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Abstract

Currently, military grade, established reliability wet tantalum capacitors are among the most
reliable parts used for space applications. This has been achieved over the years by extensive
testing and improvements in design and materials. However, a rapid insertion of new types of
advanced, high volumetric efficiency capacitors in space systems without proper testing and
analysis of degradation mechanisms might increase risks of failures. The specifics of leakage
currents in wet electrolytic capacitors is that the conduction process is associated with
electrolysis of electrolyte and gas generation resulting in building up of internal gas pressure
in the parts. The risk associated with excessive leakage currents and increased pressure is
greater for high value advanced wet tantalum capacitors, but it has not been properly
evaluated yet. In this work, in Part I, leakages currents in various types of tantalum capacitors
have been analyzed in a wide range of voltages, temperatures, and time under bias. Gas
generation and the level of internal pressure have been calculated in Part Il for different case
sizes and different hermeticity leak rates to assess maximal allowable leakage currents. Effects
related to electrolyte penetration to the glass seal area have been studied and the possibility
of failures analyzed in Part 1ll. Recommendations for screening and qualification to reduce
risks of failures have been suggested.
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Executive summary

Part I. Leakage currents.

Leakage currents in tantalum capacitors are the most important, quality related characteristics of the part.
However, analysis of the existing requirements shows that contrary to other types of capacitors that have
DCL specifications based on their Capacitance Voltage product (CV) values, no simple relationship
between CV and DCL exists for wet tantalum capacitors. There is also no standard for setting the
acceptance criteria for DCL, and the limits are established by manufacturers based on their experience,
market values, and internal procedures. This results in a large spread of DCL limits (more than 3 times)
for capacitors with similar CV values. Even for the same type of capacitors the DCL limit might remain
the same for parts with CV values changing 4 to 5 times. Considering that the actual DCL values are from
2 to 100 times less than the specified limits, this indicates the need to revise requirements for DCL.
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Leakage currents measured at room temperature within 5 minutes of electrification are due to charge
absorption and are not related to conductions through the tantalum pentoxide dielectric. Absorption
currents are reproducible from sample to sample even for lots with a large spread of intrinsic leakage
currents caused by conduction and/or the presence of defects. Absorption currents increase linearly with
capacitance and voltage, and have a poor dependence on temperature, which is most likely due to the
tunneling of electrons into states (traps) located in the forbidden energy gap of the dielectric at the interface
with the electrolyte.

Absorption currents decrease with time according to a power law with the exponent close to 1, and their
behavior can be accurately enough described using the Dow model. According to this model, leakage
currents measured after 300 sec of electrification can be determined as 10™* CxVR, which is close to the
experimental data. Actual DCL values in the range of CV from 102 to 10° pFxV can be fairly well
approximated with a linear function, DCLex, = 5%10°xCxVR. Allowing for 2 to 5 times margin, the limit
for DCL can be set at 2.5x10*xCxVR.

Analysis of breakdown voltages shows a decreasing margin for capacitors rated to higher voltages.
Breakdown voltages normalized to VR decrease from ~3 at VR =25V to ~1.5 at VR = 100 V and to ~
1.2 at VR = 125 V. The results show that high-voltage capacitors operate at electric fields close to
breakdown. This limits the capability of accelerated testing by increasing applied voltage and might
explain why life test failures happen more often with high-voltage capacitors.

Contrary to absorption currents, intrinsic currents caused by oxide conduction increase exponentially with
temperature and voltage. Experimental data are consistent with the Simmons model and suggest that
intrinsic leakage currents are controlled by the barrier at the electrolyte/oxide interface. Estimations
showed the barrier height is from 0.9 to 1 eV, and activation energies at rated voltages are in the range
from 0.65 eV to 0.85 eV. Extrapolations of temperature dependencies of leakage currents to room
temperature showed that intrinsic currents are 2 to 3 orders of magnitude below the absorption currents
measured after 5 min of electrification.

In good quality capacitors, currents might continue decreasing with time for more than 100 hours
following the power law before stabilizing at a rather low level corresponding to the intrinsic conduction.
However, in some types of large CV value capacitors a wide spread of currents, spiking and erratic
behavior was observed, thus indicating the presence of defects in the dielectric. Due to large values of the
specified currents and the masking effect of absorption currents, capacitors having defects in the dielectric
can pass screening, but cause failures due to excessive noise in the systems or excessive gas generation.
This indicates that leakage currents in capacitors intended for space applications should be monitored
during voltage conditioning.

Degradation of leakage currents with time during HALT is similar to what is observed sometimes during
10,000 hour life testing at 125 °C. The mechanism of degradation is likely the same as for solid tantalum
capacitors and is due to migration of oxygen vacancies. This degradation accelerates strongly with voltage
and temperature, and the activation energy of the process is relatively large, ~1.1 eV. For this reasons,
the probability of observing increasing currents at operating conditions, where voltages are derated to
below 0.6VR and temperatures do not exceed ~ 60 °C, is typically negligibly small.
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Part Il. Gas generation, hermeticity, and pressure in the case.

Estimations of possible drying of electrolyte due to the hermeticity leak showed that at the specified limit
of 108 atm*cc/s He, the amount of electrolyte in 10 years will decrease by ~1 mg at 22 °C and ~30 mg at
85 °C. These values are much less than the amount of electrolyte that is typically used in large size wet
tantalum capacitors. However, it is comparable with the amount of electrolyte in small case size (T1)
capacitors. Electrolyte trapped in the anode slug by capillary forces lessens the risk of drying.

Currently, only gross leak testing is required per MIL-PRF-39006 as a screening procedure during
manufacturing of capacitors, which means that some parts might have leak rates much greater than 10°®
atm*cc/s He, thus increasing substantially the risk of drying during long-term operations. For space
applications, the risk of electrolyte escaping is related not only to the possible degradation of capacitors,
but also to contamination of sensitive optical equipment. To avoid this risk, fine leak testing should be
carried out as a part of the screening process. It should be noted that this is already a standard procedure
for some manufacturers.

Degradation and corrosion of the seal weld might result in increasing leak rates even for initially hermetic
parts. Due to electrolysis of electrolyte and gas generation, high internal pressure might be developed
with time of operation and thus accelerate the leak of electrolyte. To assure integrity of the case for long-
term operations and storage, a high-temperature storage (HTS) testing (1000 hours at 150 °C) that creates
internal pressure of ~ 5 atm in the case is recommended.

Variations of the internal gas pressure with time in tantalum capacitors were calculated at different levels
of leak rates. At the leak rate of 10 atmxcc/s He the characteristic time of pressure stabilization for cases
with volume 1 cm? is 20 days, and the steady-state pressure at a leakage current of 1 pA is 0.2 atm. An
increase in leakage currents raises the pressure proportionally. For example, at 100 pA the steady state
pressure is ~ 20 atm and it exceeds 1 atm after approximately 10 days. For capacitors with the leak rate
of 10 atm*cc/s He, which is only 10 times less than the specified level, 1 uA current would increase
pressure above 2 atm after 1 year of operation. The lower the leak rate, the higher the level of the pressure,
and in hermetic cases it can exceed 100 atm after 10 years of operation at currents ~10 pA.

Hydrogen generation increases embrittlement and reduces the strength of the case. Conservative
estimations showed that the level of critical pressure that the case can withstand without rupture decreases
from 83 atm for T1 cases to 52 atm for T3 and T4 cases. Large capacitors manufactured per DLA
DWG#04003, can safely operate at a much lower pressure, ~21 atm. To assure that the critical level of
pressure in hermetic cases (leak rate below 10! atm*cc/s He) is not reached during 10 years of operation,
intrinsic leakage currents should be limited to values, that depending of the case size, vary from ~ 2 uA
for DLA DWG#93026/T1 cases to ~ 30 pA for DLA DWG#04003 cases. The requirements for the level
of intrinsic currents can be verified by measurements of leakage currents at the end of voltage conditioning
and should be carried out as a part of the screening process.

The charge associated with faradaic electrochemical reactions that should be transferred in a T4 size case
so the gas pressure would reach the critical level sufficient to cause its rupture is ~ 400 C. This charge
can be transferred approximately within an hour at leakage currents ~ 100 mA or after 10 years if current
is ~ 1 pA. The first situation might occur if a capacitor operates under reverse bias or the dielectric has
been damaged during mechanical test, e.g. vibration, but the latter condition appears typical. However,
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during long-term operations, a large portion of the generated hydrogen will leak through the seal and be
absorbed by the tantalum case, thus reducing the risk of overpressure by hydrogen substantially. Although
hydrogen might escape even from hermetic cases relatively easily, generated oxygen will remain in the
case and maintain constant pressure that is ~ 50% of the value calculated for hydrogen generation. This
means that a tight control over intrinsic leakage currents is necessary to reduce the risk of catastrophic
failures.

Increased internal pressure results in case bulging. However, changes in radius at critical levels of the
pressure are relatively small (below ~10 um) for all case sizes. However, deformation of the top or bottom
surfaces might be noticeable. Assessments show that for cases T3 and T4 this deformation can reach ~
0.16 mm, for DLA DWG#04005 capacitors ~ 1 mm, and for DLA DWG#04003 capacitors ~ 3.6 mm.
The level of bulging after life testing of advanced wet tantalum capacitors should be verified, and lots
with excessive bulging (more than 50% of the critical level) should not be accepted for L1 projects.

Part Ill. Electrolyte at the glass seal.

Tantalum outlets and the upper section of the anode riser wires are not oxidized before final welding of
the case. For this reason, penetration of electrolyte to the glass seal area might result in excessive and
unstable leakage currents, corrosion of the outlet weld, and increased internal gas pressure due to
electrolysis of the electrolyte.

In the presence of electrolyte, leakage currents along the glass seal might exceed milliamperes initially,
but then reduce slowly with time (for hundreds of hours) roughly according to a power law with the
exponent ~ 0.6. The reduction of currents is due to the anodic oxidation of the surface of the outlets and
wires and charge absorption. However, the quality of the oxide is worse when compared to the one formed
on the surface of anode slugs; first, because the formation voltage and temperature are much less than
during anodization of slugs, and second, because the purity of tantalum used for wires and outlets is not
as great as for slugs.

Oxide formation occurs relatively fast, within minutes of electrification and the pressure created by
hydrogen generation in the process of oxide growth is small, below ~ 0.1 atm. However, the pressure
caused by electrolysis during long-term operation might pose a reliability risk. Due to a poor quality of
oxides, a substantial portion of the voltage applied to a capacitor might drop across the electrolyte resulting
in electrolysis and gas generation. The latter effect might increase pressure in the case and raise the risk
of its damage.

A gradual seeping of electrolyte to the glass seal area during operation is likely not a serious reliability
concern because of fast oxidation that reduces levels of additional leakage currents and relatively high
leak rate of hydrogen. However, possible accumulation of electrolyte on the surface of the glass seal after
long-term storage might increase substantially currents during first power turn on in the system and result
in a fast pressure increase. For this reason, rescreening of the capacitors after 5 years of storage is
recommended.

In many cases, space systems, after integration and testing, are stored for many years before launch or
operation. High temperature storage (HTS) testing can be used to demonstrate that the risk of failures due
to possible penetration of electrolyte in the glass seal area is low.
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Quality of oxides formed on the surface of the outlets and wires at high temperatures is better compared
to oxides formed at room temperature. For example, conditioning at 50 V and 145 °C for ~30 hours
resulted in oxides that had leakage currents ~ 2 orders of magnitude lower and breakdown voltages ~35%
greater than oxides formed at room temperature for 250 hours. To improve quality of oxides and reduce
risks of failures a special conditioning at high temperatures is recommended for button style capacitors
that do not have internal sealing.

The risk of failures caused by the presence of electrolyte in the glass seal area might be greater for small,
T1 size capacitors because: (i) small size capacitors have lower capacitance, hence lower requirements for
DCL, so additional leakage currents that are similar for different case sizes are more likely to cause
failures; (ii) it is more difficult to crimp small cases properly; (iii) accurate positioning of Teflon spacers
is also more difficult. Small case size capacitors might have also a greater risk of electrolyte drying and
their use in space systems require additional quality assurance.

Introduction

The first tantalum non solid electrolyte capacitors that were used in military applications in 1970’s had
multiple reliability issues related to hermeticity, dendrite growth, poor performance under mechanical
stress testing (vibration), and under reverse bias [1]. The parts were sealed with polymers, and due to
electrolyte leakage had a limited operational life, ~ 3 years [2, 3]. Over the years, significant efforts has
been made to optimize design and materials used for the case, cathode, and electrolyte, and improve
reliability to the level required for space applications [1, 4]. Currently, capacitors manufactured per MIL-
PRF-39006 are among the most robust electronic components and have an extensive history of successful
space applications.

The need to further increase capacitance and reduce volume of the parts resulted in development of variety
of commercial, “non-solid” electrolyte capacitors described in multiple DLA and LM drawings (e.g.
#93026, #10004, and #0400X). Specifics and performance of these parts are described in publications
made by specialists from AV X [5], Vishay [6], and Evans Capacitors [7]. These parts are very attractive
for electronic designers, but need additional analysis of their performance and reliability to establish
adequate requirements for screening and qualification testing. The thickness of the dielectric in advanced
wet tantalum capacitors might be much less than in mil-spec capacitors. For example, in commercial
hybrid capacitors, the formation voltage might be as low as 1.3 times the rated voltage [8]. This means
that electric fields in the dielectric are close to the breakdown voltage, and it is possible that although
slowly, the oxide will grow further, and gas generation associated with the oxide growth process will
continue during long-term operations. Thinner dielectrics used in hybrid capacitors were likely the reason
for leakage currents in these parts being up to two orders of magnitude greater than in regular tantalum
electrolytic capacitors [7].

Direct current leakage (DCL) is the most important indicator of quality of the dielectric that determines
reliability of capacitors and for this reason, a special attention should be given to analysis of leakage
currents and their variations with time under stress. However, there are only scarce data related to the
time, temperature and voltage dependencies of leakage currents in advanced wet tantalum capacitors, and
the mechanism of conduction has not been properly analyzed yet. There is also a lack of information
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related to statistical analysis of distributions of leakage currents, which does not allow selection and
verification of adequate requirements.

Wet tantalum capacitors are typically used in power supply circuits either for filtering or energy storage
and fast delivery purposes. Unless the part is used in a system with low-capacity batteries, e.g. medical
implantable devices, the level of leakage current is not critical for designers, and the users are typically
satisfied with DCL limits set by manufacturers. This limit is set by some internal procedures by
manufacturers, and is often driven by marketing considerations. However, criteria for maximum leakage
currents are essential for quality assurance purposes and require a thorough analysis.

Reliability of wet tantalum capacitors is due mainly to “self-healing” processes that can repair localized
damage to the tantalum pentoxide (Ta2Os) dielectric by growing oxide at the defective areas such as
cracks, thin oxide areas, or microfissures. The electrochemical oxidation that results in the growth of the
Ta>Os dielectric (repairing the damage) is similar to the process that forms the dielectric initially during
anodic oxidation of the tantalum pellet by manufacturers. While this self-healing process repairs the
damaged dielectric, it also results in electrolysis of the electrolyte, which generates gas, mostly hydrogen
(~69% per [2]) that increases internal pressure in the case. The risk related to gas generation caused by
excessive currents during random vibration testing have been discussed before [9] and criteria limiting the
transfer charge have been suggested.

Processes of gas generation due to excessive DCL occur also in aluminum electrolytic capacitors with
electrolytes containing inorganic acids, bases and salts [10]. However, aluminum capacitors are not
hermetic and generated gas can be released through the seals and/or safety vents. A stolen recipe of a
water based electrolyte resulted in multiple explosions of capacitors in computers and power supplies
during 2000 to 2005 period [11].

Failures due to evaporation of electrolyte and related loss of capacitance and increased ESR are considered
the major wear out failure mechanisms in these parts. Generally, ~90% of failures of aluminum capacitors
are caused by increased gas pressure and leaks [12]. Problems similar to aluminum electrolytic capacitors
occur also in electrolytic double-layer capacitors. These parts also have liquid electrolyte inside an
aluminum can, which is sealed with a rubber bung and the faradaic reactions associated with the electrolyte
decomposition might potentially limit the lifetime of the device [13].

Tantalum capacitors are manufactured in hermetic cases and their hermeticity is supposed to be verified
by qualification testing at the level of 1E-8 atm_cc/s, He. Analysis of the significance of this criterion for
a long-term operation of capacitors in vacuum is one of the objectives of this work.

A special safety venting element is used in the case of aluminum capacitors to prevent explosion if gas
generation exceeds the rate of evaporation. No such elements are used for hermetic tantalum capacitors
and back in 70’ the risk of possible over-pressurizing of the parts during long-term operations was
considered as a potentially limiting factor of their reliability. Hayward [3] considered that if excessive
pressurization does occur within the unit as a result of misapplication, eventual release of the seal may be
more dramatic than the gradual easing of the seal in the non-hermetic cases.

Experience with military grade capacitors shows that the risk of rupture and explosion for hermetically
sealed tantalum capacitors during long-term operations is minimal, but with advance of new technology
capacitors that might have greater leakage currents this risk should be reevaluated. Evans [14] considered
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that the rate of wear-out failures of wet tantalum capacitors is directly related to leakage currents and
excessive pressure in the case. This requires analysis of mechanical strength of tantalum cases to set
requirements for the acceptable level of gas generation and leakage currents. For tantalum capacitors, this
analysis is complicated by diffusion of hydrogen through the tantalum. Absorption of hydrogen in the
tantalum case can result in its embrittlement, reduce the strength, and increase the risk of rupture.

High internal gas pressure can increase substantially the rate of electrolyte leak through the internal
elastomer and Teflon seals intended to prevent the electrolyte from seeping into the cavity with the glass
seal. If electrolyte escapes past this internal seal, leakage current along the glass might increase
substantially due to the presence of non-oxidized portion of the anode riser wire and the non-oxidized
internal surface of the outlet tube. High leakage currents and relevant oxidation processes would generate
additional amounts of hydrogen and further increase the risk of failures. Also, at high pressure the risk of
deterioration of the outlet weld might increase substantially. However, the effects associated with the
presence of electrolyte at the glass seal area has not been studied yet.

Effects of reverse bias, ripple currents, and random vibration testing on reliability of advanced wet
tantalum capacitors have been described in previous NEPP reports [9, 15-17]. A comparative analysis of
materials and designs used in military grade and new technology, high volumetric efficiency capacitors is
given in [18]. This document provides suggestions for selection, screening and qualification of new
technology wet tantalum capacitors. However, issues related to the requirements for leakage currents
have not been addressed. The purpose of Part | of this report is to analyze the existing requirements for
DCL, determine time, temperature, and voltage dependencies of leakage currents and better understand
mechanisms of their formation. Processes of gas generation caused by electrolysis of electrolyte,
assessments of internal pressure, stresses in the case, and analysis of internal pressure in cases with
hermeticity leaks are discussed in Part 1. Issues related to a current leakage along the glass seal in the
presence of electrolyte are considered in Part 11l. Recommendations for leakage current testing during
screening and qualification of wet tantalum capacitors to reduce risks of failures are suggested.

To be published on nepp.nasa.gov 9



Part |. Leakage currents in wet tantalum capacitors.

l.1. Existing requirements for DCL

MIL-PRF-39006 requires that DCL measurements for conformance inspection are made within 5 minutes
of electrification. Considering that leakage currents are decreasing with time, this allows manufacturers
to terminate measurements as soon as the required limit is reached, thus accelerating substantially the
testing process. The limit for DCL is set at a rated voltage for temperatures 85 °C and below, and at 2/3VR
at 125 °C in the relevant slash sheet specifications. DCL measurements at 125 °C are not used for
screening, but are carried out during the “stability at low and high temperatures” testing as a part of group
V qualification inspection only.

Voltage conditioning is carried out at 85 °C and rated voltage for 48 hours with capacitors connected to a
power source through 1.1 kohm resistors. Measurements of leakage currents during the testing are not
required. After the testing, capacitors are visually examined for mechanical damage and leakage of
electrolyte. This test is often considered as burning-in; however, the purpose of conditioning is
improvement of performance of the parts rather than selection and rejection of defective capacitors that
can potentially cause infant mortality failures. It is not clear what improvement is achieved by this
procedure, but the need for monitored burning-in will be discussed in the following sections of the report.

Leakage currents in capacitors increase with applied voltage, surface area, S, and decrease with the
thickness of the dielectric, d, so DCL ~ S/dxV. The same parameters affect also the value of capacitance,
C ~ S/d. As a result, leakage currents depend on the product of capacitance and rated voltage, and
requirements for maximum leakage current can be expressed as DCL = axCxVR, where « is a constant.
For solid tantalum capacitors this constant is equal to 0.01 for MnO2 cathode capacitors and 0.1 for
polymer cathode capacitors. A similar relationship is used for aluminum electrolytic capacitors:
DCL = axCxVR + B, (1.1.1.9)
where B is typically 2 or 3 pA.

According to the European standard, EN 130300 [19], minimal leakage current for aluminum electrolytic
capacitors is determined by equation:

DCL(5 min) < (0.3xCxVR)*’ + 4, (1.1.1.b)
where current is in A, voltage is in volts, and capacitance is in microfarads.

Different vendors of aluminum electrolytic capacitors are using different values of «in Eq (1.1.1.a), that
depends also on the rated voltage, e.g., «=0.002 for VR <100V, and 0.01 for VR > 100V [20]. However,
analysis below shows that there is no simple relationship with CV for wet tantalum capacitors.

For a given rated voltage, leakage current, hence the DCL limit, are expected to increase linearly with
capacitance. However, a linear dependence of the specified DCLmax is observed at 125 °C for CRL79
capacitors only (see Fig. 1.1.1). For other parts, there is a substantial deviation from linearity.
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Figure 1.1.1. Variation of maximum specified leakage currents with capacitance at 25 °C (a) and 125 °C
(b) for capacitors rated to 50 V and 75 V.

Figure 1.1.2 shows correlations between the specified DCL and CV values for two types of military grade
capacitors. Although DCLmax has a trend of increasing with CV, deviations from the expected correlation
are substantial. For CLR79 capacitors the limit for cases size T1, T2, and T3 does not depend on CV at
all, and for T4 cases, DCLmax varies more than 3 times for similar CV value capacitors. If a current of 1
pA is assumed to flow through the glass seal in T1 and T2 capacitors, which is far greater than actual
leakage currents, than it is still not clear why currents through the same seals in T3 and T4 capacitors are
set to 2 pA.
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Figure 1.1.2. Correlation between the specified levels of DCL and CV values for CLR79 (a) and CLR81
(b) capacitors. Different marks correspond to different case sizes, from T1 to T4.

A comparison of the specified leakage currents for military and DLA drawing capacitors is shown in
Fig.1.1.3. Capacitors with similar design and similar CV values might have substantially different
requirements for leakage currents. Even for the same type capacitors changes in CV values by 4 to 5 times
did not changed the limit (Fig. 1.1.3.c, 1.1.3.d).
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Figure 1.1.3. Specified leakage currents for different types of wet tantalum capacitors. (a, b) CLR79,
CLR81, and DLA DWG93026 at 25 °C (a) and 125 °C (b). ¢) Comparison between DLA DWG10004
and DLA DWG93026. (d) Large CV values capacitors per DLA DWG0400X and DLA DWG 10004.

Results of analysis show that, contrary to solid chip tantalum capacitors that have DCL requirements based
on CV values, the origin of the maximum specified currents for wet capacitors is not clear. There is no
requirements for a procedure to establish DCLmax, and in most cases, the limits are established by
manufacturers based on unspecified internal procedures.

High volumetric efficiency advanced capacitors manufactured per DLA DWG93026 have maximum
leakage current ~ 4 times lower compared to military grade capacitors. This indicates problems with DCL
requirements even for military-grade capacitors. The spread of requirements for Imax for both, military-
grade and DLA drawing parts is large, and, most important, the margin between the specified and actual
currents is not known.

l.2. Breakdown voltages in wet tantalum capacitors.

Breakdown voltage, VBR, in different part types were measured to assess the margin between the rated
and breakdown voltages and determine possible range of applied voltages for measurements of 1-V
characteristics and accelerated testing. The measurements were carried out using a constant current stress
(CCS) testing [21]. A typical result of measurements is shown in Fig. 1.2.1 and indicates a good
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reproducibility of VBR measurements. A relatively small drop in voltage when the breakdown level is
reached indicate a fast and efficient self-healing process.

voltage, V
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Figure 1.2.1. Variations of voltage across three samples of 210 uF 125 V and 870 uF 60V DLA
DWGO04005 capacitors.

Test results for different part types are shown in Fig.1.2.2 and indicate a decreasing margin for capacitors
rated at higher voltages. Normalized breakdown voltage decreases with the rated voltage from ~3 at 25
V to ~1.5 at 100 V and ~ 1.2 at 125 V. High-voltage capacitors operate at electric fields close to
breakdown. This limits the capability of accelerated testing by increased voltages especially for high-
voltage capacitors and might explain why life test failures for this group happen more often.

High volumetric efficiency capacitors have somewhat lower VBR compared to capacitors manufactured
to MIL-PRF-39006. On average, VBR decreases with the rated voltage as:

VBR = 21xVR?%8
Considering that for solid chip tantalum capacitors VBR/VR is in the range from 2.5 to 5 [22], wet
tantalum capacitors are manufactured using somewhat lower formation voltages, and as a result have
thinner dielectrics and lower VBR. Note that the self-healing capability of wet tantalum capacitors is
greater than for solid capacitors, which explains their reliable operation at higher electric fields.

At a given rated voltage, VBR decreases with capacitance indicating that somewhat thinner dielectrics are
used for capacitors with higher ratings (see Fig. 1.2.2b). It is also possible that capacitors that have larger
surface area of electrodes have also a greater probability of having defects that reduce VBR.

200

Wet tantalum capacitors j Wet tantalum capacitors
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a) b)
Figure 1.2.2. Variations of the normalized breakdown voltages with the nominal rated voltage (a) and
dependence of VBR on capacitance for capacitors rated to different voltages (b).
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1.3. Absorption currents.

Leakage currents in tantalum capacitors are decreasing with time after application of a step voltage. If
after some time under polarization, a capacitor is short circuited through an ampere-meter, depolarization
currents would flow in the opposite direction. The absolute values of depolarization currents are also
decreasing with time, and when plotted against time together with polarization currents, both I-t curves
look similar (see Fig. 1.3.1). Note, that Fig. 1.3.1c shows a case when polarizations currents are greater
than depolarization currents, which in this case is due to a ~ 1 min delay before measuring depolarization
currents. Polarization currents in Fig 1.3.1d are stabilizing after ~1000 sec and became more than an order
of magnitude greater than depolarization currents. Stable currents are due to conduction of the dielectric
and signify intrinsic leakage currents in the capacitors.

LE02 1.E-04 Polarization and depolarization currents
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1.E-06 1.E-08 |} ———13330uF 75V S~o
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1.E-07 1.E-09 L .
1.E+1 1.E+1 1.E+2 1.E+3 1.E+4
time, sec time, sec
a) b)
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1.E-04 | \
1.E-04 | s
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g g
= 3 50V
> - L o
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1.E-08 : :
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Figure 1.3.1. Relaxations of polarization (solid lines) and depolarization (dashed lines) currents in
different part types: a) 1500 uF 50 V capacitors at different voltages; b) different types of capacitors
rated to 75 V; ¢) 10 samples of 240 uF 125 V capacitors tested at 100 V; d) 12 samples of 1500 uF 50 V
capacitors. Here and below, absolute values of depolarization currents are shown as dashed lines.

A close correlation between polarization and depolarization currrents measured after 5 min is typically
observed in normal quality capacitors up to 125 °C (see Fig. 1.3.2). Intrinsic currents start prevailing at
higher temperatures. Typically, currents measured within first 1000 sec of electrification are due to
absorption processes in the dielectric. A substantial difference between polarization and depolarization
currents indicates capacitors with poor quality dielectrics.
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Figure 1.3.2. Correlation between polarization and depolarization currents measured after 300 sec at
different temperatures for 470 uF 75 V capacitors from two vendors.

Absorption currents are reproducible from sample to sample even for lots with a large spread of intrinsic
leakage currents caused by the presence of defects (see Fig. 1.3.1c, 1.3.1d, 1.3.3a, and 1.3.3b). As voltage
increases, the slope of I-t curves for depolarization currents practically does not change, but amplitudes
increase linearly (see Fig. 1.3.3c). Absorption currents also increase linearly with capacitance (Fig. 1.3.3d).
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Figure 1.3.3. Relaxation of absorption currents during 1 hour for different types of capacitors.

a) polarization currents at different temperatures; b) depolarization currents for different part types at
room temperature; c) depolarization currents at room temperature after polarization at different voltages;
d) polarization currents measured after 60 sec, 300 sec (5 min), and 10000 sec (2.8 hr) for
33 uF, 110 pF, 330 pF, and 470 uF capacitors rated to 75 V.
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Polarization and depolarization currents measured at different temperatures are shown in Fig.1.3.4.
Intrinsic leakage currents at high temperatures can be observed after a few minutes of electrification and
increase several orders of magnitude as temperature rises from room to 125 °C. However, absorption
currents vary less than 50%.
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Figure 1.3.4. Relaxation of polarization and depolarization currents at different temperatures fro 470 uF
75V (a) and 1500 pF 50 V (b) capacitors.

To compare currents in high volumetric efficiency capacitors with military grade, M39006 capacitors,
relaxation of leakage currents was measured in groups of 8 to 10 capacitors. Results of the testing are
shown in Fig. 1.3.5 and indicate that in high-quality capacitors, currents measured within 10 hours of
electrification are due to absorption processes. Relaxation of the currents, similar to the new technology
capacitors, follows a power law and has a very small spread of data. DCL measured after 5 min of
polarization increases linearly with capacitance with a slope close to what was observed for high
volumetric efficiency parts ( Fig.1.3.3d). A deviation for 100 uF capacitors (see Fig. 1.3.5b) is due to the
test voltage (100 V) being greater than the rated voltage (75 V). In this case, the measured currents are
partially due to the intrinsic conduction as can be observed by deviation of the I-t characteristics from the
power law (see Fig. 1.3.5a). Also, one of ten samples in this group had a minor scintillation event (a spike
after ~ 200 sec of polarization). This can be explained by a relatively small margin between the rated and
breakdown voltages in wet tantalum capacitors. Although due to the effective self-healing processes, no
catastrophic failures have occurred, application of voltages greater than the rated might cause excessive
leakage currents and, as it will be shown later, increase risks of failures related to gas generation.
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Figure 1.3.5. Relaxation of polarization currents in different types of M39006 capacitors (8 to 10
samples in a group) (a) and a variation of DCL measured after 5 min of electrification with the value of
capacitoance (b).

Transient polarization and depolarization currents are due to the charge absorption processes and can be
defined as absorption currents. Absorption processes are well known in a variety of dielectric materials
employed in different types of capacitors, including ceramic capacitors [23, 24]. Relaxation of absorption
currents usually follow Curie-von-Schweidler law:

H(t) =1l >t (13.1)

where lg and n are constants, and n is close to 1.

Analysis showed that currents that are typically measured in normal quality capacitors at room temperature
within 5 min of electrification are due to absorption processes and are reproducible. A wide spread of
DCL values within a lot indicates poor quality of dielectrics likely due to presence of defects in oxides.
Note that depolarization currents in these capacitors are identical, which indicates that absorption currents
do not depend on the presence of the defects.

1.4. Absorption capacitance.

Considering that amplitudes of absorption currents increase with voltage linearly and the slopes of I-t
curves remain practically the same, the transferred charge, Qt, or integral of currents with time, is also a
linear function of voltage. This allows to define absorption capacitance, Ct, as Ct = Q/V.

The value of Qt was calculated by approximating the absorption currents with a power law, Eq.(1.3.1) and
integrating with time over a period from 1 sec. to 10 sec.

1000 10000

Q= ont"xdt:ll_—onxtl" (1.4.1)
1 1

Variations of Q: with voltage for 4 types of similar capacitors rated to 50 V, but from different vendors,
are shown in Fig. 1.4.1a. Figure 1.4.1b shows QtV characteristics for six more types of capacitors. As
expected, in all cases the characteristics are linear with the slopes indicating values of C:.
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There is a good correlation between the measured values of C: and nominal capacitance of the parts Co
(see Fig. 1.4.1a). On average, Ct = 0.12xCo. A similar relationship exists for ceramic capacitors [24].
However, for MLCCs C; is almost two times greater, Ct = 0.25xCo. Large value capacitors with Co > 1
mF, tend to have somewhat greater values of C;, Ct = 0.19xCo (see Fig. 1.4.2b)
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Figure 1.4.1. Correlation between the absorbed charge and polarization voltage for capacitors from
different manufacturers rated to 50 V (a) and for different part types (b).
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Figure 1.4.2. Correlation between absorption and nominal capacitance for capacitors below 560 uF (a)
and for all types of tested capacitors (b).

A poor temperature dependence of absorption currents, similar to what was observed for ceramic
capacitors, is likely due to the tunneling of electrons into states (traps) located in the forbidden energy gap
of the dielectric at the interface with the electrolyte.

.5. Comparison of requirements and experimental leakage currents
Results of DCL measurements based on 5 min electrification for various types of wet tantalum capacitors
and relevant requirements are plotted against CoxVR values in Fig. 1.5.1. Experimental data can be fairly
well approximated with a linear function, DCLexp = 5%10°xCoxVR, where DCL is in pA, Co in pF, and
VR in volts. The spread of the limiting DCL values (up to 10 times) for capacitors with similar CV values
is much larger than for experimental data (~ 2 to 3 times). The margin for DCL is minimal for high CV
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value parts (~ 2 times), and it is much greater for low CV (below 1000 uFxV) capacitors where the
difference is ~ 2 orders of magnitude. Strangely enough, the margin is much greater for military capacitors
than for new technology parts manufactured to DLA drawings. The drawings are typically written based
on commercial specifications, and it is possible, that competition with other vendors forced manufacturers
to squeeze the margins. In any case, the situation with the specifications for DCL needs to be clarified,
and there is a need for establishing a procedure for determining DCL limits.

Considering a relatively small spread of absorption currents, a 5 times margin should be sufficient for
normal quality capacitors, so the limit for DCL can be established at 2.5x10#xCoxVR.
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Figure 1.5.1. Variations of experimental and specified values of DCL measured after 5 min of
electrification with CV for wet tantalum capacitors. Red marks show the specified limits for the parts.

l.6. A model for absorption currents
As was shown above, DCL measured per the existing procedure are mostly attributed to the absorption
processes in the dielectric. This allows for simulation of DCL based on the Dow model similar to what
has been done for MLCCs [24].

An equivalent circuit of a capacitor with absorption was suggested first for polystyrene capacitors by Dow
in 1958 [25] and with some modifications is presented in Fig. 1.6.2. The capacitor has a nominal value,
Co; resistor Rj is due to the intrinsic conduction of oxide, and Rq is related to the presence of defects in
the dielectric. A series of ri — Cii elements is connected in parallel to Co. Here Cy is an element of
absorption capacitance and r; is a resistance that controls charging/discharging of the element C¢ with a

characteristic time 7z = rixCi;.

If a step voltage, Vo, is applied at t = 0, variations of the current with time can be given by a simple
equation:

VvV, V V,
(1) == +—2>+) 2L (‘%) 6.

© R, Ry izri P 7 (16.1)
Analysis shows that the exponent n in the Curie - von Schweidler law, Eq. (1.3.1), is equal to 1 if Cy is
constant and r; increases exponentially for each consecutive ri — Ct element. Experimental data for
capacitors with a relatively slow decay, n < 1, can be simulated by increasing Ci for larger ri, and for parts
with n > 1, by decreasing Cs for larger ri.
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An example of calculations of absorption currents for a 470 uF 50 V capacitor using four ri — Cii element
(Cii = 1/4Cy) is shown in Fig. 1.6.1b. A comparison with experimental results (see Fig. 1.3.3a) shows a
reasonably good agreement with simulations. Obviously, by adding more ri — Ci elements with
characteristic times below 102 sec. or above 10° sec. the applicability of the Curie - von Schweidler law
can be extended to a more considerable range of times.
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Figure 1.6.2. An equivalent circuit for modeling leakage currents in wet tantalum capacitors (a) and
simulation of absorption currents in a 470 uF 75 V capacitor for a case when i = 4, C = 15 uF, ri = 1E6
ohm, and ri+1 =10 r;

Relatively large values of C: (~ 12% of Co) result in large characteristic times, 7 = 0.25%r;xC;, even for
relatively small resistances ri. This allows absorption currents to remain large for a sufficiently long
period of time required for DCL measurements (At = 300 sec). Assuming that after the required
electrification time, At, current in the capacitor is determined by the ri — Cii element that has 7 = At, we
can calculate DCL as:

VR 0.25xa

DCL~ — = xC,xVR (1.6.2)
la00 300

At o=0.12, DCL ~10*xC,xVR, which is close to the experimental data.

1.7. Intrinsic leakage currents.

Contrry to absorption currents that decrease with time according to a power law, intrinsic leakage currents
are stable, but might change during long-term operation of the capacitors especially at high temperatures
and voltages due to degradation processes, e.g. migration of oxygen vacancies (see section 1.8).

Absorption and intrinsic leakage currents have also different temperature and voltage dependencies.
Absorption currents do not change substantially with temperature and increase linearly with voltage.
Intrinsic currents in anodic Ta205 dielectrics increase expponentially with temperature and voltage. Itis
commonly accepted that the conduction of anodic Ta205 dielectrics is due to electron transport. However,
the mechanism of conduction in different papers was was attributed to the electrode-limited Schottky
emission [26, 27], bulk-limited Poole-Frenkel transport [28, 29], or space charge limited conduction,
SCLC [30]. In some works, different mechanisms were used to explain behavior of leakage currents at
different ranges of temperature and voltage [30-34]. Most research related to the mechanism of
conductivity of Ta205 dielectrics was obtained using test Metal-Insulator-Metal (MIM) structures or solid
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tantalum capacitors; whereas only limited data on temperature and voltage dependence of currents exists
for wet tantalum capacitors. This is likely due to a relatively narrow operational temperature and voltage
ranges for these capacitors and to the prevalence of absorption currents during relatively short periods of
electrification (typically, a few minutes).

In this study, measurements of intrinsic leakage currents were carried out for different types of wet
tantalum capacitors in a wide range of temperatures (up to 165 °C) and voltages typically from 0.2VR to
1.1VR. At each test condition, the currents were monitored with time to assure that transients due to
absorption processes do not affect measurements and currents are stable with time.

Fig. 1.7.1 shows that I-V characteristics of different types of capacitors plotted in In(1/V) - V° coordinates
can be approximated with straight lines. This is consistent with the Simmons models and suggests that
the currents are limited by the energy barrier at the electrolyte/oxide interface.

Simmons [35] have modified Schottky model for solid dielectrics having small electronic mean free paths,
so the current density can be written as a function of electric field E:

05
Js :AT3’2,LEex;E——CEBjex;EﬂSkE }
T T (17.1.3)

where, A = 3.08x10* A/cm? K!® 4 is the electron mobility in the insulator, and } is the Schottky
constant:

ﬂs=[ z j
4nee, ) (1.7.1b)

where, q is the charge of the electron, k is the Boltzmann constant, T is the absolute temperature, o is the
permittivity of the free space, and ¢ ~5 is the high-frequency dielectric constant for Ta205 dielectrics.
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Figure 1.7.1. Variations of leakage currents with square root of voltage for different types of wet

tantalum capacitors.

According to Eq.(1.7.1), the slope of the 1-V curves plotted in In(I/V) - V%% coordinates is inversely
proportional to the absolute temperature, a = B/(kTxd®®). The thickness of the dielectric was calculated
asd = 1.7xarxVR, nm. The form factor, ar = VF/VR was assumed 2.5 for the DLA drawing parts and 3.5
for the mil-spec capacitors. For capacitors rated to 75 V this gives dielectric thickness of 320 nm for DLA
drawing and 450 nm for military grade capacitors respectively. Fig. 1.7.2 shows that the slopes of I-V
characteristics, ¢, are in a reasonable agreement with the Simmons model at temperatures in the range
from 85 °C to 165 °C.

1.4 — Slopes of I-V curves in Schottky
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Figure 1.7.2. Variation of slopes of the I-V curves in Schottky coordinates with temperature. Wide
stripes are calculated slopes per the Simmons model, Eq.(1.7.1)

Temperature dependencies of currents at different voltages in Arrhenius coordinates are presented in Fig.
1.7.3 and Fig. 1.7.4. Activation energies, Ea, calculated as slopes of I-T characteristics in Arrhenius
coordinates for are in the range from 0.65 eV to 0.85 eV. This range is close to the data reported in [27]
for the Ta205/electrolyte systems, from 0.6 eV to 0.7 eV, and for solid tantalum capacitors [36], from 0.5
eV to 0.75 eV. The values of E4 obtained in this work depend on the part type and applied voltage. The
effect of electrolyte type on leakage currents has been reported before [27], so the value of activation
energy might slightly vary for different manufacturers.

A decrease of Ea with voltage can be explained within the Simmons model:
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E, =®, - BE"?, (1.7.2)
where f’s= 0.034 eV*(mm/V)°%°
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Figure 1.7.3. Temperature dependence of leakage currents for different types of capacitors.

Fig. 1.7.5 shows that variation of activation energies with square root of voltage can be approximated with
linear functions, and the slopes of Ea — V°* lines is close to the calculated values. Based on results in Fig.
1.7.5, the barrier height is in the range from 0.9 eV to 1 eV.
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Figure 1.7.4. Temperature dependence of leakage  Figure 1.7.5. Voltage dependence of activation
currents in different types of wet tantalum energy. Wide stripes are results of calculation per
capacitors. Eq.(1.7.2).

Extrapolations of high-temperature data to room conditions show that the intrinsic leakage currents of wet
tantalum capacitors should be several orders of magnitude below the specified limits. For example, per
DLA DWG93026 the specified value for 470 uF 75 V capacitors is 5 pA. The actual values measured at
room temperature after 5 min electrification are ~ 1.6 puA, while the extrapolated values for the intrinsic
currents are two to three orders of magnitude less, from 20 nA to 6 nA. This is consistent with results of
long-term measurements of leakage currents in wet tantalum capacitors (see next section).

1.8. Long-term variations of leakage currents.

Results of long-term monitoring of leakage currents in different types of capacitors at room temperature
and rated voltages are shown in Fig. 1.8.1 and Fig. 1.8.2. In normal quality capacitors, currents continue
decreasing for more than 100 hours following the power law with the exponent close to 1 (Fig. 1.8.1a and
1.8.2a). Some deviations from the power law at low currents are likely due to the accuracy of the
measurement system used that was ~ 1 nA.

Several samples of 470 uF 75 V capacitors shown in Fig. 1.8.1b had anomalies manifested as increasing
and unstable currents after ~one hour of operation. This behavior might be due to the presence of
contamination in the tantalum pellet. It might cause excessive noise in the system and increase the risk of
failures related to gas generation.

Similar instabilities in DCL were also observed in 12 mF 63 V capacitors (Fig. 1.8.1c). These capacitors
also featured a relatively large DCL values and wide spread of currents that were decreasing slowly with
time. Long-term (up to 1000 hours) variations of currents with time that can be approximated with a
power law, but the exponent, n = 0.11, is relatively small compared to what is observed for absorption
currents. The reason for such behavior is not clear. It is possible that the oxide in these capacitors continue
growing resulting in decreasing electric field in the dielectric, hence decreasing the currents.

A wide spread of leakage currents and instabilities caused by momentarily breakdowns followed by self-
healing (scintillation events) were also observed during 100-hour testing at rated voltages and room
temperatures for capacitors manufactured per DLA DWG#04005 and 10004 (see Fig. 1.8.2c, e, and g).
Note, that depolarization currents in all cases were highly reproducible and closely follow the power law
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with the exponent close to 1. Obviously, absorption currents might obscure the presence of defects in
dielectrics, and the effectiveness of DCL measurements for quality assurance purposes is low.
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Figure 1.8.1. Variations of leakage currents with time in different types of wet tantalum capacitors.
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Figure 1.8.2. Long-term variations of leakage currents at room temperature under rated voltages (a, c, €,
g, 1) and depolarization currents (b, d, f, h) in different types of wet tantalum capacitors.

Variations of currents in 330 uF 75 V capacitors and two lots of 470 uF 75 V capacitors during 100-hour
testing at high temperatures (125 °C and 105 °C) are shown in Fig. 1.8.3. In both cases, currents are
increasing with time after ~ 20 hours during 125 °C testing and ~50 hours during 105 °C testing. This
degradation is similar to what was observed for solid tantalum capacitors and is likely due to migration of
oxygen vacancies [37]. The trend of increasing with time leakage currents is often observed during long-
term (up to 10,000 hours) life testing of wet tantalum capacitors [6]. Degradation caused by migration of
oxygen vacancies has relatively large activation energy, ~1.1 eV, and strongly depends on the applied
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voltage. For this reasons, the probability of observing this degradation at operating conditions, where
voltages are typically derated to below 0.6VR and temperatures do not exceed ~ 60 °C, is small.

Two lots with different date codes that were used for testing at 105 °C had different behavior of leakage
currents. Lot LDC2 had a much wider spread of leakage currents. One sample in this lot had a sharp
increase of DCL by more than 20 times after ~ 3 hours of testing, behaved erratically for dozens of hours,
but eventually, after ~ 30 hours the current started gradually decreasing to the initial value. Samples in
LDC2, contrary to LDC1 virgin samples, passed various qualification tests that might have caused damage
to the dielectric. This damage was not detected during the qualification testing likely because no
monitoring of leakage currents is currently required.

The results indicate that that leakage currents in wet tantalum capacitors are decreasing with time for a
good quality parts only. Poor quality parts, even if they passed DCL measurements during screening
might have unstable currents. This not only creates excessive noise in the system, but also increases risks
of failures related to electrolysis of electrolyte, gas generation, and rupture of the case.
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Figure 1.8.3. Variations of leakage currents with time at high temperatures. a) DLA DWG93026, 330
uF 75 V capacitors during 100-hour HALT at 125 °C and 75 V. b) Two lots of DLA DWG93026, 470

uF 75 V capacitors during 100-hour HALT at 105 °C and 75 V. Note that samples with LDC1 are
virgin and with LDC2 are after qualification testing.
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Part Il. Gas generation and internal pressure in wet tantalum
capacitors.

1.1 Assessments of the electrolyte leak in wet tantalum capacitors.

Due to the case seal leak, a certain amount of the electrolyte might be lost with time of operation or storage
of wet tantalum capacitors. Contrary to aluminum electrolytic capacitors that are not hermetic and
evaporation of electrolyte is one of the major reliability concerns, tantalum capacitors are manufactured
in hermetic cases and their hermeticity is supposed to be assured by qualification testing at the level of
1E-8 atm_cc/s, He. However, only 12 samples are tested, and one is allowed to fail. All samples are
required to be screened for gross leak test only, so the parts are guaranteed to have leaks less than ~ 1E-5
atm_cc/s, He. Although the electrolyte drying is likely an extremely rare event in wet tantalum capacitors,
it is important to understand what level of assurance, that such events would not happen, is provided by
the existing seal leak requirements.

Assuming that the partial pressure of electrolyte outside the case is negligible, the amount of electrolyte,
Am, escaped after time t can be estimated if the vapor pressure inside the package, Pel, and the value of
the electrolyte leak rate, Le, that is determined at a pressure difference of 1 atm, are known:

Am=L, xP, xt (11.1.2)

The pressure of vapor above the electrolyte (~40% solution of the sulfuric acid in water) in the package
of wet tantalum capacitor is exponentially increasing with temperature [38]:

B
log(R,) = Ay —?e', (11.1.2)

where P is in tor, Ael = 8.87 and Bel = 2286 are constants; T is the temperature in K.

The pressure of saturated water can be calculated using a similar equation:

I0g(P,) = A, — ——»

C,+T"
where Ay =8.07, Bw=1730.6,and Cyy, =-39.6 for 0 °C < T < 99 °C, and Aw = 8.14, By, = 1810.9, and Cy
=-28.5for 100 °C < T < 200 °C.

Figure 11.1.1 shows variations of the pressure for the sulfuric acid when temperature varies from room to
200 °C. For comparison, the same chart shows variations of the saturated water pressure. At 22 °C, the
pressure of electrolyte in a tantalum capacitor would be 13.2 tor or 0.017 atm, which is slightly below the
pressure of saturated vapor for pure water: 19.7 tor, or 0.026 atm. As temperature increases, the difference
in pressures decreases, and at 200 °C it is 14.4 atm for the electrolyte and 15.4 atm for pure water.

(11.1.3)

Leaks smaller than 10 atm*cc/s are considered to be due to a molecular flow, so the leak rate for a gas
with a molecular mass M can be calculated using the Knudsen’s formula:

T
6 '™ | , (11.1.4)
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where Py is the pressure inside the case; P is the pressure outside the case; d is the diameter of the leak; |
the length of the leak.

Maximum measured leak rate specified for tantalum capacitors per MIL-PRF-39006 at room temperature,
To, is R1 = 10® atm*cc/s He, which, as it will be shown in section 11.2, corresponds to the standard air leak
rate of Lair = 1.55x107 atmxcc/s air (M = 29 g/mol). The molecular weight of the electrolyte can be
estimated proportionally for the mixture of sulfuric acid (M = 98 g/mol) and water (M = 18 g/mol), which
yields 58 g/mol. Because the leak rate is inversely proportional to the square root of molecular weight,
the leak rate for sulfuric acid is 1.1x107 atmxcc/s (1.1x10® Paxm?/s).

Taking into account that the pressure of electrolyte follows Eq. (11.1.2) and the amount of leaked gas can
be calculated as n = PV/RT, the rate of leak was calculated at different temperatures (see Fig. 11.1.2). At
room temperature the electrolyte is leaking at a rate of 4.1x1012 g/s and the rate increases to 8.9x10! g/s
at 85 °C and to 2.2x10° g/s at 200 °C.
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Figure 11.1.1. Variations of saturated vapor Figure 11.1.2. Variation of the electrolyte leak
pressure above 35% solution of H2SO4 in water rate with temperature for a case with the
and above pure water. measured leak rate 10 atm*cc/s He.

The amount of electrolyte that escapes with time from a case of a tantalum capacitor was calculated per
Eq.(11.1.1) at different temperatures from room to 200 °C (see Figure 11.1.3). These calculations were
made for a capacitor with a measured leak rate equal to the specified limit of 10 atm*cc/s He. The results
show that in 10 years after sealing, the amount of electrolyte will decrease by 1.3 mg at 22 °C and by 28
mg at 85 °C. These values are less than the amount of electrolyte typically used in wet tantalum capacitors,
from ~50 mg in T1 cases to several hundred milligrams in T4 and larger, 04005 cases. Exposure of the
part to 200 °C for one month would cause loss of the electrolyte by 5.6 mg only, which is negligible for
large size cases. Note, that the calculated values of Am after 10 years of storage are comparable with the
amount of electrolyte in small case size (T1) capacitors. For these parts it would be reasonable to tighten
the requirements for the hermeticity leak testing.

The fine leak testing for military grade capacitors is required during qualification testing only, whereas
only gross leak test is carried out during screening. This means that some parts might have measured leak
rate up to 10 atm*cc/s He and pass the screening. At this leak rate the risk of electrolyte drying during
long-term operation is substantial. For space applications, the risk of electrolyte escaping is related not
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only to a possible degradation of capacitors, but also to contamination of sensitive optical equipment. To
avoid these risks, fine leak testing should be done as a part of the screening process. Also, a high-
temperature storage testing, 1000 hours at 150 C, as it was suggested in [39] would provide assurance that
the leak of electrolyte is contained and does not pose a reliability risk.
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Figure 11.1.3. Amount of electrolyte escaped at different temperatures from a capacitor having a
measured helium leak rate of 108 atm*cc/s.

1.2. Hydrogen generation and distribution.

A voltage applied to a normal quality wet tantalum capacitor drops mostly across a thin tantalum pentoxide
dielectric, and the voltage across the electrolyte is negligibly small. However, in the presence of a defect
in the dielectric, in local areas corresponding to these defects the voltage across the electrolyte might raise
above the threshold voltage (~1.2 V for water). In these areas the electrolyte decomposes resulting in
hydrogen generation at the cathode according to the half-reaction:

2e” +2H20(L) => H2(g) + 20H"(aq) . (1.2.1.3)
Anodic reaction results in generation of oxygen:
40H => 02(g) + 2H20 +4e". (1.2.1.b)

Part of the oxygen might be used to continue oxidation of tantalum in cases the defects are cracks in the
dielectric, but in case of contaminations in the oxide, e.g. carbon, oxygen will be released in a gaseous
form and increase pressure in the case. A schematic of the process of gas generation is shown in Fig.
11.2.1. Itis assumed that in capacitors with a good quality of the tantalum pentoxide dielectric the applied
voltage is dropped mostly across the dielectric and leakage currents are due to absorption, lass, and intrinsic
conduction, lic, of the dielectric. In the presence of defects, such as cracks, thinning of the dielectric and
foreign particles, the local current density is high and a large proportion of the applied voltage can be
dropped across the electrolyte. Although the total current associated with defects might be small compared
to labs and lic, during a long period of time it might generate enough gas pressure to cause failures of the
part.

During electrolysis of water, for each mole of generated oxygen, two moles of hydrogen are generated, so
if a portion of oxygen consumed by oxidation is negligible, 2/3 of the built pressure is due to hydrogen
and 1/3 to oxygen. In the following analysis, the excessive gas pressure is assumed to be generated by
hydrogen. At normal conditions, reverse reaction of H2 and O2 resulting in formation of water does not
occur. This process is possible at high temperatures (above 570 °C) only and results in combustion.
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Figure 11.2.1. A simplified schematic of a gas generation process in a case of wet tantalum capacitor.

According to reaction at the cathode, 11.2.1a, 2 moles of electrons are required to produce a mole of
hydrogen. According to the Faraday’s law, the mass of hydrogen, m, is proportional to the transferred
charge, Q:

—r= xQ | (11.2.2)

where, M = 2 g/mol is the molar mass of hydrogen, z = 2 is the number of moles of electrons needed to
form one mole of H2, and F = 96,485 C/mol is the Faraday constant. In this case,

n =%=5x10‘5xQ, (11.2.3)

where Q is in Coulombs and nm =m/M is the amount of moles of H2.

Assuming that leakage current in a capacitor, I, is constant, Q = Ixt. Variations of the amount of hydrogen
with time of electrolysis at different levels of the current are shown in Fig. 11.2.2a. For a capacitor having
leakage current of 1 pA approximately 3 mg of hydrogen can be generated after 10 years of operation.

Assuming that all generated hydrogen remains in the case of a volume V, the gas pressure, P, can be
calculated using the gas law:
P=n x| (11.2.4)
\Y
where R=8.13 J/K is the universal gas constant; T is the absolute temperature.

Variations of pressure with time in a case with volume 1 cm? at different currents in a capacitor are shown
in Fig. 11.2.2b. Even at a relatively small leakage current of 1 pA, the gas pressure after 10 years of
operation can reach ~ 40 atm. As it will be shown in section 11.4, this pressure is close to the critical level
that can cause rupture of the case.
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Figure 11.2.2. Mass of hydrogen released by the electrochemical decomposition of electrolyte (a) and
increase in pressure in a 1 cm?® case (b) calculated at different levels of leakage current.

These calculations were made in an assumption that all generated gas builds up pressure in the can. To
get more accurate estimations, we need to take into account the possibility of hydrogen leak, absorption
in the electrolyte, cathode layers, and in tantalum.

Absorption in electrolyte.

At room temperature, the solubility of hydrogen in water is 1.6 mg of H2 in 1 kg of H20 and the diffusion
coefficient of H2 in water is D ~ 5E-5 cm?/sec [40]. It is reasonable to assume that the electrolyte would
have a similar diffusion coefficient and solubility. The time of diffusion of H2 into a layer of electrolyte
is I2/D, where | is the thickness of the electrolyte layer. Assuming | ~ 1 mm, the time of diffusion is ~ 200
sec, so the process of hydrogen diffusion occurs relatively quickly.

The amount of hydrogen dissolved in the electrolyte can be estimated using the Henry’s law, according to
which the solubility of a gas in a solvent is directly proportional to the partial pressure of that gas above
the solvent:

Ny =Ky xVy xAP (11.2.5)
where ky is a constant that for Hz/water system is 7.8x10” mol/cc_atm.

Assuming that a similar value of ky is valid for electrolyte, for a volume of electrolyte Ve = 1 cm? and
pressure of 1 atm, Eq.(11.2.5) yields ne; = 7.8x107 mol. This corresponds to the absorbed mass of hydrogen
of 1.6x10° g. At a pressure of 40 atm the absorbed mass would be ~ 6.4x10™ g, which is still much less
than the estimated amount of hydrogen generated at 1 uA over a period of 10 years, 3x107 g.

Absorption in tantalum.

It is known that tantalum may absorb large quantities of hydrogen that results in its embrittlement and
increase in electrical resistance. The tensile strength of tantalum reduces from 450 MPa at 1 ppm H to
170 MPa at 312 ppm H. It is generally accepted that 100 ppm is the hydrogen threshold level for
maintaining acceptable ductility levels in tantalum [41]. Annealing tantalum in a high vacuum at high
temperatures (~ 800 °C) eliminates the effect. Absorption of atomic hydrogen that happens typically at
cathodes in electrolytic cells can occur at room temperatures. The absorption increases in cold work areas
of tantalum because of generation of high concentration of dislocations and vacancies. This makes
crimped areas especially vulnerable to embrittlement and fracture. Failures due to the case rupture at the
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crimped areas have been observed before [16]. Experience with DPA of capacitors after life testing also
shows that the brittleness of tantalum cases for the tubular style and cathode plates for the button style
capacitors increase substantially. Obviously, the greater the rate of hydrogen generation during operation,
the more brittle tantalum cathode became.

Diffusion coefficient of hydrogen in tantalum at room temperature is relatively large ~ (1-2) x10° cm?/sec,
and the activation energy is relatively low, 0.14 eV to 0.18 eV [42-44]. Considering that the thickness of
the tantalum case is ~ 0.2 to 03 mm, the diffusion time is in the range from 200 sec to 900 sec, which is
negligible compared to operation times of capacitors.

At room temperature and pressure of hydrogen of 1 atm, concentration of H in tantalum (H/Ta) is 0.71
[45]. Atomic weights of H and Ta are 1 and 181 respectively. At a density of 16.4 g/ cm® one cm? of
tantalum will have 16.4/181 =0.091 mol of Ta and 0.71x0.091 = 0.064 mol of H. The latter corresponds
to 0.064 g of hydrogen in cm®. Considering that the volume of tantalum in a cylindrical case having
thickness 0.2 to 0.3 mm and volume of 1 cm? is ~0.1 to 0.2 cm?, the amount of hydrogen absorbed at P2
=1 atm is from 6 mg to 13 mg, which is comparable with the estimated amount of hydrogen generated
after 10 years of operation at leakage currents of a few microamperes.

Absorption in cathode layer (RuO2)

Hybrid tantalum capacitors manufactured by Evans Capacitors employs ruthenium oxide as a cathode
material [7, 8]. The hydrous form of ruthenium oxide (RuO2.xH(2)O) is considered one of the best
materials for electrochemical pseudocapacitors. The charge storage mechanism is believed to be faradaic
and involves bulk electrochemical protonation of the oxide [46, 47]:

RuOx(OH)y +zH" + ze" <« RuOx-d(OH)y-q

For rough estimations we can assume that each molecule of RuO2 is capable to react and store a charge
of one proton. Considering a molecular mass of RuO2 133 g/mol, density 6.97 g/cm?, for a cathode disk
having diameter 1.2 cm and the thickness of RuO2 layer 100 um, total amount of ruthenium oxide is
5.9x10 mol. This corresponds to the absorbed charge of 57.2 C. At a current of 10 pA, this charge can
be transferred in ~2.2 months. After that, hydrogen gas will be generated according to reaction 11.2.1.a.
These estimations show that although a substantial amount of hydrogen can be absorbed in the cathode
layer, a tight control over the leakage currents is necessary to assure long-term reliable operation of wet
tantalum capacitors.

Effect of the seal leak

To assess the leak rate of hydrogen, we need first to assess the standard air leak rate based on the measured
leak, Ry, which is determined using a helium leak detector according to MIL-STD-202, TM112, procedure
Illc. For a part with volume V and the standard air leak rate L the measured helium leak rate Ry can be
calculated as follows:

1/2 1/2 1/2
Rlzl'xpE x(ﬂj X 1—exp—L><t1 x(ﬂ) ><exp—|'xt2 x(ﬁ)
P M V xP, M V xP, M

(o]

, (11.2.6)

where Pk is the pressure of He exposure (usually 4 atm); Po is the atmospheric pressure (usually 1 atm);
Ma is the molecular weight of air (28.7 grams); M is the molecular weight of helium (4 grams); t1 is the
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time of exposure to Pe (4 hours); to is the dwell time between release of pressure and leak detection (1
hour).

Variations of the measured leak rate with the standard air leak rate are shown in Figure.2. The maximum
acceptable leak rate for tantalum capacitors is R1 = 10 atmxcc/s He. According to Eq.(11.2.6) and Figure
11.2.3, this level of the measured leak rate corresponds to the standard air leak rate of Lair = 1.55%107
atmxcc/s air.

1E-03

LE05 |
LE-07
LE-09
LE-11
1E-13

LE15 |

measured leak rate, atm_cc/s He

1E-11  1LE9 LE-7 1E-5 1E-3

equivalent standard leak rate, atm_cc/s air

Figure.l1.2.3. Measured leak rate, Ry vs. the standard leak rate, L, calculated per Eq.(8).

Considering that the leak rate is inversely proportional to the square root of the molecular weight, the leak
rate for hydrogen would be Luz = 1.55x107%(Mair/Mu2)°® = 5.9x107 atmxcc/s = 5.9x108 Paxm?/s.
Dividing by RT, at room temperature equal to 2439 J, the leak rate is Lz = 2.4x10! mol/s =
4.8x10 g/s. At this rate, ~15 mg of H2 would be released during 10 years if the pressure of H2 inside
the can is maintained at 1 atm. A comparison with data in Fig. 11.2.2 shows that this value is similar to
the amount of H2 generated for 10 years at | ~ 1 pA, so the seal leak should be considered for calculations
of the pressure inside the can.

The leak rate through the seal should be compared with the flow of hydrogen across the surface of the
case caused by permeability of tantalum to hydrogen. For diatomic molecule the solubility of a gas is
described by the Sieverts' law that states that the solubility is proportional to the square root of the partial
pressure of the gas, ¢ = KsxP%5, where ¢ is in wt% of hydrogen in Ta. For this case, the flow across the

surface S can be expressed as:
Q:SxDszxpTaxg : (1n.2.7)

where S and d are the surface and wall thickness of the case, and Ks is the Silvert’s constant, pra = 16.4
g/cm? is the density of tantalum.

Approximations using data presented in [48] to room temperature result in Ks~ 50 atm™°, Assuming that
a tantalum case of volume 1 cm® with d = 0.2 mm and S = 6 cm? has internal hydrogen pressure of 1 atm,
at D ~ 10% cm?/s, the flow is: Q = 6x10%x50x16.4x1°%%/0.02 ~ 10 g/s.

This flow exceeds substantially the flow of H2 estimated based on the seal leak rate. Note that diffusion
coefficients of oxygen in tantalum (~102° cm?/s, [49]) are many orders of magnitude less than for
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hydrogen. This means that while hydrogen might escape even from hermetic cases relatively easily,
generated oxygen will remain in the case and maintain constant pressure unless seal leak is large enough
to allow for oxygen escape.

1.3. Internal gas pressure

Excessive pressure in the case of a tantalum capacitor is formed by the balance between generation and
release of gas molecules. The rate of gas generation in moles per second is determined by leakage current
as a result of electrolysis and can be presented as:

I

zxF

G= (11.3.2)

A part of the generated gas molecules will escape from the package through seal leaks. The rate of release
of gas molecules, R, in moles per second, is determined by the leak rate L in assumption that the partial
pressure of the electrolyte outside the package is negligible:

R=— X (11.3.2)

RT P,
where, as it was shown above L = 6x10® Paxm?®/s, P is the internal pressure in the case, Po is the
atmospheric pressure, at which the leak rate was determined, and RT at room temperature is 2439 J.
Considering that the pressure is determined by the amount of gas in the case (Eqg. (11.2.4), the above
equation can be presented in a form:

L , (11.3.3)

R= x N

P, xV

Using these definitions, variation of concentration of gas molecules in the case can be expresses as
follows:
n n Il n
d_g R o _t n (11.3.4)
dt d zF =«
e : . P, xV
where the characteristic time of the pressure build-up is 7 =

A solution to this equation can be presented as follows:

|
nt)=r—x(1-e"” 11.3.5
=7 xl-et), (1135)
Respectively, variation of the case pressure with time is:

P xRT |
P(t)= " x—x(1—-e?"
® C = ( ) (11.3.6)

For the case having the measured leak rates 10" atmxcc/s He and 10°® atmxcc/s He calculations for a
capacitor having volume 1 cm?® at leakage currents in the range from 0.01 pA to 100 pA are shown in Fig.
11.3.1. At the leak rate 10 atmxcc/s He the characteristic time is 19.5 days, and the steady-state pressure
at leakage current of 1 pA is ~0.2 atm. An increase in leakage currents increases the pressure
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proportionally. For example, at 100 pA the steady state pressure is ~ 20 atm and exceeds 1 atm after
approximately 10 days.

The lower the leak rate, the higher the level of pressure that can be achieved. For capacitors with the leak
rate of 10°° atm*cc/s He, which is only 10 times less than the specified level, 1 pA current would increase
pressure above 2 atm after 1 year of operation. For a case with volume of 1 cm? variations of the steady-
state pressure with leakage current at different levels of the measured helium leak rate are shown in Fig.
11.3.2. Even at leakage currents as low as 0.01 A, the pressure increases to ~2 atm when the leak rate is
~ 101t atm*cc/s He. However, due to a large characteristic time (2.2 years), it will take more than 5 years
to achieve this level of pressure.

100 ¢ 100
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£
1< =
8 € 1
2 5
2 @
8 o 0.1 - le-8 atm_cc/s He
put o
= ——1e-9 atm_cc/s He
F 0.01 1le-10 atm_cc/s He
0.001 e e ——1le-11 atm_cc/s He
1E-3 1LE-2 1.E-1 1E+0 1E+1 ‘ | J
time, years 0.001
le-9 atm_cc/s He, 0.01 uA le-9 atm_cc/s He, 0.1 uA 1.E-3 1.E-2 1.E-1 1.E+0 1.E+1 1.E+2
le-9 atm_cc/s He, 1 UA le-9 atm_cc/s He, 10 uA
le-9 atm_cc/s He, 100 UA ====1e-8 atm_cc/s He, 0.01 uA current, uA

Figure 11.3.1. Variations of pressure in a wet
tantalum capacitor with volume 1 cm? at different ~ Figure 11.3.2. Steady-state pressure at V =1 cc
levels of leakage currents and the measured leak  and variation of characteristic time with the leak
rate of 10" atm*cc/s He (dashed lines) and rate for different types of package.
107 atm*cc/s He (solid lines).

Case sizes (the length of the cylinder, L and its radius, R) as well as the calculated volume, Vo, for different
types of wet tantalum capacitors are shown in Table I11.3.1. Because a part of the case volume is occupied
by the anode slug, Teflon isolators, and gaskets, the volume available for gas accumulation was calculated
as 0.5xV, for 93026-style capacitors and 0.35xV, for 0400X-style capacitors.

Table 11.3.1. Size of wet tantalum capacitors.

#93026 | #93026 | #93026 | #93026 | #93026
115 16.3 19.5 27 25.6 7 15

L, mm

R, mm 2.4 3.6 4.8 4.8 3.6 7.5 18

0.21 0.66 1.41 1.95 1.04 1.24 15.27

available
3 0.10 0.33 0.71 0.98 0.52 0.43 5.34
volume, cm
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Characteristic times of the pressure variations for different types of capacitors were calculated based on
the value of the available volume shown in Table 1. Results of these calculations are shown in Fig. 11.3.3
In the expected range of leaks, from 10° to 10°** atm*cc/s He, rvaries from 20 days to half a year for the
smallest size, case T1 capacitors, to many years for large-size, DLA DWG04003, capacitors.

100 ¢
N ——=DWG93026 T1
= DWG93026 T2
—DWG93026 T4
DWG04003

10 |

characteristictime, years
-

0.1 &

0.01 L Ll L Lol L L Lital L - \H\‘
1E11 1.E-10 1E-9 1.E-8 1E-7

R1, atm*cc/s He

Figure 11.3.3. Characteristic times for pressure build-up for different types of capacitors.

11.4. Effect of internal gas pressure: deformation and rupture of the case.
Let us consider a cylindrical tantalum case of radius R, length L, and a thickness of the wall h. Additional
pressure, P, caused by gas generation would increase the stress in the case, o, cause deformation, and
might eventually result in its rupture when the stress exceeds the strength of the material, ocr.

The level of stress at the cylindrical surface of the case and increase in the radius, AR, can be estimated
as:

o= PXR- (11.4.1)
h
AR:%xR,. (11.4.2)

where E = 185 GPA is the Young’s modulus of tantalum.

The stress at the bottom of the case can be calculated as a stress in a membrane of radius R that is clamped
at the periphery:

P x R?
h2

where 1=0.34 is the Poisson’s ratio.

3
O'zéx(l+,u)>< (11.4.3)

The maximum deformation of the case at the center of the membrane (deflection) can be calculated as:
PxR*

@
"™ 64D (11.4.4)
where D is the toughness of the membrane:
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Exh?®

D= .
12x(1-47) (11.4.5)

Case sizes and calculated deformations for the excessive pressure P = 1 atm are shown in Table 11.4.1.

Table 11.4.1. Deformation of tantalum capacitors at excessive pressure of 1 atm
#93026 #93026 #93026 #93026 #93026 #04005 #04003

T1 T2 T3 T4 L2

L. mm 115 16.3 19.5 27 25.6 7 15
R, mm 2.4 3.6 4.8 4.8 3.6 7.5 18
h, mm 0.2 0.25 0.25 0.25 0.25 0.25 0.38

D, N*m 0.14 0.27 0.27 0.27 0.27 0.27 0.97
stress_cyl, Pa 1.2E+06 1.4E+06 1.9E+06 19E+06 1.4E+06 3.0E+06 4.7E+06
strain, cyl, % 6.5E-04 7.7E-04 1.0E-03 10E-03 7.7E-04 16E-03 2.5E-03

AR, mm 15E-05 28E-05 50E-05 50E-05 28E-05 12E-04 4.6E-04

SUCESNNEINIEE 7.2E+06 1.0E+07 19E+07 19E+07 1.0E+07 4.5E+07 1.1E+08
Strain_membr, % 3.9E-03 56E-03 1.0E-02 10E-02 5.6E-03 24E-02 6.0E-02
om (bulging), mm 3.7E-04 9.6E-04 3.0E-03 3.0E-03 9.6E-04 18E-02 1.7E-01

The ultimate strength for tantalum is ~280 MPa. Due to hydrogen absorption and crimping, the strength
of the case might be weakened substantially. For conservative estimations we can assume that the critical
stress in a case of a tantalum capacitor that might cause its rupture is ocr = 100 MPa. In this case, the
critical pressure can be estimated as:

P, =—"¢ (11.4.6)

Results of calculations of P¢r and deformations at the critical pressures for different case sizes are shown
in Table 11.4.2. The level of critical pressure that the case can withstand decreases from 83 atm for T1
cases to 52 atm for T3 and T4 cases. Large capacitors, DLA DWG04003, have the minimal pressure that
can be safely developed in the case (21 atm). The increase of radius in all cases is relatively small, below
10 um; however, the bulging is noticeable for relatively large cases: 0.16mm for cases T3 and T4, ~1 mm
for DLA DWG#04005 capacitors, and ~ 3.6 mm for DLA DWG#04003 capacitors.

Experiments with DLA DWG#04005 capacitors showed that bulging in parts after high-temperature
storage at 150 °C was ~ 0.1 mm. Considering that the vapor pressure at 150 °C is ~ 5 atm (see Fig. 11.1.1),
the calculated value of the membrane deformation in the center is 0.09 mm. The agreement between
experimental and calculated data is quite reasonable.

Table 11.4.2 shows also the amount of gas that is necessary to reach the critical pressure, the relevant
transfer charge, and the level of leakage currents necessary to transfer this charge during 10 years of
operation. The calculations were made in an assumption that the case is hermetic, and the leak rate is
below 107! atm*cc/s He, which correspond to characteristic times of the pressure rise of more than ~10
years for all types of cases (see Fig. 11.3.3). Although the presence of some fine leak would allow to relax
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these requirements, considering that the exact level of the leak rate is not known, it is reasonable to require
that long-term leakage currents remain below the critical values shown in the Table 11.4.2.

Note that standard DCL measurements made within 5 min of electrification reflect absorption processes
and cannot be used for comparison with the critical current. For the purpose of verification, the currents
should be measured by the end of voltage conditioning as described above.

Even if leakage currents are above the critical levels, failure might not happen if the dielectric is uniform
and have low enough conductivity, so the voltage drop across the electrolyte is below the level necessary
to initiate electrolysis. However, discrimination between capacitors with uniform dielectric and dielectric
having defects is extremely difficult if not impossible. For this reason, tightening the requirements for
acceptable levels of leakage currents is necessary to increase confidence in reliable operation of the parts.

Experience with military grade wet tantalum capacitors shows that the probability of rupture or explosion
of the cases during long-term operations are very low. Advanced, high volumetric efficiency capacitors
have greater leakage currents compared to the CLR-style capacitors and have greater probability to have
defects in the dielectric, hence higher risk of failure.

Table 11.4.2. Critical pressure and critical current for 10 year operation.

#93026 #93026 #93026 #93026 #93026
T1 T2 T3 T4 L2

Pcr, atm 83.3 69.4 52.1 52.1 69.4 50.8 21.2
ARcr, mm 1.3E-03 1.9E-03 2.6E-03 2.6E-03 1.9E-03 6.1E-03 9.7E-03
Onien (R E R 3.1E-02 6.7E-02 1.6E-01  1.6E-01  6.7E-02  9.2E-01  3.6E+00

free volume, cm3 0.1 0.33 0.71 0.98 0.52 0.43 5.34
Ncr, Mol 3.5E-04 9.6E-04 1.5E-03 2.1E-03 1.5E-03 9.1E-04  4.7E-03

Qcr, C 67.2 184.8 298.5 412.1 291.2 176.3 913.6

ler_10 years, pA 2.1 5.9 9.5 13.1 9.2 5.6 29.0

#04005 #04003
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Part Ill. Leakage Currents along the Glass Seal

[11.1. Background.

Most high-reliability wet tantalum capacitors used for space applications have tubular (or cylinder) cases
with axial leads (e.g. MIL-PRF-39006, DLA#93026, #10004). Hermeticity of these parts is assured by a
two-level system. The primary, or internal seal is provided by the case crimping and Teflon gasket with
a small rubber o-ring. The glass seal and welding of the tantalum tubular outlet are used for a final seal
of the case. The internal seal is necessary to prevent electrolyte from seeping into the glass seal area. The
surface of the outlet and the upper section of the anode riser tantalum wire are not oxidized, so in case of
electrolyte penetration to the glass seal area, excessive leakage currents, electrolysis, and electrochemical
reactions associated with oxide formation might occur.

Difott [4] based on extensive studies of wet tantalum capacitors suggested that due to the cold flow of the
compressed Teflon gaskets and loss of elasticity of the silicone rubber O-ring gaskets, the risk of internal
dehermetization that might result in permeation of electrolyte into the glass seal area is increasing during long-
term operations or storage of the capacitors. Although no direct evidence for this type of failures has been
reported in literature, it is possible considering that even at a relatively low level of permeation, a substantial
amount of electrolyte can be accumulated with time during long-term storage of capacitors. Gas generated in
the process of electrolysis might increase pressure in the case and cause its rupture during operation.
However, no data on the conductivity along the glass seal in the presence of electrolyte and assessments
of the risks associated with gas generation were found in the literature.

The optimal level of crimping that would provide the necessary hermeticity of the internal seal without
excessive and damaging cold work of the case is difficult to determine. In practice, this optimization is
achieved empirically and, although it is not required per the existing specifications, some manufacturers
are using direct testing of the internal seal.

There is no standard process in establishing DCL requirements, and in most cases, they are set based on
proprietary manufacturer procedures. In this situation, the margin between the required and actual leakage
currents is not known, and excessive currents caused by additional conduction of the seal having a layer
of electrolyte on the surface might be overlooked. Also, there is no data on the level of leakage currents
along the glass seal. Analysis of leakage currents in tantalum capacitors, and in particular, processes
associated with the presence of electrolyte on the surface of the glass would allow a better understanding
of possible reliability risks and help in determining risk mitigation measures.

Tantalum capacitors in button-style, or single-seal cases (e.g., DLA#04003, 04005, 10011) have higher
volumetric efficiency, but do not have internal sealing, so the non-oxidized areas of tantalum are in contact
with electrolyte. This might be one of the reasons for excessive leakage currents in these parts compared
to the tubular-style designs (e.g., DLA#93026, 10004). Also, for the same reason, corrosion at the outlet
weld areas and hermeticity failures happen more often in these types of capacitors (see for example, Fig.
111.3.4b). Some improvements have been achieved by using washers between the anode slugs and outlets,
but this measure is still much less effective compared to the crimpling in the tubular-style capacitors.

In this work, leakage currents along the glass seal in the presence of condensed electrolyte have been
measured with time at different temperatures and voltages using specially manufactured test samples. Gas
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generation and the level of internal gas pressure caused by the electrolysis have been estimated, and risks
of failures for different case sizes assessed. Recommendations for additional qualification procedures are
suggested.

[11.2. Experiment.

Model structures of wet tantalum capacitors were prepared by sealing a certain amount of electrolyte
(~40% H2SO04) in five samples of case size T1 and T3 test structures. Fig.I11.2.1 shows X-ray views of
the test samples and approximate amount of the electrolyte added. The large dark area on the cases
corresponds to location of the tantalum cathode sleeve that was anodically oxidized at 3V. SN5 and SN2
had tantalum wires simulating anode riser wires in capacitors, while other parts were sealed with wires
shorter than the outlets.

Initial measurements of leakage currents at 1.5 V showed ~ 2.5 mA (maximum available current) at first
moments of electrification that within seconds reduced microampere levels. External examinations did
not reveal any anomalies or evidence of corrosion at the seal.

a) SN1, 0.0469 b) SN5, 0.24g

Figure 111.2.1. X-ray views and amount of electrolyte in case T3 SN1 and SN5 model structures of wet
tantalum capacitors. The amount of electrolyte in other samples was ~ 0.1 g.

Leakage currents were measured with time at different voltages and were calculated based on the voltage
drops across 22 kohm resistors connected in series to the test structures.

I11.3. Results and discussion.

First electrical tests were carried in a vertical position of the test structures with anodes directed upward
at 1.5 V for 1000 sec, at 5 V for 1 hour, and at 10 V for 100 hours. After these initial tests and
depolarization at 0 V for 4000 sec, measurements at 1.5 V and 5 V were repeated, and the next testing
was carried out at 20 V for 100 hour. Results of these measurements are shown in Fig.111.3.1. At1.5V
initial currents were below 10 pA and decreased to below 1 pA after a few minutes. The currents continue
decreasing with time, and I-t variations can be approximated with a power law | ~t ™. Similar
dependencies are also applicable to measurements at 5 V and 10 V with the values of m in the range from
0.6 to 0.8. This power relationship is similar to what is observed for wet tantalum capacitors during initial
stages of electrification that is due to the charge absorption processes. However, current relaxation in wet
tantalum capacitors related to absorption has values of m close to 1. Kinetic studies of oxide growth at
constant voltage by Vermilyea [50] showed that variations of currents with time after several minutes of
anodization also follow a power law with the exponent close to -1.
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Anomalies in I-t curves were observed during 100 hour testing at 10 V in SN4 and SN5. Stabilization of
the current at ~ 10 pA for SN4 in the 0.3 hour to 20 hour interval is likely related to the presence of
contaminations in the Ta tube or wire that prevented proper oxide growth. Increase of currents after a few
hours of electrification in SN5 might be due to a breakdown at the defective areas. Decrease of currents
and observed instability might be attributed to a formation of gas bubbles in areas of electrolyte
condensation that reduced DCL by diminishing the effective surface area for the current flow.
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Figure 111.3.1. Leakage currents along the glass seal in model structures with anodes in the upward
position at room temperature and different voltages.

It should be noted that tantalum wires in real capacitors, contrary to the samples used in this study, are
purified during anode sintering and parts of the wires close to slugs are anodized during oxide formation
on the surface of the slug. However, most of the samples in this study had wires of a minimal length (see
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Fig. 111.2.1a), so the observed effects are due mostly to currents through the outlets that have quality
identical to the one used for tantalum capacitors.

Depolarization currents after 100 hour testing at 10 V were below 1E-9 A thus indicating that contrary to
normal capacitors, where relaxation is due to absorption currents that have similar amplitudes for
polarization and depolarization processes, the observed currents are likely related to a slow oxide growth.
This was also confirmed by a substantial decrease of currents at 1.5 V, from ~0.2 to 0.4 uA after 1000 sec
initially, to a few nanoamperes after 10 V testing. Currents at 5 VV measured after 1000 sec decreased
from 2 to 5 pA initially to 0.03 to 0.1 pA after the testing.

Measurements at 20 V (see Fig. 111.3.1e) again showed anomalies in SN4 and SN5. This time, currents in
SN5 remained at ~ 8 pA for a few hours, and then decreased. Initial currents in SN4 were more than an
order of magnitude less than for other samples, and reduced slowly with time. These anomalies can be
explained by the same reasons as for 10 V testing. Depolarization currents after 20 V testing were ~ 2
orders of magnitude less than during polarization, and currents in all parts at 20 V were less than during
10 V testing. Both facts indicate continuation of the oxide growth at 20 V.

Contrary to what was expected, measurements at 20 V with the anodes in the downward position (Fig.
111.3.1d) showed that the currents were several times less than in the upward positions. In the downward
position, the thickness of the layer of electrolyte on the glass, hence the conductivity, should be greater
than during the upward tests. The data can be explained considering that the currents are limited not by
the electrolyte, but by the oxide formed at the surface of tubes and wires, and oxide growth results in
decreasing currents in the consequent tests.

To evaluate the effect of temperature on leakage currents, next experiments were carried out at 20 V for
10,000 sec consequently at 85 °C, 105 °C, 125 °C, and 145 °C. In all cases anodes were in the downward
positions. At each temperature, the polarization cycle was followed by depolarization at 0 V for 10,000
sec. Results of these tests are shown in Fig. 111.3.2.

At all temperatures, the currents remained stable or increased slightly for ~ 20 sec, and then decreased
with time allowing approximation by a power law with the exponents decreasing with temperature from
0.4 at 85°C to 0.24 at 145 °C. The level of initial currents slightly decreased as temperature raised from
85°C to 105 °C, and then remained stable. The results can be explained by the oxide growth that continues
at high temperatures even after ~3-hour anodic oxidation at the same voltages but lower temperatures.

Depolarization currents, in most cases, exhibited anomalous extremal I-t dependencies. After initial
decreasing for 20 to 200 seconds, currents increased reaching maximum, and then decreased again.
Experiments did not show any effect of temperature on the time to maximum. For example, for SN3 the
times to maximum were 280 sec at 85 °C, 120 sec at 105 °C, 320 sec at 125 °C, and 1200 sec at 145 °C.
The currents decreased to a few nanoamperes after 10,000 sec at 85 °C and 105 °C; however, they appear
to stabilize at ~3 nA at 125 °C and at ~10 nA at 145 °C.

The extremal behavior of depolarization currents is not clear. One of the possible reasons is that the gas
bubbles formed during polarization are gradually collapsing during depolarization thus increasing the area
available for collecting the charge. Processes of depletion of the absorbed charge prevail when currents
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start decreasing again. Stabilization of depolarization currents at high temperatures might be due to the
galvanic effect caused by differences in electrochemical characteristics between welded tubes and cases.
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Figure 111.3.2. Variations of currents with time during polarization (20 V) and depolarization (0_20 V)

Results of post high temperature measurements carried out at room temperature with anodes in downward
and upward positions are shown in Fig.111.3.3. Changing directions to the upward position resulted in

cycles at different temperatures.

decrease of the initial currents; however, after 10,000 sec of electrification the currents were similar. A
comparison with the initial, pre-high-temperature measurements indicates that currents decreased almost

an order of magnitude. Apparently the oxide continued growing during high-temperature testing at 20 V.
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Figure 111.3.3. Post 145 °C testing measurements at room temperature and 20V first at downward (a, b)
and then at upward (c, d) anodes positions.
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Samples SN5 and SN4 had evidences of the weld corrosion and electrolyte leak after 145 °C testing (see
Fig. 111.3.4a). However, measurements of the weight and case diameters did not reveal any substantial
changes through the testing. In all five samples variations of the mass and diameter were within the
accuracy of the measurements, ~0.5 mg and ~ 20 um. Similar corrosion is more often observed on the
button-style compared to cylinder-style capacitors (see an example in Fig. 111.3.4b). This suggests that

high quality welding is more difficult to achieve in the presence of electrolyte absorbed on the surface of
outlets.

R b)
Figure 111.3.4. Weld corrosion and electrolyte leak in SN4 after 145 °C testing (a) and an example of a
leak failure in a button-style capacitor (b).

Measurements of leakage currents at room temperature in the upward positions at 35 V and 50 V are
shown in Fig. 111.3.5. At both voltages, polarization currents had a trend of gradual decreasing with time
(m ~0.4 to 0.6). However, |-t characteristics at 35 V had humps after ~ 1 hour, and at 50 V extremums

were observed after ~ 20 sec of polarization. Depolarization curves also had anomalies similar to those
reported before (see Fig. 111.3.2).
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Figure 111.3.5. Variations of leakage currents at room temperature and 35 V (a, b) and 50 V (c, d) for the
upward position of anodes.

Finally, the samples were tested at different temperatures (consequently at 85 °C, 105 °C, 125 °C, and 145
°C) and voltages in the range from 1.5 VV to 50 V. The currents were monitored for 10,000 sec at voltages
below 50 V and for 100,000 sec at 50 V. Results of measurements at 20 V and 50 V are shown in Fig.
111.3.6. Currents slightly increased during first 15 to 30 seconds of 20 V testing at all temperatures. After
reaching maximum, currents decreased with time according to a power law with the exponent in the range
from 0.3 t0 0.5. At 50 V a hump on the I-t curves after ~300 sec was observed at 85 °C only. Currents at
50 V decreased with time relatively slowly, and the exponent m varied in the range from 0.28 to 0.25.
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Figure 111.3.6. |-t characteristics at 20 V and 50 V consequently at 85 °C, 105 °C, 125 °C, and 145 °C.

Variations of currents measured after 1000 sec of electrification through the testing at 20 V and 50 V are
shown in Fig. 11.3.7. Leakage currents at 50 V decreased ~ 3 times as the temperature increased from 85
°C to 105 °C, and slightly increased as the temperature raised to 145 °C. At room temperature the currents
decreased compared to the initial measurements by approximately 2 orders of magnitude. Both effects
can be explained by the oxide growth in the process of high-temperature measurements.
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Figure 111.3.7. Variation of currents at 20 V (a) and 50 V (b) through the testing.

After testing at 145 °C and 50 V for ~30 hours, the parts were measured at room temperature. Currents
were monitored for 1 hour consequently at 5 V, 10 V, 20 V, 35 V, and 50 V. Results of these final
measurements are shown in Fig. 111.3.8. Relaxation of leakage currents at 5 V followed closely the power
law with the exponents in the range from 0.8 to 0.85, which indicates absorption currents. Intrinsic leakage
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currents ~20 nA appear after ~ 1000 sec in SN1 and SN5, while intrinsic currents in other samples were
below the nanoampere range. Absorption currents in SN2 and SN5 are greater than in SN3 and SN4 likely
due to the presence of wires. In sample SN4, intrinsic currents were small enough, so absorption currents
prevailed over the intrinsic leakage currents during 1 hour of testing. In other samples intrinsic leakage
currents could be observed after ~ 1000 sec of polarization and were below ~ 0.1 pA at 50 V. Erratic
behavior of leakage currents was observed in SN5. Results show that even when oxides are formed at
high temperatures, the quality of dielectric layers is poor and might result in high and unstable leakage
currents even at voltages below the forming one.
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Figure 111.3.8. Post high-temperature testing of leakage currents at room temperature and different
voltages. For all samples anodes were in the downward positions.
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Leakage currents after 300 sec of polarization (standard electrification time) are below 0.2 A even at 50
V, and intrinsic currents are below 0.08 pA. Considering that DCL requirements for wet tantalum
capacitors are typically above a few microamperes, additional leakage currents after long term bias that
results in oxidation of the tubing and anode riser wire are negligible. However, initial leakage currents in
the non-oxidized samples can exceed dozens of microamperes and might cause spiking and failures during
applications.

For button-style capacitors anodization of the tube and wire will occur during voltage conditioning and
might cause anomalies in the currents’ behavior. Leakage currents in the system where oxide is formed
at the same voltage as the operating one might be unstable thus increasing noise in the system during
applications. These currents can also result in electrolysis of the electrolyte and increase pressure in the
case. The effects of gas generation will be discussed in the next section.

To evaluate leakage currents in cases with non-oxidized surfaces of tantalum electrodes and assess the
effect of the case size, 10 more test structures were manufactured similar to those described above. Five
structures were prepared using case sizes T3 and five with case sizes T1. All samples had ~ 0.1 g of
electrolyte and minimal length of wires (below the length of the tubes). Leakage currents were monitored
for 100 hours consequently at 0.5 V, 10 V, and 50 V. The samples were tested initially at 0.5 V, then SN1
was tested at 10 V, and after that SN1 and SN2 were tested at 50 V. Finally, to compare variations of
leakage currents in pre-tested and virgin samples, testing at 50 V for 250 hours was carried out using SN1,
SN2, and SN3 (virgin). Results of these tests are shown in Fig. 111.3.9 and indicate the following:

1. Initial leakage currents at 0.5 V are below ~ 10 pA, decrease according to a power law with the
exponent ~ 0.4 to below 1 pA after ~300 sec, and stabilize at 10 to 20 nA for cases T1 and at a
few nanoamperes for cases T3. Because the geometry and sizes of glass seals in T1 and T3 cases
are the same and testing was carried out in the upward position of anodes, the difference in leakage
currents is difficult to explain.

2. At 10 V the currents are similar for T1 and T3 cases, have a value of a few milliamperes initially,
and decrease according to the power law, first with the exponent ~ 0.62, and then, after ~ 300 sec
faster, with the exponent 0.94. It is possible, that the oxide is mostly formed within ~ 5 min at 10
V, and then the current decay is due to the absorption processes.

3. During first testing at 50 V (Fig. 111.3.9d), leakage currents for samples in T3 cases are ~ 2 times
greater than for T1 cases, but both are decreasing with time according to the power law with the
exponent ~ 0.71. No substantial difference was observed for virgin samples and samples tested at
10 V (SN1). Also, initial currents are ~ a few miliamperes and are similar to those measured at 10
V. Both facts indicate that a thin oxide formed during 10 V testing did not play any significant
role in the process of oxidation at 50 V.

4. Repeat testing at 50 V (Fig. 111.3.9e) showed that initial currents in virgin samples might reach
dozens of milliamperes but reduce to dozens or hundreds of microamperes after 5 min of
electrification. The currents are decreasing to the submicroampere range only after hundreds of
hours of testing. Currents in samples pre-oxidized at 50 V for 100 hours (SN1 and SN2) were
more than an order of magnitude below currents in virgin samples initially, but had a trend of
decreasing with time slower than for the virgin samples, so the difference after 250 hours of testing
decreases substantially.
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Figure 111.3.9. Leakage currents in new test structures prepared in cases T3 and T1 during 100 hour
testing consequently at 0.5 V (a and b), 10 V (c), and 50 V (d). Additional testing at 50 V for 250 hours

is shown in figure e). Dashed lines correspond to virgin samples that had been tested at 0.5 V only.

Note that figures a) and b) show variations of leakage currents with time in double logarithmic (a) and
linear (b) coordinates. All samples were tested in the upward positions of anode terminals.

I11.4. SEM examinations.

Sample SN5 that had the longest wire was decapsulated and the surface of the wire and tube were inspected
in SEM. EDS analysis was used to determine the composition of observed contaminations.
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Fig. 111.4.1 and 111.4.2 show that the surface of the wire was covered with Ta205 oxide layer and had
multiple defects that are often associated with field crystals surrounded by the peeled back oxide in a
characteristic circular shape. A large area of the crystals might be due to a high incidence of impurity on
the surface of wires [51]. It might be also specific for oxides grown in sulfuric acids and is different from
pyramidal shape crystals with a much less peeled back oxide that is often observed after anodization in
phosphoric acids. For example, testing of Nb205 structures revealed large circular areas of crystals with
oxide pushed back when anodization of nibium was carried out in the ammonium pentaborate electrolyte
[52]. However, no crystals were observed when oxide was formed in phosphoric acid.

Hossick-Scott [53] observed similar areas of crystallization on sheets of tantalum anodized at 260 V and
tested with time at 255 V. He also observed humps on I-t characteristics that have been explained by the
crystalization process. The crystals grow laterally at the oxide-electrolyte interface thus increasing the
current. After the entire surface is crystallized, the current falls again due to the crystalline oxide thickness
grows.

The thickness of oxide on the surface of the wire was ~ 150 nm, which is substantially greater than the
calculated value of 85 nm (see next section). It is possible that thicker oxides can grow in sulfuric than in
phosphoric acids, for which calculations were made. It is also possible that thicker oxides grow at high
temperatures (145 °C) compared to 85 °C for a normal oxidation process for tantalum slugs.

Crystals of sulfur (Fig. 111.4.1b) and organic S/O/C compositions (Fig. I11.4.1c and d) were likely formed
after electrolyte drying. In one area, contaminations (not shown) had EDS spectrum indicating presence
of Al and Si; however, the source of these elements is not clear.

VT f ; L TE R VL

Figure 111.4.1. Oxide and contaminations on the surface of wire. a) overall view, b) sulfur crystals (d),
compositioon of S/O/C, and c) close-up views of broken oxide on the surface. Estimations showed that
the thickness of the oxide is ~ 150 nm.
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Figure I111.4.2. Overall (a) and close-up (b) views of the tip of the wire.

Oxide formed on the surface of the tube (see Fig. 111.4.3) was different compared to the oxide on the
surface of the wire. The surface appeared to have nodules with cracks that are likely indicate an initiation
of peeling. It is possible that exposure to high temperatures during the glass fusion process at ~ 1000 C
resulted in a thermal oxide growth and formation of Ta205 nodules. Additional anodic oxidation during
the testing degraded the oxide and caused formation of crystalls.

= iy =

Figure 111.4.3. An overall view of the surface of the tube (a) and close-up views of the oxide (b, c)

Interestingly, in spite of severe crystallization on the surface of the wire and multiple cracks on the oxide
formed on the tube, the currents decreased substantially after long-term testing at high temperatures. This
indicates that field crystallization that is often observed on the surface of anode slugs might be not the
major cause of excessive leakage currents in wet tantalum capacitors.

The presence of multiple defects confirms that oxides formed on the surface of the wire and tube are of
poor quality, which might be a reason of excessive and unstable leakage currents discussed in previous
sections.
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[11.5. Discussion

Leakage currents along the glass seal depend on the conductivity of the electrolyte layer on the surface of
the glass and on the conductivity of a tantalum pentoxide dielectric anodically grown on the surface of the
tubular outlet and riser wire. To estimate the resistance of the electrolyte layer, let us assume that the
current is flowing from the electrode with a diameter D that is equal to the external diameter of the tubular
outlet (D ext) to the electrode with a diameter equal to a diameter of glass seal, Ds (see Fig. 111.5.1). Sizes
of these and other case elements used for calculations below are shown in Table 1. Here L;and Ly are the
length of the outlet and the wire.

Tablel. Sizes of elements in mm.

1 0.6 2.5 0.45 4.7 var

- 1 06 25 0.45 55 1

Ta wire

Cathode

Elec.t’roiyfe- A 0

b)
Figure 111.5.1. An internal view of the glass seal (a) and schematic of the test structures (b).
Resistance of the electrolyte layer that has a thickness tej can be calculated as:

R= In(%t) (1.2)

2xxt, xoy,

where cer = 0.75 S/cm is the specific conductivity of the electrolyte.

Based on the case geometry and mass of electrolyte, the thickness of the electrolyte layer, te, at the
downward position of anodes is expected in the range from 0.1 mmto 1 mm. AtDs=25mmand D=1
mm, R is in the range from 2 to 20 Ohm. In the upward position, the layer is formed by condensation and
is likely much thinner, but even at te ~ 0.1 um, R still remains in the kiloohm range, ~20 kohm. This
means that in the absence of oxide on the surface of electrodes, leakage currents at 0.5 V should be ~25
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pA, which is consistent with the initial leakage currents measured within a few seconds (see Fig. 111.3.9a).
However, after a few hours of electrification the currents decrease two to three orders of magnitude (see
Fig. 111.3.9b) indicating a substantial increase of the resistance at the electrolyte/tantalum interface. This
resistance might be due to either formation of oxide that occurs even at voltages as low as 0.5 V or most
likely to the polarization of electrolyte (migration of ions to electrodes) and formation of potential barriers
at the interfaces (concentration polarization).

Experimental data at voltages above 5 V show that the observed leakage currents are limited by the
growing oxide. The thickness of the dielectric at a formation voltage Vs can be assessed as tgiel  1.7%V,
where tgier IS in nNm and Vris in V. At Vi= 50 V, tgiet = 85 nm. The internal surface of the outlet for T3
cases is ~ 9 mm?, and of wire with 7 mm length is ~10 mm?. Considering that the dielectric constant of
Ta205 is 27, the capacitance of samples with short wires (e.g. SN3) should be ~ 25 nF, and for SN5, that
had a wire of ~ 7 mm length, the calculated capacitance is ~ 53 nF. Measurements at low frequencies
resulted in capacitance values close to the calculated ones (see Fig.111.5.2). However, at high leakage
currents of the dielectric, the measured capacitance is greater than the actual value, which is in agreement
with results discussed in the previous section, where the estimated thickness of the oxide was ~150 nm.
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Figure 111.5.2. Frequency dependencies of capacitance (a) and ESR (b) in the model structures after the
testing.

Leakage currents at room temperature and 50 V in T3 structures that have been tested for ~30 hours at
145 °C and 50 V were below 0.1 pA (1000 sec measurements, Fig. 111.3.8e.). However, similar structures
after 100 hours of testing at 50 V and room temperature that have not been tested at high temperatures had
currents ~50 pA (1000 sec measurements, SN1 and SN2 in Fig. 111.3.9e). This indicates that formation
of the dielectric continues at high temperatures even after long-term polarization at room temperature.
Also, likely a thicker and better quality dielectric is formed at high (145 °C) temperatures.

To assess quality of the dielectric layers formed at different conditions, test structures that were
conditioned at 145 °C, 50 V for ~30 hours and structures conditioned for 350 hours (SN1 and SN2) and
250 hours (SN3) at 50 V and room temperature, were tested for breakdown voltages using the constant
current stress test [21]. Results of the testing (see Fig.111.5.3) show that structures conditioned at 145 °C
had VBR ~105 V, whereas structures conditioned at room temperature had substantially smaller
breakdown voltages ~70 V. Note, that SN3 that was conditioned at room temperature for 250 hours had
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somewhat lower VBR (~60 V) and more severe scintillation events (amplitudes of current spikes)
compared to 350 hour structures. It is interesting to note that the breakdown voltages were much greater
compared to the formation voltages. The effect was also observed in [54], where the effect of type and
concentration of electrolyte on VBR was studied. High-temperature conditioning resulted in a better
quality dielectrics, and might be recommended for button-style capacitors to form oxide on the surface of
the outlets and non-oxidized portions of the wire.

120 Structures formed at 50V

100
80

60 |
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Figure 111.5.3. Constant current stress testing for test structures after different conditioning: 145 °C, 50V
for 30 hours (dashed lines) and 350 hours (SN1 and SN2) and 250 hours (SN3) at 50V at room
temperature (solid lines).

Formation of Ta205 dielectric is caused by the anodic reactions that can be presented in the following
form:

2Ta + 5H20 = Ta205 +10H" + 10e (1n1.2)
This equation indicates that to produce 1 mol of Ta205, the charge equal to 10 moles of electrons should
be transferred. According to the Faraday’s law this charge can be calculated as:

Q:%xsz | (111.3)

where, M = 442 g/mol is the molar mass of the oxide, m is the mass of the oxide, z = 10 is the number of
moles of electrons needed to form one mole of oxide, and F = 96,485 C/mol is the Faraday constant.

Considering that the surface area of the outlet and the wire, S ~ 0.2 cm?, the volume of the oxide grown
after testing at 50 V is 1.7x10°° cm®. At the density of oxide p = 8.2 g/cm?, the mass of the formed oxide
is 1.4x107° g or 3.15x10® moles. Considering that the efficiency of anodic oxidation of tantalum is above
90% [50], according to Eq.(I11.3) the oxide growth corresponds to a charge of 0.003 C. At currents ~1
mA (see Fig. 111.3.9¢e) this charge can be transferred in less than 3 sec. This means that the oxide growth
occurs relatively fast and the slow, during hundreds of hours, decay of currents is likely due to a
combination of absorption processes, slow increasing of the oxide thickness, or restructuring of the oxide
that reduces its conductivity.

Formation of each mole of Ta205 goes along with generation of 5 moles of hydrogen gas. Additional
pressure created by this gas can be calculated based on the gas law:
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where np, is the amount of gas in moles, R = 8.314 J/K_mol is the gas constant, T ~ 300 K is the room
temperature, and V is the volume of the chamber.

For the oxide growth considered above, the amount of hydrogen generated is nm = 1.6x107 mole.
Assuming that for case sizes T3 and T4 the volume of the chamber above the crimping area is ~0.1 cm?,
the pressure caused by H2 generation is 3,900 Pa or 0.039 atm. For the case size T1 this volume is much
less, ~0.03 cm?®; however, even in this case the pressure remains small (~0.1 atm) and is likely not a
reliability concern.

In the presence of electrolyte, the upper chamber of a capacitor can be presented as an electrolytic cell
with a tantalum case as one electrode, sulfuric acid absorbed on the surface of the glass seal as the
electrolyte, and tantalum outlet tubing/riser wire as the second electrode. Gas generation in this cell might
continue as long as the voltage drop across the electrolyte exceeds a certain “electrolyte breakdown”
voltage that is necessary for its decomposition. For water, this voltage is ~ 1.2 V, and for the electrolyte
it has likely a similar value. Although the conductivity of oxide at formation voltages is relatively large,
it is still at least ~ 2 orders of magnitude less than for the electrolyte. This means that even at 50 V applied
to a capacitor, the voltage drop across the electrolyte is less than 0.5 V, which is insufficient for its
decomposition. However, the purity of materials used for the raiser wires and outlets is typically not as
high as for tantalum powder used to form anode slugs. In the presence of defects on the surface, tantalum
will not oxidize properly, and a substantial portion of the applied voltage will drop across the electrolyte
resulting in gas generation at the defect area (see Fig. 11.2.1). The surface area where the contamination
is present might be small, so even at relatively large densities of leakage currents, total current in the
system might remain low. As the worst case condition, we can assume that all charge transferred in the
capacitor is associated with the hydrogen and oxygen generation.

Hydrogen is produced during the reduction of water at the cathode:
2e- +2H20(L) => H2(g) + 20H"(aq) . (11.5a)

According to this reaction, 2 moles of electrons are required to produce a mole of hydrogen, hence in the
Faraday law, Eq.(111.3), z = 2. In this case, Q ~2x10*x nm, where Q is in Coulombs and nm in moles.

Anodic reaction results in generation of oxygen:

40H => 02(g) + 2H20 +4e". (111.5b)
Note that per each mole of oxygen two mole of hydrogen will be generated. This means that even if due
to high diffusivity of H2 in tantalum most of hydrogen would escape from the case, approximately 30%
of the total pressure will remain due to the presence of oxygen.

Using approximation of I-t characteristics with a power function and assuming that this law is valid for
long-term operations, the charge transferred in the structure during time z can be calculates using
parameters lo (current at 1 sec) and the exponent n:

Qt=jloxt_”xdt=ll_°nxrl_”, (111.6)
0
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Results of these calculations are shown in Table 111.2. The estimated charge after 10 years of operation is
in the range from ~0.3 C to ~8 C, and the corresponding amount of hydrogen is from 1.5x107° to 4x10*
moles. According to the gas law, Eq.(111.4), this amount of H2 in a volume of 0.1 cm® would create
additional pressure from 3.6 atm to 100 atm. Considering that the critical pressure for the case is in the
range from 50 atm to 80 atm, gas generation poses a risk of case rupture. If most hydrogen is released
due to the permeability of tantalum, the pressure created by oxygen would be below the critical level, but
still remain high.

Table I11.2. Transfer charge in Coulombs calculated per Eq.(6) for different times of operation.
25C, 20V (Fig. 2.e) 85C, 20V (Fig. 7.a) 85C, 50V (Fig. 7.b)

0.01 0.0014 0.017
0.1 0.023 0.46
0.25 0.082 2
0.61 0.26 7.76
15 0.83 30

The transferred charge calculated by direct integration of I-t characteristics during measurements at 50 V
for 250 hours (see Fig. 10e) is displayed in Table I11.3. The table shows also the calculated amount of
generated hydrogen and additional pressure that is expected in the structures by the end of testing. The
pressure was calculated based on Eq. (111.4) assuming that the volume of case T3 is 1.4 cm® and 0.21 cm?®
for T1. Note that samples SN3 had values of Q and P more than an order of magnitude greater than other
samples and approached the critical levels of pressure. This is related to the prehistory of the samples:
SN1 and SN2 were anodized during previous testing, while SN3 were virgin samples. Results indicate
that insufficient oxidation of the outlet and wire increases risks of failures associated with excessive
currents and gas generation in the seal area.

Table 111.3. Transfer charge, calculated amount of hydrogen and pressure in the case after 250 hr testing
of different test structures at 50 V.

T3SN1 T3 SN2 T3 SN3 T1 SN1 T1 SN2 T1 SN3

0.86 1.27 37.8 0.76 0.22 8.17
4.3E-05 6.35E-05 1.9E-03 3.8E-05 1.10E-05 4.09E-04
0.8 1.1 33.4 45 1.3 48.2

The above estimations are based on several assumptions. First, it is assumed that there is unlimited source
of hydrogen in the electrolyte, second, that all generated gas remains in the case, and third, that all
transferred charge results in gas generation.

To estimate the total amount of hydrogen that can be generated by electrolysis, let us assume that the case
has 0.1 g of electrolyte, 0.04 g of which is H2SO4 (98 g/mol) and 0.06 g is H20 (M = 18 g/mol). This
corresponds to 4x10* moles of H2S04 and 3.3x10° moles of H20, so the maximum amount of H2 is
3.7x10° moles. To generate this amount of gaseous hydrogen, 361 C of charge should be transferred,
which is almost two orders of magnitude greater than the charge estimated based on observed leakage
currents. Obviously, the first assumption is reasonable and no substantial depletion of electrolyte happens
as a result of electrolysis.
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Analysis in the part 11 of this report shows that the assumption that all hydrogen remains in the case during
long-term operations is not valid. A substantial amount of H2 will be absorbed in the case and slug, leaked
out through the seal or diffused through the case. All these factors might reduce the risk of over-
pressurizing the case by hydrogen substantially. However, the total pressure in the can is a sum of
pressures created by hydrogen and oxygen, and approximately one third of the pressure caused by
electrolysis is due to oxygen. Oxygen has much lower absorption and diffusion coefficients in tantalum
compared to hydrogen and will remain in the case unless the seal leak is large enough.

The assumption that the whole leakage current flowing along the glass seal is faradaic and results in gas
generation is not valid. Most likely, gas evolution occurs only at defect sites of the oxide where the voltage
drop across electrolyte is large enough. The exact proportion of this leakage current is difficult, if possible,
to estimate, so calculations made above should be considered as a worst case scenario.

Due to a relatively fast removal of hydrogen from the case, a slow seeping of electrolyte through the
internal seal during long-term operations of capacitors most likely is not a serious reliability concern.
However, a gradual accumulation of electrolyte in the glass seal area during long-term storage might
create problems when the part is first powered up. In this case, large currents will generate substantial
amount of gas quickly, so most of the hydrogen will remain in the case thus increasing the pressure
substantially.

Analysis shows that proper internal sealing is important for double-seal designs of capacitors. For the
button style cases that do not have internal seals, a special procedure that would result in formation of
adequate quality oxide at the non-oxidized areas, e.g. constant current conditioning at high temperatures
or multi-step polarization at gradually increasing voltages, is recommended.

In many cases, space systems are in the dormant stage or stored for years before launch or initiation of
operation. To assure that leakage currents along the glass seals in wet tantalum capacitors will not cause
reliability problems, a high temperature storage (HTS) testing should be a part of qualification testing for
capacitors intended for space applications.

Recommendations

Room temperature DCL measurements carried out in this work, showed that the DCL limit can be
established based on the CV values of the capacitors at 2.5x%10“xCoxVR. Compared to the actual leakage
currents measured at room temperature after 5 min of electrification, this criterion provides approximately
5-fold margin.

Considering differences in the voltage breakdown margins, voltage derating requirements for high-voltage
(100 V and 125 V) capacitors should be increased to 0.5, for capacitors rated to 50 V and 75 V the derating
requirement can be left at the existing level (0.6), but it can be relaxed to 0.7 for lower voltage ratings.

Risks associated with DCL failures due to electrolyte penetration to the glass seal area are greater for
capacitors in small size cases (T1). These parts have also smaller amount of electrolyte that increases the
possibility of drying during long-term operations. Considering that optimization of the crimping process
and accurate positioning of Teflon spacers are more difficult for these parts, more strict requirements
related to hermeticity and radiography inspection are necessary.
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To assure that additional gas pressure that is built up during long-term operations of capacitors as a result
of electrolysis of electrolyte is below the critical level that might cause rupture of the case, the level of
intrinsic leakage currents should be below values shown in Table 11.4.2. Measurements of the intrinsic
leakage currents should be made at the end of the voltage conditioning (48 hours at rated voltage and 85
°C) after cooling samples under bias to 25 °C.

The presence of defects in dielectric layers might result in unstable leakage currents, e.g. spiking and/or
erratic variations with time that increases noise in the systems during applications, raises internal gas
pressure, and might cause failures. To reduce these risks, the currents should be monitored during voltage
conditioning by scanning every 100 sec (TBD), and no spiking should be allowed.

To improve quality of the dielectric layers formed on the initially non-oxidized surfaces of button style
capacitors, voltage conditioning for these parts is recommended to carry out at 105 °C by steps in 3 hours
starting with 0.1VR. The applied voltage should be increased incrementally by 0.3VR until the rated
voltage is reached, at which level the parts should be conditioned for 96 hours.

To reduce the risks of drying out of electrolyte and avoid contamination of sensitive optical equipment,
the fine leak testing of capacitors intended for space applications should be carried out for 100% of
capacitors as a part of the screening process.

Possible accumulation of electrolyte on the surface of the glass seal during long-term storage might
substantially increase currents during first power turn on in the system and result in a fast pressure
increase. For this reason, rescreening that includes DCL measurements and monitored voltage
conditioning is recommended for capacitors stored for more than 5 years.

In many cases space systems after integration and testing are stored for several years before launch or
operation. To mitigate the risk that possible penetration of electrolyte to the glass seal area will cause
failures and to verify integrity of the case during long-term operations, wet tantalum capacitors should be
tested for high temperature storage (HTS) as a part of qualification testing. During HTS testing, 12
samples should be stored for 1000 hours at 150 °C. Criteria for the test acceptance are TBD.

Excessive case bulging in capacitors after life testing indicates a substantial increase of the internal gas
pressure. The level of bulging after life testing should be verified, and lots with excessive bulging that
exceeds 50% of the critical level (see Table 11.4.2) should not be accepted.
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