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Abstract
This thesis deals with the reliability and life-time of electronic components and
ways to determine these factors. Plastic encapsulated and open test circuits were
assessed at different humidity and temperature conditions. From the results an
acceleration factor could be derived using the Arrhenius relation. This factor
is used to determine failure rates at different drift conditions under accelerated
test conditions. A formula for the factor containing both relative humidity and
temperature could be established and was found to hold also for measurements
published by others.

Electrostatic discharge (ESD) transients were studied experimentally and by
simulation with good agreement. A very sensitive method to detect latent failures
of two kinds was introduced by nonlinearity measurements utilizing the third
harmonic of a test signal. The ESD-susceptibility dependence on design and
technology is shown and can be used to improve built-in reliability.

Influences in the performance of semiconductor devices from defects like fixed
charges and ions were interpreted for the first time by simulation using a 2D-
finite element component program. Significant results gave an application to
a MOSFET device showing parameter derating, especially the change of the
threshold value. A short description of later development in simulation methods
with new, more powerful tools improving component performance and reliability
is given.

Charged thin films of Teflon, so called electrets, are used as microphone mem-
branes. The electret voltage is a suitable reliability factor. From experimental
results a mathematical relation including the temperature was established for
the rate of decay of the electret voltage with time. A method to charge the
electrets with radioactive sources is outlined and described in a patent.

Finally an attempt was done to analyze the reliability of thin film circuits by
mathematical methods. Bell Labs introduced RC-feedback filters realized in
tantalum thin film technology. The phase shift of the filter is about π or 180◦. A
mathematical apparatus was developed to calculate the change in frequency and
attenuation from small component variations in resistors and capacitors. First
and higher order corrections were derived, using expansion by the Taylor series
for the higher order.

Keywords: reliability, failure mechanism, acceleration tests, ESD, latent fail-
ure, plastic encapsulation, electret, thin film
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tory, where Prof. Mikael Östling, today also department head took the
responsibility for the fulfilment of the thesis. He cared very much for
giving me fashionable conditions. Likewise Prof. Carl-Mikael Zetterling
kindly corrected the thesis and guided the scriptum. A thank to the rest
of the laboratory who accepted my presence and to the secretary Zandra
Lundberg for all help.

A special thanks is given to all co-authors of my publications improving
their value. Prof. Viktor Scuka of Uppsala University and Prof. Niels
Jonassen of the Technical University of Denmark influenced my ESD re-
search and are recognized for that. In this context must also Dr. Charvaka
Duvvury, Texas Instrument, Dallas and Mr. Masamitso Honda, Tokyo,
Japan be recognized for good collaboration in the ESD field, an impor-
tant part of the thesis.

Mr. Bo Björklund, Ericsson Telecom AB, helped a great deal at the start
of the moisture investigations and is recognized for that. My thanks to
SILVACO inernational, Palo Alto, California, USA for use of some of their
simulation programs and computer facilities.

I am also obliged to the US ESD Association Standardization committée
on ESD testing models with the chairman L. R. Lesley. My thank goes
also to Mr. Christer Afzelius, Swedish Defence Materials Administration,
for much help with the long run latency experiment.



viii Acknowledgements

Prof. Dr. Alessandro Birolini, Professor Emeritus of Reliability Engineer-
ing at the Swiss Federal Institute of Technology (ETH) Zürich, Switzer-
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Summary

This thesis deals with the reliability and life-time of electronic compo-
nents, ways to determine it and some basic research for support of it.
There are two main subjects: moisture influence on plastic encapsulated
integrated circuits (ICs) and the implication of electrostatic discharge
with aspects of safety and functionality

Moisture and evaluation of accelerated testing

A testing philosophy was deduced and as a special new contribution of
this work a time transformation for failure intensities at different tem-
peratures could be derived. Main results as to plastic encapsulation are
confirmation of some approaches of theoretical prediction of failure rate
and establishment of a closed formula using surface conductivity as a pa-
rameter and corrosion of metallic conductors as failure mechanism. Many
results from literature were penetrated together with own experimental
results. The crucial outcome is an analytical expression for failure rate G,
including both temperature T and relative humidity RH as parameters.
Ea is an activation energy that depends on humidity and the corrosional
process. A is a constant and k the Boltzmann constant:

G = A exp
−Ea

kT
exp(−α RH)

 (1)

The aim is to facilitate evaluation of components by so-called accelerated
tests Measurements are performed at increased temperature and moisture,
giving earlier failure appearance. Measuring time can be reduced as much
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as 10 to 100 times. The acceleration factor a is given as:

a =
G2

G1
(2)

Where G1 and G2 are calculated by the preceding formula. The activa-
tion energy is evidently a function of relative humidity RH. The param-
eters are determined from a series of measurements that are described in
the work. They depend on the type of component. A confirmation of
the expression given above was obtained in a special application, where
comparison between 1st and 2nd order approximation of the exponential
expression for the RH-term was possible. The advantage of the assumed
model is that it was derived from the results of physical measurements
Other assumptions are based on mathematical expressions with parame-
ters, that are evaluated from a vast experimental outcome.

ESD investigations

We start with a repetition of the fundamental methods for determination
of electrostatic discharge (ESD) influence on the components as given by
different applications and formulated by standardization committees, es-
pecially by the US electrostatic discharge (ESD)-Association. Methods
for checking ESD-susceptibility are very important. The present work
is concentrated on study of ESD-transients in components by computer
simulation. But also investigation for detection of ESD-failures and oc-
currence of latent failures was done.

The method of 3rd harmonic proved to be efficient for both SiO2−layers
and pn-junctions. Due to the sensitivity of the method failures could
easily be detected. This was probably the first method of that kind. Now
there exist other possibilities.

As to latency two modes are defined, time-dependent and event-depend-
ent. The former implies that a component was submitted to an ESD-pulse
as indicated by some parameter change. It is, however still working within
the given specification for it, but after some time fails or stops working.
The latter means that an ESD-disturbed component works perfectly as
before but fails after an additional ESD-pulse with height beneath the
susceptibility level of an undamaged component. The last phenomenon is
well verified and recognized. But the first one has often been questioned.
For investigation of the possibility of time-dependent latency, a popula-
tion of logical circuits was submitted to different constraint after zapping
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with ESD-pulses for a period of about 3 years. The items were checked
at certain intervals and compared with an unstressed population. A clear
indication of time-dependent latency was obtained. These kind of inves-
tigations are a strong support to an effective ESD-protection program by
the users.

The crucial simulation work was application to pn-junctions, forward or
backward operated. The heat effect due to the rapid temperature rise
by fast ESD-transients was studied. Failure criteria was the melting
point of silicon or a negative resistance. Simulations were made both
in 1D and 2D. The results were verified by comparison with experimental
work. The mathematical treatment of the influence of the transients on
semiconductors is obtained by solving the partial differential equations
of semiconductors coupled to the heat transport equation. Existing fi-
nite element or finite difference programs were used. Proper initial and
boundary conditions had to be applied. The temperature dependence of
all parameters were incorporated. The simulations can be used to de-
termine parameters such as e.g. the heat distribution and the voltage in
a component and to optimize the physical composition of the device by
structural changes. The best arrangement for cooling the device can also
be elaborated. Equally important is the possibility to localize so-called
hot spots and their dependence on composition and cooling. Results in-
dicate that 3D simulation would give a complete answer to the effects of
ESD-transients, however 2D simulations are often sufficient. The simula-
tion results were verified by comparison with experimental tests.

Simulation of MOSFET-devices

Simulation methods for electronic components were used at an early stage
in the development. Now computer aided design (CAD) is an almost nec-
essary tool for design of semiconductor devices and many programs on the
subject were developed. Application to study specifically the reliability
of components came much later. But already in 1978 the author started
simulations of MOS field effect transistors (MOSFETs) with the purpose
to improve their reliability. A finite element program, HALVFEM, devel-
oped at the Royal Institute of Technology was used for simulation in 2D.
The aim was to investigate the influence of defects in the components,
especially at the Si− SiO2 interface, on their performance. Also interfer-
ence from ions (like Na+) could be found. Change of device parameters
gave a measure of deterioration due to defects. The threshold voltage, for
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instance, was revealed as a sensitive parameter. By the results obtained
the conclusion was drawn, that simulation is an important tool to design
and improve intrinsic reliability of a new component. Only five or six
years later the electronic community took up this kind of application.

Teflon electrets

In the late 1960’s a new type of membrane for microphones were intro-
duced. Thin organic foil electrets came into use. An electret is a charged
organic foil or resin. The word electret was coined by O. Heaviside in the
beginning of the 20th century, but the first usable ones were produced
in Japan about 1920. At first resin substances were used, which were
inserted into a strong electric field at high temperatures. After a suitable
time span these were cooled down to room temperature and the obtained
polarization was frozen in. Carnauba wax was the selected resin in the
beginning. When the industry introduced plastics, thin organic foils were
tried for electret production in a similar way as above. Teflon foils proved
to be very applicable as electrets. They give a much better character-
istic, especially at high frequencies, than common magnetic membranes.
An additional advantage appeared as electron bombardment of the foils
can charge them. The electrons are captured in potential traps inside
the organic foil. Discharge and depolarization of the electrets will limit
their life-length. These processes depend on temperature. Different theo-
retical approaches and experimental trials were applied to determine the
life-length of electrets. The present work accounts for a new approach. It
is based on the assumption of the electret as a capacitor. The so-called
Poole-Frenkel effect is assumed to govern the emptying of the filled traps.
Experimentally the electrets are kept at an elevated temperature and the
charge decay is registered by measuring the electret voltage at suitable
time intervals. Decay curves were traced and fitted to the theoretical
approach, and a good agreement was obtained. As a replacement of the
slightly ineffective method with polarization at elevated temperature, the
author introduced an electron bombardment method of electret charg-
ing. A scanning electron microscope (SEM) is used and the electret foil is
attached at the target place. By defocussing the electron beam a homoge-
nous bundle is obtained and the foil is charged uniformly. An additional
advantage is that the electron energy can be adapted to fit the energy
of the traps. On the author’s advice the method came into use at LM
Ericsson Telephone Co. for electret production. A method for electret
charging by radioisotopes was patented, see US Patent 3,949,178 (1976).
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Radionuclides inside the electret will keep it charged. Life-length is about
the same as the half-life of the radionuclide. As one possible candidate
tritium has a suitable maximum energy of about 10 kV for the beta par-
ticles and half-life of about 12 years. Short lived isotopes can be used
to preserve the electret charge at transport to places with a very warm
climate. A charge amplifier for electret-microphones was analyzed by a
computer program to check its performance.

Tantalum thin films

Background for the investigations of tantalum thin films was the method
at Bell-Labs to produce RC-filters containing tantalum resistors and ca-
pacitors with Ta2O5-dielectrics. The filters were used as feed-back filters
in the oscillators of so-called touch-tone telephones. The whole oscillator
was simulated by a computer program. The thin tantalum films were
produced by sputtering in a dc-sputtering equipment. The films were
deposited on glass substrates. By electrolyzing tantalum films, Ta2O5-
dielectrics are obtained. A capacitor is prepared by covering the oxide
with layers of nichrome (NiCr) and Au. Resistors are formed from tan-
talum films by an etching technique. Using so called reactive sputtering,
e.g. the addition of nitrogen to the sputtering gas, the resistors will get a
negative temperature coefficient. In an RC-filter such a negative tempera-
ture coefficient or the resistance can compensate the positive temperature
coefficient of the capacitors and the RC time constant will not vary with
temperature. The filters are meant to operate from −25 ◦C to +125 ◦C.
The investigation concentrated on the possibility to find a correlation be-
tween the temperature coefficient and the nitrogen doping concentration
facilitating the production. The method of 3rd harmonic already used
in another context proved to be applicable. A statistical program was
prepared for calculation of quality and reliability of oscillators from the
production.
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Moisture and Accelerated Testing

1.1 Introduction

From late 1950’s to middle 1980’s there was a heavy development of the
new semiconductor technology. Especially the new technique with ICs,
large scale integrations (LSIs) and ultra large scale integrations (ULSIs)
gave rise to sophisticated methods for evaluation of their performance,
quality and reliability. This formed a proper basis for today’s applica-
tions and further research with a revolution of services in the modern
society, often summarized in information technology (IT). This work is
both an overview of some relevant issues and contributions, that became
important. Most is concentrated on plastic encapsulation as this tech-
nique implied both a simpler fabrication and cost reduction. For the
performance of the devices, ESD and its influence in electronics is an im-
portant aspect. Besides the two main topics mentioned, issues in some
application fields with great technological improvements will be described.

With the advent of microcircuits for application in the telecommunica-
tion industry during the 1960’s and 1970’s reliability and life-time for
components became a major concern. Failure modes are recorded and by
using advanced instrumentation, failure mechanisms can be revealed. To
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discard weak parts from a population a so called burn-in process is used,
i.e. the components are operated at an elevated temperature for a shorter
time (a few hours to some days). This is a method to determine the
life-time of components. If the influence of stress factors as temperature,
moisture, electric field strength is known an acceleration factor can be
calculated, which gives the relation between fall-out at accelerated and
normal conditions. Thus life-time is obtained from results of short-time
accelerated tests. Because of the rapid development in the integration
rate of modern microcircuits failure determination is sometimes a rather
delicate problem.

1.2 Moisture in Encapsulation

With the introduction of plastic encapsulation admitting the penetration
of moisture, corrosional effects also had to be considered. In general the
behavior of a semiconductor as a function of the temperature is described
by the Arrhenius expression:

y = Ae−Ea/kT (1.1)

where y is some component parameter, k is the Boltzman constant, T the
absolute temperature in K and Ea is the corresponding activation energy
for some failure mechanism that can change y. For plastic encapsulated
devices the problem arose how to include corrosion by moisture as a failure
mechanism in the above explained sense. As corrosion in this case is
an electrolytic process, surface conductivity became the key factor. If a
potential drop exists between two conductor stripes a current will flow and
initiate a corrosional process, that depends on the relative humidity RH.
Surface conductivity is a measure of the speed of the process. Already in
the early 1970’s the moisture problem in plastic encapsulated devices was
approached in different ways. These will be referred to according to the
names of the investigators and of publications. In the very beginning the
influence from temperature was neglected, and the surface conductivity
given as a function of the RH-value:

σ = f(RH) (1.2)
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(a) Triple track pattern (b) Meander pattern

Figure 1.1: Test structures for surface conductivity measurements. (after
Ref. [28, 65])

Reich in the USA was perhaps the first one to reformulate the Arrhenius
law to include both temperature and moisture [62]. He made a smart
attempt by adding the RH-value to the T -value in Eq. 1.1:

y = A exp
(
− Ea

k(T + RH)

)
. (1.3)

This gave a fair agreement with experimental results. Reich made an ex-
periment under jungle conditions, where he hang out microcircuits that
were attacked by the rather severe climate, but the results did not cor-
relate very well with laboratory experiments. This was perhaps one of
the reasons that many new attempts were made to find a more satisfac-
tory theoretical representation for the joint temperature and humidity
influence on plastic encapsulated devices. The British Post Office (BPO)
started similar experiments at about the same time in Ipswich, UK.
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1.2.1 Accelerated Testing

The interpretation of the BPO tests resulted in the following formula [41]:

a = exp
[
4.4× 10−4

(
RH2

s − RH2
o

)
+ 6.96× 103

(
1
To
− 1
Ts

)]
. (1.4)

Here a is the acceleration factor between two test conditions o and s, i.e.
how much longer time it takes at condition o to get the same results as at
s. This formula was found to agree well with the factors obtained from
some epoxy encapsulated devices in all but the severest test conditions.
The factor 4.4 is a mean normalization value. Sometimes a value as high
as 8 can be found. The influence of moisture is represented by the factor
RH2, because the water content of the plastic should be proportional to
that factor. In these two approaches referred to, the activation energy
Ea is anticipated to be independent of temperature T and humidity RH.
Results by Sbar and Kozakiewiecz [65] and Hellström [28] show that Ea

can depend on both temperature and humidity.

1.2.2 Theoretical Models

Eq. 1.4 represents the first more complete model for accelerated tests.
The experiments of Sbar et al. will be outlined [65]. This because they
made rather well designed and multiple measurements with reliable re-
sults. They anticipated a linear relationship between the activation energy
Ea and relative humidity RH. The applicability of this was proved by
Hellström through a true derivation of an exponential function [28, 30].
In one case they used a triple-track conductor (TTC) pattern for their
surface conductivity measurements (see Fig. 1.1) on ceramics and other
commercial surfaces of three characteristics: Si3N4-passivation on initial
SiO2 with Ti-Pd-Au metallization pattern, alumina with the same pattern
(referring to the dual dielectric used in some metal-oxide-semiconductor
(MOS)-devices), Si3N4-passivation with Ti-TiN-Pt-Au pattern (fabricated
by the uniform gold process described by Labuda [40]).

One tester series had plastic encapsulation, the others were unencapsu-
lated. Isothermal experiments were realized with testers in Table 1.1 to
study the effects of humidity, temperature and bias on surface conduc-
tivity. To obtain stabilized testing conditions before measurements the
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Table 1.1: Test Specimens—Isothermal Experiment. (after Ref. [65])

No. Type Surface Metallization Bias
[ V]

16 Triple Track Ceramics Ti-Pd-Au 40
16 Triple Track Ceramics Ti-Pd-Au 100
16 Triple Track Ceramics Ti-Pd-Au 180
16 Test Chip (1) Si3N4 Ti-Pd-Au 10
16 Test Chip (2) Al2O3 Ti-Pd-Au 10
16 Test Chip (3) Si3N4 Ti-TiN-Pt-Au 10

substrate had to equilibrate without bias 24 hours at intended temper-
ature and humidity whereupon they were biased for 2 hours. Applied
biases were 40, 100, and 180 V. As a complement samples according to
Table 1.2 were used at constant 80%RH and 10 or 100 V bias. Typical
test results from different samples pattern are given in Fig. 1.2.

These results were interpreted by the author in a different way than by the
investigators to find a physical basis for their approach. The conductivity
was traced as a function of absolute temperature with RHas a parameter.
A bundle of linear curves cover the results rather well except for 65 ◦C
as seen from Fig. 1.3. The results at this temperature in Fig. 1.2(a) also

(a) Triple track conductors, 100V
bias.

(b) Al2O3 metallization testers,
10 V bias.

Figure 1.2: Surface conductivity versus RHfor different test structures. (af-
ter Ref. [65])
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Table 1.2: Test Specimens—Constant Humidity Experiment. (after Ref. [65])

No. Type Surface Encapsulant Bias
[ V]

10 Triple Track Ceramics none 100
10 Triple Track Ceramics DC 3-6550 100
10 Test Chip Si3N4 none 10
5 Test Chip Si3N4 DC 3-6550 10

show a different trend than the others, probably due to measuring faults.
Figs. 1.2(b) and 1.3(b) give results with Al2O3 metallization testers. Fol-
lowing theoretical approach could be done:

logG = logG0 +
Ea

k

(
1
T
− 1
T0

)
. (1.5)

Where G0 is constant, Ea a function of RH. Ea can be determined from
the slopes of the curves. We see from Fig. 1.4 that a linear relationship is
most likely between Ea and RH, which is anticipated by the investigators.
For an overall validity compare results by Hellström [31, 32]. Comparison
in Fig. 1.2(a) with the encapsulated tester reveals a substantially reduced
conductivity, i.e. improved reliability. The change of Ea from negative
to positive values (Fig. 1.4) indicates a different conduction mechanism
at high moisture levels. The formation of a uniform water layer on the
substrate depends on the surface tension. At lower values of relative
humidity, even small dry islands can appear. This is also related to the
surface condition of the substrate and its composition.

Next we consider results from surface layers as presented in Fig. 1.5.
Corresponding characteristics are drawn in Fig. 1.6 and the function
Ea = f(RH) in Fig. 1.7. The main difference from the triple track on
another substrate (ceramics) is the constantly positive activation energy
Ea. A similar expression as before can be established for the conduction
mechanism.

Results of measurements performed at a constant RH-value (80%) are
given in Figs. 1.8(a) and 1.8(b). Though they are somewhat contradictory
to the earlier ones, the investigators preferred to derive the activation
energies from these only from temperature cycles with positive Ea-values,
see Table 1.3. By the cycling thermal equilibrium, necessary for reliable
results, is assured.
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(a) Triple track conductors, 100V
bias.

(b) Al2O3 metallization testers,
10 V bias.

Figure 1.3: The results of Fig. 1.2 as a function of temperature T with RHas
parameter. (after Ref. [32]∗ [original figures by the author are marked with an
asterisk ∗])

(a) Triple track conductors, 100V
bias.

(b) Al2O3 metallization testers,
10 V bias.

Figure 1.4: The activation energy Ea extracted from the data in Fig. 1.3.
(after Ref. [32]∗)
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Figure 1.5: Si3N4 metallization testers, 10 V bias: Surface conductivity versus
RH. (after Ref. [65])

Figure 1.6: The results of Fig. 1.5
as a function of temperature T with
RHas parameter.

Figure 1.7: The activation energy
Ea extracted from the data in Fig. 1.6.
(after Ref. [30]∗)
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(a) Triple track conductors, 100V
bias.

(b) Si3N4 metallization testers,
10 V bias.

Figure 1.8: Surface conductivity in constant humidity experiments at
80%RH. (after Ref. [65])

Table 1.3: Average activation energies at 80%RH. (after Ref. [65])

Activation energy Std. deviation
[ eV]

Unencapsulated TTC .51 .14
Encapsulated TTC .70 .03
Unencapsulated Si3N4 test chip .46 .21
Encapsulated Si3N4 test chip .64 .05

The investigators use the results of Table 1.3 together with the isotherm

logG(50 ◦C, RH) = −18.60 + 0.062RH, (1.6)

obtained from Fig. 1.2 to generate a family of curves for G(T, RH). In
Fig. 1.9 the adjusted isotherms are drawn. Constant RH-values char-
acteristics are replotted in Fig. 1.10. From these and assuming a lin-
ear relation between activation energy Ea and relative humidity RHthe
isotherms of Fig. 1.9 were calculated and from these the function Ea =
f(RH) can be derived as in Fig. 1.11. The joint characteristic is given in
Fig. 1.12. The acceleration factor is defined as :

a =
G(85 ◦C, 85%RH)
G(61 ◦C, 85%RH)

(1.7)
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Figure 1.9: Calculated isotherms
(G1 vs RH) for unencapsulated triple
track conductors. (after Ref. [33]∗)

Figure 1.10: Surface conductivity as
a function of temperature with differ-
ent RHvalues. (after Ref. [33]∗)

and found to be a = 105 from Fig. 1.12, while the original traces in
Fig. 1.9 give a = 0.7 × 105, a fair agreement supporting a unified model
to be derived later [30]. Similar results could be obtained from several
other measurements presented by the investigators. A rather extensive
reliability evaluation of epoxy and plastic encapsulated devices, includ-
ing also mechanical properties was performed at ERA Technology LTD,
Leatherhead, UK. Some hermetic devices were tested in a similar way for
comparison. Even exposure to a tropical jungle was applied [64]. The aim
was to determine acceleration factors. Here the acceleration formula of
BPO, Eq. 1.4, was used with fairly good agreement, implicitly some con-
sistence between the different acceleration formulas mentioned is given.
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Figure 1.11: Activation energy
as a function of RH, derived from
Fig. 1.10. The different sign of the
slope as compared to Fig. 1.32 de-
pends on electrolytic processes. (after
Ref. [33]∗)

*************************

Figure 1.12: Surface conductivity
as a function of 103 exp(−0.014RH)
on triple track conductors. (after
Ref. [33]∗)
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1.2.3 Further Investigations with Moisture in Plastic
Encapsulation

Independently of previous experiments a closed formula for the influence
of moisture in plastic encapsulation was derived [28]. The following ex-
pression was derived :

G = A exp
[
−Ea

kT
exp (−α RH)

]
(1.8)

The factor α is found from Fig. 1.11. The relative validity of this the-
oretical approach was proved already in the interpretation of the results
of the previous investigators, see Fig. 1.12. In the findings of the closed
formula for the surface conductivity several factors were considered. The
nature of the surfaces upon which the metal conductors are deposited
is of importance. If SiO2 or Si3N4 are used, the phosphorous content is
also of importance. As metal, Al with different percentage of Cu or Si
or both to inhibit electromigration is applied, but also nichrome (NiCr)
or other combinations can appear. The presence of ions (e.g. Na+, K+,
I−, Cl−, B−, S2−) will accelerate the corrosional electrolytic process. By
way of comparison also open circuit patterns were measured. Ions can be
introduced from the plastic by water penetration. Bromine is commonly
used as an additive because of its flame retardant effect on the plastic.

The author started his investigations, 1977, by using data from earlier
measurements [38, 39]. Koelsman performed measurements with a spe-
cial pattern (10µm and 100µm distance between the conductor stripes,
respectively) on thermal SiO2 without any protection (passivation or en-
capsulation [38]). Dependent on the environment the electrolytic process
is accelerating or inhibiting the corrosional effects. The latter is caused by
anodization of the electrodes (e.g. Al). One series of results are demon-
strated in Fig. 1.13 (Note: Au electrodes) The surface conductivity is
traced as a function of the RH-values for different temperatures.

By using the values of Fig. 1.13 (interlaced line) Arrhenius plots of the
following form can be established, Fig. 1.14:

G = Ae−Ea( RH)/kT . (1.9)

Koelsman also gives a table for the speed of corrosion, Table 1.4.

By the technique described the joint, closed formula for the surface con-
ductivity will be derived. From Fig. 1.14 the activation energies, Ea can
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Figure 1.13: The surface conduc-
tivity of thermal SiO2 as a function of
relative humidity for a number of tem-
perature between room temperature and
100 ◦C.

Figure 1.14: Arrhenius plots derived
from Fig. 1.13. (after Ref. [32, 38])

be determined and plotted as a function of relative humidity. See also
Fig. 1.15 “unencapsulated”. The curve fits to:

Ea = 0.74 e−0.0073 RH . (1.10)

For comparison with other approaches of Reich and BPO as given above,
values of Fig. 1.13 are traced versus 1/(T + RH) in Fig. 1.16 and RH2

in Fig. 1.17(a), complemented with Fig. 1.17(b), which shows that the
influence of temperature on surface conductivity is, as expected, vanish-
ing for high RH-values. The same values are also plotted vs 1/RH,
which were likewise used. Two areas are discernable here, 5% to 40%RH
and 40% to 100%RH, see Fig. 1.18. Using the closed form given above
and in [28] replacing Ea(RH) by the function found in Fig. 1.15 and
taking the first approximation of the exponential we trace the values vs
103/[T (1 + 0.0073RH)], Fig. 1.19. Disregarding the points marked with
asterisks, the values fit rather well to a straight line, from which the slope
0.76 eV is derived. Compare this to 0.74 eV used in Fig. 1.15. The devi-
ating points of Fig. 1.19 correspond to very low RH-values. Those of the
highest RH-values are also displaced in Fig. 1.19, but can be corrected if
higher terms of the exponential power series are included. The analysis
fairly well supports the closed form representation of surface conductivity.
The same procedure was used for two cases of thermal SiO2, covered with
two different room-temperature vulcanizing (RTV) silicone-rubber mate-



14 Moisture and Accelerated Testing

Table 1.4: Speed of Corrosion. (after Ref. [38])

Surface conductivity Time for complete
corrosion of anode

[Ω−1] [s]

10−10 3× 103

10−11 3× 104

10−12 3× 105

10−13 3× 106

10−14 3× 107

10−15 3× 108

10−16 3× 109

rials, DC 90702 and DC 96084. Data is given in Figs. 1.20 to 1.23 [12]. In
Fig. 1.24 the result is given for DC 90702. The values are scattering more
in this case than in Fig. 1.41, but the value of 1.2 eV found from the fitted
line is comparable in size with 1.34 eV given in Fig. 1.15, again supporting
the closed form suggested. DC 96084 was not analyzed as Fig. 1.22 reveals
a discontinuity of the activation energy also appearing in Fig. 1.15. Dis-
continuities at low RH-values are probably due to a different conduction
mechanism (monolayers or “islands” of water). Later an investigation of
hybrid circuits in fluorinated polymer (FNP)-plastic and silicone encap-
sulation was presented [13]. Fig. 1.25 gives results of surface conductivity
measurements with FNP-plastic and Fig. 1.26 water penetration rate for
FNP (NRL) and RTV silicone. It was stated that the diffusion of water
and impurities (in the form of ions) through the FNP-plastic is extremely
slow but enough to form an electrolyte. From the curves of Fig. 1.25 the
conductivity-temperature relations were derived with relative humidity
RHas a parameter, Fig. 1.27(a). These were found, in the usual way, to
suit well to the following joint humidity-temperature formula :

ln(log 1017G) = A

(
103

T
− 2.3

)
+ 2.2, A = Φ(RH) (1.11)

The slope is given by A = −(3.0 − 0.14RH), see Fig. 1.27(b). These
last results demonstrate how much the surface conductivity depends on
the encapsulant materials used. Additional results of the same investiga-
tors were interpreted and supported the closed joint representation, see
Figs. 1.28 to 1.29(b).
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Figure 1.15: Activation energy as a
function of RH. (after Ref. [33]∗)

Figure 1.16: Surface conductivity
as a function of 103/(T + RH). (af-
ter Ref. [33]∗)

(a) linear scale (b) log-log scale

Figure 1.17: Surface conductivity as function of RH2. (The linear regression
curves plotted in 1.17(a) are also drawn in 1.17(b).) (after Ref. [32, 38])
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Figure 1.18: Surface conductivity as
function of 1/RH. (after Ref. [32, 38])

Figure 1.19: Surface conductivity
as a function of 103/(T + RH). (af-
ter Ref. [32, 38])

Figure 1.20: Surface conductivity
of SiO2 with DC 90702 Coating, 5µm
electrode gap. (after Ref. [12])

Figure 1.21: Surface conductivity
of SiO2 with DC 96084 Coating, 5µm
electrode gap. (after Ref. [12])
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Figure 1.22: Activation energy analysis for DC 96084, 5µm electrode gap.
(after Ref. [12])

Figure 1.23: Activation energy analysis for DC 90702. (after Ref. [12])
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Figure 1.24: Activation energy analysis for DC 90702. (after Ref. [33]∗)

Figure 1.25: Surface conductivity
measurements with FNP plastic coated
circuits. (after Ref. [13])

Figure 1.26: Water penetration rate
for FNP plastic (NRL) and RTV sili-
cone. (after Ref. [13])
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(a) Arrhenius plot of ln[log(1017G)]
versus 103/T.

(b) Surface conductivity σ as a
function of the relative humidity
RH.

Figure 1.27: (after Ref. [33]∗)

Figure 1.28: Surface conductivity G versus 103/[T (1 + 0.016RH)]. (after
Ref. [13, 33])
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(a) Surface conductivity G versus
103/[T (1 + 0.011 RH)].
Acceleration factors:
aorig = 3.8 · 105

acal = 5.4 · 105

(b) Surface conductivity G versus
103/[T (1 + α RH)]. Acceleration
factors:
aorig = 1.7 · 105

acal = 1.5 · 105

Figure 1.29: Surface conductivity plotted versus two different humidity-
temperature formulae. (after Ref. [13, 33])
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Figure 1.30: “Comb” test-pattern. (after Ref. [32]∗)

1.3 Experimental Conditions and Results

To verify the validity of the closed form found for joint humidity-tempera-
ture representation of surface conductivity, measurements were performed
by the author on a “comb” test-pattern, produced on silicon chips with
a SiO2-surface, see Fig. 1.30. Both open and vapox passivated circuits
were used. A Keithley electrometer was used for measurements together
with a programmable processor regulated climate chamber. Test patterns
were mounted on teflon plates with electrodes for connection with outside
measuring equipment and plotter monitoring the measured values. See
also Fig. 1.48.

Some typical results will be accounted for. Fig. 1.31(a) represents a mea-
surement with vapox passivation giving surface resistivity as a function
of temperature and humidity. In Fig. 1.31(b) the corresponding surface
conductivity is traced and Fig. 1.32 shows the deduced activation energy,
Ea. Altogether eight patterns were measured. Calculated activation en-
ergies are denoted in Fig. 1.31(a). As found earlier the characteristics
in Figs. 1.31(a) and 1.31(b) are likely to converge to a common point
at To = 263 K. At this temperature all moisture should be in the solid
state. This is evidently a point of singularity and can in a case of true
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(a) Arrhenius plot of the surface
resistance R.

(b) Arrhenius plot of the surface
conductivity σ = 1/R.

Figure 1.31: Arrhenius plots of the measurement results on comb test pat-
terns. (after Ref. [33]∗)

convergence be utilized to give the conductivity in an analytical form:

lnσ =
Ea

k

(
1
To
− 1
T

)
− 34.064 (1.12)

σ = 10−14.794 exp
[
Ea

k

(
1
To
− 1
T

)]
(1.13)

with conductivity σ and activiation energy Ea = 0.25 exp(0.014RH)

Usually a lower activation energy is obtained at higher humidity, but the
opposite case is seen here. This might be due to an inhibiting electrolyt-

Figure 1.32: Activation energies gained from the graphs in Fig. 1.31. (after
Ref. [33]∗)
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ical process. The same kind of measurements were performed with open
circuits (patterns) Examples are given in Figs. 1.33 and 1.34. A similar
trend as before is evident, but irregularities appear due to a higher sen-
sitivity to the aggressive environment at open circuits, see for instance
results at 45%RH. The inhibiting process (due to the oxidization of the
Al-stripes) is very pronounced here as indicated by the impossibility to
repeat some measurements, no current will flow at an applied voltage of
50 V. In most cases the individual characteristics of a pattern seem to
have a common pool (point of convergence) as before. There is a spread
from sample to sample, partly due to disturbances in the pattern, partly to
surface ionic contamination. The point of singularity is as before around
273 K or below. When this temperature differs due to contamination, it
might be interpreted as a lowering of the freezing point, well known in
physics.

This could be checked by comparing results from very clean surfaces with
such deliberately contaminated to a known concentration. To have a
working relation for the activation energy relative the RH-values, ob-
tained results are plotted together with a linear function obtained by
regression calculus, see Fig. 1.35. The relations for determination of ac-
celeration factors in different cases are dependent on the metallization
used. Aluminum is different from others because of the electrolytical pro-
cess. Passivations succeed to exclude water vapor more or less sufficiently
depending on the preferred method (SiO2, Si3N4, etc.). Frequently the
following factors are used in models of acceleration by temperature and
moisture for evaluation:

α = e−Ea/kT e−B/ RH (1.14)

where Ea and B are constants. But the moisture factor can be ambiguous
as B may be different in different RHvalue ranges. The surface conduc-
tivity curves of Koelsman [38] are used to demonstrate this in Fig. 1.36
These are plotted as a function of 1/RH. Apparently B is changing at
about 35%RH. This is a case with Au-stripes, Al-stripes would probably
give other results. Another problem exists at very high humidity values
(RH > 90%, pressure cooker tests) with several atomic layers of wa-
ter. Measurements do sometimes fit in with lower RH-value results but
a proper relationship is missing. Very low RH-values with one atomic
layer or less of water must also be treated separately. At the time of
these experiments no climate chamber for regulation of moisture at low
temperatures (T < 28 ◦C) was available.

Additionally, results were compared with another investigation presented
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(a) (b)

Figure 1.33: Arrhenius plots of the surface resistance R. (after Ref. [33]∗)

in literature [71]. It concerns reliability problems of plastic encapsulated
integrated circuits. For comparison with our measurements and other
results some of the figures are reproduced, see Figs. 1.37 to 1.40 and a
table of failure rate, see Table 1.5. There is a big difference in failure rate
with and without heat dissipation, as shown in Fig. 1.39 and Table 1.5.

In general continuous heat dissipation has half the failure rate as an inter-
mittent one, according to their investigation. They stress very much on
the humidity dependence like BPO. Fig. 1.38 gives curves at two different
temperatures. As in Figs. 1.13 and 1.14 the author reinterpreted them to
give the activation energy as a function of relative. humidity, see Fig. 1.41.
Values from the curves of Fig. 1.38 were traced vs values of the function
103/[T (1+0.0087RH)] where the parentheses is a first order approxima-
tion of the exponential in the expression of the activation energy found
in Fig. 1.41. Results according to Fig. 1.42. The procedure is the same
as before to verify the closed form representation of surface conductivity.
The agreement is very good. Only values of high humidity diverge from
the common line. A second order expansion of the exponential gives new
values, that are marked with triangles in Fig. 1.42. They give an excellent
fit to a linear plot as expected from the closed form representation of joint
humidity-temperature influence on surface conductivity, stressing the va-
lidity of an exponential dependence of activation energy Ea on relative
humidity RH given by the author.

In Fig. 1.42 conductivity values from Fig. 1.38 are plotted as a function of
103/[T (1+0.0087RH)] (points within triangles are corrected for a second
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Table 1.5: Lifetimes of plastic encapsulated components. (after Ref. [71])

R12 climate R12 climate, 10 ◦C
Device excess rack temperature

Technology 100 fits 1000 fits 100 fits 1000 fits
[years] [years] [years] [years]

CMOS 15 18 760 2000
12 14 480 2000
13 15 620 2000
24 33 1000 2000

TTL 100 145 2000 2000
Low-power 144 220 2000 2000
Schottky 179 315 2000 2000

230 580 2000 2000

16K dynamic 3.8 4.0 80 390
RAM 4.1 5.3 120 480

15 29 1280 2000

order approximation). Previous investigations (Figs. 1.31(a) to 1.42 [32]
were followed by measurements of 8 open circuit Al-patterns on SiO2, see
Fig. 1.43(a). The activation energy is traced in Fig. 1.43(b). Analytically
the resistance can be written in the range 0 ≤ T ≤ 85 ◦C as

R = 2× 1014 exp
[
−5.03Ea × 103

(
1
To
− 1
T

)]
=

1
σ

(1.15)

with To = 273K and Ea = 0.15 exp(0.022RH). The conduction mecha-
nism seems to be different beyond about T = 358K. If approaching from
the other side, i.e. pressure cooker condition, the following formula, as
mentioned before, is used:

R = A exp
(
−Ea

kT
− B

RH

)
(1.16)

Fig. 1.43(b) shows the activation energy derived from Fig. 1.43(a). The
following Fig. 1.44 supports the assumption, that the activation energy is
a constant for high temperatures but also that some deterioration starts
at about 85 ◦C [56]. It is also to be expected that the same is the case
when the relative humidity is approaching saturation (RH=100%). Mea-
surements indicate about 85%RH. The general behavior of surface con-
ductivity is then given by Fig. 1.45.



26 Moisture and Accelerated Testing

Figure 1.34: Arrhenius plot of the
surface resistance R. (after Ref. [32]∗)

Figure 1.35: Activation energies as
a function of relative humidity RHfor
open circuit samples. (after Ref. [32]∗)

Figure 1.36: Surface conductivity versus 1/RH (after Ref. [38]).

Figure 1.37: Water vapor partial
pressure as a function of temperature.
(after Ref. [71], p. 153)

Figure 1.38: Surface conductivity
versus relative humidity RH. (after
Ref. [71], p. 154)
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Figure 1.39: Surface current with
and without internal power dissipation.
(after Ref. [71], p. 154)

Figure 1.40: Acceleration factor a
versus internal power dissipation. (af-
ter Ref. [71], p. 155)

Figure 1.41: Activation energy as a function of relative humidity RH. Ea =
0.73 exp(−0.0087RH) for 5% ≤ RH ≤ 85%. (after Ref. [32, 71])
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approximation for the dependence on relative humidity RH. (after Ref. [32]∗)



1.3. Experimental Conditions and Results 29

(a) Arrhenius plot. The
extrapolated lines intersect in the
point T = 273K, R = 2 × 1014 Ω.

(b) Extracted activation energy as
a function of relative humidity.

Figure 1.43: Arrhenius plot and extracted activation energy of the surface
resistance R. (after Ref. [33]∗)

Figure 1.44: Failures caused by temperature and humidity (after Ref. [56]).
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Figure 1.45: General behavior of open circuits in Al, influenced by tempera-
ture and humidity. (after Ref. [32, 56])

For comparison tests were done with hybrid circuits on Al2O3-substrates,
Ti-Pd-Au metallization with silicone rubber coating, see Fig. 1.46. It is
clear from this figure that a coating will drastically reduce the influence
of humidity on surface conductivity, i.e. increase the life time of the
components. For comparison the same type of circuits without coating
were measured. Results are given in Fig. 1.47(a). They are similar to
earlier open circuit measurements. Interpretation in usual way of the
results gave the activation energy function as presented in Fig. 1.47(b),
showing the dependence upon the conductor metal used.

Individual results have been given on resistivity and conductivity mea-
surements and corresponding activation energies derived. From Fig. 1.35
it is evident how much the activation energies can spread owing to conduc-
tor material used and deposition process. This is valid for open circuits
being worst case results.

1.3.1 Other Approaches

To verify the possibility to include pressure cooker tests the values of
Fig. 1.36 are interpreted according to the formula referred to before and
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Figure 1.46: Surface conductivity versus temperature for silicon rubber coated
circuits. (after Ref. [33]∗)
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Figure 1.47: Arrhenius plot and extracted activation energy of the surface
conductivity σ of uncoated circuits. (after Ref. [33]∗)
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Figure 1.48: Circuit utilized for biasing the test structures and for monitoring
package leakage. The author used a similar arrangement for his comb tests.
(after Ref. [45])

they agree fairly well with the expression:

A exp
(
−0.4 eV

kT
− 544
RH

)
for RH > 60% (1.17)

This corresponds to an acceleration factor of a = 8.5 between 85 ◦C,
85%RH and 121 ◦C, 100%RH. An activation energy of 0.8 eV to 1.0 eV
has been applied for Al-metallization [45, 47]. According to Fig. 1.43(b)
the activation energy is found to be Ea = 0.97 eV. This should give an
acceleration of about 50 to 80 in the quoted range. It seems that a test
time of t = 1000 h at 85 ◦C, 85%RH corresponds to t = 10 − 100 h at
pressure cooker test condition. There are other approaches to interpret
the moisture temperature dependence of surface conductivity, especially
at measurements with high acceleration saturated temperature (HAST)
equipment. S. K. Malik at IBM, USA, has demonstrated this method [45].
They present the following formula for the failure rate, that is proportional
to the surface conductivity:

R(T, RH) = A exp
(

∆H
kT

)
exp

(
β

RH

)
(1.18)

where A is constant, β is a humidity constant (%RH), ∆H is an activa-
tion energy ( eV), RHis the relative humidity, and T is the temperature
in K. Measurements at 85 ◦C, 85%RH, 85 ◦C, 60%RH and 60 − 70 ◦C,
60%RH must be performed to calculate ∆H and β. These measure-
ments require 3000 to 5000 hours of testing to provide the data. Failure
analysis proved that the failure mechanism at HAST tests was aluminum
corrosion!

It is also pointed out, that the validity of the results depends very much
upon how carefully the parameters are determined and the homogeneity of
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the temperature throughout the pressure cooker volume. HAST systems
are, however, mostly used to screen out bad component samples, as the
failure mechanisms for this severe stress are not always the same as at
drift conditions. Anyhow efforts were done to relate HAST results with
such at 85 ◦C, 85%RH and lower [59]. Here a failure analysis should be
applied to verify the failure mechanisms.

The predominant failure mechanism in presence of moisture is chlorine in-
duced corrosion for Al conductors. From about the middle of the 1980’s
the plastic materials for encapsulation of microcircuits was improved very
much. Even if the analytical expressions found for the acceleration fac-
tor sometimes are a bit complex they provide the possibility to carefully
evaluate new components before application. Assumed models for the
acceleration-factor are also used, the parameters are found by extensive
measurements, two examples are quoted[4]:

a =
(
RH2

RH1

)3

exp
[
Ea

k

(
1
T1
− 1
T2

)]
(1.19)

a = exp
[
Ea

k

(
1
T1
− 1
T2

)
+ C4

(
1

RH1
− 1
RH2

)]
(1.20)

For further information about applications of these, see for instance Refs.
Peck 1986, Pecht 1985 and Hallberg 1992. The work accounted for was
performed on the purpose to evaluate the reliability of the plastic encap-
sulation technology, emerging at that time. It became an overall basis
for the introduction of plastic encapsulated devices at LM Ericsson Tele-
phone Co. A pressure cooker chamber was also purchased for qualification
of delivered species from vendors. The primary value of this investigation
is that the results are found to explain results of several other investiga-
tors, making it to a reliable overall approach for evaluation of moisture
influence on plastic encapsulated microcircuits. A similar investigation
performed in Australia [10] was not known by the author before. This
report gives together with own results comparison by other prediction
formulas for PEM given in the literature up to that date. Both data
from constant temperature (30 ◦C) and constant humidity (70%RH) are
used. The investigator could gather the eight different sets of test values
in three groups for both cases. There is an overall spread of two decades.
Today with new plastics it should be reduced essentially. She mentions
moisture induced corrosion (in presence of ions) and thermo-mechanical
stress as failure mechanisms. No prediction formula is chosen to be the
best fit to the results.
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In Refs. [5, 6, 9, 10, 16, 17, 19, 23, 24, 49, 53, 55, 61, 66, 77] the main
outcomes are with few exceptions the same as before. A few comments
can be done. Brown et al. present IR-microscopy as a non-destructive
failure analysis method, very suitable for plastic encapsulated modules
(PEMs) [5]. Acoustic microscopy can be used in a similar way. Nachbauer
has investigated complementary MOS (CMOS) and high-speed CMOS
(HCMOS) devices in a pressure cooker at different temperature-humidity-
biased (THB) conditions [53]. He preferably uses standard 85 ◦C/85%RH
and compares with 132.9 ◦C/85%RH at a bias of 6 V. The results are
interpreted with Weibull plots. Other conditions were also tried. Beside
corrosion parameter shifts are considered as failures. Main conclusion
was that the second test type should be used to accelerate the tests. Still
higher temperatures are not to recommend as new failure mechanisms
can appear. There are two categories of failures:

1. parametric failures, as supply current leakage due to activated par-
asitic transistors or source-drain leakage in n-channels

2. complete failures due to corrosion or excessive leakage

Fokkens and Lous performed accelerated moister tests with a CMOS de-
vice [17]. The intention was to verify if different pre-treatments as solder
dipping and/or thermal cycling could accelerate failure appearance com-
pared with untreated parts. The onset of corrosion and electrical degra-
dation was determined. They applied a HAST test at 130 ◦C/85%RH,
considered as most useful. Pre-treating did not appreciably accelerate the
tests.

Matthäi has given a second report on THB-tests [49]. He derives equations
for moisture diffusion in plastics and points out the importance of the glass
transition temperature, TG, at which glassification of the plastics occurs
and discusses factors influencing it. He applies his model approach to
tests of bipolar transistors, using Weibull plots for interpretation of test
values. As most important failure mechanisms the following are observed
:

1. Formation of electrolytic distances on the chip surface followed by
leakage currents.

2. Corrosion of Al inside the devices causing interruptions of electric
connections.



1.3. Experimental Conditions and Results 35

The report is a rather thorough record of problems involved in reliability
evaluation of PEMs. Nguyen et al. used for CMOS-devices thermal cy-
cling as −65 ◦C/150 ◦C, −40 ◦C/125 ◦C, 0 ◦C/125 ◦C with 2000 cycles [55].
Effects of different die coating was registered. Acoustic micrographs il-
lustrate moisture attacks in failed parts causing interfacial delamination.
A preconditioning by 30 cycles −65 ◦C/150 ◦C bake at 125 ◦C for eight
hours, H2O soak and solder reflow were applied. Emerson et al. evalu-
ated plastic assemble processes for high reliability applications [16]. Test
chips were tried in HAST experiments at 140 ◦C/85%RH and 40 V bias
for different epoxy encapsulants, in one case silicone gel coating. In the
failure distribution an extrinsic region, the curve having a low slope, and
an intrinsic region, the curve having a steep slope appeared. The first is
associated with random failures, produced by defects introduced at the
manufacturing process. The second region also called wear-out region
is due to failures tied to process or reaction from the material and the
environment. The overall distribution had a log-normal shape.

Burger investigated the bond-strength (adhesion) of different interfaces
in PEMs and developed a test method for this [6]. The components
were first constrained by usual treatments (HAST, pressure-cooker solder
dips, temperature cycling). He presented a mechanical model to describe
the corrosion phenomena from pressure cooker tests and temperature cy-
cling. Failures were documented by scanning electron microscope (SEM).
Scanning Acoustic Microscopy reveals delaminations along the interfaces.
Gallo and Munamarty introduced a new failure mechanism for PEMs,
popcorning [19]. Character and consequences can be summarized as fol-
lows. The failure occurs when the inherently hygroscopic encapsulant is
rapidly exposed to high temperatures during reflow solder assembly of
the component to a printed circuit card. The moisture absorbed by the
molding compound vaporizes and rapidly expands leading to development
of high stresses. When these exceed both the interfacial strength and the
fracture toughness of the molding compound, delamination and cracking
appear. Cracking is accompanied by a characteristic pop sound. From
this comes the name popcorning. The phenomenon can lead to a long
term reliability problem, since the cracks can be a path for ionic contam-
inants, causing corrosion-induced failures. Another result can be sheared
or cratered ball bonds, causing electrical failures.

Schuddeboom and Wuebbenhorst discuss extrapolation to lower temper-
ature of results from PEM high temperature storage life (HTSL) [66].
They use a model constructed to describe ball-bond corrosion in HTSL
stress testing. In this model ion mobility is considered to be the rate
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determining step and found to be non-linear for anti-popcorn plastic. An
Arrhenius type extrapolation of the meantime to failure (MTTF) at high
temperature is used to predict the value at lower temperatures. The
method seems to be correct for a low-stress plastic However it, possibly,
underestimates the value for anti-popcorn plastic based on ion conduc-
tivity data. Strikingly, below the glass-transition of anti-popcorn plastic,
the reaction rates estimated from the ion conductivity data are the same
for both the low-stress and the anti-popcorn encapsulants.

Casanovas and White investigated the effect of uncontrolled storage of
PEMs used in naval aviation applications [9]. The presumption is that if
old parts have not degraded after 20 or 30 years of uncontrolled long-term
dormant storage, then vastly superior current products will survive sim-
ilar periods under similar conditions. Results from destructive physical
analysis revealed that only two PEMs, both 28 years old, exhibited cor-
rosion. Regardless of age, C-mode scanning acoustic microscopy (SAM)
revealed delaminated areas in most parts, suggesting that this technique
might not be a good method for screening PEMs. No direct relationship
was found between corrosion and moisture content. In addition, oxygen
plasma etching was found to be a very effective method for performing
destructive physical analysis on PEMs. The purpose of the evaluation
was to determine if long-term dormant storage affects the reliability of
PEMs for naval aviation applications that demand very high reliability of
the components. A seven step test flow was developed:

1. External visual inspection

2. Radiographic inspection

3. Electrical testing at room, rated-high, and rated-low temperatures

4. Moisture content (as measured by weight change after a high tem-
perature bake)

5. Electrical retest (for any part rejected at step 3)

6. C-mode SAM

7. Destructive physical analysis

From the age distribution of evaluated parts an average lifetime of 16 years
was found. The leading failure modes were lead finish damage (27 cases),
twisted leads (23 cases) and contamination from unknown sources (12
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cases). Uno et al. penetrated the thermal reliability problem with gold-
aluminium bonds in PEMs [77]. They concentrated on bi-phenyl resin en-
capsulants. Bond degradation of gold wires connected to aluminum pads
has become a major problem because of the use of molding resins with low
thermal stability and the use of IC devices under high thermal environ-
ments. Failures are caused by corrosion reaction of Au-Al intermetallics
with bromine contained as flame retardent in the resin compounds. It
was clarified that the reactive intermetallic was the Au4Al-phase formed
in the bond interface. Typical bond failures would be degradation of bond
strength as well as an increase in electrical resistance. Shear strength and
resistance were measured at 473 K. Considerable change of the two pa-
rameters occurred. Corrosion reaction at the Au-Al bonds increased the
resistivity. Shear strength decreased of corrosion at the gold/intermetallic
interface. The cumulative failure function was interpreted by Weibull and
Arrhenius plots. Activation energies for the latter were 1.8 eV and 0.6 eV
for bi-phenyl resin and 2.8 eV for O-Cresole Novolac-resin (OCN). Halo-
genes are often present in molding compounds and possible reactions with
gold and aluminium are shown. Oxygen can also interact. The failure
process could be divided into several steps:

1. resin decomposition

2. bromine diffusion

3. intermetallic formation

4. chemical reactions

The strength of high purity gold wires and such with impurities were
compared. Alloyed gold bonds are stronger than pure gold bonds. See
also Uno and Tatsumi [76].

Ranade et al. used a Scanning Acoustic Microscope to reveal False Heal-
ing in PEMs [61]. This phenomenon is related to occasionally observed
reduction of delamination in PEMs. Previously “false-healing” was re-
ported only for the leadframe/plastic interface. It was thought that the
chemical contaminants present in the flux enter the package and form
corrosive products which fill up the internal air gaps. The authors made
some new findings for the occurrence of false healing by using acoustic
microscopy. They found false healing in instances where there was no
exposure to corrosive media. Additionally false healing was observed at
the die/plastic interface, where chemical contaminants could not reach.
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In this study SAM was used to conduct nondestructive evaluation of pack-
ages subjected to preconditioning and simulated assembly processes. The
results indicate two major questions in the previous false healing theory.
First, the theory cannot explain the occurrence of false healing at the
leadframe/plastic interface in situations where there was no exposure to
corrosive flux and the recovery of delamination at the die/plastic inter-
face where chemical contaminants cannot reach. A new explanation is
warranted to explain these findings. One explanation for the reduction in
delamination could be that the baking drives residual moisture (present
after IR reflow procedure) out of the encapsulant allowing it to adhere
back with the die and lead frame. This could be confirmed by some ex-
periments. Moisture inside the package is responsible for showing up as
delamination.

Swanson et al. used different methods to evaluate PEMs for military
use [72]. Instead of conventional parts they applied special moisture and
stress sensor chips in single PEMs. Temperature cycling, THB, HAST
and high temperature storage/operating life (HTOL) tests were applied.
Device reliability tests were performed on single test devices using the sil-
ver comb pattern sensor, the NiCr resistor consisting of an unpassivated
NiCr resistor network and the Sandia ATCO4 chip that has an array of
piezo resistors, thermal heaters and temperature diodes. A conventional
hermeticity screening is required to provide confidence test when using
PEMs. Sample ICs were assembled on leadframes, transfer molded and
the exposed to a series of environmental screens. One device, a silver-
comb pattern sensor provides a go/no-go test. The NiCr resistor provides
a more quantitative indication of moisture at the interface.

Epoxy encapsulants, unlike silicones, are not chemisorbed onto the die and
slight shrinkage combined with diffusion allows moisture accumulation.
As to moisture sensors no failures were found after 24 and 100 hours of
HAST and 24, 168, 500 and 1000 hours of 85 ◦C/85%RH HTOL. For
NiCr resistor changes in thermal 500 times cycling were less than 10%
for all parts. All parts in HTOL showed less than 5% change at 125 ◦C
for 1000 hours except one (at no bias). In another 85 ◦C/85%RH testing
without bias one part had an opening but all changes were below 5%.
No openings or significant change in HAST parts (bias or no bias) were
found. Many other test results are given in the report.

Hakim came early with objections to the use of the Arrhenius plot in
determining failure rates [23, 24]. First he meant that temperature was
not the crucial cause for failures but misfits of the components in their
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electrical environment on system level. As to humidity attacks in PEMs
he says that corrosion is not any more a failure mechanism of concern
for the user. This should be due to material and design improvements of
PEMs.

He suggests the same tests as for hermetic encapsulants. We have here
two definitions of reliability. Evidently component failure rate on system
level can be different from that in individual component tests. But the
latter is necessary for the certification of the component. The vendor does
not know in which environment his component will be used. The PEMs
are of course subject to other failures than corrosion as the tests described
above demonstrate and should be tried for that. Hakim also refers mostly
to components for military use. He mentions that MIL-HDBK-217 is not
used any more as being uncertain. But this is due to its vast applicability
to different environments, benign and harsh for instance. It includes also a
human factor as often elderly people not specialized in electronics handle
advanced equipments. This handbook should be used only for military
applications. Quality experts often recommend Bell Lab (AT&T) models
for telecom applications. In Europe similar handbooks were published in
Great Britain, France and Italy.

Aluminum corrosion is still to be regarded as an important failure mech-
anism. Hakim helped Reich in his pioneering work on moisture influence
in PEMs [62]. Charles mentions also vapour pressure models [10]. They
show good correlation between results below 100 ◦C, but are less satisfac-
tory for the more accelerated tests and have fallen in disfavor. Gunn et
al. tested devices at the same vapor pressure, but differing temperatures
and humidities and concluded that the device lifetime was not a simple
function of vapor pressure or vapor pressure in conjunction with tem-
perature [21]. Charles also makes difference between results interpreted
with constant activation energy, Ea, and those with humidity dependent
energy. The latter was confirmed in this thesis to be more consistent
with experimental results. Anyhow, ion induced corrosion is not yet an
abandoned failure mechanism. Traditional statistic process control (SPC)
should be used for PEMs as well. This control means that a compound is
followed when in use and failure rates recorded and stored in a computer.
An increase in rate gives an alarm. The failed parts are investigated by
the user and/or the vendor. The fault in the production is traced and
corrected.

Earlier tests were mentioned for high reliability purposes. A 2-chamber
system with high temperature (100 ◦C) in one of them and low tempera-
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ture (−10 ◦C or so) in the other with a lift carrier for rapid change between
them. Then most test possibilities are given. the corresponding ESD tests
will be treated in next chapter.

As reliability tests are expensive and time consuming a major goal for fu-
ture work will be to found out which tests can be discarded for new high
quality microcircuits. As seen from the diagrams on surface conductiv-
ity (or resistivity) they converge often to a point or small area near 0 ◦C
(273 K) where most water is in the solid phase. Contamination, however,
can give a lower freezing point. This is in agreement with the physical laws
of thermodynamics, what supports the approach. There is no distinct dif-
ference in moisture resistance between discrete components and very large
scale integration (VLSI)-circuits. At low temperature/humidity tests (e.g.
85 ◦C/85%RH) the contact pads are first being attacked, while at HAST
conditions also the narrow conductor stripes are damaged. Discrete parts
having larger dimensions should be more resistive against humidity con-
straints.

A generally applied method to improve the reliability of vendor compo-
nents is the burn-in process. The devices undergo dynamic tests at ele-
vated temperature and humidity condition for a rather short time (from
24 hours to several days). Thus weak parts are eliminated in advance,
compare also with the HAST procedure. By applying surface protection
the influence of moisture is reduced, but this is also a matter of cost. A
proper encapsulation is important. The properties of plastic encapsula-
tion material has been significantly improved during the last two decades.

1.3.2 An Example of Evaluation of Accelerated Tests

When testing components at some temperature, T, the failures will have
some distribution in time. This depends upon the failure mechanisms,
represented by their activation energies, Ea and the temperature. The
log-normal distribution has been found to be common for electronic com-
ponents. Assuming a normalized log-normal distribution the following
deduction for comparison of failure distributions at different temperatures
can be done. The failure rate at a certain time, t, will be:

λ(t) = λ0(t)
(
−Ea

kT

)
(1.21)
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But the failure intensity is defined:

Z(t) =
f(t)
R(t)

then
f(t)
R(t)

= λ0(t) e−Ea/kT . (1.22)

R is called the reliability function. The mean life-time τ , however, is
defined as follows:

τ = MTTF =

∞∫
0

R(t) dt = e−Ea/kT

∞∫
0

f(t)
λ0(t)

dt (1.23)

For two temperatures TA and TB there is:

τ(TA)
τ(TB)

= exp
[
Ea

k

(
1
TA
− 1
TB

)]
(1.24)

In the same way at each time point, t, with a certain failure outcome ∆f,
this is transformed. Compare distribution according to scale, A, with that
of scale, B, in Fig. 1.49. If the variance, σ, of the log-normal distribution
is given it is easy to calculate the time span to a certain percentage failure
outcome, x, compared to tm (time to 50% outcome). Other distribution
functions in time will need different approaches. Another rather common
distribution for the failure of components is the Weibull distribution.
Because the following holds for the log-normal distribution of failures,
F (t) up to time t is:

F (t) =
1
2

[
1 + erf

 1√
2σ

ln
(
t

tm

)] (1.25)

The error function erf is defined as:

erf(Y ) =
2√
π

Y∫
0

e−n2
dn (1.26)

The function F is numerically given in Ref. 56, for instance. Some values
for σ = 0 are given in Table 1.6:

One way to formally extend the expression for a log-normal failure dis-
tribution to include the temperature according to the Arrhenius plot is a
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Table 1.6: Numerical values of the
failure function F (t) for σ = 1.

F (t) t/tm

0.2 0.43
0.5 1.00
0.8 2.32
0.9 3.60
1.0 > 96.34

transformation of the time scale:

t −→ t eEa/kT1 = t1 (1.27)
t −→ t eEa/kT2 = t2 (1.28)

t1
t2

= eEa/k(1/T1−1/T2) (1.29)

For T −→ ∞ the fictive time t1 approaches t. A direct transformation
between two arbitrary temperatures T1 and T2 is also possible:

t1 −→ t2 exp
[
Ea

k

(
1
T1
− 1
T2

)]
(1.30)

We make the following definitions:

f(t) the probability density function, failure density

F (t) the probability distribution function, failure distribution

R(t) the reliability function

Z(t) the probability intensity function, failure intensity

The failure density without transformation is

f(t) =
1

tσ
√

2π
exp

[
− 1

2σ2

ln
(
t

tm

)2
]

(1.31)
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Thus:

f(t) → f
(
t eEa/kT

)
=
e−Ea/kT

tσ
√

2π

× exp

− 1
σ2

ln

(
t eEa/kT

tm eEa/kT

)2
(1.32)

f(t)dt → f
(
t eEa/kT

)
dt eEa/kT (1.33)

and

∞∫
0

f(t)dt =

∞∫
0

f
(
t eEa/kT

)
dt eEa/kT (1.34)

=

∞∫
0

e−Ea/kT

tσ
√

2π
exp

[
− 1

2σ2

ln
(
t

tm

)2
]
dt eEa/kT

= 1 (1.35)

likewise:

F
(
t eEa/kT

)
=

1
2

[
1 + erf

 1√
2σ

ln

(
t eEa/kT

tm eEa/kT

)
]

(1.36)

this means that F (t) is invariable. Also R(t) is invariable under this
transformation:

R(t) = 1− F (t) = 1− F (t eEa/kT ) = R(t eEa/kT ). (1.37)

The failure intensity Z(t) transforms as

Z(t) =
f(t)
R(t)

= λ0(t) (1.38)

Z(t eEa/kT ) =
f
(
t eEa/kT

)
R
(
t eEa/kT

)
=

e−Ea/kT f(t)
R(t)

. (1.39)

Finally we find
Z(t eEa/kT ) = e−Ea/kT λ0(t). (1.40)
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Figure 1.49: Time displacement of failure outcome at accelerated tests. The
same time scale is valid for A and B with TA = 50 ◦C and TB = 100 ◦C.

The physical validity of the transformation is, however, not proven by the
equations above alone. But the requirements of the reliability functions
f(t), F (t), R(t) and Z(t) are fulfilled, anyhow, and the transformation
agrees with experiments.
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Table 1.7: Accelerated Testing Evaluation (From MIL-STD-883).

Failure Type Activation Detection Preventive

Mechanism Energy Ea Measure

Slow trapping wearout 1.0 eV High temp.
bias

Ultra-clean
processing

Contamination wearout
/ infant

1.4 eV High temp.
bias

Ultra-clean
processing

Surface charge wearout 0.5−
1.0 eV

High temp.
bias

Ultra-clean
processing

Aluminum elec-
tromigration

wearout 0.5−
1.0 eV

High temp.
operating life

Limited
current
density in
conductors

Microcracks random — temp. cycling Contoured
oxide steps

Contracts wearout — High temp.
operating life
and stress

Ultra-clean
processing

Oxide defects infant 0.3 eV High voltage
operating life
and stress

Ultra-clean
processing

Ion migration wearout 1.4 eV High temp.
bias

Ultra-clean
processing

Corrosion random 0.3−
0.6 eV

High temp.
operating life

Ultra-clean
processing

Au-Al
intermetallic
bond failures

random /
wearout

1.02−
1.04 eV

High temp.
operating life

Minimize
such bonds

Surface
inversion

random 1.02 eV High temp.
bias

Ultra-clean
processing

Moisture
related

random — Cold temp.
near dew
point

Dry sealing
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A model for mechanisms in plastic encapsulated microelectronic devices during
temperature-humidity tests - II.
Microelectronics and Reliability, vol. 31 (5), pp. 873–878 (1991).

[50] Mei, Y.; Liu, S. and Suhir, E.
A parametric study of a VLSI plastic package subjected to encapsulation, moisture
absorption and solder reflow process.
In Structural Analysis in Microelectronic and Fiber Optic Systems. vol. 12 of Amer-
ican Society of Mechanical Engineers, EEP, pp. 159–174 (1995).

[51] MIL-STD-105D: Sampling procedures and tables for inspection by attributes.
Military Standard.
US department of defense (1963).

[52] MIL-STD-414: Sampling procedures and tables for inspection by variables for per-
cent defective.
Military Standard.
US department of defense (1957).

[53] Nachbauer, W.
Highly accelerated humidity testing of CMOS ICs.
Electronic Components & Applications, vol. 8 (3), pp. 156–166 (1988).

[54] Nallino, M.; Digout, R.; Deleuze, G. and Brizoux, M.
Plastic encapsulated ICs reliability prediction modelling: Principal results.
In Proceedings ESREF’92. pp. 311–321 (1992).

[55] Nguyen, L. T.; Gee, S. A.; R., J. M.; Grimm, H. E.; Berardi, H. and Walberg,
R. L.
Effects of die coating, mold compounds and test conditions on temperature cycling
failures.
In Proceedings Electronic Components and Technology Conference. pp. 210–217
(1994).

[56] Ogawa, K.; Suzuki, J. and Sano, K.
Automatically controlled 2-vessel pressure-cooker test-equipment.
IEEE Transactions on Reliability, vol. R-32 (2), pp. 164–167 (1983).

[57] Olsson, C.
Reliability of plastic-encapsulated logic circuits.
Quality and Reliability Engineering International, vol. 5 (1), pp. 53–72 (1989).



1.4. References 51

[58] Pecht, M.; Nyguen, L. and Hakim, E.
Plastic encapsulated microcircuits (John Wiley & Sons) (1995).

[59] Peck, D. S.
Comprehensive model for humidity testing correlation.
In Reliability Physics 24th Annual Proceedings - 1986 (IEEE), pp. 44–50 (1986).

[60] Ramsey, T. H.
Aluminum alloy bonding wires in corrosive environments.
Semiconductor International, vol. 10 (4), pp. 90–94 (1987).

[61] Ranade, Y.; Pecht, M. G. and Moore, T. M.
New findings in the occurrence of false-healing in plastic encapsulated microcircuits
using Scanning Acoustic Microscopy.
IEEE Transactions on Components and Packaging Technologies, vol. 22 (2), pp.
266–299 (1999).

[62] Reich, B.
Acceleration factors for plastic encapsulated semiconductor devices and their rela-
tionship to field performance.
Microelectronics and Reliability, vol. 14, pp. 63–66 (1975).

[63] Reich, B.
Bias influence on corrosion of plastic encapsulated device metal systems.
IEEE Transactions on Reliability, vol. R-25 (5), pp. 296–298 (1976).

[64] Roberts, B. C.
Plastic encapsulation of semiconductor devices.
In Int. Conf. Plastics in Telecommunication 3, Programme and Papers (London)
(1982).

[65] Sbar, N. L. and Kozakiewicz, R. P.
New acceleration factors for temperature, humidity, bias testing.
IEEE Transactions on Electron Devices, vol. ED-26 (1), pp. 56–71 (1979).

[66] Schuddeboom, W. and Wuebbenhorst, M.
Question marks to the extrapolation to lower temperatures in high temperature
storage life (HTSL) testing in plastic encapsulated ICs.
Microelectronics and Reliability, vol. 36 (11/12), pp. 1935–1938 (1996).

[67] Sim, S. P. and Lawson, R. W.
The influence of plastic encapsulants and passivation layers on the corrosion of
thin aluminium films subjected to humidity stress.
In Reliability Physics 12th Annual Proceedings - 1974 (IEEE), pp. 103–112 (1974).

[68] Sinnadurai, F. N.
The accelerated ageing of semiconductor devices in environments containing a high
vapor pressure of water.
Microelectronics and Reliability, vol. 13, pp. 23–27 (1974).

[69] Sinnadurai, N.
EPIC: A Cost-effective plastic chip carrier for VLSI packaging.
IEEE Transactions on Components, Hybrids and Manufacturing Technology, vol.
CHMT-8 (3), pp. 386–390 (1985).



52 Moisture and Accelerated Testing

[70] Sinnadurai, N.
Plastic packaging is highly reliable.
IEEE Transactions on Reliability, vol. 45 (2), pp. 184–192 (1996).

[71] Stroehle, D.
Plastic encapsulated semiconductor components for telecommunication systems.
Electrical Communication, vol. 57 (2), pp. 152–156 (1982).

[72] Swanson, D. W.; Chen, M. and Enlow, L. R.
Evaluation of moisture and stress sensor chips in single-chip PEMs, temperature
cycling, THB, HAST, and High-Temperature storage / operating life tests.
In Int. Symp. on Microelectronics 1999. pp. 233–239 (1999).

[73] Terasaka, K.; Tsujii, Y.; Hitsui, N.; Amari, Y.; Kakimoto, T.; Yamazaki, T. and
Takezaki, T.
Accelerated testing of moisture induced aluminum corrosion.
In Reliability Physics 22th Annual Proceedings - 1984 (IEEE), pp. 458–462 (1984).

[74] Torii, M.; Kagawa, H. and Kyotani, H.
Highly reliable packaging material for VLSI.
Technical Report 37, Matsushita-Electric.
In Japanese (1988).

[75] Tsubosaki, K.; Wakashima, Y. and Nagasima, N.
Rate determining factor of aluminum corrosion and a rapid method of assessing
the moisture resistance of LSI PEMs.
In Reliability Physics 21th Annual Proceedings - 1983 (IEEE), pp. 83–89 (1983).

[76] Uno, T. and Tatsumi, K.
Thermal reliability of gold-aluminium bonds biphenyl epoxy resin.
Microelectronics and Reliability, vol. 40, pp. 145–153 (2000).

[77] Uno, T.; Terashima, S.; Onoue, K. and Tatsumi, K.
Improvement in thermal reliability in gold-aluminium bonds encapsulated in bi-
phenyl epoxy resin.
In Int. Symp. on Microelectronics 1998. pp. 591–596 (1998).

[78] Wada, T.; Kobayashi, Y.; Maeda, M.; Sugimoto, M. and Ajiki, J.
Study of acceleration factor on moisture resistance test of plastic encapsulated
semiconductor devices.
Microelectronics and Reliability, vol. 28 (5), pp. 813–820 (1988).

[79] Walter, H.; Schroen, J. L.; Spencer, J. A.; Bryan, J. A.; Cleveland, R. D.; Metzgar,
T. D. and Edwards, D. R.
Reliability tests and stress in PECs.
In Reliability Physics 19th Annual Proceedings - 1981 (IEEE), pp. 81–87 (1981).

[80] Wilson, K. J.; Henderson, J. C. and Sutherland, R. R.
Some problems in the correct failure analysis of plastic encapsulated semiconductor
devices.
In 36th Electronic Components Conference Proceedings 1986 (New York), pp. 132–
137 (1986).



1.4. References 53

[81] Yoshida, T.; Takahashi, T. and Koyama, S.
A new accelerated test method for moisture resistance of large scale PEMs.
In Reliability Physics 20th Annual Proceedings - 1982 (IEEE), pp. 268–271 (1982).





2
ESD Investigations

2.1 Introduction

Charging of matter is a very old phenomenon. Already in ancient Greece
it was discovered, that amber when rubbed in some way attracted small
particles. This was later recognized as an effect of electrical charges on
the surface of the amber material. The word electricity comes from the
Greek name of amber, electron. After this first manifestation of electricity
a more precise study did come only after many centuries. The rubbing
process to form static electricity was denoted triboelectric charging after
the Greek word tribein = rubbing, frictioning. It was also realized that
two kinds of static electricity were created. One came to be called positive
the other negative and the last one identified as electrons, an elementary
particle defined in modern atomic physics. The positive part were atoms,
that had lost one or more orbital electrons, i.e. ions. If two different
materials are kept close to each other and than suddenly separated or
the two materials are rubbed against each other, one of them will be
positively and the other negatively charged. The last one is said to have
the higher electron affinity. This property of matter is related to the
different dielectric constants of the materials. The British physicist and
chemist M. Faraday established the so called triboelectric series. This
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is a table of different materials arranged in a manner that materials at
the top are more prone to be positively charged and those at he bottom
negatively. If two materials of the table are separated from each others
or rubbed against each others, the one with higher place in the table
becomes positively charged, the other negatively charged and the greater
the distance between them in the table the larger the charge formed.
The process depends also upon the properties of the surfaces of the two
materials, see Table 2.1. Charges of equal sign were found to repel each
other, those of same sign to attract each others. For a short historical
summary of the “happenings” in electrostatics see the introductory part
of [21].

2.2 ESD-Testing and Models

2.2.1 General

In the 1960’s a very high vulnerability of the new discrete MOS-compo-
nents was realized. They failed often without any apparent reason. A
thorough failure analysis of damaged components started to settle failure
mechanisms. This led to the understanding that electrostatic discharge
(ESD) caused voltage breakdown in the thin silicon gate oxide of the
MOS-circuits. The accidents happened during the handling of the circuits.
The operators had been charged triboelectrically and by touching some
pin of the circuit a discharge destroyed it. The thickness of the oxides
was normally about 1000 Å, corresponding to a breakdown voltage 100V.
The failure mode was often a short circuit between gate and source or
drain. About 50% of all failures were caused by ESD.

The failure mechanism clarified preventive measures had to be taken. All
personnel handling the circuits in production, control and packing at the
manufacturers, respectively unpacking, testing and mounting for use in
equipment fabrication by the receiver could harm the circuits. They were
charged in this normal work and caused discharges when handling the
circuits. The results can be, if not catastrophical, that some parameters
are changed making the circuit unusable for intended application.

The first action was to protect the MOS-components by keeping them in
a metal foil until they were to be mounted. This implied some protection
as the components were shielded against external fields and discharges to
the gate oxide. But hazards remained still at wrapping and unpacking
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the items, testing and mounting them. The problem was attacked in
different ways. Protection circuits could be designed and implemented
in the component wafer. The first protection circuits had resistors and
capacitors as elements. Experiments were also performed with spark gaps.
The function of the protection circuits is twofold, to reduce the pulse
height to a non- dangerous level before the pulse reaches the gate and to
dissipate the pulse energy in their resistors.

Many investigations started in USA to find out under what circumstances
people get charged and to which level depending on different activities. At
the same time a more effective design of protection circuits began. They
became faster, withstood more pulse energy and consumed less space on
the wafer. The inputs of the circuit being most sensitive were protected
first.

Methods to test the susceptibility of components for ESD came to be con-
sidered, including the efficiency of the protection circuits. Modern micro-
circuits can sometimes be protected against several thousands volts. This
has been realized for most CMOS-circuits. Methods for failure analysis
of components damaged by ESD were developed. They aimed at localiz-
ing the failure site and clarifying the failure mechanism. Being regarded
as a big problem for the electronic industry some kind of cooperation
to study the ESD-phenomena was felt necessary and a symposium on
the matter was initiated in 1979, the first EOS/ESD-symposium in USA.
These could be repeated annually and formed a forum for treating ESD-
problems. Around 1500 participants from both USA and Europe and
Japan confirms the importance found for dealing with ESD-phenomena.
In 1982 the US EOS/ESD-association was established cosponsoring the
ESD-symposia. EOS means electrostatic overstress and represent the
conventional transients.
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Figure 2.1: Relationship between charging generators and ESD-testing mod-
els.
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Figure 2.2: Sketch of the situation to which the Human Body Model applies.
The electrostatically charged operator discharges through the external pins into
the chip itself.

2.2.2 Human Body Model

The discharge from operators to electronic circuits described above be-
came the background for the first ESD-testing model. On this model
simulators were constructed to measure the ESD-susceptibility of elec-
tronic components. The simulator produces electrical pulses of the same
shape as those from natural discharges. The human body is represented
by a capacitor and a series resistor. Because of his capacitance to earth
a person can, if insulated, keep this charge until a contact to earth is
made. Metal parts have the function of “local” earth. The human body
is also able to conduct current, the outer parts of the skin normally are
a current path and represent a resistor. The value of this resistor will of
course vary from person to person. For the Human Body Model (HBM)
it was decided to have a capacitance of 100 pF and resistor of 1500 Ω as
standard values. The real capacitance for the human body is of course
also no constant. Values as high as 500 pF and low as 70 pF have been
measured. They are also dependent on the geometric relation of the body
to earth.

The Human Body Model (HBM) simulation, implying charging a capac-
itor and discharging it through a resistor to a component, is a simpli-
fication. Both capacitance and resistance are distributed in the body
and some inductance action of the body occurs. The model should, to
be more correct, include a complicated net of impedances, the magnitude
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varying from one person to another. The HBM simulator has, however, re-
mained the same for about twenty years. It has become standardized and
is described in MIL-STD-883C method 3015.7, “Test Methods and Pro-
cedures for Microelectronics”, and the US ESD Ass. standard for HBM.
Main characteristics are for the realized pulse a rise-time of less than 10 ns
and pulse length of 150 ± 20 ns. This wave form shall be checked using
a current probe and the component socket short circuited. The effective
capacitance is to be measured by an electrometer. In Notice 7 is also
stipulated a maximum value for so called ringing of the pulse, 15% of the
amplitude. Failure criteria for components tested by the HBM-method
can be:

1. any parameter gets its value moved outside the specification range

2. any parameter value is changed 10% or more after the test

This means that a component whose leakage current exceeds the maxi-
mum allowed value after the test is disqualified. If in a test a transistor
current amplification factor changes by 10%, the transistor will be disap-
proved, even though the factor is still within the specified range. Different
HBM-simulators can give different test results even if they are of the same
manufacturer. This can be due to only small differences in rise-time or
pulse energy, being the crucial conditions for a damage to arrive or not. A
standard HBM circuit for testing is found in Fig. 2.3 and standard pulse
shape in Fig. 2.4.

The chosen values of resistor and capacitor correspond, as mentioned,
not always to empirical discharge conditions. Experience seems to show
that the resistor value is too high. An absolute value for the ESD sen-
sitivity for HBM-discharge is thus difficult to obtain and the method is
therefore “mostly used as a reference to compare the sensitivity for differ-
ent components”. But today an essential improvement has been gained
from the long-term experience. The test equipments have become more
sophisticated.

In many commercial HBM ESD-testers the influence of the contribution
to the capacitance from the relays has not been sufficiently analyzed. The
effect can be a 15 − 20% too high capacitance. Inductances of the con-
ductors and capacitive interaction between conductors and relay contacts
will often affect energy and the discharge time for automatic ESD-testers.
According to MIL-STD-883D, method 3015.7 (March 1989), input and
output of an IC-component shall be tested against all others with five
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C
CR

R L

CS Rin

++U0 u(t)

DUT

Figure 2.3: An outline of the simple HBM scheme. The capacitor C = 100 pF
has been charged from a high voltage unit. When closing the switch the capacitor
is discharged through the resistor R = 1.5 kΩ and inductance L ∼ 5µH into the
DUT, represented by CS and Rin. The parasitic capacitance CR can be in the
order of 1 pF. The discharge has passed within about 200 ns. The pulse form is
checked by measuring the current pulse i(t) with the DUT replaced by a current
probe.

positive and five negative pulses. One second delay between the pulses
will give sufficient cooling. Compare also with the ANSI EOS/ESD S 5.1-
1994 standard. All this testing will take at least one hour or in reality
about one working day to manually investigate a 20 pins dual in-line (DIL)
package. Fortunately, automatic HBM testers were elaborated in the last
10 years making the measuring time much shorter. In the standards there
are detailed descriptions on how to qualify the test equipment and how to
perform ESD component tests. All this is necessary to be able to compare
measured values from different testers.

2.2.3 Machine Model

When components started to be manipulated in machines, such as testing
equipments at arrival inspection, automatic mounting robotics in pro-
duction and automatic printed circuit board (PCB)-testers by final in-
spection, an increase in damages was noted Failure analysis afterwards
revealed that ESD often was the reason. Many microcircuits that were
destroyed had passed the ESD-test according to HBM method, and yet
they failed. The input protection circuit in general remained intact, al-
though the main circuitry was harmed. This indicated a new kind of dis-
charges compared to the HBM. Investigation performed in Japan proved
that the component handling equipment generated these very hazardous
discharges. Parts of the testing or measuring equipment became charged
and when pins (connectors) of components came in contact with them
a discharge was released damaging the components. From a number of
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Figure 2.4: HBM voltage pulse according to MIL-STD-883D. Ringing is al-
lowed to be at most 15% of the peak value. The rise-time should not exceed 10 ns
as measured between 10% and 90% of the peak value, while the decay time con-
stant should be 150 ns as measured between the peak voltage and 1/e = 36.8%
of this value.

Figure 2.5: Schematic outline of Machine Model.

measurements a capacitance value of the magnitude 200 pF was found for
the charged equipment parts. The discharge resistances, often metal to
metal, proved to be very low, in reality so low that no extra resistor is
necessary in a simulation model. These investigations resulted in a model
with a discharge circuit consisting of a 200 pF capacitor and a “zero ohm”
discharge resistor, named the Machine Model (MM). The discharge pulses
are much faster compared with those of HBM-method. The latter gives a
pulse time constant of about 0.1µs, while that of Machine Model (MM)
is only of the order some tens of nanoseconds. The fast discharge means
that the protection circuits, effective against HBM pulses do not have
time to react and other protection means must be used.

The Machine Model has the same configuration as the Human Body
Model, only the capacity is 200 pF instead of 100 pF and a serial resis-
tance as low as possible. This model can be considered as a “worst case”
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Figure 2.6: Discharge pulse from MM-tester. According to US EOS/EDS
Ass. Std. DS5.2. The time delay between the first and third “zero passage”
shall be 66− 99 ns.

of HBM. In the machine model simulators it is difficult to achieve suffi-
cient low inductances, especially in automatic ESD-testers of this design.
Thus the spread in results from different testers is large. Comparison
between tests with MM and HBM show that components that are stable
against HBM, can be very sensitive against MM-ESD. Standard pulse
shape for the Machine Model is given in Fig. 2.6. This model is applied
rather much in Japan and Europe, as “second ESD model” while in the
USA the Charged Device Model (CDM), see Sect. 2.2.4, is preferred.

2.2.4 Charged Device Model

Encapsulated components, microcircuits, will be triboelectrically charged
by friction or separation from other insulators. As described before metal
parts will undergo charge separation by influence from the charge on
their encapsulation. If some of the pins are brought in contact with a
metal piece or grounded otherwise a discharge will take place. A model
for such an event was presented first time in 1974, the Charged Device
Model (CDM) [36].

The rise-time of the discharge pulse in this case is much shorter than in the
HBM. Input protection circuits are not effective against these discharges.
They are too slow and discharge paths are different from the HBM case.
Interior parts of the circuits can be damaged, see Fig. 2.7. An encap-
sulation with “floating voltage” metal lid are often sensitive to Charged
Device Model (CDM)-discharge. Experiments with 16 pin DIL packages,



64 ESD Investigations

Figure 2.7: The picture shows an example where simulation with the CDM-
method is to be used. Because of sliding friction and separation in the com-
ponent tube, the encapsulation and the pins get charged. By influence from
these charges conducting parts will undergo charge separation. If a pin comes
in contact with the bench surface the component is rapidly discharged. Cur-
rents in the order of 15 A are released for about 10 ps. The voltage can be high
enough for oxide breakdown and the energy sufficient to destroy a pn-junction
of a bipolar transistor.

charged with 2 nC and discharged through a 1Ω resistor showed a rise-
time of 0.5 ns and pulse-length of several nanoseconds; a peak current of
15 A giving a very high power density, about 109 W/ cm2 [6].

Much earlier a formula was presented, that describes what value the power
density must reach to damage a component by melting. Pulse length,
melting temperature, initial temperature, heat-conduction ability, mate-
rial density, current distribution and voltage drop etc. are parameters
composing this formula, see Fig. 2.8. Automatic CDM-testers have been
developed. Some have several options: CDM, HBM and also latch-up
testability for instance. Charged device problems have been the object
for many studies.

The presence of parasitic inductances in the ESD-tester is critical. A chip
resistor, for instance, includes 1 nH of inductance. Only about 2 nH will
erase the difference between tested small-outline transistor (SOT)- and
dual in-line package (DIP)-components. Induction can also come from
test sockets, that consequently should be made from antistatic material
with high resistivity, eliminating short circuits. Testing standards for
different test modes (HBM, MM, CDM) are available from the US ESD-
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Figure 2.8: Charged Device Model Testing sequence:
S1 and S2 open at the start.
S1 closed, S2 open at charging process.
S1 open, S2 closed at discharging process.

Association. In Fig. 2.9 the shape of a theoretical decay curve is given,
which can be described by

T (t) =
V

ωL
e−at sin (ωt) with a =

R

2L
with ω = 2πf (2.1)

2.2.5 Charged Package Model

A sophisticated variant of CDM is the Charged Package Model (CPM),
that was elaborated to eliminate the effect of humidity as one reason. The
time elapsed between charging and discharging of a component will affect
the result at CDM, if the humidity is high. At Charged Package Model
(CPM) tests all pins are charged simultaneous through bakelite, a high
resistivity material, see Fig. 2.10. A special discharge electrode is lowered
to the connector or pin to be tested. Discharge is accomplished through an
1 Ω resistor to earth. The pulse shape can be studied by an oscilloscope.
Before next charging of the component all connectors are neutralized by a
two file set of electrodes. Thus all possible remaining charge is led to earth
by an 1MΩ resistor. The test set-up is then ready for a new procedure
of charging, discharging, neutralization etc. In the described CDM tests
the pins are charged by connection to a high voltage source, but there are
other approaches, trying to reproduce the true charged device process.
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Figure 2.9: Calculated discharge current as a function of time. Chosen pa-
rameters: R = 10Ω, L = 10 nH, C = 3.6 pF and V = 400 V.

Figure 2.10: Equivalent scheme of the Charged Package Model.
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Figure 2.11: The picture illustrates the Charged Board Model. The PCB
to be tested is placed upon an dielectric insulator plate with a grounded metal
plate as support. The PCB is charged from the high voltage supply unit and
discharged via a connector and a 1 Ω resistor to earth.

2.2.6 Charged Board Model

For a long time there was a misunderstanding about components mounted
on PCBs and ESD. They were thought to be protected against ESD. As a
matter of fact they can be damaged at lower discharge voltage compared
with the CDM- or HBM-testing of a single component. The capacitance
between the PCB and earth is crucial [9], see Fig. 2.11.

There are two very distinguishable cases for the occurrence of failure on a
PCB. The first one can be described by a charged person who is touching a
board with his hands direct or capacitively grounded. The second occurs,
when a person is carrying a board and gets charged. The discharge will
come afterwards, for instance when placing the board into a stand. Part
of the charge on the board will discharge rapidly when brought in contact
with metal parts of the magazine. The reason for discharges of PCBs is
the formation of charges on metal parts by induction (influence) from the
charged board, usually a dielectric.

2.2.7 Field Induced Model

The possibility to induce charges on a component by an electrical field was
treated before. The field can have its origin in charges on plastic materials,
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Figure 2.12: This picture shows the idea of the Field Induced Model. A
component e.g. a microcircuit, inside an electrical field will submit a charge
separation like other objects in the field. If one side of the charged circuit
gets short-circuited to earth a discharge current starts flowing that may cause
current-induced defects.

as coffee cups, packaging materials etc. If these objects come near electric
circuits charges will be induced on the circuits damaging them if the
charges can recombine by some short circuit. The Field Induced Model
(FIM) for these processes is described in Figs. 2.12 and 2.13.

2.2.8 Charged Chip Model

The Charged Chip Model (CCM) is used to test the ESD-sensitivity of
silicon chips. The chip is charged capacitively and discharged afterwards

Figure 2.13: Equivalent circuit scheme for the Field Induced Model. Rj and
Cj represents the device under test.



2.2. ESD-Testing and Models 69

Figure 2.14: Principle schematics of the Charged Chip Model.

by an electrode approaching the chip until contact is established. This
method simulates the picking up of semiconductor chips with vacuum pli-
ers, see Fig. 2.14. For a summary of the basic electrostatic phenomenology
see Ref. [21].

2.2.9 Triboelectricity

If two materials with different dielectric properties are in contact and
then moved relative each others or suddenly separated a positive charge
will appear at the surface of one material and negative on the other.
The amount of charge produced depends on the compositions (atomic
structure) of them and, in general, the rate of separating. The flatness
of the surfaces has also an impact on the result. This kind of charge
is called triboelectricity after the greek word tribein (= to rub). The
propensity of different material to get charged is usually represented in
a triboelectric series. Table 2.3 is such an example. Those most prone
to become positive are on the top and those negatively charged at the
bottom of it. The distance between two materials gives an indication of
the amount of charges formed when they are rubbed together. In the
middle of the series are materials that remain almost neutral. Cotton
is sometimes the division between positive and negative materials. The
electric properties of cotton depends very much on humidity. Even metals
can get charged.
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Table 2.1: The triboelectric series.

Charge polarity

positive positive or negative negative

Air Cotton Orlon

Asbestos Steel Polyurethane

Glass Wood Polypropene

Mica Amber PVC

Human hair Sealing-Wax Silicon

Nylon Nickel Teflon (PTFE)

Wool Copper

Leather Silver

Lead Gold

Aluminium Platinum

Paper Brass

Ebonite

Polyester

Celluloid

2.2.10 Antistatic Materials

With antistatic materials was earlier meant materials with a specific con-
ductivity range. This denotation has, however, become to cover all kind
of materials with the property to reduce the formation of charges and
dissipate any charge within a few seconds. Some of them also have the
special property to shield against electrical fields. They are not pene-
trable for fields. Antistatic materials are usually characterized by their
surface conductivity. Static dissipation was before used for materials in
one conductivity range, but is now in another, the main range of anti-
static materials between insulating and conductivity materials. Fig. 2.15
gives a survey of different scales for the conductivity properties of matter.

Counteraction to ESD damage is achieved by supplying sensitive items
with ESD-protection circuits. Optoelectronic components can be espe-
cially vulnerable and are therefore sometimes applied without preced-
ing tests. Best protection against ESD is to create work areas without
static charges using antistatic materials, so-called electrostatic protected
areas (EPA).



2.2. ESD-Testing and Models 71

Ω cm Ω/� Ω/�
6 6 6

10−6

10−4

10−2

102

106

1014

6

?

Insulating

Semi-
conductive

Conductive

(Metals)

102

106

1010

1014

6

?

Insulating

Antistatic

Static
dissipative

Conductive
103

105

1012

1013

6

?

Insulating

Dissipative

Conductive

Lower limit
according to
EN-100 015/1

Figure 2.15: Scales used for the resistivity of matter. To the left an old,
physical, division for resistivity properties is found. In the middle the former
electrostatic description of resistivity is given. To the right is the scale of
resistivity valid according to the European standard EN 100 015/1.
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2.3 ESD-Susceptibility and Failure Mechanisms

2.3.1 Latent Failures

The concept of latent failure related to electronic circuits implies that
some kind of damage has occurred, but that the circuit is still function-
ing within specification. The word latent comes from the Latin latens =
hidden. In this context it means that either the life-time of the circuit
is shortened or that it will fail for a minor stress, that would not harm
an undamaged circuit. The French expression for latent failure is “de-
faillance potentielle” (potential failure). This phenomenon has become
rather important for results of ESD-stresses, though it can have other
causes. Components with latent damage are degraded. Often they de-
velop intermittent failures and eventually lead to catastrophic failure.

The appearance of this procedure, to degrade by time without additional
stresses, was discussed very much. Failure because of additional minor
stresses has been confirmed clearly on experimental level. The first sys-
tematic investigation to confirm the existence of latent failures was pre-
sented in 1982 by McAteer and Twist [30]). It is difficult to get an idea
about the field failure rate depending on earlier latent failures. Failed
components must be collected from the field and submitted to failure
analysis to detect those with ESD-failures and ultimately the failures
preceded by latent failures.

Failure analysis is time consuming and costly, consequently only few ex-
tensive investigations were performed. The number of latent failures given
from such investigations vary from 1% to 50%. A literature search on
investigations of latent failures was distributed at the 1987 EOS/ESD-
symposium. In 42 of them latent failure were confirmed and only 8 inves-
tigations had given negative results. The list was not complete and latent
failures are still the object of much component research. Attention must
be paid to this phenomenon in electronics.
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2.3.2 Technology Dependence

2.3.2.1 CMOS-Technology

Latent failures in CMOS-components are hard to indicate. This is very
much due to the strong scaling down of this technology, with submi-
cron metallizations, giving small margins for overstress, where charges
injected in the oxide can cause electrical breakdown (Wolters and Zegers
van Duyshoven [39]). The process is analogous to the measurement of
materials by small stresses to rupture, see Fig. 2.16.

2.3.2.2 Investigation of MOS-Capacitors

Two MOS-capacitors were submitted to HBM ESD-pulses. The first one
was stressed by successively incremented voltages, 100 V to 500 V, and
measured between the discharges. For the second capacitor repeated
200 V pulses were used, again with measurements between the pulses.

Using a SEM with electron beam induced current (EBIC) equipment,
damages in the capacitor were revealed. Additionally, capacitance versus
voltage (CV) measurements indicated a defect increase in the SiO2/Si-
interface and by a third harmonic measuring instrument the formation of
latent failures was detected, see Table 2.3.

A latent failure of the first component is introduced after the fifth pulse
at 500 V. In the second component the initial pulse resulted in a latent
failure after two pulses, which developed into catastrophic damage at the
third pulse. Failure was less in this case. In this way it was possible to
follow the development from latent to completed failure. See Fig. 2.17 for
failure detection by CV-measurement.

Especially the old types of bipolar components were proved to get latent
failures by metal-diffusion into pn-junctions, to the insulation layer or
the interface between them. The process can start by a break through
opening a way for higher current density. The area discharged by ESD is
not stable as approved by the “healing effect”, i.e. an apparent recovering
is obtained if the component is left inactive for some time.
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2.3.2.3 Low-Power Schottky TTL-Components

Because the existence of latent failures had been questioned very much,
an investigation was performed to verify this phenomenon of latent fail-
ure [20]. For the experiment, 74LS00 LSTTL-components were chosen.
They were initially stressed by HBM pulses, using the leakage current as
damage indicator. After the stress they remained inactive and protected
against ESD for a whole year, Fig. 2.18. No substantial change in leakage
current was recorded during this period. After another half a year, the
same components showed an increased leakage current. The following dy-
namic test gave interesting results. A testing temperature of 125 ◦C was
applied for 21 pieces, seven of these had shown signs of latency before the
test, i.e. leakage change less than the specified acceptance value of 20µA.
After about eight weeks the leakage current began to pass the 20µA level
for three of the seven components. For eleven of the other components,
the leakage current started to increase at the same time. Their currents
were higher than 20µA from the beginning. This is an important obser-
vation as they had functioned properly with the increased leakage before
the dynamic test. Compare with Fig. 2.19.

To investigate what value the leakage current should have to make detec-
tion of an ESD-damage possible the following procedure was used: Some
non-stressed components of the same kind as before were exposed to ESD-
pulses of different height. The leakage currents were measured afterwards
and a picture of the damage was taken. Fig. 2.19 with the dendrite-like
formation of silicon and aluminium was made after an ESD-pulse that
resulted in a leakage current of 23 mA, i.e. 1150-times the accepted value.
This illustrated the difficulty to detect latent failures.

The result of the investigation is very important when comparing with
the negative result of another investigation [40]. It is possible that the
accelerated tests in the latter case were finished to early. Tests at 25 ◦C
performed at the same time as at 125 ◦C in the described investigation
seem to confirm that. In this case nine samples had latent failures before
the dynamic test, but their leakage current did not increase during the
first time. On the contrary, components with currents higher than 10µA
before the test, showed a further increase, as in the 125 ◦C test. The time
for the dynamic test was probably too short to influence components
with latent failures at 25 ◦C. A prolonged dynamic test is likely to have
increased the leakage currents even in this case.
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2.3.2.4 Bipolar ECL

In computer logic emitter-coupled logic (ECL)-circuits were very usual.
Unfortunately they get rather easily latent failures and can cause trouble.
Investigations in Japan showed that “unexplainable” failures of computer
systems after some time in use probably had ECL-components as origin.
The damage started by a diffusion of metal into the base-emitter junction.
The electrical change in the circuit is represented by a parasitic resistance
Rp between base and emitter, see Fig. 2.20.

Damage can be detected by the change in current versus voltage (IV)
characteristics, demonstrated in Fig. 2.21. By time the latent failure
develops to a catastrophic breakdown. The damage is observable in a
SEM, Fig. 2.22.

In an investigation of ECL-microcircuits third harmonic measurements
were performed. It was possible to follow the development of the dam-
age from latent to complete failure increasing the third harmonic. This
method is ten times more sensitive than direct recording changes in the
current-voltage characteristic, what was done for comparison. Acceler-
ated tests by a chock-chamber (rapid temperature change) confirmed the
presence of latent failures. Several components with small changes af-
ter ESD-stress failed in the stress, while unstressed samples remained
unchanged.
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Table 2.2: ESD protective item requirements. (after IEC 61340-5-1 [24])

Surface resistance Rs or
end-to-end resistance Re or
point-to-point resistance Rp

Resistance to EPS
ground or groundable

point Rg

Charge decay (see
note 5)

Ω Ω

Item requirements

Working surfaces,
storage racks,
trolleys and carts

1 · 104 ≤ Rp ≤ 1 · 1010

see note 6
7.5 · 105 ≤ Rg ≤ 1 · 109

see note 6

Floors ≤ Rg ≤ 1 · 109

for minimum value
see note 1

see note 2

Seating Rg ≤ 1 · 1010

Garments ≤ Rg ≤ 1 · 1012

for minimum value
see note 1

to 10% of initial
value (max. 1000 V)

in less than 2 s

Gloves and finger
cots

to 10% of initial
value (max. 1000 V)

in less than 2 s

Wrist bands not
worn

Rg ≤ 1 · 105

Cords for wrist
bands

7.5 · 105 ≤ Re ≤ 5 · 106

see note 3

Tools see note 4 Rg ≤ 1 · 1012

see notes 1 and 4
to 10% of initial

value (max. 1000 V)
in less than 2 s

Ionizer to decay from
1000 V to 100 V in

20 s maximum

System requirements

Wrist strap as worn 7.5 ·105 ≤ Rg ≤ 3.5 ·107

Gloves and finger
cots as worn

7.5 ·105 ≤ Rg ≤ 3.5 ·107

Footwear as worn
on metal plate

5 · 104 (1 · 105 per shoe)
≤ Rg ≤ 1 · 108

see note 2

NOTE 1 — There is no minimum value of resistance for the protection of ESDS. However, a
minimum resistance value may be required for the protection for safety. See relevant national
requirements and/or IEC 61010-1, IEC 60479, IEC 60536 and IEC 60364.

NOTE 2 — When the footwear/floor systems are used as the primary means of grounding per-
sonnel, the resistance of the combination shall be determined by the ESD co-rodinator, and it is
recommended to be between 7.5 · 105 Ω and 3.5 · 107 Ω.

NOTE 3 — Maximum resistance to EPA ground values may be increased to ensure compliance
with a resistance of 7.5 · 105 Ω minimum per 250 V a.c. or 500 V d.c. (1 · 106 Ω nominally). The
resistance shall have a minimum power rating of 1/4 W per 250 V a.c. or 500 V d.c.

NOTE 4 — See IEC 61340-5-2.

NOTE 5 — Only mandatory where surface resistance, point-to-point resistance or resistance-to-
groundable point > 1010 Ω or where material is of non-homogeneous woven or other construction
containing insulating areas.

NOTE 6 — It is allowed, when approved by the ESD co-ordinator, to use surfaces which are
“hard-ground”, i.e. less than 1 · 104 Ω to EPA ground.
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Figure 2.16: An EBIC-photo of a stressed MOS-capacitor with triple damage
from one ESD pulse. (after Ref. [21]∗)

Table 2.3: Amplitude of the third harmonics at 20 mV
amplitude of the basic frequency. (after Ref. [20]∗)

Third harmonics

Stress level Component 1 Component 2

100 V 2.6µV

200 V 1.6µV 1.4µV, 2.2µV(a),
30µV(b)

300 V 1.7µV

400 V 1.5µV

500 V 3.2µV
(a) Latent failure

(b) Latent to catastrophic failure
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Figure 2.17: Measured CV-curves of a MOS-capacitor. The voltage across
the capacitor is incremented from −5 V to 5 V, and the capacitance is being
measured simultaneously. The presence of latent failures are revealed by the
measured change of capacitance. (after Ref. [21]∗)



2.3. ESD-Susceptibility and Failure Mechanisms 79

Figure 2.18: Time history for an ESD-damaged component (74LS00). (after
Ref. [20]∗)

A: April 2, 1985, undamaged component

B: April 3, 1985, exposed by person charged to 1000V

C: July 11, 1985, healing-effect after baking at 125 ◦C

D: August 28, 1985, continued healing effect at measurement

E: April 1, 1986, increasing leakage current after further storage

Day 1 December 17, 1987, control measurement, prep. for dynamic test

Day 2...55: control measurements, small changes at the end of the period

Day 56: large increase of leakage current

Day 57...75: changes, mostly increasing leakage current

Day 76: March 3, 1988, end of dynamic test

F: August 10, 1988, control measurement after relaxation in storage

G: December 1, 1988, control measurement, the investigation closed
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Figure 2.19: A SEM picture with 7500× magnification. (after Ref. [21]∗)

Figure 2.20: Equivalent scheme of the destroyed ECL-output.
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Figure 2.21: Measured IV characteristics of an ECL-circuit, before and after
an ESD-transient. (after Ref. [21]∗)

Figure 2.22: Picture of ESD damage of the output base-emitter junction in
an ECL-component. (after Ref. [21]∗)
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Figure 2.23: Measurement of changes in the slope of the IV-curve is a more
sensitive method than a direct measurement of the leakage current and elimi-
nation of offset currents is important when measuring small currents. (after
Ref. [21]∗)

2.4 Detection of Latent Failures

The failure mechanism of a latent failure can be the beginning of a
“bridge” between two conductors (increased leakage current), or first
structure change for oxide breakdown, partly melted conductor or metal
diffusion into a pn-junction.

2.4.1 Current-Voltage Dependence

A degradation or damage of a component can normally be detected by
measurement of current leakage in the reverse direction using for instance
a curve tracer. The leakage currents caused by latent failures are often so
small that they area not observed or merely neglected. A way to record
the presence of latent failures is to use the fact that for some part of the
IV-curve for an undamaged component the slope shall be zero. Latent
failures will change the slope somewhat. Measuring the slope between
two points is a more sensitive method to record changes than a direct
measurement of the leakage current. Another advantage by measuring
the differential ∆I/∆V is the elimination of possible offset currents (if
they remain constant), Fig. 2.23.
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Figure 2.24: Simplified scheme of the component linearity test equipment
“harmonic” instrument.

2.4.1.1 Third-Harmonic Method

Another possibility to detect changes of the IV-characteristic are mea-
surements of non-linearities, as shown in Fig. 2.24. A pure sine shaped
current through a resistor, capacitor or inductive element containing a
non-linearity will create harmonics in the voltage drop. The third har-
monic has proven to be most significant. A commercial instrument has
been developed, having a bias frequency of 10 kHz and selecting 30 kHz
as the third harmonic. The instrument is called component linearity test
equipment (CLTE) from RE Instruments AS, Copenhagen.

2.4.1.2 Quiescent Current Method

In the quiescent current method the feed of current is measured, the
component being in a quiescent mode. This method is very effective for
detecting defects in circuits of CMOS technology. The current is normally
less than 10 nA. As seen from Fig. 2.25 the quiescent current is increased
in circuits with defects like charge traps, gate oxide shorts or parasitic
transistor leakage. But the logic states of the outputs remain intact.

2.4.1.3 Capacitance-Voltage Measurement

The CV-method offers a powerful test. The measurement can reveal dop-
ing profiles of materials settled in the oxide. The characteristic shape of
the CV-curve depends on electrical stress, damages, annealing degree or
interface traps. Fig. 2.26 shows how the information is obtainable from
a capacitance measurement at a high frequency and quasi-statically as
function of applied voltage characteristics.
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Figure 2.25: Typical failures in MOS-structures. (after Ref. [21]∗)

Figure 2.26: Typical CV-characteristic of an n-type substrate capacitor. (af-
ter Ref. [21]∗)
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The quasi-static capacitance value must be measured at a frequency, low
enough (in the range of mHz) to get a complete response from all traps
to the step-shaped voltage. The measurement of the capacitance at the
high frequency is achieved by superposing the step-shaped voltage with
a low-amplitude (10mV), sine-shaped signal of high frequency (100 kHz
or 1MHz). It can be assumed that all traps make a complete response to
one voltage step.

2.4.1.4 Image Processing

Detection of latent failures is also possible by direct image processing.
Damages that can be discovered are small permutations of the material
structure from first initial breakdown in the component. Images of ex-
posed components are iterated backwards to find the level at which certain
defects as voltage breakdown, material transport (migration) or melting
occur. Image processing implies storage of a picture in a computer as
a signal and to perform digital operations with this. Different operative
modes are used on this purpose, like amplifiers, indicators, comparators
and filters. “Hidden” properties, e.g. emphasing of lines, can be found.
The method is time consuming and it claims good experience to be able
to apply the proper operator to enhance the wanted properties.

2.4.1.5 Image Processing of a FASTTM-Circuit

The described method was used on pictures of ESD-exposed Fairchild
Advanced Schottky TTL (FASTTM) circuits. Iterations backwards gave
the susceptibility level. After a 500V pulse some weak signs of damage
could be seen in a SEM, Fig. 2.27. The pictures were stored in an image-
processing computer. First treatment was to eliminate noise by a low-pass
filter. To demonstrate patterns in the picture a vertical enhancement
operator was chosen. The operator enhances vertical lines and suppress
horizontal lines. A similar horizontal operation gave negative results, no
particular patterns came out. See Fig. 2.28.

After the image processing a “channel” covering one third of the distance
anode - cathode is visible. There are additional thin lines forming a
bunch-like pattern from the channel towards the cathode, see Fig. 2.28.
Traces of aluminium in the channel were found by material analysis. The
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Figure 2.27: A SEM-picture with 1000× magnification of a FASTTM-circuit
stressed five times with 500 V-pulses. A weak sign of damage on the clamping
diode is observable, marked by the ring. (after Ref. [21]∗)
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(a)

(b) The red lines mark a bunch-like pattern of beginning cracks.

Figure 2.28: The same picture as in Fig. 2.27 but after a twofold image
processing in vertical mode. (after Ref. [21]∗)
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picture obtained gives a better understanding how the failures develop
from a first breakdown to completed catastrophic failure.

2.5 ESD-Influence on Electronic Elements and
Systems

The introductory part aimed at describing how ESD-problems occur and
methods that are used to overcome them. The investigations performed
are concentrated on two subjects of ESD. One is the phenomenon of la-
tent failure as defined above. The other implies the study of interaction
between ESD-transients (discharges) and microcircuits by computer sim-
ulation. Latent failures became a hot question early in the failure anal-
ysis. Their existence was not evident, and detection methods for them
were not easily found. Ordinary ESD-damage is revealed for instance
by substantially increased leakage currents or changes of the input IV-
characteristics. The existence of latent failures could be confirmed by
the author and coworkers through long term temperature tests of compo-
nents within the Swedish Microelectronic Program (NMP-Q) subproject
ESD-evaluation.

2.5.1 Experimental Results

The author contributed by application of so called third harmonic mea-
surements, the first described method of this kind [14]. The physical
principle of this is the creation of harmonics in non-linear elements. Com-
pletely linear elements (resistors, capacitors and inductors) have no har-
monics, when fed by a pure sinusoidal current, while non-linearities (inho-
mogenities, or presence of contamination) create harmonics in the voltage
over the electrical element. These can be measured. The third harmonic
is usually the largest of them. An instrument has been constructed and
named CLTE. This works with an input frequency of 10 kHz and selects
the 30 kHz component at the output, which is the third harmonic. The
sensitivity of CLTE is of the order of 1µV at 1 V bias. It is described in
the introductory part together with measurements of SiO2-capacitors.

These show detection of both latent and catastrophic failures and de-
velopment at repeated stress from one to the other kind. MOSFET
were also tested successfully. In [16] the result from application of the
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Figure 2.29: Power density at a pn-junction to cause damage as a function
of applied pulse width of the transient, including the Wunsch-Bell model. (after
Ref. [21]∗)

Figure 2.30: Relationship between the amplitude of the basic frequency and the
third harmonic in the case of different device stressing. Deviations at increased
stress are due to the onset of higher harmonics. (after Ref. [21]∗)
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Figure 2.31: Diagram of V3(THD)/V1-characteristics at 3 pin-combinations
with total deviations for 12 ECL devices. Bars of maximum range with mini-
mum values. In the figure V1-voltages of center bar are common for all three
bars. (after Ref. [21]∗)

Figure 2.32: Diagram of the mean value of the third harmonic V3 versus the
amplitude V1 of the basic frequency from Fig. 2.31. (after Ref. [21]∗)
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Figure 2.33: Diagram of the mean value of the third harmonic V3 versus
the amplitude V1 of the basic frequency measured on RuO2 thick film resistors.
(after Ref. [21]∗)

method to pn-junctions, bipolar circuits are described, see also Fig. 2.29
to 2.32. The other results are already given in the introductory part.
This method can also be used to evaluate the reliability of thick film
resistors, see Fig. 2.33, and detect electromigration in thin conductors.
Triple discharges from ESD-transients were tested, see Fig. 2.16 for the
EBIC image from capacitor measurements. These results were confirmed
by taking CV-characteristics of the capacitors before and after stress. The
change in the shapes is due to an increased defect density at the Si-SiO2-
interface, caused by the ESD-stress. It is found that the amplitude of
the third harmonic, V3, is related to the basic amplitude, V1, according
to Eq. 2.3, where n is close to the number 3:

V3 = aV n
1 (2.2)

2.5.2 Latency

Fig. 2.29 shows the amplitude of the third harmonic V3 as a function of
the input signal V1 after ESD-stress for transistor-transistor logic (TTL)-
circuits. ESD-stressing of protection circuits with polysilicon resistors
resulted in damages of a beginning melting process of the resistor to in-
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Figure 2.34: Measured IV-characteristics as a functional control before degra-
dation experiments. Devices were accepted if the input currents remained be-
tween −0.2µA and +0.2µA for input voltages between −0.25 V and +2.5 V.
The IV-characteristics were measured using a Tektronix type 576 curve tracer.
(after Ref. [21]∗)

terruption. Polysilicon resistors have a bad thermal conductivity to the
substrate and should be avoided.

Finally, in a systematic study, a population of about 100 pieces of 74LS00
low-power Schottky TTL (LSTTL) components was stressed and com-
pared with non-stressed parts (see Sect. 2.3.2.3 and [20]). Testing pa-
rameter was the leakage current. Figs. 2.34 to 2.35(b) give example of
behavior after stress studied by the IV-characteristics. Both latency and
healing effects are evident. Non-stressed parts were measured for com-
parison. A dynamic test gave similar results at both 125 ◦C and 25 ◦C,
proving the occurrence of still more time-dependent latent failures.

The oscillations of the curves are probably due to an intermittent conduc-
tion mechanism of the oxides. Failure analysis was performed by emis-
sion spectroscopy and liquid crystals, see Figs. 2.36(a), 2.36(b) and 2.37.
Only by strong stress the damages became visible in a SEM or light mi-
croscope. This investigation gave clear evidence for the occurrence of
time-dependent latent failures, very much questioned before.
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(a) (b)

Figure 2.35: Measured IV characteristics of ESD-stressed components. (after
Ref. [21]∗)

(a) Full view. Damage at pin 10
(A) and pin 13 (B).

(b) 100× magnified view of pin 9
and 10. Double damage at both
sites.

Figure 2.36: An emission microscopy (EMMI) image showing the light emis-
sion at the damage sites of stressed part No. 3. Device: LS742500, supply
voltage VCC = 7 V. (after Ref. [21]∗)
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Figure 2.37: Liquid crystal picture of part No. 3, pin 10. See also Fig. 2.36.
(after Ref. [21]∗)

2.5.3 Computer Simulation of ESD Transients

Rather early it was realized that components, like MOSFETs for instance,
and their behavior could be simulated in detail by a computer. Programs
involving the finite element and finite difference methods have been de-
veloped and used on that purpose. They were used extensively in the
development of new components. A further step was achieved when tem-
perature and heat dissipation could be included. For a proper simulation
the temperature dependence of all involved parameters must be consid-
ered. This gave also possibility to simulate the performance of compo-
nents submitted to ESD-transients. The heat influence had already been
studied by analytically formulated solutions. Most well known is the
Wunsch-Bell model [41] which gives the power P needed to cause a dam-
age as a function of the width of an applied square pulse, using the heat
transport equation in one dimension:

P =
1√
tf

(2.3)

where tf is the pulse width. This is applicable to ßacESD-pulses as well.
It is depicted with other cases in Fig. 2.29.

J. W. Orvis et al. were the first to give a complete solution in one di-
mension [33]). They used a system of partial differential semiconductor
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Figure 2.38: Configuration of the transistor model (From EOS-5, p. 109).

Figure 2.39: Current history for several applied voltages and 300 Ω of resis-
tance in the external circuit (From EOS-5, p. 109).
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Figure 2.40: Time history of the current (From EOS-5, p. 111).

equations coupled to the heat transport equation to solve the case with a
ramp signal fed to a special transistor model, see Fig. 2.38. The follow-
ing system including the continuous electron (e) and hole (p) equations
together with the Poisson equation was applied:

∂n

∂t
= G− U +

1
q
∇Jn (2.4)

∂p

∂t
= G− U − 1

q
∇Jp (2.5)

∇2ϕ = −q
ε
(p− n−N) (2.6)

Jn = qnµnE + qDnn (2.7)
Jp = qpµpE + qDpp (2.8)

ρc
∂T

∂t
= ∇(K∇T ) + |J · E| (2.9)

Temperature dependence of the parameters is included for the numerical
solution. A code was developed to solve these equations [34]). Typical
results are given in Figs. 2.39 and 2.40.

The author started his work by repeating the case of Orvis et al., but
using different mathematical tools [17]. Some basic results were gained
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Figure 2.41: 2D lumped element model of the protection diode (From EOS-12,
p. 158).

Figure 2.42: Temperature response at three locations (as indicated) during
a 700 V HBM ESD pulse applied to a reverse biased protection diode (w =
36.5µm, l = 12.5µm, d = 1.5µm); a hot spot is formed (From EOS-12, p.
161).
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Figure 2.43: Total heat generation in the protection diode during the ESD
pulse (From EOS-13, p. 141).

like the influence of rise-time on the temperature increase. A reverse
pulse function was applied. Now other people had started similar sim-
ulations. In 1990, Beltman et al. presented a detailed analysis of the
temperature rise in a protection diode, submitted to human body model
ESD-pulses [3]. The temperature was calculated using a 3D thermal net-
work. Figs. 2.41 and 2.42 give the diode and the response. Krabbenborg
et al. introduced the thermal-electrical simulator TRENDY containing
a fully coupled thermal electrical model [26]). Joule heating as well as
Thomson and recombination heating are included. The simulated diode
applied in forward bias was the same as in the previous investigation. For
the results see Figs. 2.43 and 2.44.

Buj et al. used the 2D simulator TMA-MEDICI to study electrothermal
breakdown in a n+pp+ diode during an HBM ESD-pulse [8]. They also
performed experimental ESD-tests, see Fig. 2.45. A detailed description
of the breakdown is given which agrees very well with the experiments.
The discrepancies observed should be overcome by a 3D simulation pro-
gram, as these can be due to anisotropic heat conduction. Filamentation
was causing the damage, see Fig. 2.46. The author took up the method of
Orvis et al., but extended to two dimensions. Computer program agencies
had, like TMA, developed programs for this purpose. Silvaco in Califor-
nia, USA, picked up a program from the Technical University in Tallinn,
Estonia (E. Velmre et al.), called GIGA. They added other programs to
this like Atlas II and Mix-mode to get a more powerful tool.
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Figure 2.44: Maximum Temperature versus time for the protection diode
during the ESD pulse (From EOS-13, p. 102)

Figure 2.45: Temperature distribu-
tion in the protection diode 40 ns after
the ESD pulse. (after Ref. [8])

Figure 2.46: A SEM cross-sectional
view of the ESD damage in a protec-
tion diode. (after Ref. [8])
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Figure 2.47: The dependence of the destruction voltage for the protective pn-
junction on test conditions (after Ref. [29]).
Measured ⊕ and simulated ⊗ value for C = 100 pF, R = 1.5 kΩ;
measured � and simulated � value for C = 500 pF, R = 100Ω. Deviations
between measured and simulated values depend on the accuracy of the measure-
ment and the applied failure criteria.
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Figure 2.48: Cross-section of the n+pp+ test structure.
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Figure 2.49: 2D simulation verifying the experimental results by Maeda and
Wada [29].
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Figure 2.50: Temperature distribution and current lines at t = 50ns after the
ESD pulse (V = 240 V, R = 100Ω and C = 500 pF). (after Ref. [15]∗)
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Figure 2.51: 2D ESD simulation showing the electric field amplitude along
the vertical line at Y = 5µm (V = 240 V, R = 100 Ω and C = 500 pF). (after
Ref. [15]∗)
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The author performed several simulations of ESD-transients on compo-
nents in collaboration with the Technical University in Tallinn. Pulse
forms according to the Human Body Model (HBM) and Machine Model
(MM) were generated by an external circuit. As a first test of simula-
tion with GIGA the experimental results of a Japanese investigation [29]
with HBM ESD-stress of pn-junction [19], were verified by simulation,
see Fig. 2.47. The structure is is a n+pp+ diode, Fig. 2.48. Failure crite-
rion is a starting decrease of the reverse resistance, i.e. dR/dT < 0. The
simulated maximum temperature is given in Fig. 2.49 and the hot spot
location in Fig. 2.50 with Y = 5µm and X = 1.15µm, i.e. where the E-
field has its maximum, see Fig. 2.51. Good agreement with experimental
values were obtained, stimulating further work.

In the second application a diode structure with a central p+-layer and
two symmetrical n+-emitter layers was simulated taking one of the halves
around the central line of symmetry, see Fig. 2.52. The device consists of
a 530µm thick p+ substrate with doping concentration 1020 cm−3 a 10µm
thick p-epitaxial layer of concentration 2 × 1015 cm−3, and two heavily
doped, 0.3µm thick p+ and n+ emitters. A peak surface concentration of
1020 cm−3 with a Gaussian doping profile was assumed for both p+ and
n+ regions. An n-well with a depth of 4µm beneath the heavily doped
regions has an error-function doping profile with a surface concentration
of 1.2×1016 cm−3. The length of the p-layer is 8µm and the length of the
n-layer is 16µm in the lateral direction. The distance between p+ and
n+ layers is 4µm. The size of the device in the z-direction is 200µm and
device area 5600µm2.

The device was first stressed according to the standard HBM method
(C = 100 pF, R = 1500 Ω) with an external circuit, under reverse direc-
tion. Stresses were in the range 1000 − 4000 V. Main interest was the
location of hot spots. Two boundary conditions for the top surface were
applied. Physically these protection diodes were provided with a surface
protection double layer of SiO2/Si3N4 for which the thermal resistance
was anticipated to be almost infinite or 1010 K/W.

Fig. 2.53 shows a typical result for this condition as to hot spot local-
ization. The temperature distribution of Fig. 2.54 gives the coordinates
of the center of the hot spot at X = 0.2µm and Y = 8µm (where X is
the vertical and Y the horizontal direction). From Fig. 2.55 it is evident
that the electric field has a maximum at the location of the hot spot.
The same is also true for other parameters, see Fig. 2.56. A boundary
condition with a top surface temperature of 300K (equal to the ambi-
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Figure 2.52: Impact ionization rate at t = 100 ns for a CMOS protection
diode. (after Ref. [15]∗)
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Figure 2.53: Temperature distribution for a CMOS protection diode at t =
10 ns, I = 1 A. (after Ref. [15]∗)
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Figure 2.54: 2D ESD simulation showing the device temperature along the
horizontal line at X = 0.2µm (V = 1500 V, R = 1500 Ω and C = 100 pF).
(after Ref. [15]∗)
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Figure 2.55: 2D ESD simulation showing the electric field amplitude along
the vertical line at Y = 8µm (V = 1500 V, R = 1500 Ω and C = 100 pF).
(after Ref. [15]∗)
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Figure 2.56: 2D ESD simulation showing the current flow lines and isother-
mes (V = 1500 V, R = 1500 Ω and C = 100 pF). (after Ref. [15, 19]∗)
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Figure 2.57: 2D ESD simulation showing the device temperature at t = 10ns,
I = 4A. (after Ref. [15, 19]∗)
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Figure 2.58: 2D ESD simulation showing the device temperature distribution.
(after Ref. [15, 19]∗)

Figure 2.59: 2D ESD simulation showing the device temperature distribution.
(after Ref. [15, 19]∗)
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(a) The ESD current pulse shape. (b) Maximum device temperature
following the ESD current pulse.

Figure 2.60: Machine model ESD simulations for different series resistances
R = 1 Ω (full line), 6 Ω (dashed line) and 20 Ω (dotted line). (C = 10 pF,
L = 10nH, V = −100V ) (after Ref. [19]∗)

ent temperature) was also used. Fig. 2.57 illustrates the displacement in
vertical direction of the hot spot. This corresponds to a very thin or no
surface protection layer. This is more pronounced in the color pictures of
the two cases see Figs. 2.58 and 2.59.

From the simulation solutions any of the involved parameters can be
traced in space and time. Proper physical-mathematical modelling of
possible failure mechanisms can be included to determine failure condi-
tions, but there is still a lack of good, applicable models. Simulations
of the last structure with HBM ESD-transients in the forward direction
did not reveal any substantial temperature rises for stresses 4 − 6 kV in
agreement with experimental results.

Finally, Figs. 2.60(a) and 2.60(b) show results from simulation of the
same structure using the Machine Model stress condition. Already at
100 V stress a rather high temperature of 675 K is attained. In general,
semiconductors are about three to four times more susceptible to MM-
stress than to HBM-stress.
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2.5.4 Conclusion

Electrothermal simulation of semiconductors is a powerful tool to predict
performance under transient stress or at high power. Simulation in two or
three dimensions can be used to determine failure mechanisms. It gives
the possibility to localize failure sites, thus facilitating physical failure
analysis. Designers of semiconductors have a versatile support by this
kind of simulation. The simulation programs used have proved to give
results in agreement with experimental investigations. The possibility to
study the change of distribution of parameters as electric field, potentials,
current lines, temperature, carriers etc. under an ESD-transient influence,
gives an extraordinary insight in the physics of semiconductors.
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3
Simulation of MOSFET Devices

3.1 Introduction

In the design of semiconductors and ICs computer simulation of the items
came early into used, and computer aided design (CAD) became an im-
portant tool to evaluate new designs as to performance and applicability.
Thus avoiding tedious experimental tests. Computer simulation on re-
liability and life-time purposes had not yet been realized in these early
stages. But already in 1978 the author launched the idea of applications
in that field. He took up 2D simulations of MOSFETs using the finite
element program HALVFEM developed at the Royal Institute of Technol-
ogy, Stockholm, first published in 1981 [3, 18]. Interest from the electronic
market came much later and a more elaborated report was prepared [19].
The idea of the investigation was to study the influence of defects and
contamination in MOS components, especially at the Si/SiO2 interface,
on the performance of the device. Influences of alkali ions, like Na+ and
K+ introduced during the processing, were found. The threshold voltage
for instance, was revealed to be a sensitive parameter. Relevant results
will be presented.

The manufacturers try to reduce the temperature in SiO2 deposition pro-
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Figure 3.1: Timeline of the development of semiconductor technology at the
example of the minimum line width and the emerging of simulation tools.
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Figure 3.2: Schematic location of trapped and mobile charges at the Si/SiO2

interface. (after Ref. [10])

cess when going to submicron scales in order to reduce the defect density.
Charges trapped at the Si/SiO2 interface will have an influence on the
carrier mobility in the channel. To verify the simulation method, studies
were performed with both mobile and immobile ions in the gate oxide.

3.2 Simulation of Gate Oxide Failures

First an account of possible defects and contamination is presented. The
different charges appearing in SiO2 gate oxides and the Si/SiO2 interface
are given in Fig. 3.2, taken from Ref. [10]. The increase of defect intensity
is assumed to be due to some specified circumstances. The simulated test
structure is given in Fig. 3.4 and the simulations were made to investigate
the following points:

1. The total time of application of the field.
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Figure 3.3: Ion distribution N(x) at different values of the integration con-
stant C1. (after Refs. [28, 29])

Figure 3.4: The cross-section structure of the simulated MOSFET device.
(after Ref. [18]∗)

2. The polarity of applied voltage. A much higher defect density is
seen with negative substrate polarity rather than positive.

3. The strength of the applied field.

4. The thickness of the film. A rapid increase in defect density occurs
with decreasing thickness. Below 0.1µm this increase becomes very
rapid with unchlorinated oxides.

3.2.1 Theory

The investigators having no process laboratory of their own picked up
well established parameters and experimental results presented in the lit-
erature. The behavior of mobile ions in silicon oxide has been tried by



122 Simulation of MOSFET Devices

theoretical and experimental research [20, 22, 28, 29]. We used the ap-
proach of Ref. [29] with the 2D finite element program mentioned before
and described in Ref. [3]. A brief account of the analytical derivation in
one dimension clarifies the background. The theory given by Tangena [29]
has been confirmed by experiments described in Ref. [28]. It is assumed
that the oxide thickness is small in comparison with electrode diameter
and that there is no exchange of charge with the electrode. A net posi-
tive charge from mobile positive ions (say Na+) exists in the oxide with a
concentration comparative to dilute solution of ions. An equilibrium dis-
tribution is always obtained in applied electrical fields. Then the concept
of an electro-chemical potential µion for the ions can be used with the
relation:

µion = E0 + q V (x) + kT ln
(
N(x)
N0

)
= const (3.1)

where E0 is the energy level of ions inside the oxide, q is the elementary
charge charge, V (x) is the electrical potential at position x (see Fig. 3.3),
and N0 is the state density available for ions. The number of occupied
states N(x) � N0 is small in comparison of those available defending the
application of the theory of dilute solutions, N(x) is the ion concentra-
tion at position x. Differentiation of Eq. 3.1 substituting dV/dx = −E(x)
together with the Poisson equation 4.19 will give the equilibrium distri-
bution

dE(x)
dx

=
q

εε0
N(x). (3.2)

The graphical representation of the three possible solutions is given in
Fig. 3.3. The solution with the integration constant C > 0 is of interest
here. The others correspond to cases, where the charge is accumulated
at one side. The boundary conditions will give the necessary numerical
values of the integration constants appearing in the solution. The chem-
ical potential is dependent on the boundary conditions, for example the
applied voltage. For an analytical one-dimensional solution according to
Ref. [29] see Fig. 3.3.

3.2.2 Computer Simulations

Eq. 3.1 was included in a finite element analysis program. Simulations
were done on a MOSFET device and a MOS-capacitor with and without
Na+ ions present in the oxide at different field stresses. The first results
are from a MOSFET simulation according to Fig. 3.4. The ion density
is 5 · 1016 cm−3 corresponding to 1011 cm−2. The field-dependent mobility
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Figure 3.5: The mesh used for the simulation of the MOSFET device. (after
Ref. [18]∗)

was simulated according to

µ = µ0
1√

1 +
∣∣∣ Ex
Ecx

∣∣∣2 (3.3)

with µ0 = 525 cm2/V s and Ecx = 1.24 V/ µm. Fig. 3.5 gives the mesh
used for the simulation and Fig. 3.6 shows the potential distribution at
VG = 2V, VDS = 0.1 V.

Figure 3.6: Potential distribution for the MOSFET device at VDS = 0.1 V
and VG = 2V. Equipotential lines are drawn from −0.1 V to +1.7 V in steps of
0.2 V. (after Ref. [18]∗)
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Figure 3.7: Comparison between electrical characteristics for Na+-free and
Na+-contaminated gate-oxide. Equipotential lines are drawn from 0.5 V to
1.7 V in steps of 0.2 V at VDS = 0.1 V. (after Ref. [18]∗)

Na+ free Na+ contaminated
VG IDS IDS

[ V] [µA/ µm] [µA/ µm]
0.500 · 100 0.688 · 10−6 0.122 · 10−4

0.700 · 100 0.894 · 10−4 0.170 · 10−2

0.900 · 100 0.113 · 10−1 0.115 · 100

0.110 · 101 0.300 · 100 0.685 · 100

0.130 · 101 0.977 · 100 0.142 · 101

0.150 · 101 0.175 · 101 0.218 · 101

0.170 · 101 0.249 · 101 0.294 · 101

0.180 · 101 0.286 · 101 0.332 · 101
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Figure 3.8: Mobile ion concentration in Na+ contaminated MOS-capacitors.
Applied bias is Va = 0.0 V (4), Va = 0.1 V (◦) and Va = 0.4 V (♦). (after
Ref. [18]∗)

To demonstrate the change in performance caused by an ion-layer as
shown in Fig. 3.4, simulations were made without such a layer at VDS =
0.1 V, varying the gate voltage VG (see Fig. 3.7). The shift of the equipo-
tential lines is not very clear but discernable at the bottom line. On
the contrary the change of IDS is substantial. Higher concentration in
the ion-layer or another position of it should give a stronger effect. A
simulation with the ion-layer at the Si/SiO2 interface confirmed the last
assumption.

MOS-capacitors with Na+ contamination were simulated under different
field stresses. The mobile ion distribution as a function of the applied
voltage Fig. 3.9 illustrates the difference in field strength with Na+ ions
present. Fig. 3.10 and 3.11 show the ion distribution and the field strength
at different applied voltages on MOS-capacitors. The other simulation
results are demonstrated by some selected figures.

3.2.3 Summary of the Figures

In Fig. 3.12 the threshold shift in the presence of ions is demonstrated by
IV curves. In Fig. 3.13 two channel lengths are compared. Figs. 3.14 and
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Figure 3.9: Comparison of electric field strength in MOSFET gate oxide with
and without Na+ contamination. (after Ref. [18]∗)

Figure 3.10: Comparison between negative and positive bias for a MOS-
capacitor with Na+ contamination. (after Ref. [18]∗)
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Figure 3.11: Field strength distribution in oxide. (after Ref. [18]∗)

3.15 show the potential and the concentration of ions near the “source”
when VDS is high. This will interfere as a shortening of the channel length
L. Fig. 3.16 completes with the distribution at the middle intersection.
The voltage ramp function of Fig. 3.17 gives the displacement current
from mobile ions as in Fig. 3.18, which was experimentally verified [28].
Finally Figs. 3.19 and 3.20 account for the distribution of ions and carries
along the channel.
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Figure 3.12: Logarithmic IDS as a function of VGS . (after Ref. [18]∗)

Figure 3.13: IDS-VGS curves for VDS = 3.0 V. (after Ref. [18]∗)
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Figure 3.14: Electrical potential at VDS = 3.0 V, L = 2µm. (after Ref. [18]∗)

Figure 3.15: Equiconcentration lines of the mobile ion concentration at (A)
1.0 ·1018 cm−3, (B) 3.1 ·1017 cm−3, (C) 1.0 ·1017 cm−3 and (D) 3.1 ·1016 cm−3.
(after Ref. [18]∗)
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Figure 3.16: Ion distribution along middle intersection. (after Ref. [18]∗)

Figure 3.17: Voltage ramp function. (after Ref. [18]∗)



3.2. Simulation of Gate Oxide Failures 131

Figure 3.18: Displacement current at voltage ramp sweep. (after Ref. [18]∗)

Figure 3.19: Distribution of mobile ions along the channel. (after Ref. [18]∗)
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Figure 3.20: Carrier distribution along the channel. (after Ref. [18]∗)
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3.3 Comments

Because of the integration procedure of the program, phenomena as leak-
age currents in the oxide are not easily included. But analytical expres-
sions of these as well as Fowler-Nordheim tunneling or avalanche processes
from ion impact processes can always be tested by subroutines and also
give correct values as far as they are of an order not to change the solutions
first given by the program.

A brief account will be done for the development afterwards in simulation
methods for semiconductors. Most efforts were spent on improvements
in the component design to achieve an excellent performance. Efficient
methods to obtain more accurate parameter models, especially the tem-
perature influence, were elaborated. Super-computers and parallel proces-
sor systems came into use to speed up the solution work. Some significant
and representative publications will be referred to on purpose to give an
illustrative picture of the results obtained. Start is made with the ba-
sic mathematical tools used. In the preceding Chapter 2 application of
the finite element or finite difference methods to solve the partial semi-
conductor differential equations coupled to the heat transport equation
has already been outlined. Main interest is given to down-scaled devices,
submicron and nanometer sizes. Reliability and defect influence are not
a big concern.

In 1981, Buturla et al. and Chatterjee gave descriptions of programs using
the semiconductor equations for solving numerically both steady state
and transient behavior of components [8, 9]. This was at the time for the
work of this thesis. In the first case simulation was done in 1D, 2D and
3D. It was pointed out that physical understanding of submicron device
phenomena is the key to the efficient use of these structures in circuit
applications and to the invention of new device structures and concepts.
Major emphasis in field effect transistor (FET) modelling beyond the
micrometer dimension is on the incorporation of geometry effects and
high field transport on active devices.

Bank and Rose showed numerical efficient approaches to solve coupled
partial differential equations (PDE) which arise in semiconductor device
modelling [6].

Taylor et al. treat the role of internodal capacitances [30]. Charge ver-
sus voltage and internodal capacitance versus voltage characteristics are
calculated for a short-channel MOSFET using a unified model for the dc
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device behavior. Velocity saturation is an important feature in the results.
The importance of charge and capacitance calculations is assessed using
a high speed MOS transient simulation. Device current and gate charge
are determined to be the important ingredients for accurate simulation.

Engl et al. (1982) described device modelling more generally [13]. Their
paper reviews the progress in device modelling with emphasis on numeri-
cal modelling approaches. The reason for this is its ever-increasing impor-
tance for the design of small-scale devices suited for VLSI applications.
First, the basic field equations with their respective boundary conditions
are given. Followed by a description of empirical models for the physical
device mechanisms, i.e. mobility, avalanche generation, band-gap narrow-
ing. Subsequently, different numerical models, mainly developed in the
decade before, are outlined briefly and discretization as well as solution
methods are being discussed. Some remarks are given concerning the
relations between finite difference and finite element methods.

Bank et al. gave a paper that describes numerical techniques used to
solve the coupled system of nonlinear PDEs modelling semiconductor de-
vices [7]. The methods have been encoded in their device simulation pack-
age and successfully used to simulate complex devices in two and three
space dimensions. They focus their discussion on nonlinear operator iter-
ation, discretization and scaling procedures, and the efficient solution of
the resulting nonlinear and linear algebraic equations. In an companion
paper they discuss physical aspects of the model equations and present
results from several actual device simulations [14].

In 1986, Bank et al. present an overview of the physical principals and
numerical methods used to solve the coupled system of nonlinear PDEs
which model the transient behavior of silicon VLSI device structures [5].
They also describe how the same techniques are applicable to circuit sim-
ulation. A composite linear multistep formula is introduced as the time-
integration scheme. Newton-iterative methods are exploited to solve the
nonlinear equations which arise at each time step. Several computational
examples, including a CMOS latch-up problem are presented and dis-
cussed.

Hobler et al. present a two-dimensional model of ion implantation which
allows for position dependent lateral moments [21]. The lateral standard
deviation and the lateral kurtosis as function of depth were calculated by
2D Monte-Carlo simulations for boron, phosphorus, arsenic and antimony
in silicon for energy range of 10 kV to 300 kV. Two types of distribution
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Figure 3.21: The Hohenberg-Kohn theorem and Kohn-Sham approach of the
density-functional theory can be used to solve the problem in simulating the elec-
tron exchange and correlation in solids with large numbers (≈ 1023) of interacting
bodies. (after Ref. [4])

functions are specified. The parameters can be adjusted to given values
of standard deviation and kurtosis.

In 2000, Gnani et al. calculated the full-band structure of SiO2 [15]. Both
the conduction and valance bands are investigated by means of two dif-
ferent techniques: Hartree-Fock and density-functional theory (DFT) [4].
For the principle of density-functional theory (DFT) see Fig. 3.21 A num-
ber of energy-level diagrams were calculated in order to compare the cor-
responding density of states in a range of about 10 eV. Different crystal
structures of SiO2 were studied, known to be built-up by the same fun-
damental unit, the SiO4-tetrahedron.

Nakano et al. reported large-scale molecular-dynamics simulations per-
formed on parallel computers to study critical issues on ultra thin dielec-
tric films and device reliability in next-decade semiconductor devices [23].
New interatomic-potential models based on many-body, reactive and quan-
tum-mechanical schemes were used to study various atomic-scale effects:
growth of oxide layers, dielectric properties of high-permittivity oxides,
dislocation activities at semiconductor/dielectric interfaces, effects of a-
morphous layers and pixelation on atomic-level stresses in lattice-mis-
matched nanopixels and nanoindentation testing of thin films. Enabling
technologies for 10 to 100 million atom simulations of nanoelectronic
structures were discussed, which include multiresolution algorithms for
molecular dynamics, load balancing and data management. In ten years
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this scalable software infrastructure will enable trillion-atom simulations
of realistic device structures with sizes well beyond a micrometer on
petaflop computers [24].

Scholze et al. presented a 3D simulator which uses a linear-response ap-
proach to simulate the conductance of semiconductor single-electron tran-
sistors at the solid-state level [25]. The many-particle groundstate of the
quantum dot, weakly connected to the drain and the source reservoir,
is evaluated in a self-consistent manner including quantum-mechanical
many-body interactions. The simulator was applied to a GaAs/AlGaAs
example structure.

Yasuda et al. have investigated the effect of the statistical “position” dis-
tribution of dopant atoms on the threshold voltage Vth fluctuations in
scaled MOSFETs [36]. The effects of impurity “number” fluctuations
and impurity “position” distribution are successfully separated in two-
dimensional simulation for fully-depleted silicon-on-insulator (SOI) MOS-
FETs. It is found that the contribution by the position distribution is
closely related to the charge sharing factor (CSF) and the effect if the
impurity position distribution becomes dominant as CSF is degraded.
Consequently, the contribution ratio of the impurity position distribution
is kept almost constant, when the device is properly scaled.

Abramo et al. worked out a solver for the 2D-Schrödinger equation based
on the k-space representation of the solution and applied it to to the
simulation of 2D electrostatic quantum effects in nano-scale MOS tran-
sistors [1]. The paper presents the mathematical framework of the simula-
tor, addresses the related accuracy and efficiency problems and discusses
the simulations performed to validate it. Furthermore, the 2D quan-
tum effects observed in the simulation of charge densities in 10’s to 100’s
nanometer scale MOS structures are described.

Williams et al. developed a self-consistent, ensemble Monte-Carlo device
simulator that is capable of modelling channel carrier quantization and
polysilicon gate depletion in nanometer-scale n-MOSFETs [31]. A key fea-
ture is a unique bandstructure expression for quantized electrons. Carrier
quantization and polysilicon depletion are examined against experimental
CV data. Calculated drain current values are also compared with mea-
sured IV data for an n-MOSFET with an effective channel length Leff of
90 nm. Other results are also reported.
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4
Teflon Electrets

4.1 Introduction

Electrets are thin charged organic foils usable as membranes in micro-
phones. They create an electric field between the foil and the preamplifier
input of the microphone. They work as transducer for the speech sound
by varying the electret-induced electric field, thus creating a signal in
the charge amplifier. Compared to magnet membranes they have a high
fidelity and can work at very high frequencies (up to and beyond 20 kHz).

As a motto for the investigation of conduction in electrets or amorphous
dielectric materials in general, we might quote what Age Bohr (son of
Niels Bohr) said about the study of forces in a nucleus: “We are simply
forced to simplify the forces.”

The function of an electret is based on the action of electret charges,
trapped in potential wells. The depths of the latter determine the de-
trapping of the charges together with the superimposed electric field.
This process gives the life-time of the electret and long time reliability
of its function. Thus it is important to find an analytical description of
the discharge. Most researchers have used an approach similar to the
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discharge of a capacitor with fixed capacitance C:

C =
Q

Vc
= ε ε0

A

δ
(4.1)

σ =
Q

A
= ε ε0

Vc

δ
(4.2)

(4.3)

whereQ is the charge, A is the area of the surface adjacent to one electrode
in case of two equal electrodes, δ is the thickness of the dielectrics, ε is the
relative permittivity and ε0 is the permittivity of free space. The dielectric
in this case can be compared with an amorphous semiconductor of high
resistivity. For a constant temperature close to room temperature and for
an internal field strength E < 106 V/m, the time constant is expected to
be:

τ = RC (4.4)

The decay of an electret then follows the relation:

V (t) = V0 e
−t/τ (4.5)

Measurements of thermo-electrical electrets show that this happens only
after a rather long time of use. Then it asymptotically converges to the
given function. In the beginning the decay is much faster. Thus the decay
mechanism is more complex then a simple exponential function of time [5].
The temperature dependence is also strong. We expect the resistance R
to be a function of both field strength and temperature, assuming two
regions of field strength:

1. Small internal electric field strengths E < 106 V/m and

2. High internal electric field strengths E > 106 V/m

We will assume that the main features of the temperature variation of
the resistance can be described by an averaged activation energy Em

according to:
R ∝ eEm/kT (4.6)

At higher field strengths, E > 106 V/m, which are within the range ex-
pected for the electret films under question, we will assume that the de-
scription of R involves an additional exponential factor containing the
field strength.

R ∝ eEm/kT e−fV/δ (4.7)



4.2. Emission of Charges from Traps 143

(a) Coulomb potential. (b) Bucci potential.

Figure 4.1: Different potential wells associated with charged traps. (after
Ref. [37]∗)

Various attempts were made by others to find the mechanism of charge de-
cay, for instance by means of drifting charge clouds traversing the electret
film and reaching the charge of opposite sign and recombining with them.
Other approaches exist, but no good agreement between experiments and
theory was found. Reasonable curve fittings could only be made in some
special cases and for a limited range of the decay curves [24, 32, 40]. An
account will be given for a new and different analysis giving a better fit
to experimental values.

4.2 Emission of Charges from Traps

An alternative, simple physical picture of polarized state of a dielectric is
that of a homogenous isotropic solid, a high resistivity semiconductor, in
which elementary charges are not free, but more or less bound in traps.
The charges are then distributed according to some function, that allows
for macroscopic space charge effects and for the existence of a macroscopic
potential difference between opposite charges which we call the electret
voltage. The charges cannot escape from the traps without the help of
an energy contribution in form of heat or a superimposed electric field
causing internal field emission. The traps can be faults or vacancies in
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Figure 4.2: Overlapping potential wells between neighboring charge traps.
(after Ref. [37]∗)

the amorphous structure, or they are made up of grain boundaries, ends
of groups in a polymer or other interfaces, which often form deep potential
wells. A filled trap can be considered as a donor, neutral when filled and
seen from a distance, and to have a Coulomb potential when empty. Two
types of potential wells associated with traps are sketched as example in
Fig. 4.1.

A high concentration of filled traps causes an overlap of their potentials
with the result shown in Fig. 4.2, provided the barriers surrounding a trap
are fairly coulombic and do not contain large flank overshoots of the type
shown in Fig. 4.1(b). We see that overlapping leads to a quasi-conduction
band. A conduction band designates the energy in the solid at which the
charge carriers would be relatively free to move. Thus, high concentration
of traps can introduce conducting regions equivalent to a conducting band
of the energy Φi as indicated in Fig. 4.2.

A similar conduction mechanism has been proposed elsewhere [3]. Ac-
cording to Hill’s investigations of multiple center conduction, the above
described arrangement of traps contributes much to the conductivity at
low internal fields [17]. Estimations show that concentrations of about
1019 cm−3 and higher with a trap depth of about 2.5 eV give the men-
tioned increase of conductivity. A much simplified picture of a charge
distribution in an electret as a result of implanted homo charges, is given
in Fig. 4.3, which shows two thin layers of charges.
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Figure 4.3: Field distribution in an electret after implantation of charges.

Under the influence of the internal electric field F between the two thin
layers of space charge, and on account of Coulomb repulsion as well as
the existence of quasi conduction zones, more loosely bound charges can
diffuse farther into the dielectric film, which would cause the charges to
be more distributed than Fig. 4.3 shows. It is reasonable to assume the
initial charge concentration to be given by a Gauss function

ρ = ρ0 e
−ω(x−x+)2 (4.8)

where x − x+ depicts the distance from the center of the positive space
charge. However, Gross has shown that a more appropriate distribution
is [10]

ρ = ρ0 tanh(ωx) (4.9)

where x is the distance from the center of the electret film and ω is a
constant. The effective mean distance between the centers of the two
space charges is δ = 2|x−|. The resulting macroscopic electric field is
shown in the middle part of Fig. 4.4. In the center of the film we set
x = 0 and at the two film surfaces x−d and x+d, respectively.

At x+ and x− the field is F = 0. The distance between them is δ defining
the effective distance between the two opposite space charges during a
certain time interval of the discharge process. From the field distribution
shown in the picture it can be seen that the internal electric field is the
strongest in the center of the film, and the field is considerably large even
a the film surfaces and negligible in the center of the space charges. The
depths of the traps (see Fig. 4.1) may also follow a certain distribution
function. We assume however, that the energy distribution of traps really
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Figure 4.4: Charge and field distribution in an electret. (after Ref. [10])

has no influence on the prerequisites for the application of the following
proposed theory.

4.2.1 The Poole-Frenkel Effect

Now the essential new contribution of this report will be treated, i.e. that
the Poole-Frenkel effect is operating in the discharge of electrets. For
the explanation of current-voltage characteristics of amorphous insulat-
ing films the Poole-Frenkel effect, which implies the ionization of donors,
usually serves well. The experimental evidence for this process is accord-
ing to Hill’s theory [16–18] that there exists a region of linearity in a plot
of the logarithm of the current against the square root of the applied
voltage:

ln I ∝
√
V (4.10)

The Poole-Fenkel effect implies the lowering of the potential barrier of a
Coulomb potential well by means of an applied electric field until field
emission of charge carriers can take place. The ionization energy Φ for a
charged particle is then lowered by the Poole-Frenkel term:

a
√
F (4.11)
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Figure 4.5: Three mechanisms of field enhanced emission: Poole-Frenkel
emission, phonon assisted tunneling an pure tunneling (after Ref. [22]).

where a is the Poole-Fenkel constant.

Instead of an isolated Coulomb potential, even a dense arrangement of
traps with overlapping potentials, so-called multiple centers, can be con-
sidered to be an emission source, where the boundary barrier can be
lowered by means of an applied electric field. The simplified result of
Poole-Frenkel’s theory for the emission current density j from traps can
be represented as follows:

j = χ F e−(Φ−a
√

F)/kT (4.12)

where F = V/δ the superimposed internal electric field, V is electret volt-
age, δ is the effective distance between the two space charges of opposite
sign (see Fig. 4.3 and 4.4). Φ is the ionization energy for the charge in the
trap (see Fig. 4.5), and χ is a factor which decays during the discharge
process. We assume that the latter can be described by using an averaged
effective χ-value, appearing in the coefficient γ involved in the fitting to
experimental curves. The factor χ will also vary slightly with tempera-
ture for a limited temperature range. As mentioned before the factor a is
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the Poole-Frenkel constant with the value:

a = q0

√
q0
πεε0

(4.13)

where q0 is the elementary charge. From Fig. 4.5 it can be seen that

Φ > a
√
F . (4.14)

The prerequisites for the application of the Poole-Fenkel effect to the
problem in question are:

1. The problem ionization of charges from donors inside a material and
not the emission of electrons over a metal-semiconductor barrier.

2. The internal electric field strength, superimposed over the traps,
is much larger than 106 V/m, which is the case for those thermo-
electrets that have been investigated by us (electret field strengths
of about 2 . . . 4× 107 V/m have been measured).

3. In the dielectric the ionized charge carriers have a mean free path
λ that is much shorter that the thickness of the material in the
direction of the discharge, which condition is satisfied for internal
field emission in electret films (δ ∼ 12µm, λ < 50 Å).

The fundamental difference between Poole-Frenkel’s theory for internal
field emission and Richardson-Schottky’s theory for emission over contact
barriers is the fact that for a certain superimposed field the barriers in the
case of the Poole-Frenkel effect are lowered twice as much as in the case of
Richardson-Schottky emission. How the Poole-Frenkel effect works upon
arrangement of the trapped charges in the electret film could be inferred
from Fig. 4.4. According to that picture the Poole-Fenkel effect would
work best where the internal field is strongest. This would leave residual
charge at the places x+d and x−d, and residual surface charge densities
σ+ and σ− at the film surfaces.

The charges inside the electret will slowly redistribute during the decay,
but the influence from this process is disregarded in the following ap-
proximation. We will also neglect the influence of re-trapping carriers.
For simplicity the charge distribution is replaced by the surface charge σ
divided by a small constant distance s:

ρ+ ≈
σ+

s
and ρ− ≈

σ−
s

(4.15)
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(a) 25 ◦C (b) 95 ◦C

Figure 4.6: Charge decay of various polymer films at different temperatures.
(from [8])

4.2.2 Internal Conduction Mechanisms

To get the current, the conduction mechanisms of an electret must first be
clarified. Different approaches were made. The discharge current depends
very much on the electret material as examples in Fig. 4.6.

Electrets can be treated as dielectric, amorphous material. The theory of
them is consequently based on studies of dielectrics. Gross, whose theories
have become guiding for electret behavior [9–11], used some of the results
obtained by Froelich [8]. A voltage across a dielectric will not give rise to
a current through it, only polarization takes place. The way of studying
conduction properties is to create charges and follow their behavior in
the dielectric. Seki and Batra produced charges by light pulses [2, 28].
Irradiation with α- or β-beams as well as γ-rays can also be used. One
observation is trapping of charge carriers in potential wells and thermally
de-trapping of them. As an example of their interaction, the following
expression for the fraction of the total charge that is in traps at any time
t in the entire sample was obtained:

ρtr(t)
ρ

= (1 + θ)−1
1− e−

1+θ
τ t
 (4.16)
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where ρtr(t) is the trapped charge at time t and ρ0 the injected charge
density. T denotes the mean free time of a mobile carrier, Tr the mean
time for a carrier in the trap, and t0 the transit time for a carrier through
the thickness of the sample. 1/Tr is the probability per unit time for
thermal release of a trapped carrier to the conduction band, then

θ = T/Tr (4.17)
τ = T/t0. (4.18)

Wintle established a theory for transfer of charge from an electrified sur-
face layer through the bulk of a dielectric [39, 40], assuming space-charge-
limited current conditions and constant mobility. A fairly well agreement
with experimental results was obtained for a space-charge-limited flow
only the charges are initially distributed in a small layer adjacent to the
free surface. The mobility µ can be found, as well as life-times and trap-
ping times. The investigation was repeated for:

1. field-dependent mobility

2. mobility as a function of carrier density

3. deep trapping

Discrepancies with experiments were observed and discussed. For our
work the case with deep trapping is of interest. But first some words
about the other cases.

4.2.2.1 Field-Dependent Mobility

Wintle points out that in the system under consideration, the total cur-
rent is zero (Fig. 4.7). Then the continuity equation and the Poisson
equation can be combined to give the following equation, which describes
the evolution of an electric field E:

0 = µE
∂E

∂x
+
∂E

∂t
. (4.19)

Under the assumption of a field-dependent mobility µ

µ = cEn−1 (4.20)
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Free space

Grounded
Electrode

Dielectric

x

0
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σ(t)

ρ(x,t)

E=0

V=0

Figure 4.7: Dielectric placed on a ground plane with a surface charge density
σ(t) and a bulk charge density ρ(x, t).

with a proportionality constant c and an exponent n ≤ 1, the main result
for the electret surface potential Vs would be

Vs(ttr)
Vs(0)

=
n

n+ 1
(4.21)

where ttr is the transit time through the dielectric.

This means that the leading edge of the space charge reaches the grounded
electrode when the surface voltage falls to n/(n+1) of the initial voltage.
For the condition that the mobility is independent of the field, i.e. n = 1
earlier results are regained (see for instance Wintle 1970).

If the mobility has a more complex field dependence than a single power
law the solution still holds and it follows that for a pure surface charge
the voltage becomes a unique solution of time, independent of the initial
voltage.

4.2.2.2 Mobility as a Function of Carrier Density

In a low-mobility insulator the mobility is controlled by other mechanisms
than scattering as in semiconductors. But as the carrier concentration
increases, some trapping sites may become permanently occupied and no
longer contribute any delay to the moving carriers. The average mobility
could then conceivably vary with carrier concentration. Assuming a direct
dependence of mobility upon concentration, we can write:

µ =
h ρ

ε ε0
= h

∂E

∂x
(4.22)
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with a proportionality constant h. Substituting in Eq. 4.19 gives:

0 = hE

(
∂E

∂x

)2

+
∂E

∂t
(4.23)

Multiplying with E and integration gives:

0 =
h

2
E

(
∂(E2)
∂x

)2

+
∂(E2)
∂t

(4.24)

which has the same form as before only with E2 as a variable. The
characteristic solutions are:

E2 =


(x− a)2

2ht
b

(4.25)

where a and b are constants and the general solution takes the form:

F1

{[
x− E

√
2h t

]
, E
}

= 0 (4.26)

⇒

 Vs(t) = E0

(
δ − 1

2y
)

for y < δ

Vs(t) =
E0 t δ

2

2 y
for y > δ

(4.27)

with
y = α+ E0

√
2h t. (4.28)

As α → 0 the surface potential becomes a unique function of time after
the leading edge of the space charge has transversed the thickness of the
specimen.

4.2.2.3 Deep Trapping

This case is essential for our approach. It is said that trapping is likely
to occur in the bulk of an insulator. Wintle refers to the basic work of
Seki and Bakra [2, 28] but regrets that they don’t proceed their study in
time beyond the leading-edge transit time with exit of carriers from the
sample. They analyze the presence of free charge and trapped charge.
Some significant results will be quoted. The author considers a dielectric
with a uniform trap concentration Pt.
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Initially a free-carrier concentration ρ0 and a trapped charge concentra-
tion ρt = Pt both uniform to a depth α, are present. As the free carri-
ers advance, it is assumed that a concentration ρt = Pt is immediately
trapped at the advancing front, so that after a time t the front will have
reached a position y with a concentration ρ of free carriers behind it. The
rectangular shape of the distribution is maintained at all times. As long
as the transit time is not exceeded, charge is conserved in the sample so
that:

(ρ+ ρt) y = (ρ0 + ρt)α = ε ε0
Ei

q
(4.29)

The field Ei in the space-charge free region does not change with time.
The particle flux at the front is ρµEi, and in the time dt this flux extends
both the free-charge and the trapped-charge regions by an amount dy,
then:

ρµEi dt = (ρ+ ρt) dy (4.30)

Integration gives:
ρ0 + ρt

ρ0

ρ

ρ+ ρt
= e−t/τ (4.31)

with
τ =

ε ε0
µ q ρt

. (4.32)

This leads to
y = α+

ρ0 α

ρt

(
1− e−t/τ

)
(4.33)

From earlier calculations it was obtained [39]:

Vs(t) = Ei

(
δ − y

2

)
. (4.34)

The transit time ttr for the leading edge is obtained from Eq. 4.33 by
setting y = δ. After this time the free charge is removed from the sample.
The charge motion is derived from the fact that the total current density
is zero and applying Poisson’s equation:

0 = q µ ρE + ε ε0
∂E

∂t
(4.35)

ε ε0
∂E

∂t
= q (ρ+ ρt) (4.36)

(4.37)



154 Teflon Electrets

A standard separation of variables technique gives the solution for the
field:

E =
(x+ a) q ρt

ε ε0

1
1−Ae−t/τ

. (4.38)

Initial conditions are:

a = 0 (4.39)
E = Ei for t = ttr, x = δ (4.40)

and thus
A =

1− δ q ρt

ε ε0Ei
ettr/τ . (4.41)

For the limiting case of no initial penetration we have α = 0, but ρ0 α
remains finite and A = 0. This gives:

Vs(t) =
q δ2 ρt

2 ε ε0
1

1− et/τ
(4.42)

for α = 0, t > ttr. This means that the surface voltage does not depend
on the initial voltage. This region sets in when

Vs(t) = Vs(ttr) =
1
2
Vs(0). (4.43)

It has been assumed that the initial carrier density is sufficient to fill
all the traps in the bulk and still have some free carriers remaining to
continue the discharge, i.e.

(ρt + ρ0)α > ρt δ (4.44)

If this is not the case, then all the charge will be trapped in the region
0 < x < ymax, where

(ρt + ρ0)α > ρt ymax (4.45)

The final surface voltage will be nonzero, and is given by substituting
y = ymax in Eq. 4.34. From Eq. 4.33 it is obtained that the time taken
to achieve this condition will be infinite. Other theories using constant
mobility are also discussed by the author.

There is another treatment on deep trapping but with application in semi-
conductor materials [36]. They investigate thermal emission of carriers
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from traps within the depletion region of a diode junction. Different
shapes of the well are discussed. Their aim was to find the influence of
the electric field. They consider the lowering of the potential well accord-
ing to the Poole-Frenkel effect and tunneling effect see Fig. 4.5. They
state the well known result that according to the Poole-Frenkel effect the
emission rate is:

eln = en e
∆Ei/kT (4.46)

where en is not modified by the electric field. For a Coulomb well ∆Ei is
given by:

∆Ei = q

√
q
√
F

π ε ε0
(4.47)

compare to Fig. 4.5 (∆Ei = ∆ΦI). with the electric field F.

They denote that with the same ∆Ei a similar effect is expected for any
deep level, as soon as the edge of the potential well is coulombic (at a
large distance from the center), whatever the central part is. For an ideal
Dirac well indeed ∆Ei is zero. They also refer to a calculation of the
tunneling between a Dirac well and an energy band [21]. In Fig. 4.8 they
describe the thermal emission rate as a function of the electric field. From
this it is seen that tunneling is ruled out for our case, due to the necessary
high electric field. Similar results were found by others for non-coulomb
traps [22].

The Poole-Frenkel effect is referred to as thermally stimulated emission
with Boltzmann statistics (Eq. 4.46). They state that for high electric
fields the tunneling effect is dominant and for F > 108 V/m the pure
tunneling is so large that the carrier emission is no longer temperature
dependent.

For lower electric fields the Poole-Frenkel effect is dominant. Phonon
assisted tunneling emission with or without Poole-Frenkel effect depends
on the shape of the defect potential well. Experimental results confirmed
the influence of deep levels.

The thermal emission rate relationship to well shape was demonstrated
by others [22]. They start with the Poole-Frenkel effect, a classical mecha-
nism in which the electron is thermally emitted over the top of a potential,
which has been lowered by the presence of an electric field (see Fig. 4.5) It
is based on the detailed balance expression for the emission rate without
field,

en0 = e∞n e−Ei/kT (4.48)
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where Ei is the ionization energy of the deep level and e∞n contains the
matrix elements of the transition. Any change in the barrier height is
assumed to enter as a correction to Ei in Eq. 4.48.

Calculation for the Poole-Frenkel effect was first done in one-dimensional
model by Frenkel [7] and later extended to three dimensions, indepen-
dently by Hartke [13] and Jonscher [20]. For a Coulomb potential in an
electric field F aligned in the −z-direction, the potential is written as:

V (r) =
−q2

4π ε ε0 r
− q Fr cos θ. (4.49)

For 0 < θ < π/2 there is a well defined potential minimum found by
setting ∂V/∂r = 0, at r = rmax:

rmax =
√

q

4π ε ε0 F cosθ
. (4.50)

The change in potential barrier due to the presence of the field is found
evaluating V (r) at r = rmax:

∆Ei = V (rmax) = −q
√
q F cos θ
π ε ε0

(4.51)

Frenkel’s one dimensional result is found by setting θ = 0. The emission
enhancement is then:

en1

en0
= e−∆Ei/kT (4.52)

the index “1” denotes the one-dimensional solution.

The three-dimensional calculation requires an integration over θ due to
the spatial variation of ∆Ei.

The authors state, that there is a considerable difference between the
one-dimensional and three-dimensional approach. The former overesti-
mates the field effect by calculating it only at its maximum point, θ = 0.
This can partly explain the difficulty in fitting one-dimensional theory to
experimental results as observed by Jonscher [20].

Finally the authors treat the field effect for different potentials. They start
with the Yukawa, or shielded Coulomb potential, which is a modification
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of the Coulomb potential to include screening of the charge by surrounding
electrons. In the presence of an electric field it can be written as:

V (r) =
−q2

4π ε ε0
e−r/R0 − q F r cos θ. (4.53)

Here Ro denotes the shielding length and is an adjustable parameter. The
maximum potential at rmax is the solution of

q

4π ε ε0
e−r/R0 − q F r cos θ

(
1
r2

+
1
R0

)
= F cos θ (4.54)

which can be solved numerically. They say that for the Poole-Frenkel
effect in such a potential the emission enhancement is less than for a
Coulomb potential (R0 is in the range 20 to 200 Å). Phonon assisted
tunneling for Yukawa, Dirac and Coulomb wells are about the same but
work essentially for F � 107 V/m.

Next they treat a polarization potential of the form Ar−4, where

A =
q2 a

8π ε ε0
(4.55)

a is the polarizability of the neutral impurity atom. The Poole-Frenkel
effect in such a case with the electric field in the −z-direction is in total:

V (r) = −A
r4
− q F r cos θ (4.56)

rmax =
 4A
q F r cos θ

1/5

(4.57)

∆Ei = −1.649A1/5
q F cos θ

4/5
(4.58)

Phonon assisted tunneling is essential only for F > 7× 107 V/m.

Finally a dipole potential is treated. Two oppositely charges, each with
with a charge of Z q is represented by a dipole

V (r) =
q r ·P

4π ε ε0 r2
(4.59)

with the distance R between the charges, the dipole moment P is

P = |P| = Z q r. (4.60)

We define the z-axis to lie along P and in spherical coordinates the po-
tential becomes:

V (r) = − q P cos θ
4π ε ε0 r2

. (4.61)
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The Poole-Frenkel effect can be calculated:

V (r) = − q P cos θ
4π ε ε0 r2

− q r F sin θF sin θ cosφ− q r F cos θF cos θ (4.62)

In the hemisphere cosθ < 0, this potential forms an infinite repulsive bar-
rier to the emission of electrons. Quantum-mechanically, we can expect
emission in this direction, but such such a process lies beyond the limiting
assumptions of the Poole-Frenkel emission mechanism. For the present
calculation they assume no emission takes place, with or without field,
into this hemisphere.

They also assume, as usual, that the emission rate is unchanged in the
region in which the field raises the the potential barrier. As before a
maximum can be found in the other directions with a maximum for θF = 0
and a minimum for θF = 3π/4. Phonon assisted tunneling in this case is
essential only at F � 3× 107 V/m and of same size as the Poole-Frenkel
effect, compare with Fig. 4.11. Thermal emission for pure tunneling can
be disregarded in our case.

The investigations referred to show that the Poole-Frenkel effect is essen-
tial for explaining the conduction process in amorphous dielectrics, For a
certain range of electric field strength and physical dimensions it is dom-
inant supporting our interpretation. The rate of appearing of the effect
for conduction in amorphous materials was thoroughly penetrated [17].

The mechanism is also functioning, as the account clarifies, for different
shapes of potential wells. Then for certain conditions a trapping/de-
trapping process was applied to describe trap-modulated mobility in the
conduction mechanism of carriers in materials with potential wells [33].
They used 25µm thick Teflon fluorinated ethylene propylene (FEP). We
used the same material but with a thickness of only 12µm. It is again
pointed out that the Poole-Frenkel effect works for all the applied poten-
tial wells. Hill points out the presence of multiple impurity centers (or
traps), overlapping each others’ potential wells.

Guided by these results on conduction in thin polymers we picked up
the mechanism implying trapping and de-trapping of carriers. Though
we used the same material a different physico-mathematical analysis is
applied giving better agreement with experimental results. An example
of conduction approaches presented by others is given in Fig. 4.8 [3].

From realizing that the Poole-Frenkel effect is operating independently
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Figure 4.8: Energy scheme for a polymer. Excessive electrons are moving in
the conduction bands LN, while excessive holes are moving in the valence bands
VN. HE and HL are traps for electrons and holes, repectively. (after Ref. [3])

of the well shape, mobility variation and carrier density, we started our
approach with the assumption by Gross of the charged electret as a dipole
with homo and hetero charges [11]. His charge distribution is simplified
to two parallel sheets with a constant surface charge density, as shown in
Fig. 4.3. Due to the Poole-Frenkel effect the central part of the charge
distribution is eroded, as seen in Fig. 4.4.

4.2.3 The Discharge Current

The current density j of the discharge can be written as

j = −dσ
dt

= −ε ε0
δ

dV

dt
(4.63)

Substituting this in the Poole-Fenkel equation (Eq. 4.12) we obtain:

χF e−(Φ−a
√

F)/kT = −ε ε0
δ

dV

dt
(4.64)

Substituting with

γ =
χ

ε ε0
e−Φ/kT (4.65)

β =
a

kT
√
δ

(4.66)
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Figure 4.9: Schematic of a setup for (a) charge measurements and (b) current
measurement. The quantities σ11, σ12, σ21 and σ22 are initial induction charge
densities per unit area on the metal electrodes, ρ(x) is the initial volume charge
density in the dielectric, and i(t) is the displacement current in the external
circuit as a function of time t. There may be more than one zero-field plane in
electrets with bipolar charge distribution. (after Ref. [30])
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Figure 4.10: Arrangement of charged dielectric (electret), gaps and electrodes.
xi are the thickness dimensions, εi the dielectric constants and Ei the electric
fields (i = 1, 21, 22, 3). The electrodes are connected by an impedance Z across
which a voltage is applied or generated. (after Ref. [29])

in the differential equation and integrating it from v1 = β
√
V1 to v2 =

β
√
V2, we get

t2 − t1 = ϕ(V2)− ϕ(V1) = −2
γ

v2∫
v1

e−v dv

v
(4.67)

This can be split up into exponential integrals:

v2∫
v1

e−v dv

v
=

∞∫
v1

e−v dv

v
−

∞∫
v2

e−v dv

v
= Ei(−v1)− Ei(−v2) (4.68)

using expressions for exponential integrals Ei(x) we arrive at

t2 − t1 = −2
γ

Ei(−v1)− Ei(−v2)
 (4.69)

The value of γ influences the time. This was the result of the first inter-
pretation. Next the application with a time-dependent value for χ i.e.:
χ = χ0 F will be given. The approximation of two thin sheets with charge
of opposite sign and distance δ is retained. Then the discharge current
related to the neutralization process is given by:

j = −dσ
dt

= µ q nF (4.70)
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Figure 4.11: The ratio e′n/en of the thermal-emission rate with or without
electric field for the Frenkel-Poole effect (1), phonon-assisted tunneling for a
Dirac (3) and Coulombic well (4), and the thermal emission rate for pure
tunneling (2) versus the electric field F . Parameters are Ec = 0.8 eV, T =
300 K and m∗ = 0.07m0. (after Ref. [36])
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where µ is the mobility, q is the carrier charge, and n is the carrier density
and at every moment in time:

dσ

dt
= ε ε0

dF

dt
(4.71)

Some authors used a field dependent mobility µ. Because of the fact that
the field is highest in the center of the film, we have to expect that there,
on account of the Poole-Frenkel effect, most of the traps are empty. The
charge carriers will therefore be trapped and de-trapped at a rate with
a certain mean free path between trapping and de-trapping incidents.
As long as the mean free path is short and the trapping/de-trapping
frequency is high, the influence of the electric field is negligible. The
electric field is said not to have an influence on the mobility before the field
reaches F > 108 V/m and the mean free path of the carrier is λ > 50 Å
[1]. Therefore the mobility can be approximately by an effective average
value µm:

j = µm q nF (4.72)

The parameter β will, however, vary slightly with temperature for a lim-
ited temperature range. Parameters s and δ will be approximately con-
stant during the decay and

dρ =
ε ε0

ρ

 dF (4.73)

This means a linear proportionality between ρ and F. The factor χ is by
definition linearly proportional to the field F. We can thus replace χ/εε0
by ψ0 F where ψ0 is an approximately constant quantity and we obtain

ψo F e
−Φ/kTdt = −e−a

√
F/kT dF

F
(4.74)

Substituting as before F δ = V and further

η =
ψ0

δ
e−Φ/kT (4.75)

β =
a

kT
√
δ

(4.76)

we obtain:

η dt = −e−β
√

V dV

V 2
(4.77)
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Setting β
√
V = v gives

η dt = −2β2 e−v dv

v3
(4.78)

This gives the solution:

t2 − t1 =
β2

η

[
Ei(−v1)− Ei(−v2)−

v − 1
v2

e−v

∣∣∣∣v2

v1

]
(4.79)

Note that β2/η is independent of δ.

4.2.4 Ionization Energy

Thermal de-trapping of charges means ionization of the trap. The energy
needed to release a trapped carrier is denoted as ionization energy Φ, see
Fig. 4.5. Emission from a trap can be enhanced by lowering the trap
potential, i.e. lowering the ionization energy. The Poole-Frenkel effect is
one such example. The emission is also a strong function of the temper-
ature. For our approach a primary knowledge of the well depth is not
necessary, as long as the Poole-Frenkel effect is operating independently
of well shape.

There exists a method that has been practiced to approximately evaluate
the effect of various trapping levels on carrier mobility. This is called
thermally stimulated current (TSC) and was described by Gross et al. in
1976 [11]. It is applicable to bipolar and unipolar trapping in electrets.
One of the sample types used by Gross were 25µm thick Teflon FEP foils.
These foils were charged either by a breakdown method or the application
of an electron beam. The author introduced a similar technique using a
scanning electron microscope for the charging of electrets in 1973 at LM
Ericsson Telephone Co. A general introduction of the TSC method can
be found in Refs. [11, 35].

Fig. 4.12 shows the results by Gross et al. In their study 25µm thick
Teflon FEP foils were irradiated by either 40 to 75 kV electron beams or
γ-rays from a 60Co-source to charge the foils. The charge is trapped in
wells of different depths. In Fig. 4.12 the results of the γ-ray irradiated
samples are plotted. To de-trap the charges, the foils were heated in inter-
vals, starting at low temperature. The heating rate was accommodated
to reveal all traps at 67 ◦C, 76 ◦C, 88 ◦C and 97 ◦C. A constant voltage of
90 V was applied over the the foils to create an electric field. After irra-
diation the sample is heated until the first peak is reached, then cooled
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Figure 4.12: Peak shift of TSC curves during cyclic heating of γ-irradiated
Teflon electrets, measured at 90 V sample bias. (after Ref. [11])
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down quickly to a lower temperature close to room temperature, then the
process of heating is repeated. Peaks of progressively lower magnitude
and increasingly higher temperature are reached during subsequent cy-
cles. The population of the traps can be obtained but the evaluation of
the trap depths is a much more complex process [35].

4.3 Determination of Model Parameters

We introduce:

z =
√
V (4.80)

dV = 2z dz (4.81)

Substituting this in the differential equation Eq. 4.78 we get:

η dt = −e−β z 2 dz
z3

(4.82)

Differentiating numerically the experimental curves at several points, val-
ues of η and β can be obtained.

Some examples are shown in Figs. 4.13(a), 4.13(b) and 4.14 with ex-
perimental data from Tables 4.1, 4.2 and 4.3. A comparison between
Tables 4.1 to 4.3 ∆β = ±6%, ∆η = ±(30− 65)% and Fig. 4.15 shows an
agreement of parameter values very well within the error limits, especially
for parameter β.

The agreement between experimental results and theory is good. As a
check calculations of the parameters β and η was also performed with a
computer least square fit program. The results confirmed those obtained
by differentiation. As the aim of our investigation was to determine the
life-length and reliability of Teflon foils membranes, theoretical curves
were drawn for comparison. See Fig. 4.15 where the value of trap depth
is given as Φ = 1.3 eV. This is compared with results obtained using the
first approach. From Fig. 4.16 we see that a deeper depth of the traps
ascertains a longer life-length.

4.3.1 Check of Decay Measurement Results

As a check of the correctness of our decay curve values, they were com-
pared with those obtained by others [5]. As seen in Fig. 4.17, our calcu-
lations were based on results from 70 ◦C, 85 ◦C, 100 ◦C and 115 ◦C. The
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(a) β = 0.400and η = 0.155 × 10−7.

(b) β = 0.139 and η = 0.166 × 10−5.

Figure 4.13: Discharge curve of an electret. The drawn line marks the exper-
imental results, 4 and O mark values from the modified Poole-Frenkel relation
with the given parameters. (after Ref. [38]∗)
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Table 4.1: Values of β and η for film G (70 ◦C) obtained
from 1st order derivatives of the experimental curve. (Val-
ues with asterisk are used for mean value calculation, after
Ref. [38]∗)

β η · 107

0.911 0.244

0.342∗ 0.195

0.628 0.193

0.892 0.184

0.364∗ 0.154∗

0.446 0.156∗

0.405 0.155∗

1.162 0.154∗

0.560∗ 0.136

0.278 0.125

0.116

Mean values:

0.400 0.155

agreement is surprisingly good, minor deviations can be explained by the
difference in thickness and charging voltage. The accuracy of our mea-
surements is about two degrees in temperature, and the time precision
can be estimated from three measurements at 70 ◦C : 40, 41 and 40, i.e.
the deviation in the time is negligible.
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Table 4.2: Values of β and η for film H (85 ◦C) obtained
from 1st order derivatives of the experimental curve. (Val-
ues with asterisk are used for mean value calculation, after
Ref. [38]∗)

β η · 105

−0.104 0.97

−0.102 1.08

−0.025 1.23

0.154∗ 1.45

−0.074 1.44

0.114∗ 1.60∗

0.148∗ 1.66∗

0.069 1.65∗

1.71∗

Mean values:

0.139 1.66

Table 4.3: Values of β and η for film I (100 ◦C) and J (115 ◦C) obtained
from 1st order derivatives of the experimental curve. (Values with asterisk
are used for mean value calculation, after Ref. [37]∗)

I J

β η · 105 β η · 104

1.107 2.858 0.169∗ 0.579∗

0.353∗ 1.955∗ 0.157∗ 0.448∗

0.488∗ 1.950∗ 0.164∗ 0.493∗

0.040 2.136 0.139∗ 0.541∗

0.204∗ 2.492 0.153∗ 0.572∗

0.328∗ 2.678 0.155∗ 0.545∗

3.705 0.592∗

Mean values:

0.348 2.014 0.156 0.539



170 Teflon Electrets

(a) Sample I, 100 ◦C.
β = 0.348 and
η = 2.014 × 10−5.

(b) Sample J, 115 ◦C. β = 0.156
and η = 0.539 × 10−4.

Figure 4.14: Discharge curve of electrets. The drawn lines and open symbols
◦ mark the experimental results, the F symbols mark values from the modified
Poole-Frenkel relation with parameters β and η. (after Ref. [38]∗)



4.3. Determination of Model Parameters 171

Figure 4.15: Theoretical decay curves according to the Poole-Frenkel effect
(Modified relation). (after Ref. [38]∗)

Φ = 1.3 eV; 25 ◦C Φ = 1.3 eV; 40 ◦C

β η β η

0.46 0.166× 10−10 0.44 0.201× 10−9
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Figure 4.16: Theoretical decay curve according the Poole-Frenkel effect. (af-
ter Ref. [37]∗)
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Figure 4.17: Electret voltage life-time as a function of temperature. The
time for a 3 dB decay of the electret voltage is plotted against an Arrhenius-
type temperature scale. • marks the values obtained by Collins on 25µm thick
Teflon FEP foils, + marks values measured by Hellström [38]. (after Ref. [5])
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4.3.2 Estimation of the Average Ionization Energy

The expression for the parameter η was used

η =
ψ0

δ
e−Φ/kT (4.83)

Assuming impurity scattering to be predominant in the conduction pro-
cess, the mobility µ varies with absolute temperature: µ ∝ T 3/2 and so
does ψ0. By multiplying Eq. 4.83 with (300 K/T )3/2, ψ0 is reduced to the
value at 300K independent of applied temperature:300 K

T

3/2

η =
ψ0

δ
e−Φ/kT

300 K
T

3/2

(4.84)

Taking the logarithm gives

ln

[300 K
T

3/2

η

]
= ln

[
ψ0

δ

300 K
T

3/2
]
− Φ
kT

(4.85)

Using the values of η obtained from measurements of films at different
temperatures T, a linear plot should be obtained as dependence of the
natural logarithm of the converted η-values on the temperature variable
1/T. The slope of this line will give the value of Φ, and the intercept at
1/T = 0 will give the value of ln(ψ0/δ) at 300 K.

Fig. 4.18 shows such a plot. The necessary condition is that all measured
films, from which η-values are derived, should have the same initial elec-
tret voltage. In Fig. 4.18 the slope has the expression Φ/1000 K and from
this a value Theta = (2.2 ± 0.2) eV is obtained. As to ψ0 the intercept
gives ψ0/δ ≈ 3 × 1025 with δ ≈ 10−5 m and thus ψ0 ≈ 3 × 1020 m. From
this an estimate of the trap concentration could also be obtained.

4.4 Summary and Conclusion

According to the assumption done and verifications obtained, the dis-
charge process of electrons can be described as empathizing of filled traps,
where the carrier charges are bound. The charging of the electret yields
a high concentration of traps, filled with bound charge carriers. They are
distributed according to some function, e.g.

ρ = −ρ0 tanh(x) (4.86)
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Figure 4.18: Arrhenius plot of the parameter η as a function of inverted
temperature, from which a value of the average ionization energy Φ is derived
as Theta = (2.2± 0.2) eV. (after Ref. [38]∗)
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that allows for microscopic space charge effects and for the existence of a
macroscopic potential difference between charges of opposite sign, which
we call the electret voltage, see Fig. 4.4. A high concentration of traps
causes an overlap of their potential barriers, what leads to a quasi con-
duction band belonging to certain conduction regions, see Fig. 4.2. The
potential barriers that surround the conducting regions as well as the
barriers of single traps, are bent down by the superimposed, macroscopic
internal electric field, which is described by the Poole-Frenkel effect. As a
consequence of this picture only small fields are required for the increase
of thermionic emission in the region of high charge density and thus for a
charge transport and charge redistribution within those regions. On the
other hand, for low charge densities, i.e. for negligible overlap of potential
barriers, a much higher electric field is required to obtain an enhancement
of the charge carrier emission.

The field distribution in Fig. 4.4 shows that the internal electric field is the
strongest in the center of the film, where the Poole-Frenkel effect will work
best. Once a charge carrier has been emitted, it will follow the electric
field, travel to the space charge of opposite sign and recombine there.
In the center of the electret film, on account of the Poole-Frenkel effect,
one can reasonably expect that most of the traps are empty. According
to this model the emission of charge carriers leads to an erosion of the
charge distribution of the tails facing the center of the electret. Because
of the high field in the center, the charge carriers will, on their way,
be both, rapped and de-trapped at a frequent rate with a short mean
free path between the accidents. The mobility of the carriers can, as
described before, be approximated by an average value, that only depends
on temperature as described in the literature on semiconductors. The
magnitude of the current flow can be estimated form consecutive charge
decay measurements and is of the order of 10−12 A/ cm2 and smaller.
On account of the effects mentioned above, the carrier flow in the region
between the two space charges can be assumed to be approximately ohmic
[34] and therefore a simple expression for the current can be used as in
the earlier deduction of the electret voltage decay. The number of emitted
carriers follows the Boltzmann statics, whereby the activation energy is
decreased by the Poole-Frenkel effect as described before. Because of the
significant decrease of the activation energy (by about 25% for F = 3.6×
107 V/m and Φ = 1.3 eV), the enhancement of the thermionic emission
is extremely large. It is just this effect that is mainly responsible for the
emission of charges at moderate temperature. This is also the reason
why some approximation could be made, while developing a theory for
the discharge process of electrets. The importance of the Poole-Frenkel
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enhancement suggests that this effect should also be taken into account
when the activation energies Ea for the emission of charge carriers from
traps are determined by means of the TSC method. The superposition of
both internal Fi and external Fe electric field will modify the calculation
for the trap depth according to

E = Φ− a
√
Fe + Fi (4.87)

in the one-dimensional case.

Finally a few words about the film charging process. In the summary
the common polarization process has been mentioned. The author intro-
duced charging by a SEM. The electron bundle is not focused as during
ordinary investigations but dissolved to give a homogenous electron irra-
diation over the surface of the electret, positioned a the target place. The
bombardment of the foil is not a tedious work as the polarization process
and by regulation of the acceleration voltage, electron energies suitable for
the energies of the electret traps can be obtained. The method was sug-
gested already in the beginning of the 1970’s at LM Ericsson Telephone
Co. but came into use there only in the early 1980’s. The author also
patented with a co-worker a method to charge foils for electrets using ra-
dioisotopes, which are included in the foil. See included description. Still
another method is charging the films by a corona discharger over them.
This way was used rather extensively in the beginning of electret produc-
tion. But it was abandoned for more controllable charging processes.

A book on electret properties and applications was published by one of
the contributors in the field, see [35]. The use of electrets as electro-
acoustic transducers in microphones was also described by Sessler and
West in [4]. References [6, 12, 14, 19, 23, 25–27, 29, 30, 37, 38] contain
further material on the topic of Teflon electrets.

4.4.1 Charge Maintenance by Radioactive Irradiation

Abstract of the patent. An electret device has a dielectric layer con-
taining electret charges and a radioactive layer on one of the surfaces of
the dielectric layer. Fig. 4.19 shows a cross section of an electret micro-
phone.

In a controlled factory environment the electret voltage increases accord-
ing to the curve I in Fig. 4.20 with increasing time t towards a maximum
approximately at the half-life time of tritium of 12.3 years. Curve II
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Figure 4.19: Cross section of an electret microphone.

1 Metallic base plate

2 Overlying diaphragm forming a first and a second electrode,
respectively, in the electret microphone

3 A second diaphragm consisting of an electret film located between the
basic plate (1) and the diaphragm (2). The diaphragms (2) and (3)
are so arranged that they function in cascade when actuated upon by
acoustic waves. They consist of a polyester film and a Teflon film
which are provided with a metallized layer and with electret charges,
respectively, in a known manner.

4 Metallized layer. Owing to the low coefficient of thermal expansion
the polyester film, approx. 27 × 10−6/ ◦C, the sensitivity of the
electret microphone is relatively independent of the temperature,
while the very high resistivity 2 × 1016 Ω, of the Teflon film ensures a
very slow discharge process for the electret charges as long as the
environment of the electret microphone is controlled.

5 Insulating casing of the electret microphone

6 Acoustic openings in the insulating casing

7 Air channels in the metallic base plate. The intention is that the
acoustic waves enter through the openings (6) and activate the the
diaphragms (2) and (3) that will function in cascade whereupon a
signal voltage is generated between an electric terminal (8) connected
to the metallic base plate (1) and another electrical terminal (9)
connected to the metallized surface layer (4) of the diaphragm (2).
The terminal (8) has a part formed as a spring resting against the
base plate (1).

8 Electrical terminal

9 Electrical terminal

10 β-radiating surface layer of tritium 3H that injects electrons into the
overlying diaphragm (3). In this way the electret charges, stored
therein, are maintained.
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Figure 4.20: The electret voltage VE featured by the electret device of the
invention as a function of time.

shows how the electret voltage VE decreases rapidly when the electret mi-
crophone of Fig. 4.19 is e.g. in a harsh environment during a certain time.
The discharge process according to curve II is, however, converted into
a charge process according to curve III, when the electret microphone is
thereafter installed in an appropriate environment.

The electret voltage VE increases then quickly during a recovery period
and then more slowly towards a maximum approximately at said half-
life time of tritium. The result is that the electret voltage VE will remain
essentially constant during more than a decade in spite of a period in harsh
environment. It should be observed that it is not until the electret voltage
has decreased to about 50 V from a maximum of for example 5000V that
the sensitivity of the electret microphone has decreased to such a low
voltage that the half-time of the microphone can be considered to be
exhausted. If the electret voltage VE reaches a maximum after almost
a decade, then the life-time of the microphone will not be exhausted
until several decades have passed. The practically useful quantity of the
radioisotope appears to lie between 0.01 and 100µCi.

The β-spectrum of tritium extends from about 5 to 200 kV. Another pos-
sible source isotope would be 63Ni. For temporary charge losses dur-
ing transport, short-lived sources (less one year half-life) can be incorpo-
rated for compensation. 35S with half-life of 88 days could be suitable.
For details and other aspect see the patent description: U.S. Patent No.
3,949,178 [15].
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An additional method to incorporate a radioactive source of tritium with
the electret is labelling, not mentioned in the patent description. The
electret consists as an organic foil essentially of hydrogen and carbon.
With tritium being a hydrogen isotope, it can replace some hydrogen
atoms in the polymer compound. The electret is then said to be labelled
with tritium.
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5
Tantalum Thin Films

5.1 Introduction

At about the same time as the integrated circuits appeared, the per-
formance of passive components was increased by thin film technology.
Analog circuitry attached to digital microcircuits was called hybrid cir-
cuits. They came to manifold application in the telecom industry. This
work deals with components realized with tantalum thin films.

Analysis of a RC-filter for oscillators with aspect to redesign and reliabil-
ity estimation was performed. Analog RC-networks were very common
in telecommunication circuits before the introduction of digital circuitry
in the late 1970’s to early 1980’s. Being still of importance the author
will recapitulate the main properties of RC-filters used as frequency de-
termining element in touch-tone telephones. The development started at
Bell Labs, USA. Earlier only LC-circuitry was used and continued to be
used parallel to the appearance of RC-circuits.

The idea given by Bell Labs implied the application of a so-called re-
fractory metal, in this case tantalum thin films produced by a sputtering
process and deposited on glass substrates [3, 16]. Thin film resistors were
obtained by etching the thin films according to some desired pattern. A
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Figure 5.1: Sputter arrangement.

Figure 5.2: Twin-T RC-filter circuit.

protective oxide layer was accomplished by means of anodization. A di-
electric layer for capacitors was obtained by rather deep anodization of
a tantalum layer. Evaporating first a thin NiCr-film upon the oxide and
finally a 10µm thick gold layer completed the top electrode. For resistors
and for capacitors different lattice structures of the tantalum were ac-
complished. Resistors use αTa (cubic bcc structure) and capacitors β Ta
(tetragonal structure). In Fig. 5.1 a sputtering chamber is depicted.

As discharge gas in the sputter process, usually Argon is chosen. By
adding some part of another gas that will be deposited with the thin
tantalum layer, the etched resistors get certain properties. This process
is called reactive sputtering. If N2 is added the thin film will contain
together with pure Ta also some tantalum nitride (TaN and Ta2N). Thus
the temperature coefficient of the resistance will change from positive to
negative values. This is used to balance the temperature coefficient of the
resistors in the RC-product and make it independent of temperature. In
the beginning resistors and capacitors were deposited on different glass
substrates. But later they were integrated on the same substrate. The
typical oscillator filters are so called Twin-T filters, see Fig. 5.2.

In early touch-tone phones these filters were used as the feedback element
in an oscillator circuit. At a phase shift of π or 180◦ the component values
determine the oscillator frequency. In the touch-tone phone, each key
(0− 9, ] and ∗) generates two frequencies, by changing the capacitor and
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resistor values. A theoretical interpretation of the filter will be done as
to the influence of small component value variations on frequency, phase
and attenuation.

5.2 Theoretical Approach

First an analysis of the filter will be done as to frequency, phase shift
and attenuation. Then influences of small component variations shall
be derived using first order approximations. Later the investigation is
extended to higher orders as well. Starting with the transfer function in
operational form:

H(p) =
T (p)
N(p)

(5.1)

where p denotes a complex (angular) frequency. Rewriting the nominator
as

N(p) = T (p) +Q(p) (5.2)

gives consequently:

H(p) =
T (p)

T (p) +Q(p)
=

1
Q(p)
T (p)

(5.3)

The condition for attaining a phase shift of π by the filter in the stationary
case will simply be:

Q(p)
T (p)

≤ −1 (5.4)

The attenuation is conventionally defined as:

A = 20 log
∣∣∣∣ 1
H(p)

∣∣∣∣ = 20 log
∣∣∣∣1 +

Q(p)
T (p)

∣∣∣∣ in dB (5.5)

T (p) and Q(p) have real and imaginary parts:

Q = Q′ + jQ′′

T = T ′ + jT ′′
(5.6)

Then Eq. 5.4 implies that:

Q′

T ′
=
Q′′

T ′′
≤ −1 (5.7)
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Transfer properties are important and can be found by solving the current-
voltage relations according to the circuit scheme in Fig. 5.2 for a Twin-T
filter, for instance with help of Cramer’s method using the current i and
voltage u :

H(p) =
uo

ui
= R4

i4
ui

=
T

N
(5.8)

nominator T and denominator N can be solved in p and the values of the
components. By letting p → jω the frequency is obtained. Introducing
(jω)2 = X the Eq. 5.7 can be written:

X2G1 +X G2 +G3 = 0 (5.9)

The G-values are expressed in the R- and C-values of the circuit. For
details of this derivation and further interpretation, see Ref. [8]. Explicitly
the frequency is given by:

(2π f)2 =
G2 +

√
G2

2 − 4G1G3

2G1
(5.10)

One solution is omitted, as only real frequencies are considered. Loga-
rithmical differentiation of Eq. 5.10 gives the relative frequency change:

∆f
f

=
F1

F2
− F3 (5.11)

with

F1 = ∆G2 +
G2 ∆G2 − 2(G1 ∆G3 +G3 ∆G1)√

G2
2 − 4G1G3

(5.12)

F2 = 2G2 + 2
√
G2

2 − 4G1G3 (5.13)

F3 =
∆G1

2G1
(5.14)

In first order approximation the differentials are:

∆Gn =
3∑

t=1

∂Gn

∂Ct
∆Ct +

4∑
s=1

∂Gn

∂Rs
∆Rs for [n = 1, 2, 3] (5.15)

The attenuation at a phase shift of π is found from Eq. 5.7:

A = 20 log
∣∣∣∣1 +

Q′

T ′

∣∣∣∣ = 20 log
∣∣∣∣1 +

Q′′

T ′′

∣∣∣∣ in dB (5.16)

Finally some application of the derivations will be shown, for details
see [8].



5.3. Applications 193

5.3 Applications

Formula 5.11 is of course valid with good accuracy for small relative com-
ponent variations (≤ 5%), if only first order magnitudes are considered.
Introducing component values in Eq. 5.11 we get

∆f
f

=−
(
a1

∆C1

C1
+ a2

∆C2

C2
+ a3

∆C3

C3

)
−
(
b1

∆R1

R1
+ b2

∆R2

R2
+ b3

∆R3

R3
+ b4

∆R4

R4

) (5.17)

where, according to [8]:

a1 + a2 + a3 = b1 + b2 + b3 + b4 = 1 (5.18)

If in the range of ±5% all capacitances or all resistances have a relative
change ±r, the more precise relative frequency shift will be ∓r + r2.
This shows the accuracy in the first order approximation. Higher order
approximations will be given later using a Taylor series expansion for
many variables. Small component changes are often due to temperature
variations. Dividing Eq. 5.17 by a temperature interval ∆T will for small
intervals or a linear temperature dependence give this relation:

1
f

∆f
∆T

=−
(
a1 αC1 + a2 αC2 + a3 αC3

)
−
(
b1 αR1 + b2 αR2 + b3 αR3 + b4 αR4

) (5.19)

Here αCs and αRt are the temperature coefficient for capacitors and re-
sistors, respectively.

5.3.1 RC Twin-T Filter Characteristics

The selectivity and phase shift of RC twin-T filters are illustrated in
Fig. 5.3. These curves have been computed for an unloaded filter (R4 →
∞ in Fig. 5.2). The different curves correspond to different values of
R1, which determines the frequency of the oscillator. The attenuation is
taken from the general expression Eq. 5.5 and the phase is derived from
Eq. 5.3. These kinds of filters are called notch filters. The procedure of
trimming such filters to proper frequency is not too complex because of the



194 Tantalum Thin Films

Figure 5.3: Amplitude and phase characteristics of an unloaded RC Twin-T
filter. (after Ref. [8]∗)
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rather flat response around the maximum attenuation points (minimum
amplitude ratios in Fig. 5.3).

With tantalum networks this is achieved by anodizing any of the resistors
to correct value. Because other parts of the oscillator circuitry are likely to
contribute small phase shifts, the oscillations may start at a filter phase
shift of not exactly π. But due to the linearity exhibited by the phase
functions around the phase point −π (see Fig. 5.3) the relation 5.11 can
still be applied with good accuracy. Finally by setting all resistance and
capacitance values equal, it is found, that the variance of any component
will give a frequency change of opposite sign:

∆f
f

= −∆C
C
− ∆R

R
(5.20)

5.3.2 RC Twin-T Filters using Taylor Series

From the theory of functions it is known that a many-variable function
can be expanded around a certain point of the function applying the
partial differentials of the function at that point. Such an expansion is
called a Taylor series. In this case the functions are the frequency and
attenuation and the variables the component values, R and C. There are
4 resistors and 3 capacitors. As the mathematical procedures involved
with the Taylor series expansion is well described in lecture books, we
will concentrate on some specific issues [9]. We start with Eq. 5.10 and
write

X = (2π f)2 ⇐⇒ f =
√
X

2π
(5.21)

f is consequently a seven-variable function. Also G1, G2 and G3 are
functions of the filter’s seven component values: C1, C2, C3, R1, R2, R3

and R4 (see Fig. 5.2 and Eq. 5.10). Disregarding for the moment the
conditions for a general convergence of the series, the exact second order
approximation of the relative frequency shift can be found by expanding
Eq. 5.21 to the second power. To do this we use the functions G1, G2

and G3 as defined before. An arbitrary component value will be denoted
by KM or KN to facilitate the deduction. KM and KN have the sole
restriction that M,N = 1 . . . 3 will correspond to KM ,KN = C1 . . . C3

and M,N = 4 . . . 7 will correspond to KM ,KN = R1 . . . R4. Deriving
Eq. 5.21 with respect to KM will give:

∂f

∂KM
=

1
4π
√
X

∂X

∂KM
(5.22)
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Then deriving Eq. 5.22 with respect to an arbitrary variable KN , will give
the general second order derivative of the frequency f :

∂2f

∂KM ∂KN
=

1
4π
√
X

(
∂2X

∂KM ∂KN
− 1

2X
∂X

∂KM

∂X

∂KN

)
(5.23)

This result can be used to find the second order frequency correction from
Taylor expansion of the relative frequency shift:

∆f
f

=
1
f

7∑
M=1

KM
∂f

∂KM

∆KM

KM

+
1
2f

7∑
M=1

K2
M

∂2f

∂K2
M

(
∆KM

KM

)2

+
1
f

7∑
M=1

7∑
N=M+1

KM KN
∂2f

∂KM ∂KN

∆KM

KM

∆KN

KN

(5.24)

The first term of this expansion is identical with the first order frequency
correction presented before. The next two terms form the exact second
order correction of the relative frequency change. The following important
result was derived from Eq. 5.24 with the proof given in Ref. [9]:

1
f

7∑
N=4

3∑
M=1

KMKN
∂2f

∂KM ∂KN
= 1. (5.25)

This implies that, if all components are subject to the same relative change
r we get:

∆f
f

= −2 r + 3 r2 (5.26)

in the second order approximation and, if resistance and capacitance val-
ues have the same change but with opposite sign:

∆f
f

= 0 + r2. (5.27)

Finally, if only one type of component is changing, there is:

∆f
f

= −r + r2. (5.28)

This last result was anticipated already in Ref. [8]. Unless otherwise
stated it is always presumed that |r| < 1.
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5.3.3 Influence of Component Variations on the
Attenuation

To study the influence of component variations on the attenuation at a
phase shift of π the following formulas were obtained:

1. Capacitance variations

∆Aπ,C = d1
∆C1

C1
+ d2

∆C2

C2
+ d3

∆C3

C3
(5.29)

with d1 + d2 + d3 = 0

2. Resistance variations

∆Aπ,R = d4
∆R1

R1
+ d5

∆R2

R2
+ d6

∆R3

R3
+ d7

∆R4

R4
(5.30)

with d4 + d5 + d6 + d7 = 0

This was shown in Ref. [9] together with other derivations, for instance
input and output impedances of the filter.

5.3.4 Higher Order Frequency Corrections

An estimate of the accuracy of the second order frequency correction can
be gained by fitting to polynomials in some known cases. The follow-
ing polynomial representation of the relative frequency change, when all
components undergo same relative change r was found by numerical cal-
culation to hold exactly within the accuracy of the frequency as calculated
from Eq. 5.10:

∆f
f

= −2 r + 3 r2︸ ︷︷ ︸
see Eq. 5.26

−4 r3 + 5 r4 − 6 r5 + 7 r6 − . . . for |r| ≤ 1 (5.31)

We can see from Eq. 5.31 that going from one term to the next, both the
coefficient and the power is increased with one unit and alternating sign.
From the sum in Eq. 5.31 describing the frequency deviation we further
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get

∆f
f
≡ s = −2 r + 3 r2 − 4 r3 + 5 r4 − 6 r5 + 7 r6 ∓ . . . (5.32)

r s = − 2 r2 + 3 r3 − 4 r4 + 5 r5 − 6 r6 ± . . . (5.33)

s+ r s = −2 r + r2 − r3 + r4 − r5 + r6 ∓ . . .︸ ︷︷ ︸
geometric series

(5.34)

= −2 r +
r2

1 + r
for |r| < 1 (5.35)

s = − 2 r
1 + r

+
r2

(1 + r)2
= −r(2 + r)

(1 + r)2
(5.36)

1st order approx.: s ≈ −2 r (5.37)

2nd order approx.: s ≈ −2 r + 3 r2 (5.38)

Table 5.1: Comparison in the accuracy of the 1st and 2nd order approximation
(Eq. 5.37 and 5.38) of the frequency deviation in Eq. 5.31.

deviation ∆f/f 1st order approximation 2nd order approximation

r value error value error

0.05 −0.093 −0.10 8% −0.093 0.2%

0.10 −0.172 −0.20 16% −0.17 1.1%

0.25 −0.341 −0.50 47% −0.31 9.1%

In agreement with this rule the following series were found from numerical
calculations:

1. Capacitances and resistances have the same relative change but op-
posite sign:

∆f
f

= −0 + r2 − 0 + r4 − 0 + r6 ∓ . . . ∼=
r2

1− r2
. (5.39)

2. Only one component type is changing:

∆f
f

= −r + r2 − r3 + r4 ∓ . . . ∼=
r

1 + r
. (5.40)
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3. Generally, if all capacitances undergo a relative change r1 and all
resistances a relative change r2 we obtain:

∆f
f

= −(r1 + r2)

+(r21 + r1r2 + r22)
−(r31 + r21r2 + r1r

2
2 + r32)

+(r41 + r31r2 + r21r
2
2 + r1r

3
2 + r42)∓ . . .

∼= − r1
1 + r1

− r2
1 + r2

+
r1

1 + r1

r2
1 + r2

. (5.41)

From this last series the result in 1 and 2 can be obtained by setting either
r1 = −r2 or r2 = 0, respectively. Further the case r1 = r2 corresponds
to Eq. 5.31. The limiting value of Eq. 5.41 can be derived directly by
introducing

∆C
C

= r1 =⇒ C ′ = (1 + r1)C (5.42)

∆R
R

= r2 =⇒ R′ = (1 + r2)R (5.43)

into the earlier defined G-functions in Eq. 5.15 and calculating the new
frequency from Eq. 5.10:

f ′ = f + ∆f =
1

(1 + r1)(1 + r2)
f (5.44)

∆f
f

=
1

(1 + r1)(1 + r2)
− 1 (5.45)

which is easily proved to be identical with Eq. 5.41. The last derivation
implies also that the result is valid for r1, r2 ≥ 1. Yet the conditions for a
phase shift of π are not violated.

In Fig. 5.4 are some of the last results given. Fig. 5.5 demonstrates the
good agreement between calculated and measured values for capacitance
variations. The deduced formulas are useful for micro-miniaturization.
The filter can be redesigned by use of second order frequency approxima-
tion, which is valid with good accuracy at frequency changes about ±20%.
Another application is for optimization processes where the attenuation
relations are important. If functional trimming of the filter by means of
digital computers is wanted, both the frequency and attenuation approx-
imations can be applied. The method with Taylor series expansion can
also be used with other linear RC-networks.
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Figure 5.4: Relative frequency change as functions of relative component
variations r in the case of one component changing (∆f/f = −r/(1 + r)) and
both C and R changing (∆f/f = r2/(1− r2)). (after Ref. [9]∗)

Figure 5.5: The attenuation deviation as a function of individual capacitance
changes. The absolute accuracy of measurements is represented at one point by
a vertical bar. The relative accuracy was twice as good. (after Ref. [9]∗)



5.4. Some Important Experimental Results 201

Figure 5.6: Resistive thin film network pattern for investigation of tempera-
ture coefficient. (after Ref. [13]∗)

5.4 Some Important Experimental Results

The temperature coefficient obtained for the deposited Ta2O5-dielectric
layer was rather stable around 170 ppm it was important to achieve re-
sistors in tantalum with a temperature coefficient also around 170 ppm.
Because of the N2-doping the resistors became somewhat nonlinear and
by measuring this in a certain way the temperature coefficient can be
estimated. The third harmonic method used before (see Section 2.4.1.1)
was applied.

Fig. 5.6 shows the test pattern used to elaborate the correlation between
the temperature coefficient for resistors and the amplitude of the third
harmonic V3. Fig. 5.7 represents the result, it can be seen that a very
good correlation between the temperature coefficient and the amplitude
of the third harmonic was obtained with a correlation coefficient ρ = 0.98.
A similar result for capacitors is demonstrated in Fig. 5.8. The measure-
ments are described in detail in Ref. [6]. The third harmonic voltage
measurements were also used to evaluate circuit contact properties.

5.5 Conclusions

The analysis of the RC Twin-T filter shows, how ordinary circuitry design
methods can be combined with sophisticated mathematics. Not only in
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Figure 5.7: Relation between absolute value of the temperature coefficient
αR and the third harmonic amplitude V3 for resistor no. 7 in Fig. 5.6. The
temperature coefficient is negative. (after Ref. [13]∗)

Figure 5.8: Relation between temperature coefficient αC and third harmonic
amplitude V3 for a thin film tantalum pentoxide capacitor. (after Ref. [13]∗)
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the form of simulations, but also as pure theoretical analysis to confirm
and extend ordinary methods. This is particularly useful for determining
disturbances in the performance of the circuit due to defects in the circuit
components or temperature influences.

Redesign of the circuits is facilitated and new ways for reliability consid-
eration opened. It is well known that matrix calculus played an important
role in the development of the theory of electricity.

Basic papers on the topic are found in Refs. [6, 8–10, 13], while Refs. [7,
11, 12, 14] are related papers with contributions by the author. Similar
work by other authors is assembled in Refs. [1, 2, 4, 5, 15, 17–19].
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Conclusions and Summary

Failure analysis has a key function in supplying information about failure
mechanisms. It is expensive but necessary. Reliability of a component
is often measured by its failure rate in drift conditions. Hermetically
encapsulated components in a fixed switching unit was earlier expected
to have not more than 2% failures in 40 years. For plastic encapsulation
20 years is a realistic life-time. This is also influenced by the rate of
replacement of old versions with better new ones. Old types cannot have
spare parts for the whole life-time of the equipment. In other applications
as satellites for instance the life-time can be about 10 years, but with very
high reliability all the time.

In Part 1 and 2 was accounted for testing methods of individual items.
Conventional methods are 85 ◦C/85RH (Military standard), temperature
cycling (−55 ◦C to 125 ◦C). Delamination is both a mechanical and tem-
perature problem, like solder joint detachment, “purple plague”, which is
solution of gold bonds in aluminum pads.

Oxide breakdown and conductor rupture; shock tests by suddenly shift
the ambient temperature from about 100 ◦C to −10 ◦C; electromigration
and hot electron effects are other failure mechanisms. Some of these
effects can be tested by electrically overloading the circuit. This thesis
is limited to only a few but important failure phenomena. A user has
to perform arrival (or acceptance) tests of the delivered devices from the
vendor. A sufficient number of failed items must then be obtained to get
a statistically confident measure of failure rate. For well designed items
the testing time can then be unpractically long. That’s why accelerated
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tests are used. The aim of them is to shorten the test time as described
in Part 1. Models of acceleration factors must be established as the thesis
gives examples of. The following methods were mentioned:

• temperature-humidity-biased (THB)

• high acceleration saturated temperature (HAST)

• high temperature storage/operating life (HTOL)

• dynamic tests, i.e. operating at elevated temperatures of 125 ◦C or
even 250 ◦C.

For plastic encapsulated microcircuits the dominant failure mechanism
is ion induced corrosion, caused e.g. by chlorine and bromine ions. The
material and performance of semiconductors were improved very much
making test times longer. On the other hand scaling down the ICs in-
creases susceptibility to different constraints. Except material attack of
the components, the derating of their parameters is a sign of dammage.
New component types as SiC-based or optoelectronic components must
be tried according to their composition. Very fast devices like SiGe-based
ones are to be treated in a similar way.

ESD-transient tests are described in Part 2. ESD-failures are still very
common. The cost of evaluation of device and system reliability will
be paid back by the quality improvements of the products. Component
reliability is a big concern for the electronic industry. The type of relia-
bility for electronic items discussed by Hakim [4, 5] i.e. the reliability of
a component in its electrical environment could probably be approached
by making block representation of the system, including misfits, and then
use models for simulation of the electrical functions. Anyhow there is
many improvements to be done in the testing of electronic components.
The author has tried to verify and extend existing methods.

Trends in VLSI-reliability

Microelectronics has undergone an extremely rapid progress. This is doc-
umented by larger and larger numbers of devices and functions integrated
on single chips. Data processing has benefited from great improvements
in cost, reliability and performance of integrated circuits. These improve-
ments are in some way due to increased pin/gate-ratio which integration
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provides. This is noted by increasing chip size, decreasing device dimen-
sions, multilevel structure and circuit innovation. Already at an early
development stage the following natural limits were stated for the tech-
nological advances:

• electromigration

• metal migration

• hot electron and breakdown effects

• wiring complexity and pattern sensitivity

• ohmic resistance and interconnections

• power dissipation in the gates

• charge creation by α-particles (soft errors)

• latch-up phenomena

These will each be prone to introduce reliability problems in VLSI devices.
Failure mechanisms associated with increased integration include also all
the mechanisms found in discrete devices. The same is valid for devices of
special design as high electron-mobility transistors (HEMTs) and trench-
capacitors. The modern fast hetero-junction bipolar transistor (HBT)-
devices are also vulnerable for ESD-influence.

Note added in proof

The present investigations were based on a detailed simulation of elec-
tronic components. This is not easily applied to important devices as
memories, microprocessors, some linear circuits etc. But there exist other
means to obtain reliability prediction rules for them. Therefore an ex-
ample will be given. The degree of complexity is the main parameter,
represented by the number of bits or gates. Formulas can be established
to gain estimation of quality and reliability of electronic items. Some
twenty years ago, when miniaturization was developed to high degree of
complexity, a system called PPM-Management was introduced (ppm =
parts per million).
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rejection cause responsibility

good according to
specification;
mishandling;
equipment design

OEM

incomplete test
specification;
reject definition

OEM and IC
manufacturer

intrinsic IC defect
IC
manufacturer

derived from MIL-HDBK-217C

• accelerated life tests

◦ field failure rates

Figure 1: Distribution of causes of
IC rejection during 1981 for linear-
bipolar, CMOS and NMOS circuits.

Figure 2: Predicted failure rate as a
function of complexity for digital ICs.
The reliability per function increases
with the complexity of the IC.

Failure rate of integrated circuits. Fig. 1 is important for the
manufacturer but tedious to apply, while Fig. 2 is suitable for the

user. (After Ref. [11]).
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This implied an agreement between the manufacturer and user or Original
Equipment Manufacturer (OEM) about a maximum tolerated number of
rejects, compare with the concepts of Acceptable Quality Level (AQL)
and Average Outgoing Quality (AOQ). The system will be demonstrated
from an article on the subject, Ref. [11], see Figs. 1 and 2.

They start with memories of low complexity, 1k, 2k, 4k and 16k dynamic
RAMs (DRAMs), which are carefully tested in accelerated tests in order
to obtain a reliable failure rate. Different functions are formulated to
describe the memory with crucial parameters. These functions can then
be used to build corresponding functions for memories of higher order,
only by changing physical parameters. From this the new failure rate can
be found. Due to the powerfulness of today’s data systems and treat-
ments there already exist sophisticated computer-based quality control
arrangements giving continuous information on quality and reliability of
electronic items both in production and use.

Fig. 1 is important for the manufacturer but tedious to apply, while Fig. 2
is suitable for the user. The author derived a prediction model from the
points corresponding to accelerated life tests.

λ = N0.37 × 10−8 (5.46)

where N is the number of gates and λ gives the number of failures per
hour. A similar Japanese investigation resulted in a formula of the same
character as to the complexity factor N, but with different parameter
because of different manufacturing processes, materials, sizes etc.

λ = N0.35 × 10−8 (5.47)

Similar approaches are discussed by Jääskeläinen in Ref. [8].

A different, newer Japanese approach for the prediction of LSI reliabil-
ity was presented in Ref. [9] an discussed by the author in Ref. [7]. In
Ref. [6] the author himself suggested a method for failure prediction of
LSI-circuits based on different failure mechanisms and their relative fre-
quency of occurrence. This is procedure for estimating the failure rate of
LSIs by classifying according to failure modes, expressing the the failure
rates as functions of the LSI design parameters. As a concrete exam-
ple, bipolar logic LSIs and MOS RAMs were taken up in the case of
low-complexity 4-gate logics and DRAMs with capacities of 1K, 4K and
16K. Failure modes and their frequencies were fetched from literature.
Carefully arranged, accelerated tests can give a reliable total failure rate.
Different equations have been formulated to describe the memory and
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logic circuit using physical device parameters. These equations can then
be used to build corresponding models for devices of higher complexity,
only by changing the physical parameters. From this the new failure rate
can be estimated.

Table 1: Values of basic parameters used for calculating MOS RAM
failure rates. (after Ref. [9])

Number of Memory bits

Symbol 4K 16K 64K 256K 1M Unit

NE 1.6 · 104 3.3 · 104 1.4 · 105 6 · 105 2 · 106 elements

LP 8 6 3 1.5 0.8 µm

Vdd 12 12 5 5 3 V

ND 8 4 2 1 0.5 cm−2

NT 22 16 16 16 18 pins

NE number of device elements

LP gate length

Vdd supply voltage

ND device area

NE number of device terminals/pins

Table 2: Major failure modes for MOS ICs. (after
Ref. [9])

No. Failure mode frequency in %

1 Surface degradation 38.0

2 Gate oxide defects 23.1

3 Junction defects 8.3

4 Metallization failures 7.9

5 Faulty lead interconnections 7.8

6 Faulty package 6.6

7 Faulty die bond 4.2

8 Foreign material in package 1.2

9 Material discrepancy 0.6

10 Others 2.3

Finally, Table 4 from Ref. [1] is given to show todays’s state-of-the-art in
failure prediction.

Another problem caused by the very much increased number of functions
(=circuits on a chip) is the increased heat dissipation giving temperature
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Figure 3: Predicted MOS RAM failure rate. The total failure rate λ and
the individual contributions λ1 to λ10 with indices according to Table 2 for
increasing capacity of the memory chips. (1 FIT = 10−9 failures per second,
after Ref. [9])

problems. Cooling has become very important. By simulation (see for
instance under Chapter 2) the temperature distribution can be found
giving information where to apply cooling. The thermal resistance is
now an important parameter in device design. At LM Ericsson a special
program was developed to calculate the temperature on chips that are to
be mounted on chip carriers. With increasing integration these problems
will become bigger!
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Table 3: Failure rate estimation functions for
MOS RAMs. (after Ref. [9])

Symbol Estimation function fMi

fM1 NE · Vdd ·
√
LP

fM2 NE · L1.5
P · 10(1·10−3·Vdd/

√
LP )

fM3
3

√
ND ·N2

E · L2
P

fM4

√
NE · L2/3

P · logNE

fM5 NT

fM6 NT

fM7 1

fM8 NE · L2
P

fM9 1

fM10

9∑
i=1

λi

Table 4: Failure rate of electronic components according to different failure
rate catalogs. (after Ref. [1])

MIL-HDBK Telcordia IRPH λref
217F-N2 2001 2003 IEC 61709

DRAM, CMOS, 1M, plastic 14 32 10 10

SRAM, CMOS, 1M, plastic 60 60 30 30

EPROM, CMOS, 1M, plastic 13 53 30 20

32bit processor, CMOS, plastic 55 18 60 40

30k Gate array, CMOS, plastic 17 17 35 25

bipolar linear, 70 trans., plastic 13 33 7 10

Si diode, 100mA, plastic 2 3 1 2

bipolar transistor, 300mW, plastic 1 4 3 3

JFET, 200mW, plastic 6 20 5 4

ceramic capacitor, 100 nF 1 4 1 1

foil capacitor, 1µF 2 10 1 1

values in FIT = 10−9 failures per second
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With the expression Intrinsic Reliability is understood what reliability the
device has, depending on its basic concept. On the other hand, Built-in
Reliability means a precaution taken to improve the component robust-
ness against some special constraint.

All the described techniques for reliability prediction of electronic compo-
nents are to be compared to the statistical, theoretical treatments given
in Ref. [1]. There is always the question about what is deterministic and
what is stochastic.

The theoretical scientists, among them elementary particle investigators
and relativistic behavior describers, who try to find some universal laws
that can explain all phenomena in the universe, have meant that every-
thing can be explained by physico-mathematical rules known today and
say: “There is no need for a Creator!” Among them the famous theo-
retician Stephen Hawking. But in a morning newspaper of August 20,
2003 he must admit: “There is no unique explanation of all universal
phenomena!” This implies no criticism of him, only the observation that
he is an honest man. “Gud må le i sin Himmel! (Our Lord my smile in
his Heaven)” We only belong to and can reach a small part of an almost
infinite universe!
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