 175 °C [7].

Contrary to MnO2 capacitors, specifications for CPTCs include a requirement for high temperature storage (HTS) testing that
is typically carried out at 125 °C for 1000 hours (Automotive Electronics Council, AEC-Q200 requirements). Some general
purpose capacitors do not have HTS requirements and some are tested for 2000 hours at 105 °C. Manufacturers specify ESR
values for the post-HTS measurements for commercial parts, but automotive industry capacitors (AEC-Q200) and military
specifications (e.g. DLA DWG #04025) do not have requirements for ESR after environmental stresses. According to
manufacturers’ specifications, post-HTS values of ESR are relaxed substantially compared to the initial limits, from 2 to 5
times. This easing of requirements reflects intrinsic degradation processes in polymer cathode materials, and requires
assessments of the end-of-life characteristics at application conditions. Although significant efforts have been made to assure
stability of ESR during 1000 hours testing at 125 °C, there is still no answer to the question about long-term (years) stability
of the parts at operating temperatures.

In this work, different types of polymer capacitors from three manufacturers have been stored at temperatures from 100 °C
for periods up to 18,500 hours to 175 °C for up to 2000 hours to reveal common features in their behavior and develop
reliability models. Characteristics of capacitors have been measured periodically during the storage. Parameters describing



degradation of ESR during HTS have been approximated using a Weibull-Arrhenius model that allowed for predictions of
the ESR values at operating temperatures. Possible mechanisms of degradation and the effect of packaging are discussed.

Experiment

Four types of Mft.A, four types of Mfr.B, and three types of Mfr.C capacitors have been used in this study. Characteristics of
CPTCs, including capacitance (C), rated voltage (VR), maximum ESR, dissipation factor (DF) and maximum operating
temperature, as well as the case size and quality levels are shown in Table 1.

Different groups of capacitors, from 5 to 20 samples in each (typically 10 samples), have been stored at 100 °C, 125 °C, 150
°C, and 175 °C, and their AC characteristics including capacitance and dissipation factors at 120 Hz and ESR at 100 kHz have
been measured periodically. Duration of testing varied from 18,500 hours at 100 °C to 1000 hours at 175 °C as indicated in
the last four columns in Table 1.

Table 1. Characteristics of capacitors. Numbers in columns from 100 °C to 175 °C indicate duration of testing in kilo hours.
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Test results

Variations of ESR with time of storage

Typical results of ESR variations with time of storage at different temperatures are shown in Fig.1. In spite of some spread of
data, there is a clear effect of temperature on the rate of degradation for all capacitors. In most cases, ESR increased with time
exponentially.
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Figure 1. Degradation of ESR during high-temperature storage for A7 (a) B1 (b), A2 (c), A8 (d) and B4 (e) capacitors at
different temperatures.

A comparison of ESR variations during long-term (10,000 hours) storage at 100 °C for two types of polymer capacitors C7
(150 uF) and C8 (220 uF) and one type of MnO2 capacitors (330 uF) rated to 10 V that was used as a reference is shown in
Fig. 2a. Contrary to MnO2 capacitors that had stable ESR values, polymer capacitors degraded substantially, increasing up
to 500 times for C7 and approximately 8 times for C8 after 10,000 hours of storage. Note that both types of CPTCs shown in
Fig.2 have been produced by the same manufacturer and had similar packages (D case). However, the level of degradation
was different by almost two orders of magnitude.

All samples in lots C7 and C8 degraded with a similar rate and variations of ESR with time allow for approximations with
exponential functions. A similar exponential increase of ESR was observed for capacitors shown in Fig.1. However, for 19
out of 20 samples of B3 capacitors the values of ESR remained stable during 18,500 hours of HTS at 100 °C, and an increasing
trend at 125 °C was observed only after ~8,000 hours (see Fig. 3b). At 150 °C the majority of samples remained stable even
during 4000 hours of HTS, and only 3 out of 20 capacitors had parametric ESR failures.
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Figure 2. Degradation of ESR during 10,000 hours storage at 100 °C for Gr. C7 and C8 polymer and 330 uF MnO2
capacitors (a) and at different temperatures for B3 capacitors (b). Dashed lines are approximations for median values of the
distributions.
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Results of HTS testing at different temperatures for B1 and B2 types of capacitors are shown in Fig.3. There is a certain delay
time or incubation period, #;, before the inception of an exponential growth of ESR, and this time is decreasing with
temperature. For B1 capacitors # is ~1000 hours at 100 °C and decreases to ~150 hours at 150 °C and to less than 100 hours
at 175 °C. The delay time depends on the part type and temperature, which is especially evident for B2 capacitors (Fig 3¢ and
d). For these parts, ¢; decreases from ~ 8000 hours at 100 °C to ~2500, ~900, and ~100 hours at 125 °C, 150 °C, and 175 °C
respectively.



1.E+5 HTS CPTC B1 - 1.E+5 v HTS CPTC B1 —
/”
1.E+4 1.E+4 @ 7z
>
©
£ La 7
% £ 175C 6, Z &
E 1.E+3 S1E+3 o %5 o
' 14 o7
7] P
2 w s
1.E+2 5
1.E+2 150C
1.E+1 1.E+1
0 2000 4000 6000 8000 10000 12000 0 500 1000 1500 2000
time, hr time, hr
a) b)
1.E+4 1.E+4 HTS CPTC BZ—Il
1.E+3 1.E+3
E1Es2 E 1E+2
4 o
| [
1.E+1 () 1.E+1
1.E+0 1.E+0
0 2000 4000 6000 8000 10000 12000 0 500 1000 1500 2000
time, hr time, hr
c) d)

Figure 3. Results of HTS for B1 (a, b) and B2 (¢, d) capacitors at 100 °C and 125 °C (a, c¢) and at 150 °C and 175 °C (b, d).

Modeling of ESR degradation.

ESR failures can be model based on analysis of distributions of times to failure (TTF), but this approach requires extended
testing until a sufficient number of failures occurs. At temperatures close to operational, a very long time might be necessary
to precipitate failures. Considering specifics of ESR variations with time, it is possible to simulate ESR degradation and
predict possible ESR values at the end of the mission before a formal failure happens.

In a general case, degradation of ESR during storage can be described as an exponential growth with time that begins after an
incubation period ¢ The rate of ESR degradation can be described using a characteristic time 7

ESR = ESR X exp (%) att >t
) (1

att <t

ESR = ESR,
where ESRy is the initial value of ESR.

Both parameters, 7 and ¢, are assumed to reduce exponentially with temperature and their distributions can be approximated
with the Weibull-Arrhenius models. The major parameters of these models are activation energies, scale factors, and slopes
of the distributions:

Py =1-ew|-(2) ] me=moxew (7). @
P(t) =1-exp [— (;—)Bl] me=mo x exp (/). (3)

where 7, and #; are the scale parameters, § 7and S i are the slopes of the relevant distributions, and 7.9 and #;p are constants.

Examples of distributions of 7 and #; for four types of capacitors are shown in Fig.4 and validate application of the Weibull-
Arrhenius model. Note that estimations of 7 and ¢ for a given sample required at least three data points at # > ¢; and at ¢ < ;.
Due to a spread of ESR data that might be especially significant for capacitors with low ESR, accurate estimations of ¢ had
been carried out for a few cases only.
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Figure 4. Distributions of characteristic times (a, b) and incubation periods (c, d) for ESR degradation for A7 (a), B1 (b), B2
(c), and C5 (d) polymer capacitors.

Parameters of the model Eq. (1 — 3) calculated for different types of capacitors and characteristics calculated for the use
temperature (55 °C ) are displayed in Table 2. Variations of the models’ parameters for different part types is significant, for
example, the activation energies for characteristic times vary from 0.32 to 1 ¢V and the median characteristic time from 1.83
to 228 years. Using these data the level of ESR increasing at the end of the mission was estimated. Two last columns show
how many times ESR will increase by the end of a 10 year mission compared to the initial ESR values (the ratio of ESR at the
end of a 10 year mission at 55 °C to the initial value for 50% and 1% of capacitors). For 50% of the parts this ratio varies
from no change for B2 (¢;> 10 years) and A8 (due to large 7) to 56 times for A9 capacitors. The increase of ESR for 1 % of
the parts is much larger and varies from the acceptable level of 2.3 to more than 100 times.

Table 2. Parameters of the model calculated based on distributions of the characteristic times (7) and incubation periods (#;).

Median
values at
55°C, yr

ESR(10yr)/ | ESR(10yr)/
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Failure analysis

Cross-sectioning of two samples after 1000 hours of storage at 150 °C (see Fig.5) clearly shows discolorations in the molding
compound (MC) that were caused by thermo-oxidative degradation of epoxy. Thin layers of brownish color along the surface
of the case and the lead frame (LF) interface with MC indicate a diffusion-limited oxidation of MC. Sample SN3 failed
marginally at 200 mohm (Fig.5a) and SN1 failed catastrophically at 2 ohm (Fig.5b). Note that discoloration can be seen
around the whole surface of the slug for SN1, whereas only a part of the surface close to the cathode portion of the lead frame
had some discoloration in SN3. A similar difference between the level of discoloration around the slug that correlated with
the level of ESR degradation was observed in other part types. In all cases a less severe degradation after HTS corresponded
to the absence of discoloration in molding compound at the internal areas around the slug. Obviously, these areas of
discoloration in MC indicate the oxygen path towards the conductive polymer on the surface and inside tantalum slugs.
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Figure 5. Cross-sections of capacitors after 1000 hours at 150 °C. SN3 failed marginally at 200 mohm (a) and SN1 failed
catastrophically at 2 ohm (b).

It is known that copper has a catalytic effect on degradation of polymer materials in general, and on epoxy resins in particular
[11]. In the presence of a copper substrate, the rate of degradation and the relevant activation energy for epoxy adhesives
decreases substantially. It is possible that the presence of copper LF facilitates thermo-oxidative decomposition of epoxy
MCs, delamination, and enhances penetration of oxygen to the slug. Using LF based on copper alloys or materials having no
copper, e.g. alloy 42, might improve stability of ESR for high-temperature applications.

Several samples that had the worst degradation in the group were found to have cracks in the package (see Fig.6). A sample
that failed after 1000 hours of HTS at 125 °C at 200 mohm and had 440 mohm after 2000 hours of testing had a crack on a
side of the package as shown in Fig. 6a. Another sample from this group (Fig. 6b) that failed parametrically after 200 hours
of HTS at 150 °C and catastrophically, at 2.67 ohm after 1000 hr had a crack under the anode terminal. Similarly, a sample
from Gr. A7 that had a crack at the bottom of the package failed after 300 hr and had 2.4 ohm after 1000 hr of HTS at 150 °C.

Discoloration of MC along the cracks shows that cracks provide a direct path for oxygen penetration and accelerate degradation
processes substantially. Contrary to MnO2 capacitors, where cracks can facilitate some delaminations, but generally can be
considered as cosmetic defects, cracking of the cases in polymer capacitors poses a serious reliability risk. Improvements in
quality of packaging and a thorough control over the encapsulation process have been used by manufacturers to assure stability
of automotive grade capacitors under environmental stresses [1].

Discoloration is obvious for CPTCs with light yellow MCs, and are much less obvious for parts encapsulated with black MCs.
However, color analysis software allows for mapping of discolored areas in these parts as well (see Fig. 6¢). Results indicate
similar discoloration and degradation processes in all types of MCs used in CPTCs.

D)

Figure 6. Examples of cracks in packages (a, b, ¢) and discoloration at the surface and along LF/MC interfaces in CPTCs
with yellow (b, c¢) and black (d) molding compounds after HTS. An insert in (d) shows mapping of discolored areas.



Degradation of ESR during HTS can be explained by two processes [7]: increasing of delaminations between different cathode
layers and rising of the intrinsic resistivity of polymer cathode materials. Delaminations between different layers of conductive
polymers, and especially between carbon layer and polymer are often observed even in virgin CPTCs, whereas vertical cracks
are typical for parts after HTS (see Fig.7). In some cases, the crack propagates through silver paint and conductive polymer
(see Fig. 7¢) indicating that it was likely caused by stresses developed in the molding compound and transferred to cathode
layers.

Both types of cracks are unlikely to cause a complete separation between the layers and increase ESR substantially. Due to a
high conductivity of PEDOT:PSS polymers, even a relatively small contact area should be sufficient to assure low resistance
of the interconnect [10]. The major mechanism of ESR degradation is thermo-oxidative processes in PEDOT:PSS
compositions.
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Figure 7. SEM views of cross-sectioned virgin (a, d) and post-HTS (b, ¢, ) CPTCs.

Discussion
It is commonly accepted that manganese oxide cathode tantalum capacitors do not have wear out mechanisms and typically
fail catastrophically due to the presence of defects, so called infant mortality (IM) failures that result in substantially increased



leakage currents or short circuits due to breakdown. The focus of the existing quality assurance system for MnO2 capacitors
described in MIL-PRF-55365 is mostly on elimination of these IM failures and does not address AC parametric degradation
sufficiently. In particular, there is no requirements for high-temperature storage endurance testing. However, due to the
intrinsic degradation of conductive polymers, HTS testing is necessary to assure that the time of inception of ESR failures at
operating temperatures is greater than the intended mission time for the system. A common standard for HTS testing is 1000
hours at 125 °C as it is described in AEC-Q200 requirements for automotive industry.

Knowing the activation energy of the degradation process, we can estimate the period of time this testing would be equivalent
to at lower temperatures. Fig. 8 shows results of these estimations. A 1000 hours of storage at 125 °C without failures (ESR
remains below 3xXESRiini) would be equivalent to more than one year of storage or operation at 55 °C if E, = 0.4 eV, and to
more than 20 years at £, = 0.8 eV.

Considering that these failures are due to wear-out processes, a relatively small number of samples would be sufficient to
assure that the time to failure inception is greater than the mission time. However, the presence of defects in the case (cracks
or LF/MC delamination) or their development with time of storage can reduce this time substantially. To assure low
probability of ESR failures a relatively large sample size is necessary. Considering uncertainties in stability of the materials
and production processes during manufacturing of CPTCs, all lots should be tested using 77 samples (as per AEC-Q200) to
qualify a specific lot of capacitors for hi-rel applications. Note that testing of 77 samples with no failures can assure that the
probability of failure is likely below 1.5% which might be not sufficient for some hi-rel applications. Additional assurance
can be achieved by a thorough visual examination during screening of the parts and after their soldering onto the boards.
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Figure 8. Time in years during storage or operation in the range of temperatures from 45 °C to 105 °C that is equivalent to
1000 hours testing at 125 °C.

For CPTCs used in space applications, thermo-oxidative degradation occurs mostly during the ground phase testing and
integration periods. In general, activation energies of thermal degradation of polymers in vacuum are substantially greater
than in the presence of oxygen [12]. Studies of thermal degradation of polystyrene (PS), polyethylene (PE), and
polypropylene, (PP) in both inert nitrogen and air atmospheres showed that average activation energy of degradation reduced
from ~2.3 eV in N2 to 0.7 eV in air for PE, from ~2.0 ¢V in N2 to 0.87 eV in air for PP, and from ~2.1 eV inN2to 1.1 ¢V in
air for PS [13].

Similar effects were observed for the conductive conjugated polymers. Testing of PEDOT:PSS organic solar cells showed
that their stability was much better when the cells were kept in vacuum or dry nitrogen compared to air storage [14]. Thermal
and thermo-oxidative degradation kinetics of poly(3-hexyl thiophene) (P3HT) conducting polymers in nitrogen and air
medium was investigated in [15]. The activation energy of degradation of P3HT was ~ 2 eV in nitrogen, while in air £, varied
with the extent of the thermo-oxidative conversion from ~0.5 eV to 1.5 eV. Our previous testing [7] showed that 2000 hours
storage at 100 °C in 3 utorr vacuum does not cause degradation in CPTCs, whereas in air a noticeable increase of ESR was
observed. Direct measurements of the sheet resistance using in-situ polymerization PEDOT films in [2] showed that the
resistance increased from 64 ohm to >1 Mohm after 16 hours of storage in air at 175 °C, while in dry nitrogen the increase
was from 44 ohm to 100 ohm only.

Based on a substantial increase of activation energy of thermal degradation in oxygen-free environments, it is reasonable to
assume that stability of CPTCs operating in space, or in small hermetically sealed packages will be improved substantially.
An increase in E, from 0.6 eV that is typical for air conditions even to 1 eV in vacuum for capacitors that can demonstrate
stable behavior at 125 °C for 1000 hours would increase their operational life in vacuum at 65 °C from 2 years to more than
20 years, which is sufficient for most applications.



Conclusion

1. Degradation of ESR in polymer tantalum capacitors at high temperatures can be characterized by the incubation period,
t;, during which ESR remains stable and by an exponential growth after #; with the characteristic time, z. Both parameters
are decreasing with temperature according to Arrhenius law. Activation energy for different part types varies in a wide
range, from 0.32 to 1 eV for rand from 0.28 to 0.72 eV for ;.

2. Using Weibull-Arrhenius model, parameters rand ¢ have been calculated for application conditions to predict degradation
of ESR by the end of a mission. For a 10 year mission at 55 °C estimations show that some CPTCs can have acceptable
level of ESR (degradation is less than three times of the initial value), but in some lots the median value of ESR can
increase more than 50 times.

3. ESR degradation and wear-out failures are mostly due to thermo-oxidative processes in PEDOT:PSS conductive cathode
layers. This degradation can occur during terrestrial periods of assembly and testing of space systems, but should be much
less significant after launch. The integrity of packaging (good adhesion between the molding compound and lead-frame
and absence of cracking in the case) and selection of the most thermally robust PEDOT:PSS systems are critical to assure
stability of ESR in CPTCs.
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