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Abstract
Phase 1 of this project involved a description of the origin of solid tantalum capacitors, common manufacturing processes used in their manufacture, and typical electrical and reliability performance.  This technology is the basis for military capacitors manufactured per MIL-PRF-55365 and MIL-PRF-39003.    

This descriptive foundation was employed to introduce a related, but new technology that facilitates dramatically lower equivalent series resistance (ESR) in the finished capacitor by substituting conductive polymers for the crystalline solid manganese dioxide (MnO2).  Both materials serve as the primary cathode material in contact with the capacitor’s dielectric in solid tantalum capacitors.  Since the typically-used conductive polymers have electronic conductivity that is superior to that of MnO2, the finished devices demonstrate significantly lower ESR.  Very low ESR is essential to meet the filtering, bypass, and decoupling needs of modern low-voltage, high-current digital circuitry.
In the phase-1 report, data freely available from various manufacturers were presented.  Favorable characteristics of the new tantalum polymer capacitors included the expected much-lower ESR and evidence of greater robustness of the dielectric against rapid charging to high voltages.   Some potential limitations included marginal material stability at temperatures near the rated maximum temperature, muted self-healing capability, sensitivity to moisture, and reduced dielectric reliability at high rated voltages.
The data presented in the phase-1 report were generated by capacitor manufacturers.  As such, they must be presumed to represent each manufacturer’s best results, perhaps de-emphasizing some product weaknesses.   The goal of the current effort is to present unbiased, independently generated test data in order to accurately document the relative performance advantages/disadvantages that an aerospace customer could expect from tantalum polymer capacitors versus conventional MnO2-based tantalum capacitors.  
Devices were obtained from several manufacturers, and various combinations of capacitance and rated voltage from both the older MnO2 technology and the newer tantalum polymer technology were tested.  
Among the results presented here are competitive electrical performance data, dielectric robustness data, and reliability data generated during lifetests performed in both wet and dry environments.   The specific tests chosen are intended to represent modern conventional tests commonly performed in the capacitor industry.  Leading-edge, highly accelerated time-to-failure testing and development of associated acceleration models to predict performance are left for future research efforts.  
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Introduction

In the phase-1 report, typical performance data for conventional MnO2-based tantalum capacitors and the newer tantalum polymer capacitors are presented.   These data fall into three categories:  (1) electrical performance data, (2) dielectric robustness data, and (3) reliability data.   The present work (phase-2) will be similarly categorized except that instead of the data coming from the various manufactures, the data will come from independent competitive testing performed in the JPL Failure Analysis Laboratory.
An effort was made to accurately survey the range of rated voltages available in the tantalum polymer technology today.   Representative capacitance values were chosen and tantalum polymer capacitors from several manufacturers were obtained.   For the conventional MnO2-based technology, product was obtained from one major manufacturer.  As much as was practically possible, competitive comparisons were made between devices of similar capacitance value, rated voltage, and case size.
In some cases, testing performed on the tantalum polymer capacitors involved higher stresses (typically temperature) than recommended by the manufacturer.  In these cases, the higher stresses were consistent with normal practices for the conventional MnO2-based capacitors.  The objective is to make as direct a comparison of the old and new technologies as practically possible in order to highlight the strengths and weaknesses of each.   All instances will be identified where manufacturer ratings are exceeded.  Finally, based on the presented test data, suggestions are made concerning appropriate derating guidelines for the new tantalum polymer technology.
Electrical Performance Data

Typical electrical performance data for solid tantalum capacitors include 120 Hz capacitance, 120 Hz dissipation factor (DF), 100 kHz ESR, and DC leakage current measured at rated voltage.   These are the electrical parameters typically specified in manufacturer’s data sheets and are the basis for pass/fail limits during quality control testing and during lifetests.   A large volume of such data appear in the lifetesting section of this report where they are used to communicate performance shifts after various exposures to elevated voltage, temperature, and humidity.   Since they will appear later and in volume, these specific data will not be presented in this section.

Instead, capacitance and ESR data versus frequency and temperature are presented.   In almost all instances, these data are more useful to the design engineer than are the more common, but limited datasheet data mentioned above.  These data are more useful because they capture performance at frequencies and temperatures more representative of typical applications.    Tantalum capacitors are seldom used in circuits operating at 120 Hz, since typical frequencies now observed in power supplies range from kilohertz to megahertz.  Also, few circuits operate solely at 25oC.  More typically, operating temperatures range from roughly 35oC to as high as 125oC.   But sometimes the capacitors are used at temperatures below room temperature.
For this investigation, the range of temperatures was extended on the cold side beyond the normal military temperature range of -55oC to 125oC.    Many spacecraft applications such as those used for Mars missions involve exposure to temperatures of -130oC or lower.   For this reason the range of temperatures explored was extended down to approximately -194oC, the temperature achieved by immersing the devices in liquid nitrogen at the prevailing atmospheric pressure.
Four capacitor ratings and several manufacturers are featured in this phase of testing.  The ratings are:
· 220 F, 4 V, EIA 7343 footprint (similar to CWR11 D-case)

· 100 F, 6.3 V, EIA 3528 footprint (similar to CWR11 B-case)

· 100 F, 10 V EIA 7343 footprint (similar to CWR11 D-case)

· 47 F, 16 V, EIA 7343 footprint (similar to CWR11 D-case)

The MnO2-based capacitors were obtained from one manufacturer (Mfg-A).  The tantalum polymer devices were obtained from three manufacturers (Mfg-B, Mfg-C, and Mfg-D). 

The data were collected using an Agilent 4294A Precision Impedance Analyzer and fixturing that was optimized for accurate high-frequency performance.  Frequency was varied from 100 Hz to 10 MHz.   The Agilent 4294A is capable of measurements to 110 MHz, but errors introduced by the cabling needed to make measurements in a hot/cold chamber compromise ESR accuracy above roughly 10 MHz and these data are excluded.
Typical solid tantalum capacitors achieve first series resonance in the range of several hundred kilohertz.  Above resonance, the devices behave as an inductor rather than a capacitor.   It is possible to estimate the equivalent series inductance (ESL) of these capacitors at frequencies above roughly 10 MHz and then use this information to isolate the series capacitance from the ESL in the neighborhood of self resonance.  
This technique is applied to the measured data and the resulting series capacitance versus frequency data are presented in this section.   Because series resonance typically occurs before 1 MHz, the domain of the capacitance versus frequency plots is limited to 1 MHz.  The significance of this data is that the roll-off of capacitance at high frequencies can be observed.  Capacitance roll-off at high frequencies is a consequence of the RC ladder structure of solid tantalum capacitors that is described in detail in the phase-1 report.   

Capacitors made with more conductive cathode materials such as the commonly employed conductive polymers suffer less capacitance “roll-off” than do capacitors made with MnO2.   The improved capacitance stability versus frequency of tantalum polymer capacitors is clearly evident in the data that follow.  

Also easily observed in the following data is the improved stability of capacitance and ESR versus temperature for the tantalum polymer capacitors.    MnO2 is only slightly conductive at temperatures far below room temperature.  Thus it is normal for the ESR of MnO2-based capacitors to increase significantly as one approaches -55oC.   The conductivity of the polymers used in tantalum capacitors is much less sensitive to temperature than is MnO2, and the ESR of tantalum polymer capacitors reflects this substantially improved stability, even at temperatures as low as -194oC.
Capacitance and ESR versus frequency data for the 220 F, 4 V devices appear in Figure 1.  The top two graphs of the figure present the performance of the MnO2-based capacitors.  The middle and lower graphs represent the performance of tantalum polymer capacitors of the same capacitance and rated voltage made by two separate manufacturers.  The left-hand graphs are capacitance versus frequency and the right-hand graphs are ESR versus frequency.   This format facilitates direct comparison/contrast of the relative performance of the competing technologies and manufacturers.  Figures 2-4 are similarly formatted.

The roll-off of capacitance with increasing frequency is clearly evident for the MnO2-based capacitors whose capacitance versus frequency performance is shown at the top left of Figure 1.  Moreover, as the ambient temperature falls, the roll-off occurs at ever-lower frequencies.   At typical use frequencies around 100 kHz, it is clear that a significant fraction of the device’s useful capacitance has disappeared.  At very low temperatures, almost all of the 100 kHz capacitance is gone.   Relatively poor low-temperature performance is a significant limitation of the MnO2-based technology.  In contrast, capacitance roll-off for the tantalum polymer devices is very modest and is not dramatically affected by low temperatures, even as low as -194C.  This is a significant advantage of the tantalum polymer technology.
Now attention will be focused on the ESR versus frequency curves.  ESR typically improves (falls) with increasing frequency until resistance increase due to skin effect appears around 1 MHz.   Total ESR comprises contributions from both dielectric loss which falls rapidly with increasing frequency and connection resistances such as those that exist in the MnO2 or conductive polymer which are more constant with frequency.  The resulting curves have a mild “bath tub” shape with ESR falling at the early frequencies, leveling off at the middle frequencies, and rising slightly at the higher frequencies.  
Two features of the ESR versus frequency curves in Figure 1 should be highlighted.  First, the ESR of the MnO2-based devices is much higher than that of the tantalum polymer devices.   Second, as suspected, the ESR of the MnO2-based devices is much more sensitive to temperature than the ESR of the tantalum polymer devices.  The contrast between the technologies increases as the temperature falls.  

Capacitance and ESR versus frequency data for the remaining 3 part types appear in Figures 2-4.  Substantially similar patterns are observed for these devices as are seen for the 220 F, 4 V devices in Figure 1.  The 100 F, 6.3 V volt device of Figure 2 is the physically smallest device presented here and the impact of capacitance roll-off with frequency and temperature change is the most dramatic.  One final observation is that the tantalum polymer devices made by Mfg-D appear to be slightly superior to those made by Mfg-B and Mfg-C with respect to capacitance roll-off and ESR change with temperature. 
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Figure 1.  Capacitance and ESR vs. Frequency at Various Temperatures for 220uF, 4V MnO2- and Polymer-Based Tantalum Capacitors Made by Several Manufacturers.
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Figure 2.  Capacitance and ESR vs. Frequency at Various Temperatures for 100uF, 6.3V MnO2- and Polymer-Based Tantalum Capacitors Made by Several Manufacturers.
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Figure 3.  Capacitance and ESR vs. Frequency at Various Temperatures for 100uF, 10V MnO2- and Polymer-Based Tantalum Capacitors Made by Several Manufacturers.
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Figure 4.  Capacitance and ESR vs. Frequency at Various Temperatures for 47uF, 16V MnO2- and Polymer-Based Tantalum Capacitors Made by Several Manufacturers.
Dielectric Robustness
It was pointed out in the phase-1 report that tantalum polymer capacitors frequently demonstrate higher breakdown voltages during rapid charging than do similarly rated MnO2-based devices.  It is thought that this advantage comes from the lower processing temperatures employed in their production and the subsequent reduction in dielectric damage during processing.  A test that is highly discriminating for this characteristic is the step stress surge test.  This test is described in the phase-1 report and consists of rapidly charging the capacitors to ever higher voltages through very low series resistance.  The test circuit is consistent with the circuit described for surge current testing in MIL-PRF-55365.  The voltage at which each capacitor in a sample fails is recorded and the percentage of failures is plotted versus breakdown voltage on a Weibull probability scale.  For ease of comparison, the breakdown voltages are normalized with respect to rated voltage.

Five capacitor ratings are represented in this phase of testing.  They are:

· 220 F, 4 V, EIA 7343 footprint (similar to CWR11 D-case)

· 100 F, 6.3 V, EIA 3528 footprint (similar to CWR11 B-case)

· 330 F, 6.3 V, EIA 7343 footprint (similar to CWR11 D-case)

· 100 F, 10 V EIA 7343 footprint (similar to CWR11 D-case)

· 47 F, 16 V, EIA 7343 footprint (similar to CWR11 D-case)

As was the case in the previous section, the MnO2-based capacitors were obtained from one manufacturer (Mfg-A).  The tantalum polymer devices were obtained from three manufacturers (Mfg-B, Mfg-C, and Mfg-D).   The results of this testing appear in Figures 5-9.   The curve colors and marker shapes are consistent from figure to figure to facilitate comparisons.  
In all cases, the first failures (those occurring at the lowest voltages) occur in the MnO2-based devices.  This is consistent with the claims of the manufacturers of tantalum polymer capacitors as described in the phase-1 report.  The best relative breakdown performance is observed in the 4V devices and the worst in the 16V devices, largely independent of technology involved.  However, a larger share of the MnO2-based devices outperformed the tantalum polymer devices at the 16V rating.  This is consistent with the phase-1 report results that indicated that the dielectric robustness advantage of the tantalum polymer devices is reduced at higher voltages.   Indeed, commonly advertised ratings of tantalum polymer devices typically end at 16V, although some 25V devices have been manufactured.   

Nevertheless, the first 16V MnO2-based device still failed at a lower voltage than the first 16V tantalum polymer device.   Now, if an appropriate reliable screening test were available, perhaps the lower-performing MnO2-based devices could be screened from the population leaving survivors that would have performance superior to the 16V tantalum polymer devices.   

A surge current test performed at greater than rated voltage could potentially be used for such screening.   However, there is concern in some quarters that the survivors of such a screen could be damaged by the screening.  Thus these reliability concerns must be thoroughly investigated before such a screen could be implemented.
Another detail of the step stress surge test results should be described.   Almost all of the MnO2-based capacitors exploded upon failure.  This necessitated careful operator protection during the test.  However, none of the tantalum polymer capacitors showed this extreme failure mode.  The worst observed behavior for the tantalum polymer capacitors was cracking of the cases of the 100 F, 6.3 V devices which have the smaller B-case size.  The larger case size tantalum polymer devices showed no external evidence of damage, but nevertheless became low-resistance failures upon suffering dielectric breakdown.   Had a more substantial current source (higher than roughly 4 amperes) been available to supplement the 56,000 F reservoir capacitor, it is possible that subsequent continuous I2R heating could have caused combustion of the plastic cases of the failed tantalum polymer capacitors.
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Figure 5.  Normalized Step Stress Surge Test Breakdown Voltages for 220F, 4V MnO2- and Polymer-Based Tantalum Capacitors Made by Several Manufacturers.
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Figure 6.  Normalized Step Stress Surge Test Breakdown Voltages for 100F, 6.3V MnO2- and Polymer-Based Tantalum Capacitors Made by Several Manufacturers.
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Figure 7.  Normalized Step Stress Surge Test Breakdown Voltages for 330F, 6.3V MnO2- and Polymer-Based Tantalum Capacitors Made by Several Manufacturers.
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Figure 8.  Normalized Step Stress Surge Test Breakdown Voltages for 100F, 10V MnO2- and Polymer-Based Tantalum Capacitors Made by Several Manufacturers.
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Figure 9.  Normalized Step Stress Surge Test Breakdown Voltages for 47F, 16V MnO2- and Polymer-Based Tantalum Capacitors Made by Several Manufacturers.

Conventional Reliability Testing

Three separate lifetests were conducted on representative samples of MnO2- and polymer-based tantalum capacitors.   Two of the tests were dry lifetests, and one involved humidity.   The first dry lifetest was performed at 85oC and rated (nameplate) voltage.  The second dry lifetest was performed at 125oC and 0.67 times rated voltage (the normal maximum voltage at 125oC for MnO2-based tantalum capacitors).   
Historically, 85oC lifetests at rated voltage are more likely to uncover dielectric weaknesses than are 125oC lifetests at 0.67 times rated voltage.  Signs of dielectric weakness usually appear as increasing DC leakage current over the duration of the lifetest which sometimes culminates in short-circuit failure.   On the other hand, 125oC lifetests performed at reduced voltage are more likely to expose weaknesses in materials and interfaces.  Examples are increased ESR from decomposition of the conductive polymer in tantalum polymer capacitors and increased ESR from disruption of the interfacial electronic connections in the cathode layers of both MnO2- and polymer-based capacitors.  

The “wet” lifetest was performed at 85oC/85%RH with rated voltage applied.  Moisture is known to penetrate the plastic case of the capacitors and influence conditions at the dielectric-oxide/cathode interface and in the cathode layers and their interfaces.  At these test conditions, it takes roughly a week for moisture to substantially saturate the internal regions of the capacitor. 
Moisture increases the capacitance of both MnO2- and polymer-based tantalum capacitors.  The relatively high dielectric constant of water (~80 versus ~25 for Ta2O5) is thought to be responsible for this effect. 
In MnO2-based tantalum capacitors, moisture is thought to promote silver ion migration.  These ions are liberated from the silver-paint cathode layer and are thought to migrate to the surface of the dielectric where they promote electron injection and dielectric degradation.  
Moisture is known to enhance the short-term self-healing process in conductive-polymer-based capacitors which initially reduces DC leakage current.  But in the long term, moisture is also suspected of encouraging corrosion effects in polymer-based capacitors which eventually increases DC leakage current.   
Finally, moisture-driven interfacial degradation in the cathode layers is observed in both MnO2- and polymer-based tantalum capacitors.  This degradation causes increased ESR.
All capacitors were mounted on 20-part test cards prior to testing.  Mounting was performed with a 5-zone convection reflow oven.   No-clean solder paste with RMA flux was employed.  The peak temperature of the reflow profile was 235oC.  Time above 183oC was roughly 70 seconds.  A record of the mounting profile appears in Figure 10.

[image: image32]
Figure 10.  Thermal profile of Convection Reflow Oven with Temperatures Measured with a Small-Gage Thermocouple Located in a Solder Joint.

All capacitors were connected to their appropriate power supply through low-resistance fixtures that were fused at each capacitor location with a 1-ampere fast-blow fuse (typically less than 3 ohms total series resistance).   The duration of each test was 1000 hours with parametric readouts performed at 0 hours, 250 hours, 500 hours, and 1000 hours.  The parametric data are presented in the format of a statistical plot with the y-axis scaled for normal probability and the x-axis scaled for the specific parameter (room-temperature 120 Hz capacitance and dissipation factor, 100 kHz ESR, and DC leakage current at rated voltage).  This format facilitates immediate comparison of all the measured data over the course of the test.
At the end of each test, additional measurements of various parameters were made to highlight interesting features of each technology.  For the two dry lifetests, DC leakage current was measured at 85oC in addition to the measurement made at room temperature.  In tantalum polymer capacitors, it is sometimes observed that room temperature DC leakage current exceeds the current measured at 85oC.  
This elevated room-temperature DC leakage current is caused by internal capacitor changes at the polymer-dielectric interface that slow the charging process at room temperature.  The exact nature of these changes is a subject of hot debate, but slow charging at room temperature sometimes makes the measured room-temperature DC leakage data appear significantly higher after the normal 90 second charge than it is after additional charging (say 5-15 minutes).  It is thought that the 85oC measurement better reflects any actual dielectric degradation from the test conditions because it allows faster charging than can be achieved at room temperature for the affected devices.  
It should be kept in mind, however, that almost all dielectrics have higher DC leakage at higher temperatures, so the actual DC leakage of affected tantalum polymer capacitors at 25oC after a long charge period is generally lower than the corresponding 85oC measurement.  Typically, the MnO2-based capacitors always have higher 85oC DC leakage than 25oC DC leakage, since their charging characteristics are not affected by lifetest the same way as is observed in some tantalum polymer capacitors.   The additional 85oC DC leakage measurement is provided to provide a quantitative measure of this effect, when present, in the tantalum polymer capacitors and to demonstrate its absence in the MnO2-based capacitors.
For the humidity tests, additional room-temperature parametric measurements were made after a 24-hour dry-out at 150oC.  The intent of these additional measurements is to demonstrate the degree of parametric shift from the fully moisture-saturated state to the fully dried-out state.  Also, the dry-out followed by parametric measurements can detect sensitivity to damage when a moisture-filled capacitor is exposed to temperatures above 100oC.  
Capacitance is the generally the most highly affected parameter, but distinct changes can also frequently be observed in DF, ESR, and DC leakage current.  Capacitance and DF changes are typically driven by the high dielectric constant and energy loss of water, but ESR and DC leakage changes are sometimes driven by damage caused by the dry-out.  It is thought that pressure created by heating the absorbed moisture above 100oC may create stresses that potentially damage the cathode interfaces, including the interface with the dielectric.  Sometimes catastrophic failures can be induced by this dry-out that could signal potential vulnerability of the capacitors during solder reflow processes if the capacitors’ moisture is uncontrolled prior to mounting.  
Moisture control after manufacture, but prior to board mounting is becoming a significant trend in the capacitor industry as the potential sensitivity of these devices becomes better understood.   The dry-out step after the humidity test allows assessment of the sensitivity of both technologies to this kind of damage.
Six capacitor ratings were represented in the conventional reliability tests.  They were:

· 220 F, 4 V, EIA 7343 footprint (similar to CWR11 D-case)

· 100 F, 6.3 V, EIA 3528 footprint (similar to CWR11 B-case)

· 330 F, 6.3 V, EIA 7343 footprint (similar to CWR11 D-case)

· 100 F, 10 V EIA 7343 footprint (similar to CWR11 D-case)

· 22 F, 16 V, EIA 3528 footprint (similar to CWR11 B-case)

· 47 F, 16 V, EIA 7343 footprint (similar to CWR11 D-case)

As was the case in the previous section, the MnO2-based capacitors were obtained from one manufacturer (Mfg-A).  The tantalum polymer devices were again obtained from three manufacturers (Mfg-B, Mfg-C, and Mfg-D).   The 22 F, 16 V device from Mfg-C was included in spite of its lower capacitance rating than the other 16V capacitors because it is the largest capacitance value available from that manufacturer at 16V.   It was desired to have as much diversity of representation as possible in the highest rated voltage category since it was believed that the 16V devices might have the poorest reliability.

85oC Test Results

Parametric data collected during the 85oC lifetests appear in Figures 11-26.  The data are generally grouped by capacitance and rated voltage.  The only exception is the case where the 22 F, 16V capacitors are grouped with the 47 F, 16V capacitors as mentioned earlier.   
All data for a particular manufacturer’s part type appear in a single figure and are presented in statistical plots as described earlier.  The scales for the various parameters are held constant for each manufacturer’s devices at a given capacitance value and rated voltage to facilitate direct competitive comparisons.  
Annotations are made on each graph to suggest typical maximum values for each parameter.  The maximum allowed DC leakage currents for the tantalum polymer capacitors are generally 10X those of the MnO2-based capacitors as is commonly observed in the manufacturers’ data sheets.  
Limits for DF, ESR, and DC leakage are indicated as approximate, because actual catalog limits vary somewhat from manufacturer to manufacturer for otherwise similar devices, and there is no precise standard for calculating post-test limits from the pre-test catalog limits.   It should be noted that suggested measurement conditions sometimes vary a little among manufacturers as well.   As much as was practically possible, all capacitors were measured under similar conditions.
Data for the 220 F, 4 V devices appear in Figures 11-13.  Each manufacturer’s devices performed very well with only small degradation observed during the test.   As expected, the ESR of the tantalum polymer capacitors was significantly lower than that of the MnO2 devices.   DC leakage of the tantalum polymer devices was generally a little higher than that of the MnO2 devices, but not greatly so.   Other smaller differences exist in the data, but nothing of great significance.
Data for the 100 F, 6.3 V devices appear in Figures 14-16.   Again, each manufacturer’s devices performed very well.  The only significant difference was the superior ESR performance of the tantalum polymer capacitors.  Normal, increased DC leakage versus the 25oC measurements is observed in the final 85oC DC leakage measurements for both technologies.
Data for the 330 F, 6.3 V devices appear in Figures 17-19.  Similar to the previous part type, these devices all performed well.  Superior (lower) DF and ESR of the tantalum polymer capacitors was the only significant response.

Data for the 100 F, 10 V devices appear in Figures 20-22.  Some DC leakage current degradation was observed for the MnO2 devices of Figure 20 with a couple of devices exceeding the initial catalog limit.  Frequently post-test limits are set a little higher than catalog limits (typically from 1.5X to 10X), so some increase in DC leakage after testing is generally acceptable.  
After 1000 hours of testing, the DC leakage current of the MnO2 devices in Figure 20 was higher at 85oC than at room temperature, as expected.   In contrast, after 1,000 hours of testing, Mfg-D’s tantalum polymer devices demonstrated higher room-temperature DC leakage than was measured at 85oC as can be observed in Figure 22.  This is an example of high DC leakage current meaurements sometimes observed in tantalum polymer capacitors when they are measured at room temperature after lifetest.  Again the high current is caused by slow charging at room temperature.  It is expected that the leakage would have fallen closer to the 500 hour readings if the charge time had been extended from 90 seconds to, say, 5 or 10 minutes.
Data for the 47 F, 16 V devices (and Mfg-C’s 22 F, 16V devices) appear in Figures 23-26.  Mfg-B’s tantalum polymer devices demonstrated more capacitance shift after testing began than did the other devices, but the shift was not excessive.  On the other hand, Mfg-B’s devices also showed the greatest improvement in DC leakage after the start of the test.  It is suspected that both effects are the result of greater moisture in these devices at the start of the test that was subsequently driven off by the test temperature.  All devices performed very well on this test in spite of initial concern that the 16V devices might show less stable performance because of their high rated voltage.
Overall, both the MnO2- and polymer-based devices tested at 85oC performed very well with no indication of significantly unstable parametric performance.  Frequently parametric data measured after 1000 hours were almost identical to the initial measurements.  Also, frequently the DC leakage current measured during and after the test was lower than that measured before the test.  Finally, even though the tantalum polymer devices had ten times higher catalog DC leakage limits, frequently their measured DC leakage was similar or only slightly higher than that of the comparable MnO2 devices. 
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Figure 11.  120Hz Capacitance and DF, 100kHz ESR, and DC Leakage Current at Rated Voltage during 85oC Dry Life Testing at Rated Voltage of 220uF, 4V MnO2-Based Tantalum Capacitors Made by Manufacturer A.
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Figure 12.  120Hz Capacitance and DF, 100kHz ESR, and DC Leakage Current at Rated Voltage during 85oC Dry Life Testing at Rated Voltage of 220uF, 4V Tantalum Polymer Capacitors Made by Manufacturer B.
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Figure 13.  120Hz Capacitance and DF, 100kHz ESR, and DC Leakage Current at Rated Voltage during 85oC Dry Life Testing at Rated Voltage of 220uF, 4V Tantalum Polymer Capacitors Made by Manufacturer D.
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Figure 14.  120Hz Capacitance and DF, 100kHz ESR, and DC Leakage Current at Rated Voltage during 85oC Dry Life Testing at Rated Voltage of 100uF, 6.3V MnO2-Based Tantalum Capacitors Made by Manufacturer A.
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Figure 15.  120Hz Capacitance and DF, 100kHz ESR, and DC Leakage Current at Rated Voltage during 85oC Dry Life Testing at Rated Voltage of 100uF, 6.3V Tantalum Polymer Capacitors Made by Manufacturer C.

[image: image53.emf]0


.


0


1


%


0


.


1


%


1


%


5


%


1


0


%


2


0


%


3


0


%


5


0


%


7


0


%


8


0


%


9


0


%


9


5


%


9


9


%


9


9


.


9


%


9


9


.


9


9


%


8


0


1


0


0


1


2


0


0


h


 


M


e


d


i


a


n


 


C


a


p


:


 


9


5


.


8


4


µ


F


2


5


0


h


 


M


e


d


i


a


n


 


C


a


p


:


 


9


4


.


6


5


µ


F


 


5


0


0


h


 


M


e


d


i


a


n


 


C


a


p


:


 


9


4


.


3


2


µ


F


1


0


0


0


h


 


M


e


d


i


a


n


 


C


a


p


:


 


9


2


.


0


4


µ


F


+


2


0


%


N


o


m


i


n


a


l


-


2


0


%


E


K


R


 


-


 


1


1


/


2


0


/


2


0


0


6


C


a


p


 


@


 


1


2


0


H


z


 


(


µ


F


)


N


o


r


m


a


l


 


P


e


r


c


e


n


t


i


l


e


C


a


p


a


c


i


t


a


n


c


e


 


d


u


r


i


n


g


 


8


5


°


C


 


L


i


f


e


 


f


o


r


 


1


0


0


m


F


,


 


6


.


3


V


 


M


f


g


-


D


 


T


a


 


P


o


l


y


 


C


a


p


a


c


i


t


o


r


s




0.01%

0.1%

1%

5%

10%

20%

30%

50%

70%

80%

90%

95%

99%

99.9%

99.99%

80 100 120

0h Median Cap: 95.84µF

250h Median Cap: 94.65µF

 500h Median Cap: 94.32µF

1000h Median Cap: 92.04µF

+20% Nominal -20%

EKR - 11/20/2006

Cap @ 120Hz (µF)

N

o

r

m

a

l

 

P

e

r

c

e

n

t

i

l

e

Capacitance during 85C Life for 100F, 6.3V Mfg-D Ta Poly Capacitors

[image: image54.emf]0


.


0


1


%


0


.


1


%


1


%


5


%


1


0


%


2


0


%


3


0


%


5


0


%


7


0


%


8


0


%


9


0


%


9


5


%


9


9


%


9


9


.


9


%


9


9


.


9


9


%


0


5


1


0


1


5


2


0


0


h


 


M


e


d


i


a


n


 


%


 


D


F


:


 


3


.


1


6


%


2


5


0


h


 


M


e


d


i


a


n


 


%


 


D


F


:


 


2


.


4


2


%


5


0


0


h


 


M


e


d


i


a


n


 


%


 


D


F


:


 


2


.


6


3


%


1


0


0


0


h


 


M


e


d


i


a


n


 


%


 


D


F


:


 


2


.


3


1


%


M


a


x


 


D


F


 


~


 


1


0


%


E


K


R


 


-


 


1


1


/


2


7


/


2


0


0


6


%


D


F


 


@


 


1


2


0


H


z


N


o


r


m


a


l


 


P


e


r


c


e


n


t


i


l


e


D


i


s


s


i


p


a


t


i


o


n


 


F


a


c


t


o


r


 


d


u


r


i


n


g


 


8


5


°


C


 


L


i


f


e


 


f


o


r


 


1


0


0


m


F


,


 


6


.


3


V


 


M


f


g


-


D


 


T


a


 


P


o


l


y


 


C


a


p


a


c


i


t


o


r


s




0.01%

0.1%

1%

5%

10%

20%

30%

50%

70%

80%

90%

95%

99%

99.9%

99.99%

0 5 10 15 20

0h Median % DF: 3.16%

250h Median % DF: 2.42%

500h Median % DF: 2.63%

1000h Median % DF: 2.31%

Max DF 

~ 10%

EKR - 11/27/2006

%DF @ 120Hz

N

o

r

m

a

l

 

P

e

r

c

e

n

t

i

l

e

Dissipation Factor during 85C Life for 100F, 6.3V Mfg-D Ta Poly Capacitors


[image: image55.emf]0


.


0


1


%


0


.


1


%


1


%


5


%


1


0


%


2


0


%


3


0


%


5


0


%


7


0


%


8


0


%


9


0


%


9


5


%


9


9


%


9


9


.


9


%


9


9


.


9


9


%


1


1


0


1


0


0


1


0


0


0


0


h


 


M


e


d


i


a


n


 


E


S


R


:


 


5


9


.


4


9


m


O


2


5


0


h


 


M


e


d


i


a


n


 


E


S


R


:


 


6


0


.


0


6


m


O


5


0


0


h


 


M


e


d


i


a


n


 


E


S


R


:


 


5


9


.


2


7


m


O


1


0


0


0


h


 


M


e


d


i


a


n


 


E


S


R


:


 


5


9


.


0


3


m


O


M


a


x


 


E


S


R


 


 


~


7


0


m


W


E


K


R


 


-


 


1


1


/


2


9


/


2


0


0


6


E


S


R


 


@


 


1


0


0


k


H


z


 


(


m


O


h


m


s


)


N


o


r


m


a


l


 


P


e


r


c


e


n


t


i


l


e


E


S


R


 


d


u


r


i


n


g


 


8


5


°


C


 


L


i


f


e


 


f


o


r


 


1


0


0


m


F


,


 


6


.


3


V


 


M


f


g


-


D


 


T


a


 


P


o


l


y


 


C


a


p


a


c


i


t


o


r


s




0.01%

0.1%

1%

5%

10%

20%

30%

50%

70%

80%

90%

95%

99%

99.9%

99.99%

1 10 100 1000

0h Median ESR: 59.49mO

250h Median ESR: 60.06mO

500h Median ESR: 59.27mO

1000h Median ESR: 59.03mO

Max ESR 

 ~70m

EKR - 11/29/2006

ESR @ 100kHz (mOhms)

N

o

r

m

a

l

 

P

e

r

c

e

n

t

i

l

e

ESR during 85C Life for 100F, 6.3V Mfg-D Ta Poly Capacitors

[image: image56.emf]0


.


0


1


%


0


.


1


%


1


%


5


%


1


0


%


2


0


%


3


0


%


5


0


%


7


0


%


8


0


%


9


0


%


9


5


%


9


9


%


9


9


.


9


%


9


9


.


9


9


%


0


.


1


1


1


0


1


0


0


1


0


0


0


1


0


0


0


0


0


h


 


M


e


d


i


a


n


 


D


C


L


:


 


2


.


1


2


µ


A


2


5


0


h


 


M


e


d


i


a


n


 


D


C


L


:


 


2


.


1


7


µ


A


5


0


0


h


 


M


e


d


i


a


n


 


D


C


L


:


 


2


.


7


1


µ


A


1


0


0


0


h


 


M


e


d


i


a


n


 


D


C


L


:


 


1


.


9


6


µ


A


1


0


0


0


h


 


M


e


d


i


a


n


 


8


5


°


C


 


D


C


L


:


 


4


.


5


5


µ


A


M


a


x


 


D


C


L


 


 


~


6


3


m


A


E


K


R


 


-


 


1


/


3


0


/


2


0


0


7


D


C


 


L


e


a


k


a


g


e


 


(


µ


A


)


N


o


r


m


a


l


 


P


e


r


c


e


n


t


i


l


e


D


C


 


L


e


a


k


a


g


e


 


d


u


r


i


n


g


 


8


5


°


C


 


L


i


f


e


 


f


o


r


 


1


0


0


m


F


,


 


6


.


3


V


 


M


f


g


-


D


 


T


a


 


P


o


l


y


 


C


a


p


a


c


i


t


o


r


s




0.01%

0.1%

1%

5%

10%

20%

30%

50%

70%

80%

90%

95%

99%

99.9%

99.99%

0.1 1 10 100 1000 10000

0h Median DCL: 2.12µA

250h Median DCL: 2.17µA

500h Median DCL: 2.71µA

1000h Median DCL: 1.96µA

1000h Median 85C DCL: 4.55µA

Max DCL 

 ~63A

EKR - 1/30/2007

DC Leakage (µA)

N

o

r

m

a

l

 

P

e

r

c

e

n

t

i

l

e

DC Leakage during 85C Life for 100F, 6.3V Mfg-D Ta Poly Capacitors


Figure 16.  120Hz Capacitance and DF, 100kHz ESR, and DC Leakage Current at Rated Voltage during 85oC Dry Life Testing at Rated Voltage of 100uF, 6.3V Tantalum Polymer Capacitors Made by Manufacturer D.
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Figure 17.  120Hz Capacitance and DF, 100kHz ESR, and DC Leakage Current at Rated Voltage during 85oC Dry Life Testing at Rated Voltage of 330uF, 6.3V MnO2-Based Tantalum Capacitors Made by Manufacturer A.
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Figure 18.  120Hz Capacitance and DF, 100kHz ESR, and DC Leakage Current at Rated Voltage during 85oC Dry Life Testing at Rated Voltage of 330uF, 6.3V Tantalum Polymer Capacitors Made by Manufacturer B.
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Figure 19.  120Hz Capacitance and DF, 100kHz ESR, and DC Leakage Current at Rated Voltage during 85oC Dry Life Testing at Rated Voltage of 330uF, 6.3V Tantalum Polymer Capacitors Made by Manufacturer D.
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Figure 20.  120Hz Capacitance and DF, 100kHz ESR, and DC Leakage Current at Rated Voltage during 85oC Dry Life Testing at Rated Voltage of 100uF, 10V MnO2-Based Tantalum Capacitors Made by Manufacturer A.
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Figure 21.  120Hz Capacitance and DF, 100kHz ESR, and DC Leakage Current at Rated Voltage during 85oC Dry Life Testing at Rated Voltage of 100uF, 10V Tantalum Polymer Capacitors Made by Manufacturer B.
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Figure 22.  120Hz Capacitance and DF, 100kHz ESR, and DC Leakage Current at Rated Voltage during 85oC Dry Life Testing at Rated Voltage of 100uF, 10V Tantalum Polymer Capacitors Made by Manufacturer D.
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Figure 23.  120Hz Capacitance and DF, 100kHz ESR, and DC Leakage Current at Rated Voltage during 85oC Dry Life Testing at Rated Voltage of 47uF, 16V MnO2-Based Tantalum Capacitors Made by Manufacturer A.
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Figure 24.  120Hz Capacitance and DF, 100kHz ESR, and DC Leakage Current at Rated Voltage during 85oC Dry Life Testing at Rated Voltage of 47uF, 16V Tantalum Polymer Capacitors Made by Manufacturer B.
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Figure 25.  120Hz Capacitance and DF, 100kHz ESR, and DC Leakage Current at Rated Voltage during 85oC Dry Life Testing at Rated Voltage of 22uF, 16V Tantalum Polymer Capacitors Made by Manufacturer C.
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Figure 26.  120Hz Capacitance and DF, 100kHz ESR, and DC Leakage Current at Rated Voltage during 85oC Dry Life Testing at Rated Voltage of 47uF, 16V Tantalum Polymer Capacitors Made by Manufacturer D.

125oC Test Results

Parametric data collected during the 125oC lifetests appear in Figures 27-42.  The data are generally grouped by capacitance and rated voltage.  The only exception is the case where the 22 F, 16V capacitors are grouped with the 47 F, 16V capacitors as mentioned earlier, and as was true for the 85oC lifetests.   The format for the figures is the same as used for the 85oC lifetests and the same comments regarding choice of limits apply.

Data for the 220 F, 4 V devices appear in Figures 27-29.  Each manufacturer’s devices again performed very well with almost no degradation observed during the test.   Again as expected, the ESR of the tantalum polymer capacitors was significantly lower than that of the MnO2 devices and the DC leakage of the tantalum polymer devices was generally a little higher than that of the MnO2 devices.   Mfg-B’s devices showed a little more shift of capacitance and DF after the start of the test, but this is thought to be the result of higher internal moisture being driven off by the test conditions and is not thought to have any reliability significance.
Data for the 100 F, 6.3 V devices appear in Figures 30-32.  The MnO2-based devices set a high standard of performance with almost rock-solid parameters during the test as can be observed in Figure 30.  Their only weakness was a few devices with higher than expected, but substantially stable, 120 Hz DF.  In contrast, Mfg-C’s tantalum polymer capacitors didn’t consistently perform as well at 125oC with one device that showed very low capacitance and very high DF and ESR after 250 hours.  DC leakage of this device was not affected, so it effectively failed to a high-impedance state which is consistent with degradation of the tantalum polymer at high temperature.  These devices were rated for use at 125oC.   The remainder of the devices performed well.  
Mfg-D’s tantalum polymer devices fared somewhat better, but also showed signs of stress as can be seen in Figure 32.  Capacitance, DF, and ESR shifted somewhat inconsistently from part to part during the test in a pattern that suggested some degradation of the conductive polymer at 125oC.  To their credit, these devices were only rated for use up to 105oC which suggests that the manufacturer expected difficulty at higher temperatures.   Also evident in Figure 32 is lower 85oC DC leakage current at 1000 hours than was measured at room temperature.  This indicates the presence of the slow-charging phenomenon.
Data for the 330 F, 6.3 V devices appear in Figures 33-35.  Again Mfg-A’s MnO2-based devices performed very well.  Mfg-B’s polymer-based devices also performed well.  These devices demonstrated minor moisture-loss capacitance and DF shifts after the start of testing that were similar to those seen during the 85oC tests.  Mfg-D’s polymer-based devices did not fare so well.   While DC leakage performance was very good, significant parametric shifts were seen in capacitance, DF, and ESR that are consistent with degradation of the conductive polymer.   These devices are only rated for use to 105oC, so these shifts are not unexpected.
Data for the 100 F, 10 V devices appear in Figures 36-38.  Performance of the MnO2-based devices was again quite good.  A few of the devices had slightly high DC leakage current at the start of the test, but improved as the test proceeded.  Mfg-B’s tantalum polymer devices performed very well with only minor moisture-loss related parametric shifts at the start of the test.   
Mfg-D’s tantalum polymer devices also performed well with a few minor issues.  Two devices had slightly higher ESR at 1000 hours than was seen at earlier measurement points.  This could be evidence of the start of some degradation of the conductive polymer.  These devices also demonstrated the slow-charging effect during room temperature DC leakage measurements at 500 hours and 1000 hours.  Observe in Figure 38 that the 1000 hour 85oC DC leakage was more than an order of magnitude lower than the room-temperature measurement and was also lower than the room-temperature initial catalog limit.  Low DC leakage at 85oC likely indicates no substantial degradation of the dielectric itself.
Data for the 47 F, 16 V devices (and Mfg-C’s 22 F, 16V devices) appear in Figures 39-42.  Again the performance of the MnO2-based devices was good as seen in Figure 39.  Mfg-B’s tantalum polymer devices also performed well.  Some moisture-loss related shift in capacitance and DF was observed at the start of the test as can be seen in Figure 40.  Also, the 85oC DC leakage was lower than seen at room temperature indicating that these devices are starting to demonstrate the slow charging phenomenon.  
Mfg-C’s 22 F, 16V tantalum polymer devices didn’t perform as well as the other 16V devices with one device demonstrating significant degradation of the conductive polymer which caused substantial loss of capacitance and very high DF and ESR.  DC leakage performance was good, but the 85oC DC leakage at 1000 hours was somewhat lower than the room-temperature leakage which shows evidence of the slow-charging phenomenon.   These devices were rated for use up to 125oC.   Mfg-D’s tantalum polymer devices performed well, but did demonstrate a little of the room-temperature slow-charging phenomenon.
Overall, the MnO2-based devices tested at 125oC performed very well, as expected, but the performance of the tantalum polymer capacitors at 125oC was somewhat mixed with occasional evidence of conductive polymer degradation that was not seen at 85oC.   Many of the devices that showed evidence of polymer degradation were rated at only 105oC which indicates that the manufacture recognized the danger of excessive temperature exposure.   However, some of the under-performing devices were actually rated at 125oC, but ultimately suffered degradation at that temperature.  This indicates that the manufacturer either did not recognize the risk of high-temperature exposure or was overly optimistic in his marketing efforts.  
In any event, it is probably wise to limit the high-temperature exposure of tantalum polymer capacitors to roughly 90oC in aerospace applications.  This temperature is chosen to be consistent with the lower 105oC rated temperature of many tantalum polymer capacitors and the usual 15oC temperature derating seen in various aerospace derating guidelines.  The testing performed here indicates that many tantalum polymer capacitors can indeed survive 125oC exposure, but this is unfortunately not universally true.
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Figure 27.  120Hz Capacitance and DF, 100kHz ESR, and DC Leakage Current at Rated Voltage during 125oC Dry Life Testing at 2/3 Rated Voltage of 220uF, 4V MnO2-Based Tantalum Capacitors Made by Manufacturer A.
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Figure 28.  120Hz Capacitance and DF, 100kHz ESR, and DC Leakage Current at Rated Voltage during 125oC Dry Life Testing at 2/3 Rated Voltage of 220uF, 4V Tantalum Polymer Capacitors Made by Manufacturer B.
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Figure 29.  120Hz Capacitance and DF, 100kHz ESR, and DC Leakage Current at Rated Voltage during 125oC Dry Life Testing at 2/3 Rated Voltage of 220uF, 4V Tantalum Polymer Capacitors Made by Manufacturer D.
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Figure 30.  120Hz Capacitance and DF, 100kHz ESR, and DC Leakage Current at Rated Voltage during 125oC Dry Life Testing at 2/3 Rated Voltage of 100uF, 6.3V MnO2-Based Tantalum Capacitors Made by Manufacturer A.
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Figure 31.  120Hz Capacitance and DF, 100kHz ESR, and DC Leakage Current at Rated Voltage during 125oC Dry Life Testing at 2/3 Rated Voltage of 100uF, 6.3V Tantalum Polymer Capacitors Made by Manufacturer C.
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Figure 32.  120Hz Capacitance and DF, 100kHz ESR, and DC Leakage Current at Rated Voltage during 125oC Dry Life Testing at 2/3 Rated Voltage of 100uF, 6.3V Tantalum Polymer Capacitors Made by Manufacturer D.
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Figure 33.  120Hz Capacitance and DF, 100kHz ESR, and DC Leakage Current at Rated Voltage during 125oC Dry Life Testing at 2/3 Rated Voltage of 330uF, 6.3V MnO2-Based Tantalum Capacitors Made by Manufacturer A.
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Figure 34.  120Hz Capacitance and DF, 100kHz ESR, and DC Leakage Current at Rated Voltage during 125oC Dry Life Testing at 2/3 Rated Voltage of 330uF, 6.3V Tantalum Polymer Capacitors Made by Manufacturer B.
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Figure 35.  120Hz Capacitance and DF, 100kHz ESR, and DC Leakage Current at Rated Voltage during 125oC Dry Life Testing at 2/3 Rated Voltage of 330uF, 6.3V Tantalum Polymer Capacitors Made by Manufacturer D.
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Figure 36.  120Hz Capacitance and DF, 100kHz ESR, and DC Leakage Current at Rated Voltage during 125oC Dry Life Testing at 2/3 Rated Voltage of 100uF, 10V MnO2-Based Tantalum Capacitors Made by Manufacturer A.
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Figure 37.  120Hz Capacitance and DF, 100kHz ESR, and DC Leakage Current at Rated Voltage during 125oC Dry Life Testing at 2/3 Rated Voltage of 100uF, 10V Tantalum Polymer Capacitors Made by Manufacturer B.
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Figure 38.  120Hz Capacitance and DF, 100kHz ESR, and DC Leakage Current at Rated Voltage during 125oC Dry Life Testing at 2/3 Rated Voltage of 100uF, 10V  Tantalum Polymer Capacitors Made by Manufacturer D.
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Figure 39.  120Hz Capacitance and DF, 100kHz ESR, and DC Leakage Current at Rated Voltage during 125oC Dry Life Testing at 2/3 Rated Voltage of 47uF, 16V MnO2-Based Tantalum Capacitors Made by Manufacturer A.
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Figure 40.  120Hz Capacitance and DF, 100kHz ESR, and DC Leakage Current at Rated Voltage during 125oC Dry Life Testing at 2/3 Rated Voltage of 47uF, 16V Tantalum Polymer Capacitors Made by Manufacturer B.
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Figure 41.  120Hz Capacitance and DF, 100kHz ESR, and DC Leakage Current at Rated Voltage during 125oC Dry Life Testing at 2/3 Rated Voltage of 22uF, 16V Tantalum Polymer Capacitors Made by Manufacturer C.
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Figure 42.  120Hz Capacitance and DF, 100kHz ESR, and DC Leakage Current at Rated Voltage during 125oC Dry Life Testing at 2/3 Rated Voltage of 47uF, 16V Tantalum Polymer Capacitors Made by Manufacturer D.

85oC/85%RH Humidity Test Results

Parametric data collected during the 85oC/85%RH humidity tests appear in Figures 43-58.  The data grouping and format in the figures is the same as used for the 85oC and 125oC lifetests and the same comments apply regarding choice of limits.   

An additional room-temperature DC leakage measurement was made at the end of each humidity test after drying out the capacitors at 150oC for 24 hours.  This measurement highlights the total possible parametric shift from the moisture-saturated state to the fully dry state.  Also the drying process can show potential sensitivity to pre-heat and reflow soldering damage if the capacitors are not reasonably dry prior to such exposure.

Data for the 220 F, 4 V devices appear in Figures 43-45.  Performance of Mfg-A’s MnO2-based devices was generally very good, but the DC leakage after the dry-out step was increased by roughly a factor of 10, pushing some devices slightly over the initial catalog limit.  Total shift in capacitance, DF, and ESR between the wet and dry states was very small.  
Mfg-B’s tantalum polymer capacitors also did well on the test.  However, much more significant shifts in capacitance and DF between the wet and dry states were observed.   DC leakage current was substantially increased by drying out the devices, but all devices still fell below the initial catalog limit.  Mfg-D’s tantalum polymer devices demonstrated somewhat less capacitance and DF shift between the wet and dry states than did Mfg-B’s devices, but some of the devices had DC leakage which exceeded the initial catalog limit.  The highest DC leakages were improved after the 150oC dry-out. 
Data for the 100 F, 6.3 V devices appear in Figures 46-48.  Other than elevated DF, that substantially exceeded the initial catalog limit throughout the test, the MnO2-based devices performed well on the humidity test.   However, Mfg-C’s tantalum polymer capacitors demonstrated substantially elevated DC leakage current, even after the 150oC dry-out.  But ESR stability was good.   Mfg-D’s tantalum polymer capacitors demonstrated generally good performance with two devices slightly exceeding the initial DC leakage limit only after the 150oC dry-out.  This may indicate some sensitivity to high-temperature exposure when the devices are saturated with moisture.
Data for the 330 F, 6.3 V devices appear in Figures 49-51.  The MnO2-based devices demonstrated moderate increases in DF and ESR during the test.  These increases were substantially erased by the 150oC dry-out.  Capacitance and DC leakage current were stable.  Mfg-B’s tantalum polymer capacitors were generally well-behaved.   DC leakage current fell during the test, but then returned to pre-test levels after the 150oC dry-out.   This indicates that DC leakage current in undamaged tantalum polymer capacitors may be linked to the presence (or, rather, absence) of moisture, demonstrating higher levels when the device is dry.  
Mfg-D’s tantalum polymer capacitors did not fare well during the humidity test.  Two devices failed short-circuit after 250 hours.  Many other devices demonstrated progressively deteriorating DC leakage during the course of the test indicating some kind of steady dielectric degradation.  Only slight improvement in DC leakage was observed after the 150oC dry-out.  However, the DF and ESR of the surviving devices were stable which indicates that the cathode interfaces were not damaged by the humidity. 
Data for the 100 F, 10 V devices appear in Figures 52-54.  Very stable capacitance, DF, and ESR were observed for Mfg-A’s MnO2-based devices.  However, DC leakage was elevated throughout the test with half of the devices exceeding the initial catalog limit after 250 hours.  The DC leakage further deteriorated after the 150oC dry-out, but none of the devices became short-circuit failures.   This demonstrates that the 85oC/85%RH humidity environment is very challenging, even for the well-established MnO2-based devices.  
Mfg-B’s tantalum polymer capacitors performed well on the humidity test with substantially stable capacitance, DF, and ESR and DC leakage.  One device produced odd capacitance and DF results at 1000 hours.  This capacitor measured low capacitance when it was removed from the test chamber, but normal capacitance after the 150oC dry-out.  The same capacitor measured normal DF after it was removed from the test chamber, but high DF after 150oC dry-out.  Later investigation of this device was inconclusive because the device then acted normally.  It is thought that there was imperfect contact between the test board contacts and the test fixture for this test position after 1000 hours of exposure to the humid test environment.
Mfg-D’s tantalum polymer capacitors showed substantially stable DF and ESR, but strongly elevated DC leakage current.   Degradation of DC leakage current started at 250 hours with one device and ended with very high leakage current for about half the tested capacitors at the end of the test.  The dry-out treatment at 1000 hours had no significant impact (good or bad) on the resulting leakage current. 
Data for the 47 F, 16 V devices (and Mfg-C’s 22 F, 16V devices) appear in Figures 55-58.  Mfg-A’s MnO2-based tantalum capacitors demonstrated substantially stable capacitance, DF, and ESR during the humidity test, but suffered degradation of DC leakage current for roughly half the devices starting at 250 hours.  However, none of the devices suffered short-circuit breakdown.  Mfg-B’s tantalum polymer devices behaved in substantially opposite fashion.  Starting with the 250 hour data, substantial deterioration of capacitance, DF, and ESR were observed.  DC leakage was relatively constant during the test, but was negatively affected by the 150oC dry-out.  These results point strongly to physical disruption of the interface between the dielectric and the cathode layers rather than steady dielectric deterioration.  It is thought that the increased DC leakage after the 150oC dry-out is driven by physical damage of the dielectric.
Mfg-C’s 16V devices suffered the same fate as devices of both Mfg-A and Mfg-B.  That is, there was evidence of both steady dielectric deterioration and dielectric-cathode disruption, but the dielectric-cathode disruption did not become evident until after 1000 hours of testing.   Mfg-D’s tantalum polymer capacitors survived the humidity test relatively unscathed, but DC leakage was significantly disturbed by the 150oC dry-out.  Prior to the dry-out step, the leakage had dropped and then risen to roughly initial levels which is very good humidity performance.  It is thought that the devices that were adversely affected by the dry-out step were physically damaged by the rapid heating of the trapped moisture at 150oC.   This indicates that these devices may also be fairly sensitive to reflow mounting if their internal moisture content is not controlled prior to mounting.  

Overall, one lesson learned from the humidity testing is that all tantalum chip capacitors are somewhat vulnerable to degradation due to biased moisture exposure at elevated temperatures.  The degradation can affect both the dielectric itself and the interfaces between the cathode connection layers.   It appears that the tantalum polymer devices are generally more sensitive than are the MnO2-based devices, but this difference may more greatly reflect the relative maturity of the two technologies rather than any substantial absolute difference in fundamental capability.  Indeed, many of the tantalum polymer capacitors performed very well which means that good performance is possible and better performance will likely occur as manufacturing processes are improved.  
All of the tantalum polymer devices were shipped in moisture controlled packaging that included desiccant.  This indicates that the manufacturers are aware of the moisture sensitivity of these devices, especially potential damage that might occur during board mounting.  Long-term moisture problems are not a significant threat in sealed hybrid circuits and in space applications, but it would certainly be prudent for users to control moisture exposure prior to board mounting.   
There is no field-failure evidence that tantalum polymer capacitors are harmed by routine exposure to room-ambient humidity after board mounting.  Room-ambient humidity is dramatically less severe than the 85oC/85%RH test conditions.   These harsh test conditions were originally employed in the early 1980s to accelerate failure mechanisms in MnO2-based tantalum capacitors and did a good job of accelerating the silver-ion migration mechanism and ESR shifts due to cathode-layer disruption.  While it is expected that the cathode-layer effects are essentially similar in both MnO2- and polymer-based tantalum capacitors, the significance of poor dielectric performance on this test by the polymer-based tantalum capacitors is not well understood, and even the rough order of magnitude of acceleration between the test conditions and typical room-ambient conditions is currently unknown.  
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Figure 43.  120Hz Capacitance and DF, 100kHz ESR, and DC Leakage Current at Rated Voltage during 85oC/85%RH Humidity Testing at Rated Voltage of 220uF, 4V MnO2-Based Tantalum Capacitors Made by Manufacturer A.
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Figure 44.  120Hz Capacitance and DF, 100kHz ESR, and DC Leakage Current at Rated Voltage during 85oC/85%RH Humidity Testing at Rated Voltage of 220uF, 4V Tantalum Polymer Capacitors Made by Manufacturer B.
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Figure 45.  120Hz Capacitance and DF, 100kHz ESR, and DC Leakage Current at Rated Voltage during 85oC/85%RH Humidity Testing at Rated Voltage of 220uF, 4V Tantalum Polymer Capacitors Made by Manufacturer D.
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Figure 46.  120Hz Capacitance and DF, 100kHz ESR, and DC Leakage Current at Rated Voltage during 85oC/85%RH Humidity Testing at Rated Voltage of 100uF, 6.3V MnO2-Based Tantalum Capacitors Made by Manufacturer A.
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Figure 47.  120Hz Capacitance and DF, 100kHz ESR, and DC Leakage Current at Rated Voltage during 85oC/85%RH Humidity Testing at Rated Voltage of 100uF, 6.3V Tantalum Polymer Capacitors Made by Manufacturer C.

[image: image181.emf]0


.


0


1


%


0


.


1


%


1


%


5


%


1


0


%


2


0


%


3


0


%


5


0


%


7


0


%


8


0


%


9


0


%


9


5


%


9


9


%


9


9


.


9


%


9


9


.


9


9


%


8


0


1


0


0


1


2


0


0


h


 


M


e


d


i


a


n


 


C


a


p


:


 


9


5


.


8


1


µ


F


2


5


0


h


 


M


e


d


i


a


n


 


C


a


p


:


 


1


0


7


.


2


4


µ


F


5


0


0


h


 


M


e


d


i


a


n


 


C


a


p


:


 


1


0


8


.


1


8


µ


F


1


0


0


0


h


 


M


e


d


i


a


n


 


C


a


p


:


 


1


0


8


.


4


4


µ


F


1


5


0


C


 


2


4


h


 


D


r


y


 


M


e


d


i


a


n


 


C


a


p


:


 


8


9


.


3


5


µ


F


+


2


0


%


N


o


m


i


n


a


l


-


2


0


%


E


K


R


 


-


 


1


1


/


2


0


/


2


0


0


6


C


a


p


 


@


 


1


2


0


H


z


 


(


µ


F


)


N


o


r


m


a


l


 


P


e


r


c


e


n


t


i


l


e


C


a


p


a


c


i


t


a


n


c


e


 


d


u


r


i


n


g


 


8


5


°


C


/


8


5


%


R


H


 


f


o


r


 


1


0


0


m


F


,


 


6


.


3


V


 


M


f


g


-


D


 


T


a


 


P


o


l


y


 


C


a


p


a


c


i


t


o


r


s




0.01%

0.1%

1%

5%

10%

20%

30%

50%

70%

80%

90%

95%

99%

99.9%

99.99%

80 100 120

0h Median Cap: 95.81µF

250h Median Cap: 107.24µF

500h Median Cap: 108.18µF

1000h Median Cap: 108.44µF

150C 24h Dry Median Cap: 89.35µF

+20% Nominal -20%

EKR - 11/20/2006

Cap @ 120Hz (µF)

N

o

r

m

a

l

 

P

e

r

c

e

n

t

i

l

e

Capacitance during 85C/85%RH for 100F, 6.3V Mfg-D Ta Poly Capacitors

[image: image182.emf]0


.


0


1


%


0


.


1


%


1


%


5


%


1


0


%


2


0


%


3


0


%


5


0


%


7


0


%


8


0


%


9


0


%


9


5


%


9


9


%


9


9


.


9


%


9


9


.


9


9


%


0


5


1


0


1


5


2


0


0


h


 


M


e


d


i


a


n


 


%


 


D


F


:


 


3


.


1


7


%


2


5


0


h


 


M


e


d


i


a


n


 


%


 


D


F


:


 


2


.


2


9


%


5


0


0


h


 


M


e


d


i


a


n


 


%


 


D


F


:


 


3


.


3


7


%


1


0


0


0


h


 


M


e


d


i


a


n


 


%


 


D


F


:


 


3


.


8


2


%


1


5


0


C


 


2


4


h


 


D


r


y


 


M


e


d


i


a


n


 


%


 


D


F


:


 


2


.


5


6


%


M


a


x


 


D


F


 


~


 


1


0


%


E


K


R


 


-


 


1


1


/


2


7


/


2


0


0


6


%


D


F


 


@


 


1


2


0


H


z


N


o


r


m


a


l


 


P


e


r


c


e


n


t


i


l


e


D


i


s


s


i


p


a


t


i


o


n


 


F


a


c


t


o


r


 


d


u


r


i


n


g


 


8


5


°


C


/


8


5


%


R


H


 


f


o


r


 


1


0


0


m


F


,


 


6


.


3


V


 


M


f


g


-


D


 


T


a


 


P


o


l


y


 


C


a


p


a


c


i


t


o


r


s




0.01%

0.1%

1%

5%

10%

20%

30%

50%

70%

80%

90%

95%

99%

99.9%

99.99%

0 5 10 15 20

0h Median % DF: 3.17%

250h Median % DF: 2.29%

500h Median % DF: 3.37%

1000h Median % DF: 3.82%

150C 24h Dry Median % DF: 2.56%

Max DF 

~ 10%

EKR - 11/27/2006

%DF @ 120Hz

N

o

r

m

a

l

 

P

e

r

c

e

n

t

i

l

e

Dissipation Factor during 85C/85%RH for 100F, 6.3V Mfg-D Ta Poly Capacitors


[image: image183.emf]0


.


0


1


%


0


.


1


%


1


%


5


%


1


0


%


2


0


%


3


0


%


5


0


%


7


0


%


8


0


%


9


0


%


9


5


%


9


9


%


9


9


.


9


%


9


9


.


9


9


%


1


1


0


1


0


0


1


0


0


0


0


h


 


M


e


d


i


a


n


 


E


S


R


:


 


5


7


.


8


0


m


O


2


5


0


h


 


M


e


d


i


a


n


 


E


S


R


:


 


6


5


.


0


9


m


O


5


0


0


h


 


M


e


d


i


a


n


 


E


S


R


:


 


6


6


.


0


1


m


O


1


0


0


0


h


 


M


e


d


i


a


n


 


E


S


R


:


 


6


7


.


8


9


m


O


1


5


0


C


 


2


4


h


 


D


r


y


 


M


e


d


i


a


n


 


E


S


R


:


 


5


8


.


9


7


m


O


M


a


x


 


E


S


R


 


 


~


7


0


m


W


E


K


R


 


-


 


1


1


/


2


9


/


2


0


0


6


E


S


R


 


@


 


1


0


0


k


H


z


 


(


m


O


h


m


s


)


N


o


r


m


a


l


 


P


e


r


c


e


n


t


i


l


e


E


S


R


 


d


u


r


i


n


g


 


8


5


°


C


/


8


5


%


R


H


 


f


o


r


 


1


0


0


m


F


,


 


6


.


3


V


 


M


f


g


-


D


 


T


a


 


P


o


l


y


 


C


a


p


a


c


i


t


o


r


s




0.01%

0.1%

1%

5%

10%

20%

30%

50%

70%

80%

90%

95%

99%

99.9%

99.99%

1 10 100 1000

0h Median ESR: 57.80mO

250h Median ESR: 65.09mO

500h Median ESR: 66.01mO

1000h Median ESR: 67.89mO

150C 24h Dry Median ESR: 58.97mO

Max ESR 

 ~70m

EKR - 11/29/2006

ESR @ 100kHz (mOhms)

N

o

r

m

a

l

 

P

e

r

c

e

n

t

i

l

e

ESR during 85C/85%RH for 100F, 6.3V Mfg-D Ta Poly Capacitors

[image: image184.emf]0


.


0


1


%


0


.


1


%


1


%


5


%


1


0


%


2


0


%


3


0


%


5


0


%


7


0


%


8


0


%


9


0


%


9


5


%


9


9


%


9


9


.


9


%


9


9


.


9


9


%


0


.


1


1


1


0


1


0


0


1


0


0


0


1


0


0


0


0


0


h


 


M


e


d


i


a


n


 


D


C


L


:


 


3


.


2


8


µ


A


2


5


0


h


 


M


e


d


i


a


n


 


D


C


L


:


 


1


.


5


8


µ


A


5


0


0


h


 


M


e


d


i


a


n


 


D


C


L


:


 


2


.


4


9


µ


A


1


0


0


0


h


 


M


e


d


i


a


n


 


D


C


L


:


 


4


.


9


6


µ


A


1


5


0


C


 


2


4


h


 


D


r


y


 


M


e


d


i


a


n


 


D


C


L


:


 


6


.


0


8


µ


A


M


a


x


 


D


C


L


 


 


~


6


3


m


A


E


K


R


 


-


 


1


2


/


1


/


2


0


0


6


D


C


 


L


e


a


k


a


g


e


 


(


µ


A


)


N


o


r


m


a


l


 


P


e


r


c


e


n


t


i


l


e


D


C


 


L


e


a


k


a


g


e


 


d


u


r


i


n


g


 


8


5


°


C


/


8


5


%


R


H


 


f


o


r


 


1


0


0


m


F


,


 


6


.


3


V


 


M


f


g


-


D


 


T


a


 


P


o


l


y


 


C


a


p


a


c


i


t


o


r


s




0.01%

0.1%

1%

5%

10%

20%

30%

50%

70%

80%

90%

95%

99%

99.9%

99.99%

0.1 1 10 100 1000 10000

0h Median DCL: 3.28µA

250h Median DCL: 1.58µA

500h Median DCL: 2.49µA

1000h Median DCL: 4.96µA

150C 24h Dry Median DCL: 6.08µA

Max DCL 

 ~63A

EKR - 12/1/2006

DC Leakage (µA)

N

o

r

m

a

l

 

P

e

r

c

e

n

t

i

l

e

DC Leakage during 85C/85%RH for 100F, 6.3V Mfg-D Ta Poly Capacitors


Figure 48.  120Hz Capacitance and DF, 100kHz ESR, and DC Leakage Current at Rated Voltage during 85oC/85%RH Humidity Testing at Rated Voltage of 100uF, 6.3V Tantalum Polymer Capacitors Made by Manufacturer D.
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Figure 49.  120Hz Capacitance and DF, 100kHz ESR, and DC Leakage Current at Rated Voltage during 85oC/85%RH Humidity Testing at Rated Voltage of 330uF, 6.3V MnO2-Based Tantalum Capacitors Made by Manufacturer A.
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Figure 50.  120Hz Capacitance and DF, 100kHz ESR, and DC Leakage Current at Rated Voltage during 85oC/85%RH Humidity Testing at Rated Voltage of 330uF, 6.3V Tantalum Polymer Capacitors Made by Manufacturer B.
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Figure 51.  120Hz Capacitance and DF, 100kHz ESR, and DC Leakage Current at Rated Voltage during 85oC/85%RH Humidity Testing at Rated Voltage of 330uF, 6.3V Tantalum Polymer Capacitors Made by Manufacturer D.

[image: image197.emf]0


.


0


1


%


0


.


1


%


1


%


5


%


1


0


%


2


0


%


3


0


%


5


0


%


7


0


%


8


0


%


9


0


%


9


5


%


9


9


%


9


9


.


9


%


9


9


.


9


9


%


8


0


1


0


0


1


2


0


0


h


 


M


e


d


i


a


n


 


C


a


p


:


 


9


2


.


7


5


µ


F


2


5


0


h


 


M


e


d


i


a


n


 


C


a


p


:


 


9


2


.


4


9


µ


F


5


0


0


h


 


M


e


d


i


a


n


 


C


a


p


:


 


9


2


.


7


9


µ


F


1


0


0


0


h


 


M


e


d


i


a


n


 


C


a


p


:


 


9


2


.


7


0


µ


F


1


5


0


C


 


2


4


h


 


D


r


y


 


M


e


d


i


a


n


 


C


a


p


:


 


9


0


.


7


0


µ


F


+


2


0


%


N


o


m


i


n


a


l


-


2


0


%


E


K


R


 


-


 


1


1


/


2


1


/


2


0


0


6


C


a


p


 


@


 


1


2


0


H


z


 


(


µ


F


)


N


o


r


m


a


l


 


P


e


r


c


e


n


t


i


l


e


C


a


p


a


c


i


t


a


n


c


e


 


d


u


r


i


n


g


 


8


5


°


C


/


8


5


%


R


H


 


f


o


r


 


1


0


0


m


F


,


 


1


0


V


 


M


f


g


-


A


 


M


n


O


2


 


T


a


 


C


a


p


a


c


i


t


o


r


s




0.01%

0.1%

1%

5%

10%

20%

30%

50%

70%

80%

90%

95%

99%

99.9%

99.99%

80 100 120

0h Median Cap: 92.75µF

250h Median Cap: 92.49µF

500h Median Cap: 92.79µF

1000h Median Cap: 92.70µF

150C 24h Dry Median Cap: 90.70µF

+20%

Nominal -20%

EKR - 11/21/2006

Cap @ 120Hz (µF)

N

o

r

m

a

l

 

P

e

r

c

e

n

t

i

l

e

Capacitance during 85C/85%RH for 100F, 10V Mfg-A MnO

2

 Ta Capacitors

[image: image198.emf]0


.


0


1


%


0


.


1


%


1


%


5


%


1


0


%


2


0


%


3


0


%


5


0


%


7


0


%


8


0


%


9


0


%


9


5


%


9


9


%


9


9


.


9


%


9


9


.


9


9


%


0


5


1


0


1


5


2


0


0


h


 


M


e


d


i


a


n


 


%


 


D


F


:


 


2


.


2


7


%


2


5


0


h


 


M


e


d


i


a


n


 


%


 


D


F


:


 


2


.


5


1


%


5


0


0


h


 


M


e


d


i


a


n


 


%


 


D


F


:


 


3


.


0


2


%


1


0


0


0


h


 


M


e


d


i


a


n


 


%


 


D


F


:


 


3


.


3


1


%


1


5


0


C


 


2


4


h


 


D


r


y


 


M


e


d


i


a


n


 


%


 


D


F


:


 


2


.


6


0


%


M


a


x


 


D


F


 


~


 


1


0


%


E


K


R


 


-


 


1


1


/


2


7


/


2


0


0


6


%


D


F


 


@


 


1


2


0


H


z


N


o


r


m


a


l


 


P


e


r


c


e


n


t


i


l


e


D


i


s


s


i


p


a


t


i


o


n


 


F


a


c


t


o


r


 


d


u


r


i


n


g


 


8


5


°


C


/


8


5


%


R


H


 


f


o


r


 


1


0


0


m


F


,


 


1


0


V


 


M


f


g


-


A


 


M


n


O


2


T


a


 


C


a


p


a


c


i


t


o


r


s




0.01%

0.1%

1%

5%

10%

20%

30%

50%

70%

80%

90%

95%

99%

99.9%

99.99%

0 5 10 15 20

0h Median % DF: 2.27%

250h Median % DF: 2.51%

500h Median % DF: 3.02%

1000h Median % DF: 3.31%

150C 24h Dry Median % DF: 2.60%

Max DF 

~ 10%

EKR - 11/27/2006

%DF @ 120Hz

N

o

r

m

a

l

 

P

e

r

c

e

n

t

i

l

e

Dissipation Factor during 85C/85%RH for 100F, 10V Mfg-A MnO

2

Ta Capacitors


[image: image199.emf]0


.


0


1


%


0


.


1


%


1


%


5


%


1


0


%


2


0


%


3


0


%


5


0


%


7


0


%


8


0


%


9


0


%


9


5


%


9


9


%


9


9


.


9


%


9


9


.


9


9


%


1


1


0


1


0


0


1


0


0


0


0


h


 


M


e


d


i


a


n


 


E


S


R


:


 


1


3


7


.


0


6


m


O


2


5


0


h


 


M


e


d


i


a


n


 


E


S


R


:


 


1


9


6


.


5


9


m


O


5


0


0


h


 


M


e


d


i


a


n


 


E


S


R


:


 


2


2


2


.


4


7


m


O


1


0


0


0


h


 


M


e


d


i


a


n


 


E


S


R


:


 


2


5


6


.


9


5


m


O


1


5


0


C


 


2


4


h


 


D


r


y


 


M


e


d


i


a


n


 


E


S


R


:


 


2


1


6


.


5


1


m


O


M


a


x


 


E


S


R


 


~


7


0


0


m


W


E


K


R


 


-


 


1


1


/


2


9


/


2


0


0


6


E


S


R


 


@


 


1


0


0


k


H


z


 


(


m


O


h


m


s


)


N


o


r


m


a


l


 


P


e


r


c


e


n


t


i


l


e


E


S


R


 


d


u


r


i


n


g


 


8


5


°


C


/


8


5


%


R


H


 


f


o


r


 


1


0


0


m


F


,


 


1


0


V


 


M


f


g


-


A


 


M


n


O


2


 


T


a


 


C


a


p


a


c


i


t


o


r


s




0.01%

0.1%

1%

5%

10%

20%

30%

50%

70%

80%

90%

95%

99%

99.9%

99.99%

1 10 100 1000

0h Median ESR: 137.06mO

250h Median ESR: 196.59mO

500h Median ESR: 222.47mO

1000h Median ESR: 256.95mO

150C 24h Dry Median ESR: 216.51mO

Max ESR 

~700m

EKR - 11/29/2006

ESR @ 100kHz (mOhms)

N

o

r

m

a

l

 

P

e

r

c

e

n

t

i

l

e

ESR during 85C/85%RH for 100F, 10V Mfg-A MnO

2

 Ta Capacitors

[image: image200.emf]0


.


0


1


%


0


.


1


%


1


%


5


%


1


0


%


2


0


%


3


0


%


5


0


%


7


0


%


8


0


%


9


0


%


9


5


%


9


9


%


9


9


.


9


%


9


9


.


9


9


%


0


.


1


1


1


0


1


0


0


1


0


0


0


1


0


0


0


0


0


h


 


M


e


d


i


a


n


 


D


C


L


:


 


0


.


9


4


µ


A


2


5


0


h


 


M


e


d


i


a


n


 


D


C


L


:


 


6


.


6


9


µ


A


5


0


0


h


 


M


e


d


i


a


n


 


D


C


L


:


 


7


.


5


0


µ


A


1


0


0


0


h


 


M


e


d


i


a


n


 


D


C


L


:


 


9


.


0


7


µ


A


1


5


0


C


 


2


4


h


 


D


r


y


 


M


e


d


i


a


n


 


D


C


L


:


 


1


4


1


.


3


3


µ


A


M


a


x


 


D


C


L


 


 


~


1


0


m


A


E


K


R


 


-


 


1


2


/


1


/


2


0


0


6


D


C


 


L


e


a


k


a


g


e


 


(


µ


A


)


N


o


r


m


a


l


 


P


e


r


c


e


n


t


i


l


e


D


C


 


L


e


a


k


a


g


e


 


d


u


r


i


n


g


 


8


5


°


C


/


8


5


%


R


H


 


f


o


r


 


1


0


0


m


F


,


 


1


0


V


 


M


f


g


-


A


 


M


n


O


2


 


T


a


 


C


a


p


a


c


i


t


o


r


s




0.01%

0.1%

1%

5%

10%

20%

30%

50%

70%

80%

90%

95%

99%

99.9%

99.99%

0.1 1 10 100 1000 10000

0h Median DCL: 0.94µA

250h Median DCL: 6.69µA

500h Median DCL: 7.50µA

1000h Median DCL: 9.07µA

150C 24h Dry Median DCL: 141.33µA

Max DCL 

 ~10A

EKR - 12/1/2006

DC Leakage (µA)

N

o

r

m

a

l

 

P

e

r

c

e

n

t

i

l

e

DC Leakage during 85C/85%RH for 100F, 10V Mfg-A MnO

2

 Ta Capacitors


Figure 52.  120Hz Capacitance and DF, 100kHz ESR, and DC Leakage Current at Rated Voltage during 85oC/85%RH Humidity Testing at Rated Voltage of 100uF, 10V MnO2-Based Tantalum Capacitors Made by Manufacturer A.
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Figure 53.  120Hz Capacitance and DF, 100kHz ESR, and DC Leakage Current at Rated Voltage during 85oC/85%RH Humidity Testing at Rated Voltage of 100uF, 10V Tantalum Polymer Capacitors Made by Manufacturer B.
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Figure 54.  120Hz Capacitance and DF, 100kHz ESR, and DC Leakage Current at Rated Voltage during 85oC/85%RH Humidity Testing at Rated Voltage of 100uF, 10V Tantalum Polymer Capacitors Made by Manufacturer D.
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Figure 55.  120Hz Capacitance and DF, 100kHz ESR, and DC Leakage Current at Rated Voltage during 85oC/85%RH Humidity Testing at Rated Voltage of 47uF, 16V MnO2-Based Tantalum Capacitors Made by Manufacturer A.
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Figure 56.  120Hz Capacitance and DF, 100kHz ESR, and DC Leakage Current at Rated Voltage during 85oC/85%RH Humidity Testing at Rated Voltage of 47uF, 16V Tantalum Polymer Capacitors Made by Manufacturer B.
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Figure 57.  120Hz Capacitance and DF, 100kHz ESR, and DC Leakage Current at Rated Voltage during 85oC/85%RH Humidity Testing at Rated Voltage of 22uF, 16V Tantalum Polymer Capacitors Made by Manufacturer C.

[image: image221.emf]0


.


0


1


%


0


.


1


%


1


%


5


%


1


0


%


2


0


%


3


0


%


5


0


%


7


0


%


8


0


%


9


0


%


9


5


%


9


9


%


9


9


.


9


%


9


9


.


9


9


%


3


7


.


6


4


7


.


0


5


6


.


4


0


h


 


M


e


d


i


a


n


 


C


a


p


:


 


4


2


.


9


2


µ


F


2


5


0


h


 


M


e


d


i


a


n


 


C


a


p


:


 


4


5


.


9


0


µ


F


5


0


0


h


 


M


e


d


i


a


n


 


C


a


p


:


 


4


5


.


7


9


µ


F


1


0


0


0


h


 


M


e


d


i


a


n


 


C


a


p


:


 


4


5


.


9


8


µ


F


1


5


0


C


 


2


4


h


 


D


r


y


 


M


e


d


i


a


n


 


C


a


p


:


 


4


1


.


7


2


µ


F


+


2


0


%


N


o


m


i


n


a


l


-


2


0


%


E


K


R


 


-


 


1


1


/


2


1


/


2


0


0


6


C


a


p


 


@


 


1


2


0


H


z


 


(


µ


F


)


N


o


r


m


a


l


 


P


e


r


c


e


n


t


i


l


e


C


a


p


a


c


i


t


a


n


c


e


 


d


u


r


i


n


g


 


8


5


°


C


/


8


5


%


R


H


 


f


o


r


 


4


7


m


F


,


 


1


6


V


 


M


f


g


-


D


 


T


a


 


P


o


l


y


 


C


a


p


a


c


i


t


o


r


s




0.01%

0.1%

1%

5%

10%

20%

30%

50%

70%

80%

90%

95%

99%

99.9%

99.99%

37.6 47.0 56.4

0h Median Cap: 42.92µF

250h Median Cap: 45.90µF

500h Median Cap: 45.79µF

1000h Median Cap: 45.98µF

150C 24h Dry Median Cap: 41.72µF

+20%

Nominal

-20%

EKR - 11/21/2006

Cap @ 120Hz (µF)

N

o

r

m

a

l

 

P

e

r

c

e

n

t

i

l

e

Capacitance during 85C/85%RH for 47F, 16V Mfg-D Ta Poly Capacitors

[image: image222.emf]0


.


0


1


%


0


.


1


%


1


%


5


%


1


0


%


2


0


%


3


0


%


5


0


%


7


0


%


8


0


%


9


0


%


9


5


%


9


9


%


9


9


.


9


%


9


9


.


9


9


%


0


5


1


0


1


5


2


0


0


h


 


M


e


d


i


a


n


 


%


 


D


F


:


 


1


.


6


9


%


2


5


0


h


 


M


e


d


i


a


n


 


%


 


D


F


:


 


2


.


2


1


%


5


0


0


h


 


M


e


d


i


a


n


 


%


 


D


F


:


 


2


.


0


3


%


1


0


0


0


h


 


M


e


d


i


a


n


 


%


 


D


F


:


 


2


.


3


4


%


1


5


0


C


 


2


4


h


 


D


r


y


 


M


e


d


i


a


n


 


%


 


D


F


:


 


1


.


3


7


%


M


a


x


 


D


F


 


~


 


1


0


%


E


K


R


 


-


 


1


1


/


2


7


/


2


0


0


6


%


D


F


 


@


 


1


2


0


H


z


N


o


r


m


a


l


 


P


e


r


c


e


n


t


i


l


e


D


i


s


s


i


p


a


t


i


o


n


 


F


a


c


t


o


r


 


d


u


r


i


n


g


 


8


5


°


C


/


8


5


%


R


H


 


f


o


r


 


4


7


m


F


,


 


1


6


V


 


M


f


g


-


D


 


T


a


 


P


o


l


y


 


C


a


p


a


c


i


t


o


r


s




0.01%

0.1%

1%

5%

10%

20%

30%

50%

70%

80%

90%

95%

99%

99.9%

99.99%

0 5 10 15 20

0h Median % DF: 1.69%

250h Median % DF: 2.21%

500h Median % DF: 2.03%

1000h Median % DF: 2.34%

150C 24h Dry Median % DF: 1.37%

Max DF 

~ 10%

EKR - 11/27/2006

%DF @ 120Hz

N

o

r

m

a

l

 

P

e

r

c

e

n

t

i

l

e

Dissipation Factor during 85C/85%RH for 47F, 16V Mfg-D Ta Poly Capacitors


[image: image223.emf]0


.


0


1


%


0


.


1


%


1


%


5


%


1


0


%


2


0


%


3


0


%


5


0


%


7


0


%


8


0


%


9


0


%


9


5


%


9


9


%


9


9


.


9


%


9


9


.


9


9


%


1


1


0


1


0


0


1


0


0


0


0


h


 


M


e


d


i


a


n


 


E


S


R


:


 


2


9


.


6


6


m


O


2


5


0


h


 


M


e


d


i


a


n


 


E


S


R


:


 


4


3


.


6


5


m


O


5


0


0


h


 


M


e


d


i


a


n


 


E


S


R


:


 


4


6


.


2


5


m


O


1


0


0


0


h


 


M


e


d


i


a


n


 


E


S


R


:


 


4


7


.


4


3


m


O


1


5


0


C


 


2


4


h


 


D


r


y


 


M


e


d


i


a


n


 


E


S


R


:


 


4


0


.


4


0


m


O


M


a


x


 


E


S


R


 


 


~


6


5


m


W


E


K


R


 


-


 


1


1


/


2


9


/


2


0


0


6


E


S


R


 


@


 


1


0


0


k


H


z


 


(


m


O


h


m


s


)


N


o


r


m


a


l


 


P


e


r


c


e


n


t


i


l


e


E


S


R


 


d


u


r


i


n


g


 


8


5


°


C


/


8


5


%


R


H


 


f


o


r


 


4


7


m


F


,


 


1


6


V


 


M


f


g


-


D


 


T


a


 


P


o


l


y


 


C


a


p


a


c


i


t


o


r


s




0.01%

0.1%

1%

5%

10%

20%

30%

50%

70%

80%

90%

95%

99%

99.9%

99.99%

1 10 100 1000

0h Median ESR: 29.66mO

250h Median ESR: 43.65mO

500h Median ESR: 46.25mO

1000h Median ESR: 47.43mO

150C 24h Dry Median ESR: 40.40mO

Max ESR 

 ~65m

EKR - 11/29/2006

ESR @ 100kHz (mOhms)

N

o

r

m

a

l

 

P

e

r

c

e

n

t

i

l

e

ESR during 85C/85%RH for 47F, 16V Mfg-D Ta Poly Capacitors

[image: image224.emf]0


.


0


1


%


0


.


1


%


1


%


5


%


1


0


%


2


0


%


3


0


%


5


0


%


7


0


%


8


0


%


9


0


%


9


5


%


9


9


%


9


9


.


9


%


9


9


.


9


9


%


0


.


0


1


0


.


1


1


1


0


1


0


0


1


0


0


0


0


h


 


M


e


d


i


a


n


 


D


C


L


:


 


4


.


9


0


µ


A


2


5


0


h


 


M


e


d


i


a


n


 


D


C


L


:


 


0


.


2


1


µ


A


 


5


0


0


h


 


M


e


d


i


a


n


 


D


C


L


:


 


1


.


0


8


µ


A


1


0


0


0


h


 


M


e


d


i


a


n


 


D


C


L


:


 


1


1


.


5


8


µ


A


1


5


0


C


 


2


4


h


 


D


r


y


 


M


e


d


i


a


n


 


D


C


L


:


 


1


4


.


5


5


µ


A


M


a


x


 


D


C


L


 


~


7


5


.


2


m


A


E


K


R


 


-


 


1


2


/


1


/


2


0


0


6


D


C


 


L


e


a


k


a


g


e


 


(


µ


A


)


N


o


r


m


a


l


 


P


e


r


c


e


n


t


i


l


e


D


C


 


L


e


a


k


a


g


e


 


d


u


r


i


n


g


 


8


5


°


C


/


8


5


%


R


H


 


f


o


r


 


4


7


m


F


,


 


1


6


V


 


M


f


g


-


D


 


T


a


 


P


o


l


y


 


C


a


p


a


c


i


t


o


r


s




0.01%

0.1%

1%

5%

10%

20%

30%

50%

70%

80%

90%

95%

99%

99.9%

99.99%

0.01 0.1 1 10 100 1000

0h Median DCL: 4.90µA

250h Median DCL: 0.21µA

 500h Median DCL: 1.08µA

1000h Median DCL: 11.58µA

150C 24h Dry Median DCL: 14.55µA

Max DCL 

~75.2A

EKR - 12/1/2006

DC Leakage (µA)

N

o

r

m

a

l

 

P

e

r

c

e

n

t

i

l

e

DC Leakage during 85C/85%RH for 47F, 16V Mfg-D Ta Poly Capacitors


Figure 58.  120Hz Capacitance and DF, 100kHz ESR, and DC Leakage Current at Rated Voltage during 85oC/85%RH Humidity Testing at Rated Voltage of 47uF, 16V Tantalum Polymer Capacitors Made by Manufacturer D.

Summary
The relative performance and reliability of tantalum polymer capacitors having various capacitances and rated voltages were competitively evaluated against the performance and reliability of similarly rated MnO2-based tantalum capacitors.  The intent of this evaluation is to determine whether the robustness and reliability of this new capacitor technology is sufficient to justify its use in circuits where its improved electrical performance (low ESR and low capacitance roll-off at high frequency) is strongly desired.   A secondary motivation is to gather sufficient information to recommend appropriate derating criteria in aerospace applications if use of tantalum polymer capacitors proves acceptable.

The driving force behind interest in tantalum polymer capacitors is that they have exceptionally low ESR, sometimes as little as one-tenth that of competing MnO2-based capacitors at room temperature and even less at lower temperatures.  In low-voltage, high current filtering and bypass applications, it is not uncommon to be able to reduce the number of capacitors needed in the circuit by a ratio approaching the ratio of the ESRs of the competing capacitors (i.e., as few as half as many tantalum polymer capacitors are needed if they each have half the ESR of the competing MnO2-based capacitor).   Reducing the number of capacitors required in a circuit not only saves board space but also improves reliability simply by reducing component count -- all other factors being equal.   A major purpose of this evaluation is to see how equal the other factors actually are and to survey the competitive performance of available devices. 
The present evaluation was conducted in three parts.  They are: (1) Assess changes in capacitance and ESR versus frequency and temperature to quantify the expected performance advantage offered by tantalum polymer capacitors at meaningful frequencies and temperatures, (2) Assess the robustness of the dielectric against rapid charging to voltages above rated voltage, and (3) Assess overall device robustness against combinations of temperature, voltage, and humidity in conventional dry and wet lifetests.   
Capacitance and ESR versus Frequency and Temperature

Commonly measured and reported electrical data for tantalum capacitors are 120 Hz capacitance and dissipation factor (DF), 100 kHz ESR, and DC leakage, all measured at room ambient conditions.  120 Hz AC measurements rarely have much pertinence to circuits that require low ESR at high frequencies, and many applications operate at temperatures far removed from room temperature.   Since an abundance of these standard catalog measurements was planned for the conventional lifetest phase of the investigation, effort here was focused on measurements of interest to the designer, but not frequently reported in the manufacturers’ literature.
Capacitance and ESR of the competing devices were measured from 100 Hz to 10 MHz.   Since these capacitors typically reach self-resonance in the several hundreds of kHz, the frequency scale of the capacitance versus frequency graphs was limited to 1 MHz.   Also, the measurements were adjusted to compensate for the effects of series inductance so that the series capacitance would be reported accurately near self-resonance.  
The superiority of the electrical performance of the tantalum polymer capacitors was clearly evident in the measured data.   In contrast to the MnO2-based capacitors which had significant loss of effective capacitance at frequencies above roughly 1-10 kHz, the tantalum polymer capacitors typically maintained most of their capacitance up to 100 kHz or beyond.  Moreover, the tantalum polymer capacitors displayed much less variation of the onset of capacitance roll-off as the temperature was varied, even down to very low temperatures beyond the normally specified limit of -55oC  (i.e., down to -194oC).   Such outstanding performance suggests new applications for these devices at cryogenic temperatures where conventional MnO2-based capacitors have very poor electrical performance.
Of course the reason for this good capacitance retention versus frequency and temperature is that the conductivity of the conductive polymer is high and substantially stable, even at extremely low temperatures.  This high cathode conductivity yields very low ESR.  The degree of ESR superiority of the tantalum polymer devices versus the MnO2-based devices was remarkable at room temperature, but even better at lower temperatures.   At room temperature, the 100 kHz ESR of the tantalum polymer capacitors was typically about one-fifth that of the comparable MnO2-based devices.  But at -194oC, the tantalum polymer capacitors’ 100 kHz ESR was typically only one-twentieth that of the MnO2-based devices.  In one case the ESR was roughly one-hundredth that of the comparable MnO2-based devices.   This kind of ESR performance advantage is compelling motivation for interest in tantalum polymer capacitors.
Dielectric Robustness against Rapid Charging to High Voltage
One identifiable weakness of conventional MnO2-based tantalum capacitors is the possibility of short-circuit failure when the device is rapidly charged to voltages near rated voltage or beyond.   For this reason, surge current tests at rated voltage and substantial peak current were developed to screen capacitors against susceptibility to this threat.  In the NASA community, surge current testing is a requirement for almost all applications of solid tantalum capacitors.

A variation of the standard surge current test involves increasing the applied voltage during the testing and recording the voltage at which each capacitor in the sample finally succumbs to dielectric breakdown.  As a minimum, the capacitors should at least be able to withstand charging to rated voltage.  But the ability to withstand rapid charging to even higher voltages allows quantitative assessment of superior robustness of the capacitor’s dielectric against rapid charging.   Such step-stress-surge-testing was performed on 20-piece samples drawn from each competing lot of capacitors and the results were plotted on a Weibull probability scale to allow direct comparison of results and possible extrapolation of results to lower-voltage application conditions.
Generally, the performance of the MnO2- and polymer-based capacitors was roughly comparable with one important exception.   The exception is that within a given capacitance and voltage rating, the first failure observed was always one of the MnO2-based devices.  The highest breakdown voltages of the MnO2-based devices frequently exceeded those of the tantalum polymer devices, but because there was more variability from part to part among the MnO2-based devices, they also provided the lowest breakdown voltages for each part rating.   This is significant because it’s the devices with the lowest breakdown voltages that cause all the practical problems.  It is thought that the tantalum polymer capacitors are superior in this respect because all of the processing is done at lower temperatures.  Lower-temperature processing is thougt to cause less damage to the dielectric than occurs during the higher-temperature processing of the MnO2-based devices.
Performance on Conventional Lifetests

Conventional lifetesting was performed at 85oC and rated voltage, 125oC and 0.67 times rated voltage, and 85oC/85%RH at rated voltage.   Results for both the MnO2- and polymer-based technologies were generally very good at 85oC and rated voltage, but were mixed at 125oC and during the humidity tests.  
At 125oC and in the 85oC/85%RH humidity tests, the MnO2-based devices were generally superior to the polymer-based devices.  However, there were many instances where the polymer-based devices displayed excellent performance, and some cases where the MnO2-based devices underperformed the polymer-based devices.  So it is more accurate to say that the tantalum polymer technology is capable of matching the MnO2-based technology when tested at these conditions, but actual results do not always demonstrate that capability.
Since there was such a large volume of data collected during the conventional lifetests, a means was sought to condense and summarize these results.   Table 1 is the product of that effort.  In table 1, the performance of each 20-piece sample of capacitors was awarded a different background color based on the absence or presence of abnormal parametric performance during the associated lifetest.  

Green background was awarded to devices whose parametric performance was generally stable or improving during the test, did not significantly exceed typical manufacturer’s catalog limits, and did not raise unusual suspicion of incipient degradation processes.  Yellow background was awarded to devices that generally displayed good performance, but that displayed an anomalous behavior in one or more devices that might indicate a possible performance or reliability issue.  A number code was assigned to each yellow background to identify the specific anomaly involved.  Typically the devices assigned yellow background would be considered by the manufacturer to be devices with acceptable, if not completely attractive, performance.  
Red background was assigned to devices that displayed unacceptable performance on a test.  Unacceptable performance includes both excessive shifts in parametric performance and catastrophic short-circuit failures that caused the 1 ampere series fuse to blow during the test.  Generally such negative behavior will disrupt normal circuit performance and often has the potential to cause damage to both the device involved and the surrounding circuitry. 
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Table 1.  Summary of Competitive Performance of 4V, 6.3V, 10V, and 16V MnO2- and Polymer-Based Capacitors after 1000 Hours Exposure to 85oC Life at Rated Voltage, 125oC Life at 0.67 Times Rated Voltage, and 85oC/85%RH Humidity at Rated Voltage.
It is clear from Table 1 that when tested at 85oC and rated voltage, the performance of the tantalum polymer capacitors was comparable to that of the MnO2-based devices.  But at 125oC and during the humidity tests, some of the tantalum polymer devices did not perform so well.  
During the 125oC tests, sometimes the tantalum polymer parts were only rated to 105oC, not 125oC, so poor 125oC performance is not unexpected.  But some of the poorly performing tantalum polymer capacitors were rated at 125oC, and the disappointing performance must be taken as a warning not to trust these devices at highly elevated temperatures.
Even more trouble was observed during the 85oC/85%RH humidity tests.  A variety of warning signs were present among the tantalum polymer devices, especially sensitivity to presence of moisture during exposure to high temperature.  But even some of the MnO2-based devices displayed this sensitivity.  
There were also cases of completely unacceptable performance among the tantalum polymer capacitors during humidity testing.  But there also was enough good performance among the tantalum polymer capacitors to suggest that the technology is capable of good performance and that the manufacturers will eventually be able to provide consistent moisture robustness.   Again, it must be stated that direct correlation of 85oC/85%RH humidity test results with expected room-ambient humidity exposure results is not currently possible and tantalum polymer capacitors have proven exceptionally reliable in many consumer applications in humid regions of the world.  
Conclusions and Recommendations

The results of this test program yield several conclusions.   First, tantalum polymer capacitors demonstrated performance advantages that merit consideration of this technology for high-reliability space applications.  Manufacture claims of superior (low) ESR and superior stability of capacitance versus frequency and temperature were confirmed, if not exceeded.  Moreover, electrical performance at very low temperatures (< -55oC) was exceptionally superior to that of comparable MnO2-based devices. 
Second, excellent robustness against rapid charging above rated voltage was demonstrated for tantalum polymer capacitors.  While many MnO2-based devices actually demonstrated higher ultimate breakdown voltages, the first capacitor from each category that failed (lowest-voltage failure) was always an MnO2-based device.   Considerably more variation in dielectric robustness is observed in the MnO2-based devices, while the tantalum polymer devices have much more uniform dielectric robustness.

Third, the tantalum polymer capacitors performed comparably to the MnO2-based capacitors during the 85oC, rated-voltage lifetest.  This suggests that with proper derating, tantalum polymer capacitors can be very reliable in demanding applications.   This is borne out by excellent field-failure results in high-volume commercial applications.
Finally, while many of the tantalum polymer devices did very well during the 125oC dry and 85oC/85%RH humidity tests, this was not uniformly true.  It is not recommended that tantalum polymer capacitors be employed in similarly harsh operating environments until the technology has matured to the point where performance is consistently comparable to that of MnO2-based capacitors.  Currently it is better to use MnO2-based devices in these special-service applications.
It is recommended that tantalum polymer capacitors be allowed for use in space applications and that they be specifically encouraged for applications that require exceptionally low ESR and/or very stable capacitance versus frequency and temperature.  It is further recommended that the maximum operating temperature of tantalum polymer capacitors used in space applications be derated to 90oC, regardless of manufacturers’ ratings, instead of 110oC as is typically the case for MnO2-based capacitors.  Intensely humid environments at high temperature should be avoided (not typically a problem in space applications),   and applied voltage should be derated similarly to MnO2-based devices (50% of rated voltage below 70oC with linear derating to 40% at 90oC).  Finally, tantalum polymer capacitors should be surge current tested at extreme temperatures as are almost all MnO2-based capacitors that are used in space applications.
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