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Acronyms Used in This Presentation

PME: Precious-metal electrodes
BME: Base-metal electrodes
MLCC: Multilayer ceramic capacitors
MTTF. Mean-time-to-failure

R Time-to-failure
GIDEP: Government industrial data exchange program
PXI: Peripheral Component Interconnect eXtensions for

Instrument is a modular instrumentation platform originally
Introduced in 1997 by National Instruments
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Outline

* Pros and Cons of traditional Highly Accelerating Life Testing
* Reliability of PME and BME capacitors

 Highly Accelerating Life Stress Testing (HALST)
— An improved approach for Highly Accelerating Life Testing
— Low voltages, high temperatures
— In-situ leakage current measurement
« Characterization of Leakage Current in BME MLCCs:
— Slow degradation vs. Catastrophic failures
— Curve-fitting results

 Weibull Modeling

 Acceleration Factors
— Catastrophic: Power-law (Prokopowicz and Vaskas)
— Slow degradation: Exponential
* Reliability Model Verification
— How to make BMEs with better reliability life?
— Why different source, different behavior?

« Summary
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Pros and Cons of Highly Accelerating Life Testing Nﬁi‘m

Pros:
— A widely used reliability study on PME capacitors over thirty years

— It is still a time-efficient reliability evaluation method for both
manufacturers and end users on BME capacitors

— Several big users require BME capacitor suppliers to provide
acceleration factors when shipping the BME products

e Cons:

— Calculated MTTF based on highly accelerated life testing is often
longer than that actually achieved through life testing

— higher accelerated life stresses are often required to generate
failures, which results in the introduction of new failure modes,
particularly true for BMEs

— The accelerating function is complicated and controversial for BME
capacitors

— Multiple failure modes co-exist. Predictions to use-level are in
doubt (a phase transition at 120°C for BaTiO,; may result in
calculated reliability life at temperatures over 120°C that deviate
from those at operating conditions which are below 120°C)
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A General Expression of Reliability for MLCCs

R(t) = (N,d,7,5) X AF(V,T) X y(1)

y(t): statistical distribution that describes the individual variation of
properties (Weibull, log normal, normal)

AF(V,T): A f!mc_tipn that r_esponds to the external stresses (independent
of individual units)

Impacts due to the characteristics of a capacitor device

@(N,d,a,s): 3
(structure, construction, etc.)

» Reliability Function: St et G
ERas yl) =te Vi
— 2-parameter Weibull:
— A function of time, always decreases with time
_ The probability of a failure occurring: ¥(f) = [0,1]
— The durability of a MLCC that can function normally during

wearout:
« When B >3 and t <n, R(t) ~1, a reliable life span before n
« When B >3 and t > n, R(t) ~0, part failed rapidly after n
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Reliability for PME MLCCs

@(N,d,r,5)=1

Minimum dielectric thickness per MIL-PRF-123
Microstructure has shown no impact on reliability

GIDEP only revealed two examples for chip size-
related failures with thin dielectrics (CKR06) and
exceptional ratios of chip length and width (CDR02)
for last decades

Well-known Prokopowicz-Vaskas equation valid for
most PME capacitors(n~3, E,~1-2 eV)

— Inverse power-law for external field
— Arrhenius relation for temperature

Since only a single failure mode is assumed, the
should not change over applied stresses

1](V, T) = —.e'T’ Only scale parameter n will change with external
vn stresses
Acceleration factor (P-V equation can be re-
expressed
Eq)\F
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Reliability for BME MLCCs

C(N

Nd o= 1y (a)
o(N,da..)~ :

e Contribution from microstructure and construction details can’t be ignored.

« where N, d, and a, are the number of dielectric layers, the dielectric thickness, and the
average grain size, respectively. a is an empirical parameter and = 6 for BME capacitors
under 50V

Type of acceleration factors Expression to scale parameter n Expression to time-to-failure
P T ) E,. ty E,r1 1
E-Model (Low Field) n(E,T) = Ce PE - o &P . = exp|—b(E, — E,)]exp [? (T_]_—T_Z)]
E, t AN E,/1 1\

Inverse Power Law (P-V equation) nv,T) = ;—ﬂ e Ger é = (V—j) exp TG(T_I — T_z)]

. , E B ty A rEy Ez)] [Ea(l l)]
“Mod g : : — Ce 2T . o@D —=exp|— (= — o )|exp |-\ — =
E-Model (High Field) n(E,T) = Ce T - et : exp[ R(Tl T, exp |+ T T,

l

'S N
o[ ()]

« For BME capacitors, multiple acceleration factors and multiple failure modes have been
reported

— ;]ﬁ m
o e ]
e m(EV).T)
1

m=

« The reliability of BME capacitors are complicated due to the oxygen vacancy migration
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HALST testing: An Advanced Approach

C08X47516, 165°C, 72V C08X47516, 165°C, 72V
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Highly Accelerated Life Stress Testing (HALST):
* In-situ monitoring on leakage current at micro-second level
« PXIl high-speed data acquisition; Relay cards for over-current protection

 Both time-to-failure and leakage current results have been used for
statistical modeling

 The leakage data were normalized to the time of failure; details of near
breakdown are highlighted

 Two failure patterns (catastrophic and slow degradation) are revealed
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Two-Stage Dielectric Wearout Failure Mode

Two Stage Dielectric Wearout
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 Atwo-stage dielectric wearout failure mode is better for describing the failure
behavior in BME MLCCs with BaTiO;-based X7R dielectrics(supported by
Failure analysis results)

« Two-stage dielectric wearout: A slow degradation, characterized by a nearly
linear leakage increase, followed by a time-accelerating catastrophic failure

— Slow degradation: leakage increases with time nearly linearly due to oxygen vacancy
migration until the failure criterion (100 pA) is reached (parts failed prior to
catastrophic failures)

— Catastrophic failure: leakage current increases gradually, followed by time-
accelerating catastrophic failures
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Failure Modes in BME MLCCs: Curve-Fitting

 Four time-dependent forms have been

Exponential and Power-Law Fitting

used for curve-fitting the leakage data 100 EyP——— , 15
y = 48.713e
R2 =0.9991
. ’ : 80 — 12
sLinear: [ = 1o(1 + Agpl) T
: ] % 60 / 0.9 %
SD : g = 1E-07t2 1504 / =
'POWer-laW: ( - ok 1) — AO (t) n § 40 yr(‘—u.s 78 4 06 =
Isp(ty) . —
20 0.3
I s, Pl I e t R tO 0 f 0.0
H . — ih BT B PP 0 500 1000 1500 2000
.Exponentlal 3 0 TSD Stress Time (Minutes)
H I~ B . > Exponential and Power-Law Fitting
sLogarithmic: || = [0[1 4 ln(AOt)] o .
y = 45_556e0.0004t )
R2=0.9919 o
80 1.2
z ‘__//
. o i . . E | 9 -
- T5p is a characteristic life time e — / >
for exponential relationship g yrsEOIT 05 £
20 T— 0.3
* R?: Coefficient of determination of a . > .
|inear regression 0 500 1000 1500 2000
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Leakage Current of BME MLCCs: Curve-Fitting

C08X47516, 165°C, 72V Exponential Fitting Eq. (10) Power-Law Fitting Eq. (11)
POSIt:QaiS PCB TTF (minutes) Failure Mode T (Hrs) 1(0) R2 Slope m A, R?
Ci15 Catastrophic 27.778 25.68 0.979 7.528 3.0E-25 0.849
C12 Catastrophic 27.778 33.80 0.992 4.832 2.0E-16 0.875
C16 Catastrophic 27.778 35.08 0.995 5.197 1.0E-17 0.905
C19 Catastrophic 33.333 37.88 0.996 4.375 6.0E-15 0.888
Ci14 Catastrophic 33.333 37.56 0.996 4.679 7.0E-16 0.888
C10 Catastrophic 33.333 37.48 0.993 3.953 2.0E-13 0.894
C18 Slow Degradation 27.778 41.48 0.998 4.250 2.0E-14 0.887
C4 Catastrophic 33.333 38.83 0.994 3.511 4.0E-12 0.898
C17 Catastrophic 33.333 40.85 0.997 3.476 6.0E-12 0.896
C3 Catastrophic 41.667 41.72 0.993 3.481 4.0E-12 0.902
C9 Catastrophic 33.333 39.97 0.994 2.865 5.0E-10 0.908
C2 Slow Degradation 33.333 46.82 0.999 2.791 9.0E-10 0.915
C8 Slow Degradation 33.333 46.82 0.999 2.865 6.0E-10 0.920
C6 Slow Degradation 33.333 47.77 0.999 2.368 2.0E-08 0.924
Cco Slow Degradation 33.333 48.51 0.999 2.417 2.0E-08 0.931
Cc7 Catastrophic 41.667 45.56 0.992 1.919 6.0E-07 0.935
C13 Slow Degradation 41.667 48.71 0.999 2.138 1.0E-07 0.948
Cil1 Slow Degradation 41.667 51.88 0.999 1.884 8.0E-07 0.951
C1 Slow Degradation 41.667 53.51 0.999 1.576 8.0E-06 0.968
C5 Slow Degradation 41.667 52.95 0.999 1.293 6.0E-05 0.988

« Although Slow Degradation (SD) appears linear, exponential form fits the data
much better.

 Logarithmic form did not fit any data set
* Neither exponential nor power-law fit well for catastrophic failures
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Weibull Modeling of BME MLCCs: Mixed Failure Modes
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Weibull Modeling of BME MLCCs: Mixed Failure Modes NC\SA
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 Weibull probability plot and corresponding contour plot clearly show the
existence of two distinct failure modes!

« Although the two-stage failure behaviors may be attributed to a single
dielectric wearout failure mode, statistically, they must be treated like
two different failure modes: when processed for the slow degradation,
the TTF data for catastrophic failures shall be considered suspensions,
and vice versa
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Weibull Modeling of BME MLCCs:
Mixed Failure Modes

Weibull Probability Plot of C08X47516 at 165C 72V
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Weibull Modeling of BME MLCCs:
Mixed Failure Modes

Weibull Probability Plot of C08X47516 at 165C 72V Contour Plot of C08X47516 at 165C and 72V
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The Weibull plot appears to be a SINGLE failure mode! The contour
plot revealed existence of two distinguished failure modes!

This is truly the challenge and confusing part for conventional
accelerated life testing without leakage current measurements.

Leakage current and TTF measurements are a must for BME
capacitors
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Ln (MTTF Min)

Acceleration Factors of BME MLCCs:
Power-Law vs. E-Model

MTTF vs. Electric Field (Complete Set) MTTF vs. Electric Field (Complete Set)
(Power-Law) (Exponential)
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At}165°C i & o 2 At[165°C MTTF = 145313¢9.%525
/ B g ‘\ R? £ 0.996
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A06X10425 Froni Ref. [6] A06X10425 From Ref. [6]
1.E+00 1.E+00
5 50 5 50
Ln (E kV/mm) Ln (E KV/mm)

When R? values are used as parameters for comparing curve-fitting

results, all MTTF data of BME capacitors showing above fit the

exponential-law better than the power law (P-V Equation)

[5]. T. Ashburn and D. Skamser, Proceedings of the 5th SMTA Medical Electronics Symposium, (2008)
(data of 0603 BME MLCCs with X7R dielectric)

[6]. D. Liuand M. Sampson, CARTS Proceedings, pp. 45, (2011)
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Acceleration Factors of BME MLCCs:
Power-Law vs. E-Model

MTTF as a Function of Applied Electric Field MTTF as a Function of Applied Electric Field
(Slow Degradation) (Catastrophic)
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« Slow Degradation failures fit exponential-law better
« Catastrophic failures fit power-law (P-V Equation) better

« There are no exceptions
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Acceleration Factors of BME MLCCs:
Power-Law vs. E-Model

1, 0OE+8

S
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. [19] McPherson, etc, Proceeding on IEDM, pp. 171, (1998)

» The story is similar to the E-model vs. 1/E model in the characterization
of TTF as a function of electric field in SiO.,.

 More than three years of acceleration life testing at low field confirms E-
model

« Longer HALST at lower voltages are required to confirm the findings

and assumptions in this study
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Acceleration Factors of BME MLCCs:
Why Exponential Law?
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« Assuming a BME capacitor follows exactly the Power-Law (P-V
equation) to begin with
 Alinear plot shall be obtained in a Ln(MTTF) ~ Ln(E=V/d) plot

 An Exponential relationship can be obtained if the characteristics of
slow degradation failures as a function of stress are taken into account
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Acceleration Factors of BME MLCCs:
Why Exponential Law?

C03X47516 at 165C 54V
120
1E+4
100
\ I
N'
< RN “ | //)/
= MTTF = 2E+10E4921 S o 7
= g /
w Power-law L _N 3 /
ll: RN b S /
S 1E+3 ° §
-
5 a0
At 165°C ?
1E+2
15 0

0 720 1440 2160 2880 3600 4320 5040 5760
Time (minutes)

Ln (E kV/mm)

 When slow degradation (SD) failures take place, the MTTF gets
longer because the SD failures delay the occurrence of the
catastrophic failures.
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Acceleration Factors of BME MLCCs:
Why Exponential Law?
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« This trend will continue as the percentage of SD failures increases

with increasing stress.
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Acceleration Factors of BME MLCCs:
Why Exponential Law?

C08X47516 at 165°C, 80V
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« At a certain level of stress, the values of 75, decrease to such a value
that all parts will fail due to SD prior to the occurrence of any
catastrophic failures

 Exponential law behavior revealed in BME capacitors is an indication
of the mixed failure modes of catastrophic and slow degradation which
follow different acceleration functions
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Verification of Proposed Failure Mode: Normalization

Weibull Plot of CO8X47516 Normalized Weibull Plot of C0O8X47516 at 125C, 32V
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 Weibull plots of TTF data obtained under various stress conditions
appears to fit to a single failure mode

A “normalized” method using most likelihood estimation (MLE) was
applied to determine Weibull parameters and acceleration factors

 When leakage current results which reveal two failure modes were
implemented, three “normalized” modeling results were generated
for one acceleration function
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Verification of Proposed Failure Mode: MTTF Scenarios N(\SA

SIS

Calculated MTTF (hrs) Data of C08X47516 at 135°C and 72V for Model Verification

Acceleration factors

Power Law
(P-V Equation)

2111.17

Failure Mode scenarios | E-Mode (Exponential) E-Mode (High Stress)

Complete Set (mixed) 427.10

9438.50

Slow Degradation

Catastrophic

Measured Verification Data

« The previous “normalized” process was repeated for three
different acceleration functions

» Total of 9 different MTTF results are obtained corresponding to
three failure scenarios (Complete set, Catastrophic, and Slow
degradation) and three different acceleration functions

« Only four cases realistically make sense.

» Verification data fits calculated model very well, not only the MTTF,
but also the failure mode
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How to Make BME MLCCs with a Longer Reliability Life? 7, N(\l\’i‘;A

120

100 /

Typ = 30 (hr) / Typ = 100 (h) /
80

< / /
5 /|
o 60
s / /
3 / A
-l 40 /

y/

0
0 50 100 150 200 250

Stress Time in hours

I, t, — t4 At
If one assumes: — = € (—) = e (—) = 2

I4 Tsp Tsp
_ At
Then we have: T W = 1.4427 X At
n

At is the time that leakage current doubles in value

Presented by David (Donhang) Liu at the NASA Electronic Parts and Packaging Program (NEPP) Electronics Technology

Workshop (ETW), NASA Goddard Space Flight Center in Greenbelt, MD, June 11-12, 2013 and published on nepp.nasa.gov.

SIS

25



How to Make BME MLCCs with a Longer Reliability Life?

. . . e . No. of
Dielectric Grain Size | No. of Grain . . FOM Calculated B0.8 Life|
Part Number | Cap(uF) | VI (V) |thickness (um)|  (um) Stacking DI'_Z:;::;'C [Eq.(8)] | at125°c,2vr | Tsp (hrs)
M08X47516 4.7 16.0 2.49 0.230 10.8 261 99.999% 3096 (2998) 83.33
A08X22525 2.2 25.0 3.89 0.305 12.8 211 99.995% 948 (939) 32.50

« Lager 75, values gives rise to longer reliability life!

WHY?

» All ceramic capacitors contain BaTiO,
grains in every dielectric layer

* Resistivity is inhomogeneous in every BaTiO; grain, i.e., relatively
low resistance inside a grain surrounded by high insulating grain
boundary regime

* most of the voltage will be applied on the grain boundary regime

* Both rated voltage and reliability (MTTFs) are highly dependent on
this inhomogeneous grain structure
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How to Make BME MLCCs with a Longer Reliability Life?

I
Grain boundary

Assume the existence of a back-to-back depletion layer due to the surface
acceptor traps N formed in highly insulating grain boundary regime

The characteristic life of zgp : ! = ) X 2K
Tsp kT
. _ eN.(0)? |
where: ¢(0) = ge= v, ®(0):Initial depletion layer barrier height
(_.O(_.r d
dN, K: degradation-rate constant, the rate that
= —KN; electrons at oxygen vacancy were captured at

at surface acce ptors

* Minimize¢(0) to increase the 75, : Both inside grain and the boundary
must highly resistive
* Less oxygen vacancies and slower migration rate: Smaller K
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Why Different Source, Different Behavior?

100%
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5 /
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Electric Field (kV/mm)

» One of the biggest problems associated to the BME capacitors for
high-reliability applications are the products from different
manufacturers perform widely different if a BME capacitor with same
capacitance, chip size, rated voltage is selected

 The percentage of slow degradations and its dependence to stress
are very different in BME capacitors from different source
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Summary

« A modified, advanced highly accelerated life stress test (HALST) was
developed and used to evaluate the reliability life of commercial BME
capacitors

— Leakage current and MTTF measurements are used to distinguish two failure modes:
catastrophic and slow degradation (unique for BME capacitors)

— During the Weibull modeling process when TTF data are processed for slow
degradation, the TTF data for catastrophic failures shall be considered suspensions,
and vice versa

« Most BME capacitors reveal an exponential dependence on the applied
electric field (E = V/d)
— Slow degradation failures appear to follow the exponential law

— catastrophic failures appear to follow the conventional power law

— This finding helps answer most questions that are related to the reliability
characteristics of BME capacitors

 The developed reliability model agrees with the measured HALST
results -- not only the MTTF data, but also the failure modes

— Lager T5, values gives rise to longer reliability life

— Tgp appears to be related to the resistance inhomogeneity and oxygen vacancy migration of BaTiO;
grains in BME capacitors
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Thank you! Any questions?

Presented by David (Donhang) Liu at the NASA Electronic Parts and Packaging Program (NEPP) Electronics Technology
Workshop (ETW), NASA Goddard Space Flight Center in Greenbelt, MD, June 11-12, 2013 and published on nepp.nasa.gov.

31



