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Abstract

Performance of different types of solid tantalum capacitors was evaluated at room and low temperatures, down to 15
K. The effect of temperature on frequency dependencies of capacitance, effective series resistances (ESR), leakage
currents, and breakdown voltages has been investigated and analyzed. To assess thermo-mechanical robustness of
the parts, several groups of loose capacitors and those soldered on FR4 boards were subjected to multiple (up to 500)
temperature cycles between room temperature and 77 K.

Experiments and mathematical modeling have shown that degradatiori in tantalum capacitors at low temperatures is
mostly due to increasing resistance of the manganese cathode layer, resulting in substantial decrease of the roll-off
frequency. Absorption currents follow a power law, I ~ ™, with the exponent m varying from 0.8 to 1.1. These
currents do not change significantly at cryogenic conditions and the value of the exponent remains the same down to
15 K. Variations of leakage currents with voltage can be described by Pool-Frenkel and Schottky mechanisms of
conductivity, with the Schottky mechanism prevailing at cryogenic conditions. Breakdown voltages of tantalum
capacitors increase and the probability of scintillations decreases at cryogenic temperatures. However, breakdown
voltages measured during surge current testing decrease at liquid nitrogen (LN) compared to room-temperature
conditions. Results of temperature cycling suggest that tantalum capacitors are capable of withstanding multiple
exposures to cryogenic conditions, but the probability of failures varies for different part types.

Introduction

Space exploration programs often require that sensors and instruments with related service electronics are exposed to
outer space, thus subjecting them to extreme environmental conditions. In programs such as Lunar and Martian
expeditions and deep-space exploration, these conditions include cryogenic temperatures.

Tantalum and/or ceramic capacitors are widely used at the power supply pins of microcircuits to short high-frequency
signals and provide the necessary charge during burst increases of the load currents. The decoupling capacitors should
have minimal effective series resistance (ESR) and a value that is about 10 times greater than the sum of the switched
capacitors so that the power supply voltage would not change significantly during discharging. Typically, most
capacitors decrease their values as the temperature decreases [1-3]. However, there is no sufficient information in
literature regarding frequency dependencies of C and ESR at cryogenic temperatures, and the mechanism of parametric
degradation of tantalum capacitors at these conditions has not been investigated properly yet.

A failure of a tantalum capacitor used in power supply lines would cause a short circuit and result in a catastrophic
failure in the system. Typically, a current surge test is performed to assure the robustness of the parts to transient
cutrents, but no such data have been available yet for cryogenic conditions.

During the ground phase integration and testing period of a space system, the parts are subjected to multiple exposures
to cryogenic conditions. This requires investigation of the effect of multiple cryo-cycling on the behavior of parts
intended for cryogenic applications.

In this work, performance of different types of solid tantalum capacitors was evaluated at room and low temperatures,
down to 15 K. The effect of temperature on frequency dependencies of capacitance, and values of ESR, leakage
currents, and breakdown voltages have been investigated and analyzed. To assess thermo-mechanical robustness of the
parts, several groups of capacitors were subjected to multiple (up to 500) temperature cycles between room temperature
and 77 K. Mechanisms of degradation of AC and DC characteristics at cryogenic conditions are discussed.



Experiment

Frequency characteristics of capacitors were measured using an HP4192A LF impedance analyzer. Polarization and
depolarization currents (currents in a biased and in a short-circuited capacitor) were measured with time at different

voltages and temperatures using a precision semiconductor analyzer HP4156A. Step stress surge current testing (SSST)
was carried out using a PC-based system with the effective resistance of the circuit ~0.3 Ohm.

Experiments were carried out on different types of commercial leaded and chip solid tantalum capacitors manufactured

by Kemet and AVX with manganese cathodes (see Table 1). Three samples minimum of each type were used for
testing.

Table 1. Capacitors used for testing.

PN C,uF V,V
TAP106K050SCS 10 50
TAP106K025SCS 10 25

T495X156MOS0AS S 50
T491A155K016AS IES 16
T491C106K016AS 10 16
T491D226M035AS 22 35

Low-temperature measurements were carried out either at a liquid nitrogen temperature (LN conditions, T = 77 K) or in
a Cryodyne chamber allowing testing down to 15 K.

For cryo-cycling, different groups of capacitors were placed in hermetic cells and immersed periodically into LN dewar
using a PC-based system, which controlled a mechanical armature and allowed monitoring of the temperature inside the
cells. The dwell time at temperature extremes was ~3 min., and a maximum temperature rate was ~40 °C/min. for loose
parts and ~20 °C/min. for parts soldered on FR4 boards.

Frequency Dependencies of C and ESR

Figure 1 shows typical frequency dependencies of capacitance for two part types at room and cryogenic temperatures.
At low frequencies (<0.1 kHz), a decrease of C is relatively small (10% to 30%), whereas at high frequencies
capacitance decreases five to seven times. This behavior is due to the so-called roll-off effect, in which a slope of C-f
characteristics of tantalum capacitors increases when frequency exceeds the roll-off frequency, f,.. The effect is
qualitatively explained by an R-C-ladder behavior of the capacitor in the frequency domain [4].

A characteristic feature of the C-f dependencies measured at low temperatures is a significant decrease of f, with
temperature. At room temperature f; is ~10 to 30 kHz and decreases to ~1 kHz at LN conditions and to ~0.1 kHz at 15
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Figure 1. Frequency dependence of capacitance (a, b) and ESR (c) at different temperatures for three 15 uF/50 V (a)
and three 22 uF/35 V (c) capacitors.

Average values of capacitance measured at 1 kHz and ESR measured at 100 kHz for different part types are
summarized in Table 2. At 1 kHz a decrease of C at 77 K is relatively small and varies from 7% to 26%, whereas ESR
increases more dramatically, from four to 18 times. This increase of ESR is most likely due to temperature variations of
the resistivity of manganese cathode layers.



Table 2. Average values of capacitance and ESR at room and liquid nitrogen temperatures.

ES
Type C, uF Ohﬁ

RT | LN | RT [ LN
10uF50V [ 103 [ 88 | 042 | 24
10uF25V | 96 | 89 | 036 | 22
150F50V | 151 | 111 | 0.19 | 073
10vFi6V | 101 | 86 | 045 | 79
1L5uF16V | 15 | 135 | 48 | 89
22uF35Vv | 198 | 173 | 047 | 11

To explain the observed frequency variations at low temperatures, a tantalum capacitor was represented with a
distributed one-dimensional R-G-C circuit shown in Figure 2. In this figure pis the specific (per unit length) surface
resistivity of the manganese layer, and C, and g are the specific capacitance and conductance of the tantalum pentoxide
layer.
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Figure 2. Equivalent schematic of a tantalum capacitor.

Distribution of the potential, V(x,?), along this R-G-C ladder is given by equation:
——0OXU , )

where u =V/V,, & =x/l, 8 =t/(C xpxi2), oR = gxpxi2-
Assuming that an AC signal applied to the capacitor has a circular frequency o, the border conditions can be written as
follows:

u(0,8)=sin(wx6)
% (1,8)=0 , )
u(£,0)=0

where @ = w x pxC

Input currents at the beginning of the ladder can be expressed through the voltage gradient:

ou 1
I, =V, Xx— X i
O TOTEIE=0" pxi
This allows calculation of the equivalent capacitance of the ladder:
__1I
‘4 wxy,

Using a solution for the problem Eq. (1, 2) at stationary-state conditions [5] and neglecting g, the expression for C,, can
be written as:



C,, =2xIxJA*+B* 3)

where

A= i&x_w'_wg = EM’_.W,{ =M,, n=1,2,3, ...
A+ R S 2
An effective length and surface area of electrodes of a typical chip tantalum capacitor are / ~3 mm and § ~100 cm?, and
the thickness of Ta,0s dielectric, h, ~3x10™* cm [6]. At room temperature, the values of the specific volume resistivity,
p», of MnO, vary from 1 Ohm*cm to 10 Ohm*cm [4, 7, 8]. At these conditions the equivalent specific resistivity,
which is p = p,l/(Sh), will be ~10 to 100 Ohm/cm. Based on the ESR measurements, the resistance of MnO, is
increasing at liquid nitrogen conditions in four to 18 times resulting in variation of p from 40 to 1,800 Ohm/cm. These
relatively weak temperature variations are in agreement with an assumption that manganese dioxide is a N-type
semiconductor with a shallow donor level having energy of ~40 meV [9].

Using these data, frequency dependencies of capacitance were calculated for a 10 uF capacitor at the effective surface
resistances of MnO, layer ranging from 10 to 1,800 Ohm/cm. Results of these calculations are displayed in Figure 3. A
comparison with Figure 1 shows reasonably good agreement with the experimental data. Assuming that the value of p
of MnO, at RT is ~10 Ohm/cm, the calculated roll-off frequency, f,, is ~10 kHz. An increase of p, to 300 Ohm/cm at
LN conditions decreases f; to ~1 kHz, which corresponds to the experimental data.
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Figure 3. Frequency dependencies of a 10 UF tantalum capacitor at different surface resistivity of manganese cathodes
calculated according to Eq. (3).

The results indicate that at low temperatures and relatively high frequencies, f > f,, a significant decrease in C is due to
increase of the resistance of manganese cathode. Contrary to that, at low frequencies, f < f,, a relatively small decrease
of capacitance is due to temperature variations of the dielectric constant of tantalum pentoxide dielectric. It is worth
noting that tantalum capacitors with polymer cathodes, which remain at high conductivity at low temperatures, do not
degrade significantly at cryogenic conditions [10].

Leakage Currents

A forward current (normal polarity) in a tantalum capacitor is a sum of time-dependent absorption currents and time-
independent leakage currents [6]. Absorption currents are due to accumulation of trapped charges in Ta,Os dielectric
and decrease with time after applying voltage following a power law, I ~t™, with the exponent m varying at room
temperature from 0.8 to 1.1.

Figure 4 shows typical time dependence of forward currents (I-t characteristics) for a 15 uF 50 V capacitor at different
temperatures. It is seen that at the rated voltage, after 5 min. leakage currents can be observed at room temperature
only, and at low temperatures they decrease below the nanoampere range. This agrees with the reported activation
energies of leakage currents, which vary from 0.3 to 0.7 eV [6, 11]. Even at Ea = 0.3 eV, the leakage currents would
decrease more than 10" times as the temperature decreases from room to LN conditions.

Absorption currents follow a power law, I ~ ™, down to 15 K and do not change with temperature significantly,
decreasing about three times only between RT and LN conditions and about five times down to 15 K. The exponent m
does not depend on temperature significantly, remaining in the range from 0.9 to 1.1. Depolarization currents also
decrease with time according to a power law with the exponent close to the one for polarization currents.
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Figure 4. Relaxation of currents in 15 pF/50 V capacitors at different temperatures. Polarization currents, m ~1.1 (a);
polarization (lines) and depolarization (marks) currents, m ~1.

Voltage dependence of leakage currents in Ta,Os is explained usually either by a bulk-limited Pool-Frenkel (PF)
mechanism of conductivity or by a surface-barrier-limited Schottky mechanism [12-14]. The PF mechanism can be
described by the following equation:

1/2
J= CIEexp(_ 19) exp| — M
kT kT

C))

where J is the current density, C, is a trap density related constant, E is the electric field, g is the charge of electron, @is
the barrier height, k is the Boltzmann constant, and 7 is the absolute temperature; and

ﬂPF =( q3

TEE

j]/ 2
is the PF constant, & is the permittivity of the free space, and € is the high-frequency dielectric
constant, which for Ta,0s is €y.= 5.

A corresponding equation for the Schottky mechanism can be written as:

¢ ﬁ El/2
J=C,.,T?exp| 1= |exp| 222 — , 5
% p( kT) p( kT )

q

[ 3 )l/ 2
4”208 and Cgp is the Richardson-Dushman constant.

ﬂsz

where

To discriminate between these two mechanisms, the dielectric constant € was calculated based on experimentally
determined values of slopes fBpr and fs. The values of leakage currents (in our experiments, the currents were measured
in 5 min. after voltage application) in different groups of capacitors were measured at room and LN conditions at
voltages varying from the rated to the breakdown voltage in 5 V increments. The data were plotted in PF coordinates,
In(l/E) vs E%® ,and in Schottky coordinates, In(I) vs. 5. The electric field E was calculated as E = V/h, where the
thickness h was assumed to be 110 nm, 240 nm, and 350 nm for 16 V, 35 V, and 50 V capacitors, respectively. Figure
5 shows results of these experiments for 10 pF/16 V capacitors. Similar charts were obtained for other part types.

At room temperature, deviations from the straight line are due most likely to a significant contribution of the absorption
currents, which do not follow PF or Schottky mechanisms. In all cases, at relatively large E > 3*10° V/ecm I-V
characteristics could be could be equally well approximated with both equations having R-squared values for the
regression trendlines exceeding 0.995.
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Figure 5. 1-V characteristics of 10 pF 16 V Ta capacitors at RT and LN conditions in Pool-Frenkel (a) and Schottky (b)
coordinates.

In an attempt to discriminate between these models, the values of high-frequency dielectric constants were calculated
for the PF, €pp, and Schottky, €5, models (see Table 3). At room temperature, € varies from 0.5 to 4, whereas €p varies
from 2.4 to 11.6. These data suggest that at room temperature the PF conductivity is more probable compared to the
Schottky-controlled mechanism. At LN conditions the situation is different, and the values of €pp (from 32.6 to 93.7)
are much higher than the expected value of the high-frequency dielectric constant. The values of €g at cryogenic
condition values vary in a relatively narrow range, from 8.2 to 8.7, which is reasonably close to €yg.

Table 3. Calculated values of the dielectric constant.

PF Sch PF Sch
RT RT LN LN
L5uF16V 116 233 39 824
I0uF16V 58 108 369 825
22uF35V 106 403 326 7.26
I5uF50V 24 053 937 867

Part

It should be noted that in the presence of multi-level traps and partial compensation of the donor centers, the number of
electrons participating in conduction decreases and the conduction can be described by a modified PF equation [12, 13,
15]:

172
J=CE exp(— %I?—j exp[— —’B”—FkE]:—)
>

where r is a coefficient in the modified PF effect with compensation.

Use of the modified Poole-Frenkel model can decrease the estimated values of € probably up to four times; however,
even in this case, they remain larger than those obtained by the Schottky model. This indicates that at cryogenic
temperatures, the mechanism of conduction in tantalum capacitors most likely changes from the bulk-controlled PF
trap-assisted conductivity to a surface-barrier-controlled Schottky mechanism.

Breakdown Voltages

As the voltage applied to a tantalum capacitor increases a so-called scintillation current, spikes appear in the I-t curve as
can be seen in Figure 6. These momentary current pulses are believed to be due to a local breakdown of the Ta,Os
dielectric, which is terminated by a self-healing mechanism [16]. According to this mechanism, temperature of the
manganese cathode in areas of breakdown increases, resulting in conversion of conductive MnQ, into a high-resistive
Mn,0; (~10* ohm*cm) and thus effectively reducing breakdown currents. Comparison of typical results of I-t
measurements at RT and LN conditions shown in Figure 6 suggests that at 77 K scintillations are observed at much
higher voltages than at room temperature.
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Figure 6. Typical I - t characteristics of 15 wF/50 V capacitors during step voltage testing at room (a) and liquid
nitrogen (b) conditions.

To assess the effect of temperature on breakdown voltages quantitatively, two groups of 15 uF 50 V capacitors with
nine samples in each group were tested for 5 min. at voltages increasing with 10 V increments. The scintillation
breakdown voltage, Vs was determined as the voltage at which the first current spike is observed.

Results of these experiments are presented in Weibull coordinates in Figure 7a. At room-temperature conditions, the
characteristic scintillation voltage was ~40% lower than at LN conditions (148.7 V and 105.3 V, respectively). The
slope of the distributions was similar and varied in the range from B = 7.8 to 8.8, suggesting that at both temperatures

the mechanism of breakdown was similar. These results are consistent with the overall trend of increasing breakdown
voltages of dielectrics at cryogenic conditions [17].
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Figure 7. Weibull distributions of breakdown voltages for 15 uF/50 V capacitors: a) scintillation breakdown voltages,
and b) step surge current test breakdown voltages.

Distributions of the breakdown voltages measured during step surge stress testing (SSST) at room-temperature and
liquid nitrogen conditions are shown in Figure 7b. Similar to scintillation measurements, both distributions were

parallel with the slope S varying from 11 to 12, but the characteristic breakdown voltage, Vsss, at LN (75.9 V) was ~
40% lower that at room temperature (88.1 V).

The difference in the effect of temperature on breakdown voltages measured during scintillation testing and surge
current testing is due to different mechanisms of breakdown in high- and low-impedance circuits. Although the
mechanism of failures under surge current testing and factors affecting the probability of failures are not well
understood yet, it is known that there is no correlation between the breakdown voltage and leakage currents in tantalum



capacitors [18]. Our data indicate also that Vs is not related directly to the breakdown voltage of the tantalum
pentoxide dielectric.

Effect of Cryo-cycling

Two lots of 15 WF/50 V capacitors with different date codes and one lot of 22 uF/35 V capacitors were subjected to
temperature cycling between room-temperature and LN conditions. Each batch had 10 to 15 parts. Characteristics of
the parts were measured periodically during this testing, which continued until 500 cycles were completed for loose
parts and 100 cycles were completed for the parts soldered on FR4 boards.

All observed failures were due to increased leakage currents, whereas capacitance and ESR did not change
substantially. Figure 8 shows variations of leakage currents through the testing for loose parts. In the first lot of 15 uF
capacitors, 80% of the parts failed by the end of testing, whereas only one out of 10 parts failed in the 22 UF batch, and

the second lot of 15 PF capacitors had no failures. No failures were observed also after 100 cycles of parts soldered
onto the boards.
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Figure 8. Variations of leakage currents during temperature cycling between RT and LN temperatures for 15 uF/50 V lot
I(a), 15 uF/50 V lot II (b), and 22 uF/35 V capacitors.

The results indicate that different lots of tantalum capacitors might have different susceptibilities to multiple exposures
to low temperatures, and cryo-cycling should be used to qualify each perspective lot for cryogenic applications.
Temperature cycling of the parts soldered on the boards was expected to cause more failures compared to loose parts
due to development of additional mechanical stresses caused by CTE mismatch between the part and the board
materials. However, experiments did not reveal failures in soldered parts up to 100 cycles. It is possible that this is due
to a lesser rate of temperature variations during cycling of the boards. Additional experiments are necessary to evaluate
the effect of soldering on results of temperature cycling.

Conclusions

e Atrelatively low frequencies, f < f;, solid tantalum capacitors decrease their value at LN compared to RT
conditions on less that ~30%. However, at f > f, the decrease of C might be as large as five to seven times. The
ESR values measured at 100 kHz increase four to 18 times at 77 K compared to RT conditions.

e Simulation of a tantalum capacitor with a one-dimensional RC ladder have shown that variations of frequency
dependence and decrease of capacitance at low temperatures is mostly due to an increase of resistance of the
manganese cathode layer, resulting in substantial decrease of the roll-off frequency.

e  Absorption currents, which prevail in tantalum capacitors during the first several minutes after applying the
voltage, do not change significantly at low temperatures down to 15 K and follow a power law, I ~ t™, with the
exponent m varying from 0.8 to 1.1.

e Leakage currents increase exponentially with voltage and can be explained by a surface-barrier-limited Schottky
mechanism or bulk-limited Pool-Frenkel mechanism of conductivity. Based on €y estimations, Schottky
conduction prevails at cryogenic conditions, whereas the Pool-Frenkel mechanism gives more adequate results at
room temperature.

e Breakdown voltages of tantalum capacitors, measured at the first scintillation, increase ~40% at LN compared to
RT conditions. However, breakdown voltages measured during step surge current testing decrease ~40% at 77 K.
This indicates that reliability of tantalum capacitors at cryogenic conditions might increase for high-impedance
applications and decreases for low-impedance applications.

e  Results of temperature cycling suggest that tantalum capacitors are capable of withstanding 500 cycles between 300
K and 77 K, but the probability of failures varies for different part types. Reliability qualification testing of



tantalum capacitors should include cryo-cycling and should be performed on each lot of parts intended for
cryogenic applications.
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