Electrical noise as a reliability indicator in electronic

devices and components

B.K. Jones

Abstract: Low-frequency electrical noise is well accepted as a very sensitive measure of the quality
and reliability of electrical components and electronic devices. It shows changes in magnitude very
much greater than in the static electrical properties. The excess noise is due to defects and non-
ideality in the device. Although the excess noise is a general indicator of quality there can be many
physical processes that could be involved. These noise contributions are additive and therefore not
easy to distinguish so that the noise is not so valuable as a diagnostic tool. Also, there is not a
detailed understanding of some noise sources, such as in some semiconductor devices. Recently
devices have continued to become smaller in size so that the noise signal has become more
significant compared to the real signal and the number of individual defects involved has become
fewer. This has resulted in a growing trend to the study of the time varying signal rather than the
noise spectral density. A review is given of the developments in the subject over the last few years.

1 Introduction

It is now well established that electrical noise is a sensitive
indicator of quality and reliability in electrical devices. This
is directly parallel with mechanical systems. The production
of extra noise within a device will naturally reduce its
quality with respect of its use in a low noise system but the
proposition is wider than this since such noise indicates non-
ideal processes occurring which can degrade the operation
of the device. The direct connection of high levels of noise
with reliability, or the useful lifetime of the device, is less
strong. Experiments on many systems have shown that the
noise level rises as a device degrades during its life, or under
stress, and also that a device which, immediately after
manufacture, shows high levels of noise has a short life and
noise is thus a sensitive and non-destructive reliability
indicator.

The essential features of the use of noise are that it is a
nearly equilibrium measurement, so that no stress is given
to the device, and that it is much more sensitive than DC or
AC measurements. These latter are averaged quantities and
the change in their values is usually found to be much
smaller than that of the noise. Thus, during stress the DC
and AC values may change by 1%, while the noise may
increase by an order of magnitude.

The aim of this review is to describe recent work and
trends in this area, rather than go over the fundamental
principles, which have been described earlier [1]. Thus the
detailed understanding of the noise processes which occur
will not be described here. All semiconductor devices are
covered as well as integrated circuits and their constituent
parts and discrete passive components such as capacitors
and resistors. There is a full discussion of the thin film metal
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line interconnects of integrated circuits in the context of the
important failure mechanism of electromigration.

1.1 Uses

Since noise is very sensitive to the detailed operation of a
device it is a very attractive quantity for a variety of
diagnostic purposes. It can be measured under equilibrium
conditions or during or after high stress. However the
measurement techniques require special equipment, an
electrically quiet environment and particularly very careful
experimental work. Thus it is not well suited to industrial
manufacturing conditions. The interesting experimental
frequency range is between 0.1 and 100000 Hz with the
low-frequency end being much more sensitive since the
noise is largest there. Since measurement periods are needed
of many times the longest period in the spectrum, the
experiments are inherently siow and cannot be used during
the routine production of ordinary devices.

1.2 Quality

1t is obvious to use the noise level as a criterion in the
development and improvement of the quality of devices.
This is not only for devices for use in low-noise applications
but also more generally since the noise is found to be a good
development parameter in general. Noise measurement
techniques are more suitable for the development labora-
tory than the production environment. Especially at the
research or early development stage, the noise can be a
sensitive and non-invasive way to determine the mode of
operation of the device and particularly to determine the
reason for any non-ideal features of the characteristics.
Sometimes noise spectroscopy may be the only way of
determining this [2].

The noise level can be used as a sensitive production
monitor even though the measurement is not very fast. The
evaluation of the noise level of a drop-in monitor, one per
wafer, can be a sensitive process monitor and relatively fast
since it is for one sample and the time taken for the
evaluation needs to be compared with the process time.



1.3 Reliability

Since it is found that the noise level increases at a much
faster rate than the DC parameters as a device degrades
under stress, or during its life, it can be used as a sensitive
predictor of lifetime after a relatively short time. Thus a
stress test to failure can be made with a simultaneous
measurement of the noise. The initial rate of increase of the
noise level can be related to the lifetime and this knowledge
used over a short period of stress on fresh devices to predict
their lifetime. Since only a short measurement time is
needed for such a sensitive indicator this is almost non-
destructive. If this analysis is performed at elevated stress
and there is a knowledge of the lifetime under normal
conditions, then this initial measurement may give an
estimate of the life in service.

With less certainty, the equilibrium noise measurement
may be used as a simple reliability indicator for fresh
devices. For some high-reliability applications screening of
all components is needed to remove any with possible poor
performance. Noise is a good reliability indicator for such
screening. The noise is measured for all devices after burn-in
and the lowest noise devices selected for use. Since the noise
from all sources add together, this method does not give
information about the particular reliability problem, but it
does have the advantage that it can detect many different
sources of defect.

Note that noise is a very sensitive, but general,
measurement so that a calibration of its behaviour must
be made on each type of device which has a distinct design
or manufacturing process and extrapolation about the
behaviour may not be made between different fabrication
regimes.

2 Basic principles

Electrical noise is the random fluctuation of the electrical
quantity about its mean, or time-averaged value. For clarity
it is perhaps easier to consider a specific quantity such as a
current. This could be made up of several contributions
which are added. Each of these contributions will fluctuate
due to some microscopic process, thermal agitation or due
to the quantised structure of the matter. The average value
does not reflect the size of these fluctuations. Thus the noise
gives information which is removed by the averaging
process.

If the number of identical contributions decreases the
average value decreases but the fluctuation decreases at a
slower rate since the noise intensities add for uncorrelated
events. Thus a larger relative effect is expected with smaller
devices.

If the quality of the device decreases due to some stress
perhaps an extra contribution to the total noise may arise
with a larger level of fluctuation. The noise will increase
more than the quantity itself. This perhaps requires a little
more discussion since it forms the basis of the reason why
the noise is found to be a good indicator of quality and also
why this reflects on the reliability. If a device has been
designed and constructed to perform a specific function
then internal currents, for example, which do not contribute
to the operation will be reduced as much as possible to
increase its function and quality. Thus extra leakage
currents or parasitic capacitances or resistances will be
reduced as much as possible. The quality of the device can
be measured by the small size of these non-ideal contribu-
tions. Stress or usage under elevated or even normal
operating conditions may introduce such non-ideal compo-
nents and reduce the performance and quality. Since these
contributions reduce the functionality of the device they are
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undesirable, but not necessarily excessively noisy. Even if
they contributed an average amount of noise they would
decrease the signal-to-noise ratio of the device. In practice,
however, it is nearly always found that these parasitic
components and processes are excessively noisy. Thus we
can say that non-ideal contributions to the device operation
reduce the quality, can increase under stress and contribute
excess noise.

The logical connection between the device quality and its
reliability has had less study and is less certain. This is
probably because the evaluation of reliability is a very
lengthy process and is more remote from the design,
development, construction and evaluation processes. The
basic arguments are that during the lifetime, stressed or
unstressed, the quality reduces gradually as the (noisy) non-
ideal contributions build up and their size eventually leads
to either a drift of the specifications outside the allowable
range or catastrophic failure. This is not a definitive
argument since the loss of performance, and hence quality,
may be a slow process while the failure may be a separate
rapid process of wear-out at the end of a normal lifetime.
Alternatively, one could say that during the approach to
failure some non-ideal contributions will get bigger. Thus
we can say that there is likely to be a strong link between
quality and reliability for many degradation processes.

The quantity usually measured for the noise is the
spectral density, which is the frequency dependence of the
time average of the intensity of that frequency component
of the fluctuation about its mean value. Thus for a quantity
Q with a time-varying part ¢(f, ¢)

Sotf) =7 [ als,Pdr (1)

Because of the discrete nature of matter, the individual
events contributing to the noise are step-like and develop a
smooth variation only after summation over a large
ensemble. The non-ideal contributions to the device
operation are often large discrete events so that the
averaging is less effective. The squaring and averaging
removes all the phase information and the waveform of the
time-varying signal so that the spectral density is far less
revealing than the time-varying signal. This is now
becoming very apparent since there is less statistical
averaging as the number of defects or sources contributing
to the noise is small in the very small devices now being
made.

2.1 Types of noise

The noise contributions which are inherent to the operation
of a device are the thermal noise and shot noise. The
thermal, kT, Johnson or Nyquist noise is due to the
equilibrium thermal agitation of the device and is revealed
in its dissipative components. The shot noise is caused by
the discrete nature of any process, such as the flow of units
of charge. It only reaches its quoted maximum value if the
individual events are uncorrelated. Thus shot noise may be
reduced by increasing the correlation but thermal noise is
controlled only by the loss in the device, at a given
temperature.

The excess noise contributions, excess to the thermal and
shot noises, are the components which are used as a
measure of the quality and reliability. They are fluctuations
in the resistance or emission within a device. They are
apparent in the non-ideal components in the operation.

The basic contribution is the generation-recombination
(g—r) noise which has a Lorentzian spectrum which is white
below a characteristic frequency but drops as f 2 above
this frequency. The basic process is the generation of a free
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carrier from a trap and its subsequent retrapping. The
conductivity thus fluctuates while the charge distribution
often remains the same. The spectrum is the uncorrelated
ensemble average of many events with an average trapping—
detrapping time giving the reciprocal of the characteristic
frequency. A single event with random times in the free and
trapped states, but with the same average periodicity as this
random process gives the same spectrum but a very
different time variation. Such a randomly alternating two-
state pattern is called a random telegraph signal (RTS), or if
it unusually large, burst noise. As devices decrease in size,
observations are often of the individual suddenly varying
events, rather than the smooth variations of conventional
£-T noise.

If the individual events giving rise to the g-r signals have
different characteristic times then the transition region
between the white and 2 regions of the spectrum is spread
out over a frequency range and the frequency dependence is
between these extremes. Many such spectra are observed
and the detailed form depends on the relative weighting of
the individual processes with different characteristic fre-
quencies. This relation between the distribution density of
the processes with frequency is related to the spectrum by
the Dutta-Dimon-Horne equation [3]. The term ‘1/f noise’

- is used for all noises with a power law variation for the
frequency with exponents near unity.

In many systems the frequency is exponentially depen-
dent on another variable, such as the energy in an activated
process, or distance in a quantum mechanical tunnelling
process. In these cases a uniform distribution of this
exponent variable within the device naturally gives rise to a
1/f spectrum. This 1/f noise is very frequently observed in
many systems and has been called by many names such as
flicker noise, excess noise or current noise. One of the
significant features of this noise is that it contains
contributions from processes over a wide range of
frequencies and appears to have the same properties at
any time scale; it is scale invariant [4).

In nearly all electrical systems a model has been proposed
and verified for the microscopic processes involved in the
fluctuations of the 1/f noise [1]. The exception is in uniform
semiconductors where fundamental mobility fluctuation.of
the carriers by phonons is proposed, but not fully verified.
This is not of direct relevance here since it predicts a firm
value for the 1/f noise and does not allow for the excess,
non-ideal contributions.

Largely for historical reasons, the Hooge expression is
used to quantify the amount of 1/f noise:

Sy _Si_Se_ @ )
V2 2 R Nf
The first two equalities are valid in general for an ohmic
sample. The quantity « is a measure of the noise and N is
- the total number of carriers in the sample. Initially o was
thought to be a universal constant, 2 x 1073, but is now
used only as a measure of the noise. It is now an indirect
acknowledgement that the noise varies inversely with the
volume if the noise sources are uniformly distributed.

The excess noise forms described above can account for
many different observed spectra. At frequencies well below
or above the characteristic fre%uency the g—r noisc will
appear as excess white or 1/f“ noise. It is also worth
remarking here that this discussion has been about
equilibrium noise. Although it is accepted that the processes
causing most forms of excess noise continue to take place
even with no current flowing, a voltage noise only appears
when the device is biased. Extra sources of excess noise may
appear if the sample is driven into a non-equilibrium state
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with large current flowing so that there is local heating or
other local non-equilibrium processes. This is perhaps a
more direct method of investigating defective devices.

2.2 Excess noise in non-ideal parts of devices
The excess noise, which is the reliability indicator, often
originates in the non-ideal components or the non-ideal
currents of a device. These might be a parasitic resistance, a
loss in a capacitor, a leakage current or a defect in the
material. It is thus absolutely necessary to have a full
understanding of the DC and AC characteristics of the
device, including any non-ideal behaviour, before embark-
ing on an analysis of the origin of the noise. It is certainly
inadequate to analyse the noise by assuming that the device
operates by a standard textbook process. Also, the whole
device, as it is actually produced, needs to be considered not
just the design sketch, since sometimes the practical design is
different in significant detail as far as non-ideal behaviour is
concerned. Thus a device may be a mesa or fully buried; the
gate lead of a MESFET may be brought across the
substrate surface to a bond pad and this may leak;
sometimes there are guard rings; small process steps such
as MOST threshold implants or implants at the boundaries
of channels may be significant and the device may have an
important interaction with its substrate which may thus not
be taken as inert. Non-ideal components in real devices
which have been found to contribute to the noise include
the g-r current in a bipolar diode or transistor, the
resistance between the channel and drain or source contact
of an MOS transistor and the surface g—r states where a
depletion region reaches a surface.

The degradation and consequent failure - during the
lifetime of the device can be due to various causes. External
effects are corrosion and electrostatic overstress. Here we
will concentrate on the wearout processes associated with
high temperatures, which accelerate many atomic effects,
and high voltages. These temperature and voltage stresses
can be enhanced and used as accelerated stresses. Typical
defects are produced by the generation of highly energetic
or ‘hot’ carriers in the local high fields in small devices with
the deposition of this energy in a small part of the device to
generate a local defect with an electrical property, such as
an energy level within the forbidden gap. Temperature
stress can increase the mobility of host and impurity atoms
and also vacancies and other lattice structural defects.
Voids, breaks and other geometric inhomogeneities may be
created. Another stress which can be well controlled is
irradiation by charged or neutral particles. If their energy is
high enough, and there is an interaction at a lattice atom,
the energy may displace a lattice atom to cause a structural
and electrical defect.

2.3 Time variation of a noise signal

One trend that has been very apparent over the last few
years is the move towards a study of the time-varying noise
signal rather than the spectrum. This has been driven by the
study of smaller devices in which the noise is generated by
many fewer defects so that the individual events can be seen.
Also there is an increasing concern about non-ideal effects
such as discharges and breakdowns which have a very
characteristic signature and are not so regularly random.
The shape and periodicity of the waveform is much more

. revealing about the process occurring than the spectrum

which is averaged over the sampled period and then several
of these spectra are averaged.

Changes in the measurement technology have helped this
evolution. The first spectrum analysers were analogue. The
next generation had digital sampling and the FFT
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calculation of the spectrum produced a great advance in
convenience within the important audio frequency band.
However the sampling resolution was limited so that the
actual waveform was not of high quality. Now the
digitisation can be good and there is adequate space for
the storage of the waveform so that the FFT can be
calculated, or not, as needed. Other signal processing is also
easily possible. Whereas the input waveform used to be
monitored to look out for any unusual behaviour, such as a
burst noise signal, which might invalidate the calculation of
a spectrum, the full waveform is now the signal which is
usual stored.

2.4 Background

In an earlier detailed review [1] the author described the
excess noise in devices and the physical source of the noise
up to 1993. The present review is an update of that work
with recent developments. Since then there have been other
reviews with different emphasis. The review by Vandamme
[5] concentrates on semiconductor noise mainly based on a
mobility fluctuation model and has discussions on contacts,
current crowding and parasitic resistances. Claeys and
Simoen [6] concentrate on the use of noise as a diagnostic of
defects in semiconductors in order to improve the quality.
G-r and 1/fnoise are discussed for various traps in the bulk
and at the surface. This spectroscopic approach has also
been discussed by the present author [2]. Jevtic [7]
concentrates on the use of noise as a reliability indicator.
The recent review by Cioffi and Neri [§] is almost totally
concerned with the noise in metal interconnects as they
degrade under electromigration, although there is a section
on hot electron damage in MOSFETs. Here we will try to
cover the whole field and try to include the little work that
has been devoted directly to reliability.

While the presence of a large, or increasing, amount of
excess noise can be taken as a general indicator of a lack of
quality or reliability, it should be noted that there may be
problems in making further deductions. One problem is
that noises are additive and often have similar 1/f spectra so
that it is difficult to distinguish noise contributions, and
hence their origin. There is a lack of understanding of the
origin of most types of excess noise to a level at which
quantitative estimates may be made. A good general review
of the physical origins of noise is given by Kogan [9]. This is
particularly a problem in bulk semiconductors for which
there is not a good model. Naturally this means that it is not
possible to predict the levels of excess noise by modelling.

These problems are decreasing with the trend to smaller
devices where an individual defect is active and can be seen
as a clear time signal. Models are being developed for these
cases and the bias and temperature dependence of the time
dependent waveform can be very informative, sometimes
with too much data. )

Particularly valuable approaches are being introduced in
which the noise data are being correlated with other
quantities such as the DC and AC characteristics or specific
defect quantities such as deep level transient spectroscopy
(DLTS) and mutual conductance dispersion. Sometimes
two noises can be correlated to give more than twice as
much data and confidence in its validity [10, 11].

3 Results in specific devices

3.1 Bipolar and Schottky diodes and bipolar
transistors

A dominant excess noise source was established in the non-
ideal, generation rather than diffusion, current of bipolar
transistors and diodes [12]. This current can arise within the
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depletion volume due to gt centres at mid-gap or at the
silicon-silicon oxide interface where the depletion region
meets the surface. With better manufacturing techniques the
bulk source is now small and most attention is placed on the
surface states. These are also the source of the excess noise
in surface channel MOS transistors. Thus the noise in
bipolar and MOS devices is converging. The noise increases
with larger leakage currents, introduced traps and by
irradiation.

A relation between a macroscopic defect in the junction,
leakage current and noise has been observed [13]. The
increase of interface state density by hot carriers produced
when the junction is strongly reverse biased has been
reported [14, 15]. Power diodes must have low leakage and
sharp breakdown characteristics at a high reverse voltage.
With large area devices there can be non-uniform current
density with current crowding. Burst and 1/f noise has been
considered a good way of detecting poor devices [16-18).
Attempts have been made to understand the mechanisms to
develop a diagnostic tool but with little success. This current
crowding effect has been investigated in solar cells, which
also have a large area [19, 20]. The general topic will be
discussed later.

A two-level or random telegraph signal seen in the
waveform can be due to the g-r process of a single centre
for a very small device. However, in large devices it is
usually described as burst noise and is due to some single
centre changing its charge to control the conductance of a
high density current channel such as a dislocation pipe.
Such dislocations and the resulting burst noise are now rare
with nlodern processing technology. RTS noise due to oxide
traps has been identified [21-23].

Investigations between the noise, characteristics and
process details have been made on heterostructure [24-26]
and avalanche photodiodes [27, 28].

More direct investigation between the noise and the
quality has been given for Gunn diodes for screening
purposes [29]. The degradation of the characteristics and
increase in the noise has been recorded for Zener diodes
[30]. There is good correlation and identification of the
important parameters. A methodology of the use of noise as
a reliability indicator for power bipolar transistors has been
developed [31].

Polysilicon emitter bipolar transistors have extra excess
noise sources due to the presence of silicon oxide between
the polysilicon grains and at the single crystal-polycrystal
boundary. There are surface states here, as at the interface
at the surface of bipolar and MOS devices [32-34] and a
more general review of degradation mechanisms has been
given [35].

SiGe heterojunction devices show an increase in noise
after hot carrier stress due to a reverse bias on the base-
emitter junction [36, 37] as has also been seen in regular
silicon devices.

Compound semiconductor heterojunction bipolar tran-
sistors (HBTs) have more defects because of the more
complex crystal structure and difficult fabrication requiré-
ments. Considerable effort has been made to investigate the
noise. The noise and surface recombination currents have
been studied during burn-in with varying results [38, 39].
The use of the initial noise level as a reliability predictor has
been verified for several devices subjected to stress although
other variables can also be used [40-42].

3.2 MOS transistors

3.2.1 General: The overall aspects of the reliability of
MOS devices and the degradation mechanisms can be
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related to specific causes and technological improvements
can be proposed [43-45]. Noise is found to be a sensitive
reliability indicator.

3.2.2 Radiation effects: While studies of commercial
quality devices and the change in their properties with
electrical stress is of value, the effect of radiation damage on
the devices can give considerable information and is now
quite well understood. Charge pumping and similar
techniques to measure the various surface state densities
are well developed, as is the description of the location of
traps at, and near, the interface [46]. This allows detailed
study of the noise and its origin [47-50].

3.2.3 Individual traps, random telegraph sig-
nals: The g-r noise, and the 1/f noise in the number
fluctuation models, is usually thought to be due to traps at,
or near, the semiconductor-insulator interface. These have
a spread of relaxation times and are incoherent so the
spectrum and waveform both become smooth. As devices
become smaller, the individual traps involved can be
distinguished as RTS noise.

Considerable information can be obtained about the
behaviour of the trap, its activation energy and its cross-
section from the temperature dependence of the on and off
periods of its RTS signal and the amplitude. However after
considerable effort very large variety of traps is found so
that the overall behaviour may be lost in the detail [51-57].

-3.2.4 Hot carrier and electrical stress: The most
common form of stress is that due to excess voltage on the
device. This is important since it will take place to some
extent during normal operation and can be predicted to
become a worse problem as device sizes are decreased. The
normal damage is by the generation of hot carriers in the
high electric fields along the channel. These carriers collide
and may be extracted sideways into the substrate, and more
important into the gate oxide. The energy is high enough to
create lattice damage in the gate oxide and to create traps or
current paths. The change in the DC or AC characteristics
is small but the noise can increase considerably [5S8—68].

3.2.5 Silicon-on-insulator: New device geometries to
reduce capacitances and hence increase the circuit frequen-
cies include various semiconductor-on-insulator (SOI)
technologies. These also introduce another silicon-insulator
interface which can include interface states and resulting
noise [69-71].

3.3 CMOS oxide currents and breakdown

As the size of devices is scaled smaller the thickness of the
gate oxide is reduced. Although the gate voltages are also
reduced, the field across the gate oxide is high and its
breakdown is a major reliability concern. The breakdown
can be hard or soft as the field is increased. A stress
increases the defect density within the oxide and leads to a
trap assisted tunnelling current in parallel with the normal
tunnelling current. The passage of carriers through
individual traps produces a large noise in this excess
current. The noise can be used as a sensitive indicator of
pre-breakdown [63, 72-77].

3.4 Series resistance effects

A common observation is that a large excess noise can
occur in the non-ideal, or parasitic, components of a device.
This is true for field effect transistors where the construction
can result in a resistive section between the channel and the
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source or drain contact, especially under some bias
conditions [78, 79].

3.5 GaAs MESFETs and HEMTs

Field effect transistors made from compound semiconduc-
tors suffer from a variety of electrical traps located at
defects in the material, its surface or substrate. These defects
can be due to the structure or chemical impurities. The
materials and their passivating oxides are not as tolerant as
silicon. The extra processing with different materials and
lattice strain make heterostructure devices even more prone
to defects. Such defects contribute severely to the quality of
the device as seen by its performance, and defects with
similar properties are produced by DC and RF voltage,
temperature and radiation stress.

The complexity of these devices with many processing
steps, substrate, capping and surface treatment layers and
mesa and deep implantation stages gives considerable scope
for noisy parasitic components. Although a room tempera-
ture characterisation may be adequate to determine the
quality and to judge whether a process can be improved, a
very full analysis using several techniques over a wide
temperature range is needed. Thus DC characterisation
with noise and one or more trap diagnostic methods such as
DLTS, mutual conductance dispersion under several bias
conditions is needed to determine the activation energy and
cross-section parameters of the trap and its location in the
device. Most frequently the traps are found in the substrate
or surface [80]. DC and RF stress has been seen to produce
traps in GaAs FETs [81-83]. General studies have been
made on HEMTs [84, 85].

3.6 LEDs and lasers

The degradation of optical sources such as LEDs and lasers
is important in communication systems. The stress can be
voltage, temperature and light intensity, and the electrical or
optical aspects of the device operation may be more
susceptible to damage. There is an extra complexity in that
there could be several parameters which could be used for
measures of performance and voltage or current noise
presented as data. A review has been given [86]. The effect
of electrical stress on lasers [87-89] and LEDs [90, 91] has
shown that the excess noise is a good reliability indicator.

\

3.7 Resistors

3.7.1 Non-uniform material and contacts: If the
excess noise sources are distributed uniformly throughout
the volume of a homogeneous conductor, as implied by
eqn. 2, and they produce a resistance fluctuation, then the
observed voltage noise across a sample is larger if the
current flow is not uniform but is more heavily weighted
towards the parts where there is a current concentration.
This has been verified by experiment [92]. This immediately
provides a very general reason why conductors can become
noisy as they degrade and why parasitic resistances and
contacts can be important excess noise sources as well as

- weak points for failure. The quality of an inhomogeneous

conductor has been investigated [93]. Many different
contacts have shown excess noise [93, 94-98]. The
nonlinearity of a resistor, usually measured as the third
harmonic signal, has been used as a convenient measure of
the quality. This change in the resistance with current also
produces a component of excess noise which can be called
non-equilibrium noise. It can be measured as the noise
appearing in the side-bands of the harmonics of the voltage
developed when an alternating current is applied or in the
spectrum of the rectified voltage developed when a series of
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current pulses of alternate sign, but the same height, are
applied [99, 100].

3.8 Thick film resistors

Thick film resistors are often used in discrete or hybrid
circuits. They are one of the earliest sources of 1/f noise in
the form of granular carbon resistors. They are highly
inhomogeneous so that the enhancement of the noise
mentioned above is acute. They are assemblies of conduct-
ing grains in an insulating matrix. The conduction and noise
can occur in the material within each grain, in the resistance
of the, often non-ohmic, contact between grains and in the
contact between the resistor and the external circuit. It is
apparent that the resistive mixture should be as uniform as
possible and also with a fine grain size. Experiments are
notoriously difficult with such a poorly characterised
material so that it is not always easy to distinguish the
source of noise in the volume and another due to the
external contacts. Noise is an obvious measure of the
quality and has been used as a reliability indicator [101-
108]. Another source of the noise is at the edges if the
resistor is trimmed to adjust the resistance.

3.9 Thin film resistors

Thin film resistors are much better characterised since they
are made of a more homogeneous metal alloy. However,
higher specifications are normally expected. The noise
sources within a ‘well prepared metal film are small but
physical defects and the contacts can be important. A
review of the nature of the defects and the 1/fnoise has been
given by Zhigal’skii [109]. The noise and the non-ohmicity
given by the third harmonic index are good measures of the
quality and reliability, which is normally defined by the
resistance drift. The distribution of the resistance within a
batch after manufacture, as well as of these other quantities
may be used as a process control parameter [110-114].

3.10 Percolation effects

If the contact resistance between the grains of an
inhomogeneous system is increased then the number of
possible competing parallel paths between the external
contacts decreases and eventually the connectivity suddenly
ceases. This is the interesting percolation problem and in an
ideal model system this threshold occurs at a critical point
corresponding to a critical value of some parameter such as
the fraction filled with conductor or the fraction of
conducting bonds on a random lattice. This is well reviewed
by Kogan [9]. Model systems of various types have been
investigated to illustrate the variation of the resistance and
the noise on the approach to the percolation threshold [115—
119].

3.11 Electromigration
With the decrease in size of all the components in an
integrated circuit there is a stronger possibility of the failure
mode of electromigration and the related stress migration in
the metal interconnects between the active devices. As the
metal line cross-section is reduced the current density
increases and there is an increase in the momentum
exchange in the resistance process between the charge
carriers and the vibrating lattice atoms. This current-assisted
diffusion produces an atomic flow. This flow is largely along
grain boundaries and can be considered a flow of vacancies
“in the reverse direction. If there is a net convergence, or
divergence, of vacancy flow a void may form and grow to
produce an open circuit. In stress migration the driving
force is not a current but the strain gradient produced by
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differential contraction between the metal and its surround-
ings.

The degradation process goes through stages with the
motion of impurity and host atoms (vacancies) to form
voids which grow, change shape and perhaps move until big
voids form to create an open circuit. With such dynamic
changes in the local resistivity and connectivity of the metal
there will be resistance changes and hence excess noise. This
noise is found to be a sensitive reliability indicator and
shows increases by orders of magnitude while the resistance
only 'increases by percents [8].

Considerable information can be obtained from the noise
[120-130]. It is established that in the equilibrium film the
noise has a 1/f spectrum and gives a measure of the
diffusion activation energy of the mobile species [131].
During this stage the waveform is smooth and the noise well
behaved as if from the summation of many sources. At high
current densities, and after large voids have formed, the
waveform becomes very discontinuous with large sudden
transitions [132-135]. These events are very characteristic,
but vary between samples. They correspond to void motion,
formation and healing and can be studied by the addition of
second harmonic measurements [136-138]. The spectrum of
this waveform tends to 1/f2. This is an example of the value
of studying the waveform as well as the spectral density
[139].

3.12 Integrated circuits

The noise in various electronic devices has been studied to
determine its value as a reliability indicator. The drift of the
quiescent currents in integrated circuits shows good
correlation with the initial noise [140~143]. The noise in
the supply current has been found to be a good reliability
indicator [144-146]. In MEMSs circuits used in hostile
environments the degradation by corrosion of the silicon or
polysilicon can be important [147, 148].

3.13 Vacuum emission

Vacuum and field emission devices are becoming more
common. The early sources of the flicker, 1/f, noise were hot
cathodes. In these devices the noise is caused by changes in
the emission as low work function atoms migrate over the
surface of the emitter [149].

3.14 Capacitors

Breakdown and pre-breakdown events in capacitors can be
detected as current noise. This has been studied in solid
[150~153], plastic foil [154-156] and electrolytic capacitors
[157, 158] and most of these have correlated the initial noise
with reliability or drift of the capacitance. For the
electrolytic samples this mirrors the observations in pitting
corrosion of sudden events in the electrochemical potential.

4 Conclusions

In most electronic systems there is clear evidence that excess
noise is a sensitive reliability indicator. Its use as an
industrial screening tool may not yet be technically:
sufficiently easy but as a research and process tool it is
showing considerable value.

For many systems, especially those involved with pre-
breakdown and the very small systems, the spectral density
is now appearing to be a rather coarse indicator and there is
a trend to the study of the more informative time-varying
signal.

The role of defects, and the resulting large fluctuations is
going to be more important as devices become smaller and
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may be the limit to the size of the present types of devices
159].

[ The most valuable results are those where the noise
measurements have been supplemented by one or more
other measurements in order to reveal the actual processes
taking part and their location within the device.

There is a need for more development of measurement
systems [99, 100, 160-162]. The correlation between various
measured parameters is valuable and needs to be developed
[11, 163-168]. Since the detail in the time waveform is lost
when the spectral density is calculated more effort is needed
for simple analysis-of the waveform. The wavelet transform
can be used to study elements of the structure of the wave
[169]. In particular, methods to measure sudden events in a
waveform, for example to automatically detect and measure

RTS events, needs to be developed for offtine and online use
[170].

5

14

15

20

1EE Proc.-Circuits Devices Syst.,

References

JONES, B.K.: ‘Electrical noise as a measure of quality and reliability
in el;(gt;omc devices’, Adv. Electron. Electron Phys., 1993, 87, pp.
201

JONES, B.K.: ‘Low-frequency noise spectroscopy’, IEEE Trans.
Electron Devices, 1994, 41, pp. 2188-2204

DUTTA, P., and HORN, P.M.: ‘Low frequency fluctuations in
solids: 1/f noise’, Rev. Mod. Phys., 1981, 53, pp. 497-516

JONES, B.K.: ‘The scale invariance of 1/f noise’. Proceedings of
Unsolved problems of noise and fluctuations (UPON'99), Adelaide,
July 1999, 2000 pp. 115-123

VANDAMME, L.K.J.: ‘Noise as a diagnostic-tool for quality and
reliability of electronic devices’, IEEE Trans. Electron Devices, 1994,
41, pp. 2176-2187

CLAEYS, C., and SIMOEN, E.: ‘Noise as a diagnostic tool for
semiconductor material and device characterization’, J. Electrochem.
Soc., 1998, 145, pp. 2058-2067

JEVTIC, M.M.: ‘Noise as a diagnostic and prediction tool in
reliability physics’, Microelectron. Reliab., 1995, 35, pp. 455-477
CIOFI, C.,, and NER], B.: ‘Low-frequency noise measurements as a
characterisation tool for degradation phenomena in solid-state
devices’, J. Phys. D, Appl. Phys., 2000, 33, pp. 199-216

KOGAN S.H.: ‘Electronic noise and fluctuations in solids (Cam-
bridge University Press, Cambridge, 1996)

ABDALA, M.A., and JONES, B.K.: ‘Correlation between trap
characterisation by low frequency noise, mutual conductance
dispersion, oscillations and DLTS in GaAs MESFETS’, Solid-State
Electron., 1992, 35, pp. 1713-1719

JONES, BXK.,, GRAHAM CN,, KONCZAKOWSKA A., and
HASSE L.: “The coherence of the gate and drain noise in stressed
AlGaAs InAlGaAs PHEMTS’, Microelectron. Reliab., 2001, 41, pp.
87-97

GREEN, C.T., and JONES, BK.: ‘Correlations between I/f noise
and DC. Characteristics in bipolar transistors’, J. Phys. D, Appl
Phys., 1985, 18, pp. 2269-2275

TSUCHIAKI, M., FUJIIMORI, H., INUMA, T., and KAWASA-
KI, A.: ‘An interface state mediated junction leakage mechanism
induced by a single polyhedral oxide precipitate in silicon diode’,
J. Appl. Phys., 1999, 85, pp. 8255-8266

MOUNIB, A, GHIBAUDO G., POGANY, D., and CHROBOC-
ZEK, JA. ‘Aging and noise in the Si bipolar junction transistor’.
Proceedings of Sixth Quantum 1/f noise and other low frequency
fluctuations in electronic devices Symposium, St. Louis, 1994, pp.
107-114

LLINARES, P, NIEL, S., LAURENS, M., GHIBAUDO, G., and
CHROBOCZEK, J.A. Tow frequency l/f noise characterisation
of advanced CMOS—companble bipolar junction transistors for
technology evaluation’. Proceedings of 27th European Solid-State
Device Research conference (ESSDERC97), Stuttgart, Sept. 1997,
pp. 532-535

CROOK, R., and JONES, B.K.: ‘Noise and DC characteristics of
power silicon diodes’, Microelectron. Reliab., 1997, 37, pp. 1635-1638
KOKTAVY, B, SIKULA, J., HRUSKA, P., and KOKTAVY, P.:
‘Burst noise in PN junction power diodes’. Proceedings of
International NORDITO Workshop, Brno, July 1995, pp. 178-183
SIKULA, J., KOKTAVY, B., VASINA, P, CHOBOLA, Z,
SCHAUER, P., and KORENSKA, M.: ‘Noise diagnostics of PN
Jjunction power devices'. Prooeedmgs of Fifth European Symposium
on Reliability of electron devices, failure physics and analysis
(ESREF 5), Glasgow, Oct. 1994, pp. 217-220

JEVTIC, MM., and LAZOVIC M.V.: “Self consistent fitting
method for defect analysis by low- frequency noise measurements in
reverse biased p-n junctions’, Solid-State Electron., 1997, 41, pp.
1127-1131

VANDAMME, LK.J., ALABEDRA, R., and ZOMMITI, M.: ‘1/f
noise as a reliability estimation for solar cells’, Solid-State Electron.,
1983, 26, pp. 671674

Vol 149, No. 1, February 2002

21

22
23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

LU, J.Q.,and KOCH, F': ‘Random telegraph noise in advanced self-
§l31§ned bipolar transmors Jpn. J. Appl. Phys. 1, 1996, 35, pp. 826
JEVIC, M.M.: ‘Anomalous I-V and pulse noisc in reverse biased p-n
junctions’, Microelectron. Reliab., 1998, 38, pp. 337-343
POGANY, D., CHANTRE, A CHROBOCZEK JA., and
GHIBAUDO, G.: ‘Origin of large-amplitude random telegraph
signal in silicon bipolar junction transistors after hot carrier
degradation’, Appl. Phys. Lett., 1996, 68, pp. 541-543

POGANY, D., and GUILLOT, G.: ‘Random telegraph signal noise
instabilities in lattice-mismatched InGaAs InP photodiodes’, Micro-
electron. Reliab., 1999, 39, pp. 341-345

POGANY, D., ABABOU, S, GUILLOT, G., HUGON, X,
VILOTITCH, B, and LENOBLE, C.: ‘Study of RTS noise and
excess currents in lattice-mismatched InP/InGaAs/InP photodetector
arrays’, Solid-State Electron., 1995, 38, pp. 37-49

SRNANEK, R., UHEREK, F., NOVOTNY, I, BUCKO, V.,
BUC, D., and MIKA, F.. ‘Degradation of InGaAsP/InP PIN
photodiodes’. Proceedings of International NORDITO Workshop,
Brno, July 1995, pp. 135-138

AN, S., and DEEN, M.J.: ‘Low-frequency noise in single growth
planar separate absorption, grading, charge, and multiplication
avalanche photodiodes’, IEEE Trans. Electron Devices, 2000, 47, pp.
537-543

AN, S., DEEN, MJ., VETTER, AS., CLARK, W.R.,, NOEL, J.P,
and SHEPHERD, F.R.. ‘Effect of mesa overgrowth on low-
frequency noise in planar separate absorption, grading, charge, and
multiplication avalanche photodiodes’, IEEE J. Quantum Electron.,
1999, 35, pp. 1196-1202

ZAKLIKIEWICZ, AM.: ‘LF noise and reliability of Gunn diodes’.
Proceedings of 12th International Conference on Microwaves and
radar (MIKON-98), Warsaw, May 1998, Vol. 1, pp. 79-83

YIQL, Z., and QING, S.: ‘Correlation between 1/f noise and
reference voltage degradation for subsurface Zener diodes’. Proceed-
ings of 13th International Conference on Noise in physical systems
and 1/f noise, Palanga, May 1995, pp. 610613
KONCZAKOWSKA, A., and SPIRALSKI, L.. ‘}/f noise in
power transistors’. Proceedings of 13th International Conference
on noise in physical systems and 1/f noise, Palanga, May 1995, pp.
156-161

DEEN, M.J., RUMYANTSEYV, S., BASHIR, R., and TAYLOR,
R.: ‘Measurements and comparison of low frequency noise in npn
and pnp polysilicon emitter bipolar junction transistors’, J. Appl
Phys., 1998, 84, pp. 625-633

ANGELIS, C.T., DIMITRIADIS, C.A, FARMAKIS, F.V,
BRINI, J, KAMARINOS, G., GUEORGUIEV, VK. and
IVANOV, T.E.: ‘Empirical relationship between low-frequency drain
current noise and grain-boundary potential barrier height in high-
temperature-processed polycrystalline silicon thin-film transistors’,
Appl. Phys. Lett., 2000, 76, pp. 118-120

LLINARES, P., CELI, D., ROUXDITBUISSON, O., GHIBAU-
DO, G., and CHROBOCZEK, JA. ‘Dimension scaling of
1/f noise in the base current of quasi-self-aligned polysilicon
emitter bipolar junction transistors’, J. Appl Phys., 1997, 82, pp.
2671-2675

VENDRAME, L., PAVAN, P, CORVA, G., NARDI, A,
NEVIANIL, A, and ZANONI, E.: ‘Degradation mechanisms in
polysilicon emitter bipolar junction transistors for digital applica-
tions’, Microelectron. Reliab., 2000, 40, pp. 207-30

GOGINENI, U., GUOFU, N., MATHEW, S.J., CRESSLER, 1.D.,
and AHLGREN, D.C.: ‘Comparison of current gain and low-
frequency noise degradation by hot electrons and hot holes under
reverse EB stress in UHV/CVD SiGe HBTs'. Proceedings of IEEE
1998 Bipolar/BiCMOS Circuits and Technology Meeting, Sept. 1998,
pp. 172-175

BABCOCK, J.A., CRESSLER, J.D., VEMPATI, LS., JOSEPH,
AlJ., and HARAME, D.L.: ‘Correlation of low-frequency noise and
emitter-base reverse-bias stress in epitaxial Si- and SiGe-base bipolar
transistors’. Proceedings of International Electron Devices Meeting,
Washington, Dec. 1995, pp. 357-360

BORGARINO, M., PLANA, R., DELAGE, S., BLANCK, H.,
FANTINI, F., and GRAFFEUIL, J.: ‘Early variations of the base
current in In/C-doped GalnP-GaAs HBTSs’. Proceedings of 36th
IEEE International Reliability Physics Symposium, Reno, March
1998, pp. 92-97

LIOU, JJ., HUANG, CI., and BARRETTE, J.: ‘Monitoring the
AlGaAs-GaAs HBT current gain long-term instability based on
noise and leakage current characteristics’. Proceedings of 25th
European Solid State Device Research Conference (ESSDERC95),
Gif sur Yvette, Sept. 1995, pp. 719-722

HENDERSON, T., and TUTT, M.: ‘Screening for early and rapid
degradation in GaAs/AlGaAs HBTS'. Proceedings of 35th Annual
IEEE International Reliability Physics Symposium, Denver, April
1997, pp. 253-260

MOHAMMADI S., PAVLIDIS, D., and BAYRAKTAROGLU,
B.: Low- frequency noise characterization of high- and low- rehabrhty
AlGaAs/GaAs single HBTs’. Proceedings of 24th International
Symposium on Compound semiconductors, San Diego, Sept. 1997,
pp. 447450 v

MOHAMMADI, S., PAVLIDIS, D., and BAYRAKTAROGLU, -
B.: ‘Relation between low-frequency noise and long-term reliability
of single AlGaAs/GaAs power HBTS’, IEEE Trans. Electron Devices,
2000, 47, pp. 677-686



43

45
46
47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

65

66

67

68

20

SIMOEN, E., and CLAEYS, C.: ‘Reliability aspects of the low-
frequency noise behaviour of submicron CMOS technologies’,
Semicond. Sci. Technol., 1999, 14, pp. R61-R7]

SIMOEN, E., and CLAEYS, C: ‘Impact of advanced processing
modules on the low-frequency noise performance of deep-submicron

"CMOS technologies’. Proceedings of 15th International Conference

on Noise in physical systems and 1/f fluctuations, Hong Kong, Aug.
1999, pp. 352-357

SIMOEN, E., and CLAEYS, C.: ‘On the flicker noise in submicron
silicon MOSFETS’, Solid-State Electron., 1999, 43, pp. 865-882
FLEETWOOD, D.M.: ‘Border traps in MOS devices’, IEEE Trans.
Nucl. Sci., 1992, 39, pp. 269-271

FLEETWOOD, D.M., WINOKUR, P.S., REBER, R.A., MEI-
SENHEIMER, T.L, SCHWANK, J.R.,, SHANEYFELT, M.R.,
and RIEWE, L.C.: ‘Effects of oxide traps, interface traps, and border
traps on metal-oxide-semiconductor devices’, J. Appl. Phys., 1993, 73,
pp. 5058-5074

JOHNSON, M., and FLEETWOOD, D.M.. ‘Correlation
between latent interface trap buildup and 1/f noise in metal-

oxide-semiconductor transistors’, Appl Phys. Lett., 1997, 70, pp.
1158-1160
FLEETWOOD, DM., JOHNSON, M.J., MEISENHEIMER,

T.L.,, WINOKUR, P.S.,, WARREN, W.L., and WITCZAK, S.C.:
‘1/f noise, hydrogen transport, and latent interface-trap buildup in
irradiated MOS devices’, IEEE Trans. Nucl. Sci., 1997, 44, pp. 1810—
1817

FLEETWOOD, D.M,, SHANEYFELT, M.R., WARREN, W.L,,
SCHWANK, J.R., MEISENHEIMER, T.L., and WINOKUR,
P.S.: ‘Border traps - issues for MOS radiation response and long-
term reliability’, Microelectron. Reliab., 1995, 35, pp. 403-428
MUELLER, H.H., and SCHULZ, M.: ‘Individual interface traps at
the Si-SiO;, interface’, J. Mater. Sci,, Mater. Electron., 1995, 6, pp.
65-74

HRUSKA, P., KOLAROVA, R., and SIKULA, J.: ‘Burst noise
with normal distribution of characteristic times in sub-micron ultra-
thin-oxide MOSFET’. Proceedings of 22nd International Conference
on Microelectronics, Nis, May 1999, Vol. 1, pp. 387-389
COBDEN, D.H,, and UREN, M.J.: ‘Random telegraph signals
from hquld helium to room- temperature Microelectron. Eng., 1993,
22, pp. 163-170

MUELLER H.H., and SCHULZ, M.: ‘Individual interface traps at
the Si- 5107 mterfdce J. Mater. Sci., Mater. Electron., 1994, 5, pp.
329-338

SIMOEN, E., CLAEYS, C., LUKYANCHIKOVA, N.B., PETRI-
CHUK, M.V, and GARBAR, N.P.: ‘Single defect studies by means
of random telegraph signals in submicron silicon MOSFETS’, Diffus.
Defect Data B, Solid State Phenom., 1999, 70, pp. 467-472
SIMEON, E., and CLAEYS, C.. ‘Hot-carrier stress effects on the
amplitude of random telegraph signals in small area Si p-MOSFETS’,
Microelectron. Reliab., 1997, 37, pp. 1015-1019

MUELLER, H.H., and SCHULZ, M.: ‘Random telegraph signal:
An atomic probe of the local current in field-effect transistors’, J.
Appl. Phys., 1998, 83, pp. 17341741

ZIMMERMANN, J., GHIBAUDO, G., GUEGAN, G., and
STRABONI, A.: ‘LF noise investigations of 0.3 um gate n-
MOSFETs reliability and micrometre nitrided. gate oxide
MOSFETS’. Proceedings of 24th European Solid State Device
Research Conference (ESSDERC'94), Edinburgh, Sept. 1994, pp.
329-332

WEN, J., CHENG, L., ZHANG, A., and ZHENG, J.: ‘1/f noise
sources and 1/f noise in MOSFET", J. Electron Devices, 1996, 19, pp.
67-76

REN, L., OKHONIN, S, and ILEGEMS M.: ‘Low-frequency
noise in electncally stressed n-MOSFETS’, Solid-State Electron.,
1999, 43, pp. 849-856

XU, J.P, LAIL P.T,, and CHENG, Y.C.: ‘Dynamic-stress-induced
enhanced degradation of 1/f noise in n-MOSFETS’, IEEE Trans.
Electron Devices, 2000, 47; pp. 109-112

HURLEY, PK., SHEEHAN, E., MORAN, S., and MATHEW-
SON, A.. ‘The impact of oxide degradation on the low frequency
(1/f) noise behaviour of p channel MOSFETS', Microelectron.
Reliab., 1996, 36, pp. 16791682

ALERS, G.B,, WEIR, B.E., KRISCH, K.S., and MONROE, D.:
‘Tunneling current noise and reliability of thin MOS oxides’.
Proceedings of 14th International Conference on Noise in physical
systems and 1/f fluctuations, Leuven, July 1997, pp. 247-252
BREDERLOW, R., WEBER, W., SCHMITT-LANDSIEDEL, D.,
and THEWRS, R.: ‘Hot carrier degradation of the low frequency
noise of MOS transistors under analog operation’. Proceedings of
37th Annual International Reliability Physics Symposium, San
Diego, 1999, pp. 239-242

JANG, S-L., CHEN, H-K., and CHANG, K-M.: ‘Low-frequency
noise characteristics of hot carrier-stressed buried-channel pMOS-
FETSs’, Solid-State Electron., 1998, 42, pp. 411-418

PARK, J-T., LEE, B.-J,, KIM, D.-W,, YU, C-G., and YU, H-K.:
‘RF performance degradation in nMOS transistors due to hot carrier
effects’, IEEE Trans. Electron Devices, 2000, 47, pp. 1068-1072
VANDAMME, LK.J., and LI, X.: ‘Change in dc and l/f noise
characteristics of n-submicron mosfets due to hot-carrier degrada-
tion’, Microelectron. Reliab., 1998, 38, pp. 29-35

CARTIER, E.. ‘Characterization of the hot-electron-induced
degradation in thin SiO, gate oxides’, Microelectron. Reliab., 1998,
38, pp. 201-211

69

70

71

72

73

74

75

76

77

78
79

80

81

82

83

84

85

86

87

88

89

90

91

92

SIMOEN, E., and CLAEYS, C.. ‘The low-frequency noise

behaviour of silicon-on-insulator technologies’, Solid-State Electron.,

1996, 39, pp. 949-960

SIMOEN, E., and CLAEYS, C.. ‘Correlation between the low-

frequency noise spectral density and the static device parameters of
silicon-on-insulator MOSFETS’, IEEE Trans. Electron Devices, 1995,
42, pp. 14671472

RENN, S-H., JOMAAH, J., RAYNAUD, C., and BALESTRA, F.:
‘Investigation of the reliability of Unibond and SIMOX N-
MOSFETs using charge pumping and noise techniques’, Electron.
Lett., 1998, 34, pp. 1788-1790

NERI, B., CRUPI, F., BASSO, G., and LOMBARDO, S.: ‘A
detailed analysis of the pre-breakdown current fluctuations in thin
oxide MOS capacitors’. Proceedings of 7th International Symposium
on Physical and failure analysis of integrated circuits, Singapore,
July 1999, pp. 85-88

ALERS, G.B,, WEIR, B.E., FREI, M.R,, and MONROE, D.: ‘J-
ramp on sub-3 nm dielectrics: noise as a breakdown criterion’.
Proceedings of 37th Annual IEEE International Reliability Physics
Symposium, San Diego, March 1999, pp. 410-413

ALERS, G.B, WEIR, B.E, ALAM, M.A.,, TIMP, GL., and
SORCH, T.: ‘Trap assisted tunneling as a mechanism of degradation
and noise in 2-5 nm oxides’. Proceedings of 36th Annual IEEE
International Reliability Physics Symposium, Reno, March 1998,
pp. 76-79

ALERS, G.B.,, MONROE, D., KRISCH, K.S., WEIR, B.E., and
CHANG, AM.: ‘I/f noise in the tunneling current of thin gate

‘oxides’. Proceedings of Materials Reliability in Microelectronics VI

Symposium, 1996, pp. 311-315

CRUPI, F., IANNACCONE, G., NERI, B., CIOFI, C., and
LOMBARDO, S.: ‘Shot noise partial suppression in the SILC
regime’, Microelectron. Reliab., 2000, 40, pp. 1605-1608
CARTIER, E.:. ‘Characterization of the hot-electron-induced
degradatlon in thin SiO, gate oxides’, Microelectron. Reliab., 1998,
38, pp. 201-211

BHATTI G.S., and JONES, B.K.: ‘l/f noise in Ohmic silicon JFET
channels’, J. Phys. D, Appl. Phys., 1984, 17, pp. 24072422
VANDAMME, LKJ., KISS, LB, and STOELINGA, O.LJ.:
‘Anomalous behaviour of the current noise in long-narrow-channel
MOSFETS and its interpretation’, Solid-State Electron., 1999, 43,
pp. 697-700

JONES, BK., and ABDALA, M.A.: ‘Correlation between trap
characterisation by low frequcncy noise, mutual conductance
dispersion, oscillations and DLTS in GaAs MESFETS Solid-State
Electron., 1992, 35, pp. 1713-1719

BRANDT, M., KROZER, V., SCHUSSLER, M., BOCK, K.H.,
and HARTNAGEL, H.L.. ‘Characterisation of reliability of
compound semiconductor devices using electrical pulses’, Microelec-
tron. Reliab., 1996, 36, pp. 1891-1894

LAMBERT, B., SAYSSET-MALBERT, N., LABAT, N., VER-
DIER, F., TOUBOUL, A, HUGUET, P, and GARAT, F.
‘Comparison of RF and DC life-test effects on GaAs power
MESFETS’, Microelectron. Reliab., 2000, 40, pp. 1727-1731
SAYSSET-MALBERT, N. LAMBERT, B, MANEUX, C.,
LABAT, N, TOUBOUL, A, DANTO, Y., VANDAMME,
L.K.J., HUGUET, P, AUXEMERY, P., and GARAT, F.
‘Effects of RF life-test on LF electrical parameters of GaAs
power MESFETS', Microelectron. Reliab., 1999, 39, pp. 1061—
1066

RUMYANTSEYV, S, LEVINSHTEIN, M.E., GASKA, R., SHUR,
M.S., YANG, J.W., and KHAN, M. A.: ‘Low-frequency noise in
AlGaN/GaN heterojunction field effect transistors on SiC and
sapphire substrates’, J. Appl. Phys., 2000, 87, pp. 18491854
CONTL P., and LISANTI, V.: ‘Low frequency drain and gate noise .
measurements of pseudomorphic HEMTS'. Proceedings of 14th
International Conference on Noise in physical systems and 1/f
fluctuations, Leuven, July 1997, pp. 78-81

LUKYANCHIKOVA N.B.: Physmdl principles and methods for
diagnostic of optoelectronic device quality and reliability’. Proceed-
ings of International NORDITO Workshop, Brno, July 1995,
pp. 129-134

SHI, J,, JIN, E., MA, J., DAL Y., and ZHANG, X.: ‘An improved
approach and experimental results of a low-frequency noise
measurement technique used for reliability estimation of diode
lasers’, Microelectron. Reliab., 1994, 34, pp. 12611264

FUKUDA, M., HIRONO, T., KUROSAKI, T., and KANO, F.:
‘Correlation between 1/f noise and semiconductor laser degradation’.
Proceedings of 4th European Symposium on Reliability of electron
devices failure, physics and analysis (ESREF 93), Arcachon, October
1993, pp. 335-339

CHEN, X.Y., PEDERSON, A., and VAN RHEENAN, AD.
‘Effect of electrical and thermal stress on low-frequency noise
characteristics of laser diodes’, Microelectron. Reliab., 2001, 41,
pp. 105-110

HO, W.Y, SURYA, C, TONG, K.Y, LU, LW, and GE, WK.:
‘Studies of high DC current induced degradation in III-V nitride
based heterojunctions’, IEEE Trans. Electron Devices, 2000, 47,
pp. 1421-1425
URSUTIU, D.,
as a lifetime test of LEDs’,
pp. 1133-1136
VANDAMME, L.K.J., and VANKEMENADE, A.J.: ‘Resistance
noise measurement: A better diagnostic tool to detect stress and

and JONES, B.K.: ‘Low-frequency noise used
Semicond. Sci. Technol., 1996, 11,

IEE Proc.-Circuits Devices Syst., Vol. 149, No. 1, February 2002



93

94

95

96

97

98

99

101

102

103

104

105

106

107

108

109
110

111

112

113

114

115

current induced degradation’, Microelectron. Reliab., 1997, 37, pp.
87-93

VANDAMME, E.P., DE WOLF, I, LAUWERS, A, and
VANDAMME, L.KJ.: ‘Low frequency noise analysis as a
diagnostic tool to assess the quality of 0.25 um Ti-silicided poly
lines’, Microelectron. Reliab., 1998, 38, pp. 925-929
VANDAMME, LK.J., PERICHAUD, M.G., NOGUERA, E,,
DANTO, Y., and BEHNER, U.: ‘1/f noise as a diagnostic tool to
investigate the quality of isotropic conductive adhesive bonds’, IEEE
Trans. Compon. Packag. Manuf. Technol., 1999, 22, pp. 446-454
BEHNER, U, HAUG, R., SCHUTZ, R., and HARTNAGEL,
H.L.: ‘Characterization of anisotropically conductive adhesive
interconnections by 1/f noise measurements’, JEEE Trans. Comp.
Packag. Manuf. Technol. A, 1998, 21, pp. 243-247

TACANO, M., and SUGIYAMA, Y. ‘Low frequency noise
measurements as a quality indicator for Ohmic contacts’. Proceed-
ings of 11th Annual European Passive Components Conference
(CARTS-EUROPE), Prague, Oct. 1997, pp. 67-71

HAUG, R., BEHNER, U, CZAYA, CP., JIANG, HQ,
KOTTHAUS, S., SCHUETZ, R., and TREUTLER, CP.O.:
‘Low-cost direct chip attach: Comparison of SMD compatible FC
soldering with anisotropically conductive adhesive FC bonding’,
TEEE Trans. Electron. Packay. Manuf., 2000, 23, pp. 12-18
KOKKEDEE, J.A., THIER, C., and JANSEN, A.G.M.: ‘Discrete
resistance fluctuations in pressure-type point contacts’, Ann. Phys.,
1993, 2, pp. 591-601

ZHIGALSII, G.P., and KAREV, A.V.: ‘Flicker noise and low-
frequency nonequilibrium conductivity fluctuations in thin films
Ta,N, resistors’. Proceedings of 13th International Conference on
Noise in physical systems and 1/f noise, Palanga, May 1995, pp.
323-326

ZHIGAL’SIl, G.P., and KAREV, A.V.: ‘Nonequilibrium flicker
noise in tantalum-based thin-film resistors’, J. Commun. Technol.
Electron., 1999, 44, pp. 206-210

PELED, A., JOHANSON, R.E., ZLOOF, Y., and KASAP, S.O.:
‘1/f noise in bismuth ruthenate based thick-film resistors’, JEEE
Trans. Electron. Packag. Manuf., 1997, 20, pp. 355-360

SIKULA, J., KOKTAVY, B., PAVELKA, J., SEDLAKOVA, V.,
ROCAK, D., BELAVIC, D., and TACANO, M.: ‘Charge transport
and noise sources in thick conducting films’. Proceedings of 13th
European Passive Components Symposium (CARTS-EUROPE’99),
Lisbon, Oct. 1999, pp. 163-166

MRAK, L, JEVTIC, MM., and STANIMIROVIC, Z.: ‘Low-
frequency noise in thick-film structures caused by traps in glass
barriers’, Microelectron. Reliab., 1998, 38, pp. 1569-1576

SIKULA, J, KOKTAVY, B, PAVELKA, J., ROCAK, D,
BELAVIC, D., and TACANO, M.: ‘Low frequency noise of thick
conducting films’. Proceedings of 15th International Conference on
Noise in physical systems and 1/f fluctuations, Hong Kong, Aug.
1999, pp. 150-157

STANIMIROVIC, 1., JEVTIC, M.M., and STANIMIROVIC, Z..
‘A relationship between structural characteristics and noise properties
of thick resistive films’. Proceedings of 22nd International Conference
on Microelectronics, Nis, May 2000, Vol. 2, pp. 521-524
SIKULA, J., PAVELKA, J., ROCAK, D., and BELAVIC, D.:
‘Low frequency noise in film resistors’. Proceedings of 7th
Symposium on Quantum 1/f noise and other low frequency
fluctuations in electronic devices, St. Louis, Aug. 1998, pp. 42-47
JEVTIC, M.M., MRAK, L, and STANIMIROVIC, Z.: ‘Thick-film
resistor quality indicator based on noise index measurements’,
Microelectron. J., 1999, 30, pp. 1255-1259

ROCAK, D., BELAVIC, D, HROVAT, M., SIKULA, I,
KOKTAVY, P, PAVELKA, J, and SEDLAKOVA, V.. ‘Low-
frequency noise of thick-film resistors as a quality and reliability
indicator’, Microelectron. Reliab., 2001, 41, pp. 531-542
ZHIGAL’SKII, G.P.: ‘1/f noise and nonlinear effects in thin metal
films’, Phys.-Usp., 1997, 40, pp. 599-622

SIKULA, J., HRUSKA, P., VASINA, P., and STADALNIKAS,
A.: ‘Low frequency noise of metallic thin films and reliability of
resistors’. Proceedings of 16th Capacitor and Resistor Technology
Symposium (CARTS 96), New Orleans, March 1996, pp. 167-172
SIKULA, J., KOKTAVY, B, KOKTAVY, P, PAVELKA, I,
ROCAK, D., and BELAVIC, D.: ‘Nonlinearity and noise of thick
film resistors as reliability indicators’. Proceedings of 12th European
Passive Components Symposium (CARTS-EUROPE98), Nice,
Oct. 1998, pp. 56-61

SIKULA, J., HRUSKA, P., PAZDERA, L. VASINA, P,
HANZLICEK, D., BUBEN, M., and VYMLATIL, S.. ‘Low
frequency noise of metallic thin films and reliability of resistors’.
Proceedings of 9th European Passive Components Symposium
(CARTS — EUROPE'95), Amsterdam, Oct. 1995, pp. 129-132
SIKULA, J., HRUSKA, P., VASINA, P, SCHAUER, P,
KOLAROVA, R, HAJEK, K., STADALNIKAS, A., PALENS-
KIS, V., CLAEYS, C,, and SIMOEN, E.: “Noise and THI reliability
indicators for thin film resistors’. Proceedings of 10th European
Passive Components Symposium (CARTS-EUROPE’96), Nice,
Oct. 1996, pp. 200-205 .

HRUSKA, P.: “Thin film resistor technology and noise reliability
indicators’. Proceedings of 21st International Conference on Micro-
electronics (MIEL97), Nis, Sept. 1997, Vol. 2, pp. 663-666
PENNETTA, C, KISS, LB., GINGL, Z., and REGGIANI, L.
‘Excess thermal-noise in the electrical breakdown of random resistor
networks’, Eur. Phys. J. B, 1999, 12, pp. 61-65

IEE Proc.-Circuits Devices Syst., Vol. 149, No. 1, February 2002

116

117

118

119

120

121

122

123

124

125

126

127

128

129

130

131

132

133

134

135

136

137

138

139

140

141

GINGL, Z., PENNETTA, C., KISS, L.B., and REGGIANI, L.:
‘Biased percolation model for the analysis of electronic-device
degradation’, Microelectron. Reliab., 1998, 38, pp. 515-521
PENNETTA, C., GINGL, Z., KISS, LB, REGGIANI, L., DE
VITTORIO, M., COLA, A., and MAZZER, M.: ‘A percolative
simulation of dielectric-like breakdown’, Microelectron. Reliab., 1998,
38, pp. 249-253

PENNETTA, C., GINGL, Z., KISS, L.B., and REGGIANI, L.
‘Biased percolation and electrical breakdown’, Semicond. Sci
Technol., 1997, 12, pp. 1057-1063

PENNETTA, C., REGGIANI, L., TREFAN, GY., FANTINI, F.,
SCORZONIL, A., and DE MUNARI, L.: ‘A percolative approach to
electromigration in metallic lines’, J. Phys. D, Appl. Phys., 2001, 34,
pp. 1421-1429

DAGGE, K., FRANK, W., SEEGER, A., and STOLL, H.: ‘I/f
noise as an early indicator of electromigration damage in thin metal
films’, Appl. Phys. Lett., 1996, 68, pp. 1198-1200

KOH, LT, CHU, LW, PEY, K.L., and CHIM, WK.: ‘Low-
frequency noise measurement of copper damascene interconnects’.
Proceedings of 1IEEE 2000 International Interconnect Technology
Conference, Burlingame, June 2000, pp. 152-154

VAN DEN HOMBERG, M.J.C., ALKEMADE, P.F.A., VER-
BRUGGEN, A.H., OCHS, E., DIRKS, A.G., and RADELAAR,
S.: ‘Electromigration and 1/f noise in single-crystalline, bamboo and
polycrystalline Al lines’. Proceedings of 7th symposium on Materials
reliability in microelectronics, March 1997, pp. 211-216

VAN DEN HOMBERG, M.J.C., VERBRUGGEN, A .H., ALKE-
MADE, PFA. and RADELAAR, S.: ‘Single-crystalline and
bamboo Al lines fabricated by graphoepitaxy: microstructure and
1/f noise measurements’. Proceedings of 6th symposium on Materials
reliability in microelectronics, Apnl 1996, pp. 127-132
CELIK-BUTLER, Z.: ‘1/f noise as an electromigration characteriza-
tion tool for W-plug vias between TiN/AI-Cu/TiN metallizations’,
Solid-State Electron., 1996, 39, pp. 999-1003 )
DATTILO, V., NERI, B., and CIOFI, C.: ‘Low frequency noise
evolution during lifetime tests of lines and vias subjected to
electromigration’, Microelectron. Reliab., 2000, 40, pp. 1323-1327
CIOFL, C., DATTILO, V., and NERI, B.: ‘Comments on the
utilization of noise measurements for the characterization of
electromigration -in metal lines’, Microelectron. Reliab., 1997, 37,
pp. 1607-1610

CIOFI, C., FRANZESE, M., and NERI, B.: ‘Characterization of
ALSi-Cu metal lines by means of TEM analysis and the SARF
technique’, Microelectron. Reliab., 1997, 37, pp. 1079-1085

CIOFI, C, DATTILO, V., and NERI, B.: ‘Copper interconnection
lines: SARF characterization and lifetime test’, Microelectron.
Reliab., 1996, 36, pp. 1747-1750

CIOFI, C., DE MARINIS, M., and NERI, B.. ‘Wafer level
measurement system for SARF characterization of metal lines’,
Microelectron. Reliab., 1996, 36, pp. 1851-1854

BAGNOLI, P.E, CIOF], C, NERI, B., and PENNELLI, G.
‘Electromigration in Al based stripes: low frequency noise measure-
ments and MTF tests’, Microelectron. Reliab., 1996, 36, pp. 1045~
1050

KRUELLE, CA., OCHS, E., STOLL, H., SEEGER, A, and
BLOOM, I.: ‘Electromigration damage in aluminum alloys studied
by 1/f noise’. Proceedings of 8§th Symposium on Materials reliability
in microelectronics, April 1998, pp. 3-8

FAHRENKRUG, C.CF., and HEAD, LM.: ‘Instrumentation
effects on the detection of resistance transients during accelerated
testing of VLSI interconnects’, IEEE Trans. Instrum. Meas., 2000, 49,
pp. 716720

SCHNEEGANS, M., and HIRSCH, A.: ‘Analysis of degradation in
AlCu-metallization by low frequency noise-spectroscopy’. Proceed-
ings of 4th International Workshop on Stress induced phenomena in
metallization, Tokyo, June 1997, pp. 68-76

HEAD, LM.: ‘Resistance transients in thin-film noise data 1C
interconnects’. 1997 IEEE International Integrated Reliability Work-
shop, Final Report, Lake Tahoe, Oct. 1997, pp. 7-12

DAGGE, K. ‘Electromigration damage studied by 1/f noise’.
Proceedings of 6th Symposium on Materials reliability in microelec-
tronics, San Francisco, April 1996, pp. 147-152

JONES, BXK.. ‘Microscopic measurements of electromigration
damage using electrical measurements’. Proceedings of 5th Sympo-
sium on Materials reliability in microelectronics, San Francisco,
April 1995, pp. 489500

JONES, BK., and XU, Y.Z.: ‘Measurement of the electrical-
properties of electromigration specimens’, Rev. Sci. Instrum, 1995, 66,
pp. 46764680

WEN, Q., and CLARKE, D.R.. ‘Establishing a quantitative
relationship between harmonic signals and damage in interconnects’.
Proceedings of 6th Symposium on Materials reliability in microelec-
tronics, San Francisco, April 1996, pp. 141-146

GUO, J.P., JONES, BK., and TREFAN, G.: ‘The excess noise in
integrated circuit interconnects before and after electromigration
damage’, Microelectron. Reliab., 1999, 39, pp. 1677-1690
ZHUANG, Y., and SUN, Q.: ‘Reliability evaluation for integrated
operational amplifiers by means of 1/f noise measurement’.
Proceedings of 4th International Conference on Solid-state and
integrated circuit technology, Beijing, Oct. 1995, pp. 428-430
ZHUANG, Y.Q., and QING, S.: *1/f noise as a prediction of long-
term instability in integrated operational amplifiers’, Microelectron.
Reliab., 1996, 36, pp. 189-193

21



142

143

145

146

147

148

149

150

151

152

153

154

22

ZHUANG, Y., and SUN, Q.: “1/f noise as a prediction of long-term
instability in integrated operational amplifiers’, Microelectron.
Reliab., 1996, 36, pp. 189193

ABRAMOYV, E.E.,, and VORONTSOV, V.N.: ‘Prediction of the
reliability of operational amplifiers according to the low-frequency
noise level for NDT apparatus’, Russ. J. Nondestruct. Test., 1995, 31,
pp. 217219

DAI Y.S, and XU, J.S.: ‘Analog circuit fault diagnosis based on
noise measurement’, Microelectron. Reliab., 1999, 39, pp. 1293-1298
GAL’CHENKO, V.R., and ZHIGAL'SKII, G.P.: ‘Diagnostics of
large-scale integrated circuits based on complementary metal-oxide-
semiconductor structures using LF fluctuations of the consumption
current’, J. Commun. Technol. Electron., 2000, 45, pp. 334-338
DOREY, A.P., JONES, BK., RICHARDSON, A M.D., and XU,
Y.Z.: ‘Rapid reliability assessment of VLSICs’ (Plenum Press, New
York, 1990)

MICHELUTTI, L., MATHIEU, N., CHOVET, A., and GAL-
ERIE, A.: ‘Influence of chemical corrosion on resistivity and 1/f
noise of polysilicon gauges’, Microelectron. Reliab., 2000, 40,
pp. 179-183

BITKO, G., MONK, DJ., MAUDIE, T., STANERSON, D.,
WERTZ, J., MATKIN, J,, and PETROVIC, S.. ‘Analytical
techniques for examining reliability and failure mechanisms of
barrier coating encapsulated silicon pressure sensors exposed to harsh
media’, Proc. SPIE-Int. Soc. Opt. Eng., 1996, 2882, pp. 248-258
AMIRKHANOV, RN, GHOTS, S.S., and BAKHTIZIN, R.Z.:
‘Autocorrelation function of 1/f current fluctuations in vacuum
microelectronics devices’, J. Vac. Sci Technol B, Microelectron.
Nanometer Struct., 1996, 14, pp. 2135-2137

ALABEDRA, R.: ‘Noise as a possible diagnostic tool for
characterisation of solid dielectrics’, Soc. Vide Couches Minces,
1995, 275, (suppl issue), pp. 40-43

ZEDNICEK, T, SITA, Z., SIKULA, J, KOKTAVY, B,
VASINA, P, KOKTAVY, P, HAJEK, K., and HASHIGUCH]I,
S.: ‘Nonlinearity and noise of tantalurn solid electrolyte capacitors’.
Proceedings of 18th Capacitor and Resistor Technology Symposium
(CARTS98), Huntington Beach, March 1998, pp. 162-167
SIKULA, J., KOKTAVY, B, HRUSKA, P., VASINA, P,
KOKTAVY, P, and HAJEK, K.: ‘Noise spectral density and
reliability of tantalum capacitors’. Proceedings of 17th Capacitor and
Resistor Technology Symposium (CARTS °97), Jupiter, March
1997, pp. 298-303

SIKULA, J, HRUSKA, P, KOKTAVY, B, VASINA, P,
VYMLATIL, S., and KONECNY, A.: ‘Noise and degradation of
electrolytic capacitors’. Proceedings of 16th Capacitor and Resistor
Technology Symposium (CARTS’96), New Orleans, March 1996,
pp. 304-309

SIKULA, J, KOKTAVY, B., HRUSKA, P., VASINA, P,
KOKTAVY, P., and HAJEK, K.: ‘Partial discharges as reliability
indicator in foil capacitors’. Proceedings of 11th Annual European

155

156

157
158

159

160

161

162

163

168
169

170

'SIKULA, J., HRUSKA

Passive Components Conference (CARTS-EUROPE), Prague, Oct.
1997, pp. 82-85

KOKTAVY, B, VASINA, P, SIKULA, J., KOKTAVY, P., and
KONECNY, A.: ‘Relaxation phenomena and reliability of capaci-
tors’. Proceedings of 9th European Passive Components Symposium
(CARTS-EUROPE'95), Amsterdam, Oct. 1995, pp. 117-120
KOKTAVY, B, HRUSKA, P., SIKULA, J., and KOKTAVY, P.:
‘Noise and reliability prediction of M-1-M capacitors’. Proceedings of
9th Symposium on Quality and reliability in electronics (Relectro-
nic’95), Budapest, Oct. 1995, pp. 403406

KONCZAKOWSKA, A.: ‘1/f noise of electrolytic capacitors as a
reliability indicator’, Qual Reliab. Eng. Int., 1998, 14, pp. 83-85

, P, KOKTAVY, B, VASINA, P,
KOKTAVY, P.,, and KONECNY, A.: ‘Noise reliability indicators
for electrolytic capacitors’. Proceedings of 10th European Passive
Components Symposium (CARTS-EUROPE’96), Nice, Oct. 1996,
pp. 189-194

JONES, B.K.: ‘Noise limitations to the size of integrated circuit
transistors’. Proceedings of 15th International Conference on noise in
physical systems and 1/f fluctuations, 1999, pp. 13-17

DAL, Y.: ‘A precision noise measurement and analysis method used
to estimate reliability of semiconductor devices’, Microelectron.

" Reliab., 1997, 37, pp. 893-899

JONES, BK., and XU, Y.Z.: ‘Measurement of the electrical
properties of electromigration specimens’, Rev. Sci. Instrum., 1995,
66, pp. 4676-4680

DALI, Y.: “An application of an artificial neural network to reliability
screen classification from noise measurement’, Microelectron. Reliab.,
1993, 33, pp. 451-453

"DAL Y.S, and XU, J.S.: “The noise analysis and noise reliability

indicators of optoelectron coupled devices’, Solid-State Electron.,
2000, 44, pp. 1495-1500

XU, J.S., ABBOTT, D,, and DAL Y .S.: ‘1/f, g-r and burst noise used
as a screening threshold for reliability estimation of optoelectronic
coupled devices’, Microelectron. Reliab., 2000, 40, pp. 171-178
DRAPELLA, A. ‘Mathematical model for the noise-lifetime
relationship and its application to reliability screening’, Qual. Reliab.
Eng. Int., 2000, 16, pp. 243-246

KONCZAKOWSKA, A.: ‘Quality and 1/f noise of electronic
components’, Qual. Reliab. Eng. Int., 1995, 11, pp. 165-169
KONCZAKOWSKA, A.: ‘1/f noise as indicator of quality of power
transistors’. Proceedings of Conference on Noise in physical systems
and 1/f fluctuations’, St. Louis, 1993, pp. 260-263

DAL Y.S,, and XU, J.S.: ‘Analog circuit fault diagnosis based on
noise measurement’, Microelectron. Reliab., 1999, 39, pp. 12931298
DAI, Y.S.: “The time-frequency analysis approach of electric noise
based on the wavelet transform’, Solid-State Electron., 2000, 44, pp.
2147-2153

HARTLER, G., GOLZE, U., and PASCHKE, K.: ‘Extended noise
analysis-a novel tool for reliability’, Microelectron. Reliab., 1998, 38,
pp- 11931198

IEE Proc.-Circuits Devices Syst., Vol. 149, No. 1, February 2002



PROC. 23rd INTERNATIONAL CONFERENCE ON MICROELECTRONICS (MIEL 2002), VOL 2, NIS, YUGOSLAVIA, 12-15 MAY, 2002

Noise Spectroscopy of Semiconductor

Materials and Devices

Josef Sikula and Ladislav Stourag

Abstract - The noise spectroscopy in time and frequency
domain is used to give information on single carrier trapping and
charge carrier transport in MOSFETSs, Quantum dots, conducting
film resistors, capacitors and single crystals. Defects in the
vicinity of the p-n junction and MOS channel create the 1/f noise,
the burst or RTS noise. The sources of fluctuation are quantum
transitions of carriers between localised states and energy bands,
carrier number and mobility. Noise reliability indicators are used
to assess the device quality and reliability.

1. INTRODUCTION

The noise spectroscopy in time and frequency domain
is one of the promising methods to provide a non-
destructive characterisation of semiconductor materials and
devices. This applies to both active and passive
components, i.e., bipolar, quantum dots and MOS
structures, on one hand, and resistors and capacitors on the
other. As a main diagnostic tool it is proposed to use low
frequency current or voltage noise spectral density and
theirs statistical distributions.

It is known that most of failures result from the
latent defects created during the manufacture
processes or during the operating life of the devices.
The sensitivity of excess electrical noise to this kind
of defects is the main reason of investigation and use
of noise as a diagnostic and prediction tool in reliability
physics for the semiconductor devices lifetime assessment.
The noise spectral density depends on stress and damage
and varies among nominally identical devices. This
component is called excess noise spectral density and
therefore it is not of fundamental origin.

The sensitivity of the noise characteristics to the
structure defects and other irregularities is typical feature of
these methods. It is due to microphysical origin of
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fluctuation cased by quantum transitions of charge carriers.
Noise depends on: i) perfection of the crystal structure,
number of grain boundaries, point defects, linear defects, ii)
surface parameters and iii) homogeneity and manufacturing
quality of the device active region.

A possibility of the use of noise measurements in
analysis, diagnostics and prediction of reliability of
electronic devices was studied by many researchers [1 to
11]. It is supposed that defects are the actual sources of the
excess current and the excess noise.

The actual reliability of electronic devices is usually
less then the maximum theoretical value of reliability
depending on the attained manufacture level. It may be due
to irregularities in the manufacturing processes. It was
observed that chemical condition of the surface could affect
the magnitude of the noise spectral density.

In the present paper the application of noise
spectroscopy on MOSFETs, quantum dots, thin and thick
conducting film resistors, tantalum capacitors and CdTe
single crystals is given.

Because due to stress and ageing the noise variations
are much larger than those of the DC current components,
our experimental studies are used for a quality and
reliability characterisation.

II. QUANTITATIVE CHARACTERISATION OF THE
EXCESS NOISE

The fundamental 1/f noise spectral density is usually
carried out by means of a generalised Hooge's formula

Si=o.lP/f.N (1)

where S; is the current noise spectral density, f is frequency,
N is the total number of carriers in the sample active region,
I is the device current and a is an empirical constant, which
is now extensively used to characterise the device structure
perfectness.

Theoretical values are typically of the order of 10™ to
10® [10]. On the other hand, the values of a measured on
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the devices ranges from 107 (poorest samples) to 107
(currently the best samples).

It was proposed to define the quality and reliability
indicator My as

Mqy= S,/ 2

At present the concept of the excess noise as a quality and
reliability indicator is generally used. There is also a variety
of measuring set-ups and measuring conditions. Not all of
them provide the best attainable resolution. Generally
speaking, one has to be able to distinguish the excess noise
of the device, which carries information on the device
condition, from the background noise. To get a good
measurement resolution, it is necessary to carry out the
measurements in the region, where the expected noise
component magnitude is distinctly higher than that of the
background.

III. BURST AND RTS NOISE

The present models of the burst and RTS noise are
based on three measurable quantities. In the time domain
these are the burst amplitude and two transition intensities.
In the frequency domain, the Lorentzian relaxation time,
the low frequency value of the spectral density, and the
maximum spectral density when the electron Imref
coincides with the trap energy level. All models presented
up to now can explain the bistability of the system, which is
caused by the defects in the device structure. For the
forward- biased p-n junction devices the burst noise
sources are defects in the vicinity of the junction. The
development of submicron technologies has lead to new
type of burst noise called the RTS noise, the sources of
which are carrier number and mobility fluctuations caused
by random capture and emission of carriers on a trap
located near the channel. During the last decade this
phenomenon has been studied for the Si-SiO, interface
using both n and p channel.

A. InGaAs Quantum Dot

Quantum dot (QD) structures have attracted much
attention because of interest in not only the relevance of
low-dimensional electron gas physics but also future
applications of high-density, low power, and highly
functional integrated circuits. Tacano et al. [14] fabricated
an AlGaAs/InGaAs heterojunction field-effect transistor
(FET) memory cell in a tetrahedral-shaped recess (TSR)
structure, which has a hole-trapping QD as a floating gate,
and succeeded in observing RTS noise in the retention
characteristics of the memory cell. RTS observed in short-
and narrow-channel FET are direct evidence of a single
charge capture and emission. An analysis of RTS in this

work quantitatively explains details of hole trapping
processes in the TSR QD.

Vds = 100mV
P Vgs=0V
130K
0 S00 .

t/s
Fig. 1. RTS from QDs at various temperatures

Temperature dependent RTS pulses (Fig.1.) are excited up
to 130 K, and the activation energy of a hole capture and
emission processes were estimated as:

Et, =190 meV and Et, =260 meV.

Similar value of the activation energy was found in MOS
structures (see Schultz et al. [15])

B. RTS in MOSFETs

It is supposed to be caused by individual traps, which
can be either in silicon, or the oxide, or in the interface
between the silicon and the oxide. Its position results on the
time of the RTS pulses. For the trap located in the channel
or in the boundary between the oxide and silicon at the gate
side, the mean pulse time for an n-type semiconductor with
a carrier concentration of 10'® cm’, the capture cross
section 10'%cm’ and a thermal velocity of 107 cm/s is 0.1
microseconds.

If the trap is located in the oxide then the capture 7,
and emission T, time constants will be longer because of
tunnelling. The tunnelling time increases with the trap
depth exponentially and for a depth of 1 nm the
characteristic time is of the order of 1 second. The capture
time 1. is inversely proportional to the square of the drain
current Ip as is shown in Fig. 2. Single carrier trapping and
phenomena associated with it has been discovered in tunnel
diodes, tunnelling microscopes, MESFETS, etc. The RTS
noise is responsible for high noise levels and make also
source of a 1/f spectrum, which is regarded as originating
from the superposition of partial RTS spectra [15,16].
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Fig. 2. Capture 1. and emission 1. time constants of
a small-area Si n-MOSFET

C. Thick Conducting Films

The physical model for the electrical conductivity of
thick film layers is based on the assumption, that charge
transport is due to electrons thermally emitted from metallic
grain and its transfer to second grain has a main component
given by tunnelling. Electric field intensity has very low
value inside grains and strong field exists between them.
This case represents electric field assisted thermionic
emission and electric field activated tunnelling.

There are two experimental ways to characterise
fluctuations in a conducting film layer. The first is based on
the realisation in time domain (see Fig. 3.) and in this case
the voltage average value, probability density and
distribution function can be obtained. Burst noise is an
important indicator of a single trap activity in a small
subsystem with a small number of free carriers. Defect
region has small dimensions and is submitted to high
electric field and high current density. Such defect often
appears due to laser trimming.

150

100

50

UN/nV
o

Fig.3. Burst noise voltage time dependence

Therefore it often degrades faster and at least shows a poor
noise behaviour.

Noise spectral density frequency dependence of this type of
noise is given in Fig.4. for a resistor R = 8 kQ. It is
superposition of 1/f noise and g-r noise, with Lorentzian

shape cut-of frequency f, 20Hz. This frequency
corresponds to average pulse time constant 50 ms.
10™" ~
10—13 ,,,,,,,,,,,,,,,i ,,,,,,,,
" f
> 1
%% 2
1071 1
10—17 1
0.1 1000 10000

f/Hz

Fig.4. Noise spectral density frequency dependence

D. Metallic Thin Films

We have found burst noise in metallic thin film resistors
of resistance higher than 100 kQ made by different
manufacturers. Such a type of noise is probably generated in
cracks or structural defects, where current density is much
higher than its average value. We suppose this region has
dominant influence on device lifetime [9]. Stochastic process
describing fluctuations in thick film resistor can be
considered as a Markovian and then we suppose, that noise
voltage is proportional to the current or voltage dc value
(see Fig. 5).
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Probability density distribution of emission T, time
and capture T, time is shown for thin metallic film resistor
I MQ in Fig. 6. It is given by superposition of two
exponential distributions. Short times have higher
probability due to 1/f noise component.

E. Tantalum Capacitors

Noise spectral density is a quadratic function of the
current, when the electric field strength in isolating layer is
so low that avalanche process cannot occur. Measurement
performed at very low frequency range 10 mHz to 1 Hz
reveals, that for some samples noise is 1/f? type, but we
observed some time instability, which is probably related to
self-healing process [17,18]. This process occurs in defect
spots of dielectric layer, where a Joule heat is generated due
to excess current. The self-healing is based on the high
temperature transformation:

MnO, + heat — Mn,0;

The Mn,O; form has several orders higher resistivity than
MnO, and then the dielectric breakdown is interrupted and
the sample quality improves.

We observed that after self-healing event, the noise
spectral density decreases, but in some cases the burst noise
is not removed (see Fig. 7.) We can conclude that due to
self-healing — the 1/f* noise is changed into the
superposition of the burst noise and 1/f* noise with lower
noise spectral density.

The frequency dependence of noise spectral density in
mHz region gives information on slow irreversible
processes of tantalum pentoxide crystallisation and oxide
reduction. The self-healing process can improve sample
quality due to leakage current and noise reduction.
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Fig.7. Time dependence of noise voltage after self-healing event

IV. NOISE AND MOBILITY OF CARRIERS

To explain experimental dependencies of noise
spectral density on voltage, length and width, we will
introduce power noise spectral density Sp by

Sp = Su/R = SIR (3)

This quantity corresponds to voltage or current
fluctuation on sample with a resistance R. Type of a
voltage, length and width dependencies are similar as for
mono-crystalline material. From this point of view we
suppose, that noise behaviour of homogeneous samples can
be described by a Hooge’s model.

In this case the power noise spectral density Sp is
proportional to electric power dissipated by one current
carrier Py and inversely proportional to frequency

Sp = aPy/f “)
where o is proportionality constant,

Py = ep.E2 ®))
L is charge carrier mobility, E is electric field intensity.

Total power noise spectral density including thermal noise
is given by

Sp = 4KT + apeEY/f (6)

When burst noise source is active, then this component is
add to 1/f noise spectral density as is shown in Fig. 8. At
frequency 1 Hz burst noise spectral density is one order
higher than the 1/f noise for applied voltage 10.5 V.

Cut-off frequency f, for which 1/f noise spectral
density has the same value as a thermal noise density

c=

apt eE” @
4kT
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From this point of view thick conducting films can have the
same noise characteristics as thin conducting films, when
the sample length is the same.

Quantity a,, is given by
a, = oLp ®

does not depend on sample length and width. This
quantity has a unit of mobility and can be used as a
measure of conducting material quality (see Tablel).

TABLEL.
QUANTITY a,, FOR DIFFERENT CONDUCTING FILM MATERIAL

Paste A B C D

1.10° 8.10° | 4.10° | 2.10°

a,/m*/Vs

A. CdTe Crystals

The recombination mechanisms of light illuminated
CdTe crystals can be described by the four-level g-r model.
This approach arises from the assumption that the Hooge’s
formula (1) is applicable to one type of charge carriers
only, i.e., separately for free holes and separately for free
electrons. However, to examine the effective transport
mobility, we must include holes and electrons
simultaneously into the transport equation. This is the
reason, why different effective noise and transport mobility
occur. The plots of the light generated charge carrier
density, effective transport mobility and effective noise

mobility versus the light intensity of the illuminated CdTe
crystal is shown in Fig.9.

17

! ‘ ld lines: model 10
= ) solid lines: mode!
E, =150eV
T=297 K
£=143kV/im
16
110

0.1 aAAA A A A A hh bk A A A dA

eff. noise mobility

® /./I} i 1015

<

¥ carrier density

p/ m’

2,1 -1
Hg!m Vs

0.01 reff. transpdrt mobility

110"

13

0.001 . 10
0.001 0.01 0.1 1 10
@/ W.m?>

Fig. 9. Charge carrier density, transport mobility and effective
noise mobility v.s. the light intensity.

Theoretical values of carrier density and mobilities (solid
lines) are calculated from the four-level non-linear
recombination model. The triangles, circlets, and squares
have been calculated from experimental lux-ampere
characteristic [19].

We may conclude that there are two effective carrier
mobilities: one for the transport and the other for the noise
characterization.

Under the previously mentioned conditions, the 1/f
noise parameter, o, ranges from 4 x 10 to 2.5 x 107 for
CdTe crystals, depending on the incident light intensity and
electric field strength. It is interesting, that the parameter o
is lower for higher electric field across the sample at the
same photocurrent. In such a way, we can increase the
signal to noise ratio of the CdTe detectors by applying
higher electric field intensities.

The noise measurements allow us to assess the quality
of our CdTe samples. As a quality indicator we may take
the 1/f noise parameter o, which is not constant [8]. Lower
o’s indicate better-quality samples.

V. CONCLUSION

It was proposed as a quality and reliability indicator a
normalised 1/f noise spectral density. Burst noise amplitude
has its maximum value when the electron Imref coincides
with the trap energy level. Then in quantum dots and MOS
structures the burst noise appear in a short temperature range.
All models presented up to now can explain the bistability of
the system, which is caused by defects in the device structure.

Burst noise component shows that the thick
conducting layers are composed of chainlike structure of
metal grains separated by semi-conducting or insulating



layers. In tantalum capacitors the self-healing process
decreases the 1/f* noise.

Power noise spectral density of 1/f noise is
proportional to power dissipated by one charge carrier and
inversely proportional to frequency. We may conclude that
there are two effective carrier mobilities: one for the
transport and the other for the noise characterization.
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Abstract—The conduction mechanism in organic heterojunction
solar cells (OHSCs) has been discussed based on the results of
low frequency noise spectroscopy. We prepared OHSCs
composed of poly-(2-methoxy-5-(3',7'-dimethyloctyloxy)-1,4-
phenylenevinylene), regioregular poly(3-hexylthiophene) and
[6,6]-phenyl-Cg;-butyric acid methyl ester. The devices prepared
exhibited 1/f noise at the bias voltage range from +2 V (forward)
to -2 V (reverse). It was found that there were three regimes in
the noise spectral density Si(f) in the forward bias voltage region.
In the ohmic regime, S;(f) increased in proportional to the square
of current. In the trap filling regime, S;(f) was constant, while it
increased again in the space charge limited current regime. In
addition to this behavior, the noise spectra of OHSCs in the
reverse bias voltage region exhibited the superposition of 1/f
noise and the generation-recombination noise indicating the
existence of carrier trap sites. These phenomena observed were
thought to result from the breakdown and/or alleviation of the
conduction path, which was caused by thermal stress of current
flow.

Keywords-component; low frequency noise; organic solar cell;
variable range hopping conduction; 1/f noise; power spectral
density

1. INTRODUCTION

Molecular-based electronic devices such as light-emitting
diodes, photovoltaic cells and field-effect transistors have
shown impressive improvements in their performance in the
last decade [1]. Particularly, polymer solar cells have attracted
considerable attention because of their advantages in low cost,
mechanical flexibility, lightweight, and simplicity of
fabrication. The optical properties of polymers can be tuned
by modification of chemical structures. The efforts have
improved the conversion efficiency of polymer solar cells up
to 5.15 % [2], which is, however, still lower than that of
silicon-based solar cells. The understanding on the transport
and degradation mechanism 1is required for further
improvement.

The low frequency noise spectroscopy has been used as a
powerful method to study the intrinsic dynamics of carriers
and the degradation mechanism of inorganic semiconductors
[3]. Recently, the noise measurement has been applied to
organic materials to investigate the conduction mechanism
[4,5]. These reports have shown that the low frequency noise
largely depends on intrinsic transport mechanism. In the
present study, we have discussed the conduction mechanism in
OHSCs based on the results of low frequency noise
spectroscopy.

978-1-4577-0192-4/11/$26.00 ©2011 IEEE
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Figure 1(a) shows a schematic of the device structure used
in the present study. Indium tin oxide (ITO) was patterned by
etching with an acidum hydrochloricum and zinc. The ITO
coated glass substrates were cleaned in an ultrasonic bath in
aceton and iso-propanol, followed by ozone cleaning.
Structures of organic materials are shown in Fig. 1(b). Poly-
(2-methoxy-5-(3',7'-dimethyloctyloxy)-1,4-phenyleneviny-
lene)) (MDMO-PPV), regioregular poly(3-hexylthiophene)
(P3HT), [6,6]-phenyl-Cg -butyric acid methyl ester (PCBM),
and poly(3,4-ethylenedioxylenethiophene)-poly(stylenesulfo-
nic) (PEDOT:PSS, 1.3 wt%) were purchased from Aldrich and
used without further purification. A layer of PEDOT:PSS was
prepared on ITO by spincoating at the following sequence:
500 rpm, 5 sec; 4000 rpm, 120 sec; 5000 rpm, 120 sec, and by
drying at 110 °C for 40 min in air to yield a dried film with a
thickness of approximately 40 nm. Subsequently, a mixed
solution of MDMO-PPV and PCBM (MDMO-PPV:PCBM=

i

o
E >C/< N
o,
X
ITO

EXPERIMENTAL

MDMO-PPV

(a)

-
=

Current amplifier
FEMTO DLPCA-200

FFT
NI PXI-5922

(c)

Figure 1. (a) Schematic of an organic solar cell. (b) Chemical structures of
PCBM, MDMO-PPV, and P3HT. (¢) Electric circuit for low frequency noise
measurement.



1:4) in chlorobenzene was spun on the PEDOT:PSS layer at
4000 rpm for 40 sec, and baked at 70 °C for 40 min. In a
similar manner, a spin coated film was also prepared from a
mixed solution of P3HT and PCBM (P3HT:PCBM=1:0.8) in
chlorobenzene. The specimen was then transferred into a
vacuum chamber at the base pressure of 10” Pa, in which Al
was evaporated through a shadow mask of 2x2 mm”.

The noise measurement setup is shown in Fig. 1(c). Due to
the high resistances of the devices, the noise in current was
measured by applying a constant voltage to the devices. We
used two probes configuration for noise measurements since
high resistances of the samples made it difficult to use both
five-probe ac and four-probe dc techniques. To prevent ac
pickup and interference from other sources of electromagnetic
fields, all units of the setup were electrically screened. The
voltage supply was provided with lead batteries and divided
using a potentiometer. Current fluctuations was amplified with
a low-noise current amplifier (FEMTO, DLPCA-200) and
subsequently processed with a fast fourier transform (FFT)
analyzer (National Instrument, PXI-5922).

III. RESULTS AND DISCUSSION

Generally, the noise spectral density of semiconductors is
expressed by the following Hooge’s empirical equation:

Al”
fro

where Si(f) is the spectral density of current fluctuation, A is
the noise magnitude coefficient, I is current, f is frequency,
and the exponents 3 and y are constant. Figure 2 shows the
spectral density S;(f) for OHSC as a function of frequency.
The measured noise was a 1/f” noise (y~1) in the given
frequency and bias voltage ranges (from -2 to 2 V). The
triangles are the noise spectral density of the measurement
setup. An OHSC was replaced by a 100 kQ metal-film

S.(f) = (1)
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Figure 2. Typical spectral density of the current fluctuations for an organic
heterojunction solar cell, measured at various forward bias voltages from 0.3
to 1.9 V. The slope of 1/fis shown as reference. The open triangles show the
spectral density for a 100 kQ metal film resistor.
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Figure 3. Plots of the noise spectral density Si(f) at /=10 Hz as the function of
current. The inset shows the current-voltage characteristic of the device.

resistor (close to an organic solar cell’s resistance). It was
confirmed that the spectral density was derived from the
organic solar cells.

Figure 3 shows the current dependence of the noise
spectral density S;(f) at =10 Hz. It was found that there were
three regimes in Si(f) in the forward bias voltage region. This
trend corresponds to that of the current-voltage characteristic
of OHSCs (inset), that is, ohmic, trap filling transition (TFT),
and space charge limited current (SCLC) regimes.

In the ohmic regime, the spectral density of current
fluctuations varied as S,(f) o« I” (B~2). This behavior is also
reported in the noise spectra of inorganic semiconductors [6].
From Eq. (1), the noise magnitude coefficient 4 was ~2.3x107.
Almost the same value was obtained in the spectral density in
the reverse bias voltage region (4~2.5x107 1/Hz). It was thus
considered that the mechanism of current fluctuation in the
ohmic regime was almost identical both in forward and in
reverse bias regions.

The noise coefficient 4 is inversely proportional to the
total number of carriers ( Ax1/N ) when the current

fluctuation is the origin of mobility fluctuation [6]. In this case,
N relates to the square of current as N « [°/I} . Accordingly,

-2

1 1
AOC—“ B (2)

I

where I is the dark current.

Figure 4 indicates the dependence of the noise coefficient
at 10 Hz on the ratio of photocurrent to dark one at the reverse
bias voltage (-0.5 V). A halogen lamp was used as the light
source. The noise coefficient 4 is inversely proportional to the
square of the ratio of photocurrent to dark current. Therefore,
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Figure 4. Plot of the noise coefficient 4 as a function of the ratio of
photocurrent 7 to dark one /,. The bias voltage was -0.5 V and the frequency
was 10 Hz.

it was concluded that current fluctuations in the ohmic regime
and reverse bias voltage region are derived from the mobility
fluctuation. This mobility fluctuation originates from the
conduction mechanism of variable range hopping in organic
semiconductors [7] as well as the percolation effect in the
mixture of MDMO-PPV and PCBM. In the reverse bias
voltage, noise spectral density was the superposition of 1/f
noise and generation-recombination (G-R) noise. The G-R
noise observed were thought to originate from the breakdown
and alleviation of conduction path, which was caused by
thermal stress of current flow.

In the trap filling transition regime, the noise spectral
density was constant. In this regime, total number of carriers is
the sum of intrinsic carriers in the solar cell and injected ones
from electrodes. The increase of number of injected carriers
inhibited the increase in the noise spectral density.

In the SCLC regime, the spectral density of current
fluctuations varied as S,(f) o« I” (B~2). The fluctuations of
SCLC in inorganic diodes were studied in detail previously [8].
Authors revealed that the spectral density in the SCLC regime
is expressed as:

s =2

—V, 3
f 5S¢, @
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where ¢ and ¢ are, the relative dielectric constant of the
material and the vacuum permittivity, respectively. S, e, and L
are the area of sample, elementary charge, the thickness of
sample, respectively. o is the SCLC Hooge parameter. We
estimated the a value for the devices prepared, which was
a~10. This value was larger by four orders of magnitude than
that of inorganic SCLC diodes and this value was even 10
times larger than that of an organic diode [9]. These differences
indicate the effect of the heterogeneous property in the organic
heterojunction solar cells.

IV. CONCLUSION

We investigated the low frequency noise in organic solar
cell. The measured noise was 1/f7 noise (y~1) at the given
frequency and bias voltage ranges from -2 to 2 V. There were
three regimes in the noise spectral density S;(f) in the forward
bias voltage range, corresponding to the conduction
mechanisms of ohmic, trap filling transition and SCLC. It was
considered that the fluctuations in current in the ohmic regime
were derived from those in carrier mobility. In trap filling
transition regime, Si(f) was constant. An increase in the
number of carriers injected into OHSCs inhibited the increase
in Si(f). In the SCLC regime, the fluctuation in current was
derived from the fluctuation in carrier mobility.

REFERENCES

S. E. Shaheen, C. J. Brabec, N. S. Sariciftci, F. Padinger, T. Fromherz, J.
C. Hummelen, “ 2.5% efficient organic plastic solar cells,” App. Phys.
Lett., vol. 78, no. 6, pp. 841-843, Feb. 2001.

M. A. Green, K. Emery, Y. Hishikawa, and W. Warta, “Solar cell
efficiency tables (version 36),” K. Prog. Photovolt: Res. Appl. vol. 18,
pp.-346-352, Jun. 2010.

Lode K. J. Vandamme, and F. N. Hooge, “What do we certainly know
about 1/f noise in MOSTs?,” IEEE Trans. Electron Devices, vol.55,
no.11, 3070-3085, Nov. 2008.

Lin Ke, Xin Yue Zhao, Ramadas Senthil Kumar, Soo Jin Chua, “Low
frequency optical noise from organic light emitting diode,” Solid-State
Electonics. vol 52. 7-10, Jan. 2008.

A. Carbone, B. K. Kotowska, and D. Kotowski, “Space-charge-limited
current fluctuations in organic semiconductors,” Phys. Rev. Lett., vol.95,
236601, Nov. 2005.

Lode K. J. Vandamme, and F. N. Hooge, “What do we certainly know
about 1/f noise in MOSTs?,” IEEE Trans. Electron Devices, vol.55,
no.11, 3070-3085, Nov. 2008.

B. I. Shklovskii, “1/f'noise in variable range hopping conduction,” Phys.
Rev. B, vol. 67, no. 4, 045201, Jan. 2003.

T. G. M Kleinpenning, “1/fnoise in solid state single injection diodes,”
Phys. B+C, vol 94, no. 2, pp 141-151, May 1978.

A. Carbone, C. Pennetta, and L. Reggiani, “Trapping-detrapping
fluctuations in organic space-charge layers”, Apl. Phys. Lett. vol.95,
233303, Dec. 2009.
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Abstract

Research of stationary, transport and noise characteristics of different type of PN junctions shows that
illumination of PN junction can have influence not only on origin photocurrent and photovoltage, but also to
noticeable changes of space charge regions quality. This phenomenon was observation so only on
heterojunction based on A"BY' compounds [1]-[2]. Simultaneously no one influence of illumination has been
found on space-charge regions characteristics of a number of homo and heterojunction based on A"BY
compounds [3]. Behaviour of low-frequency signal noise in cooled InSb photodiodes show variety of features
also in this case predicating occuring changes in space charge region [4]. Monitoring of noise characteristics
makes possible to better analyse qualities and reliability of solar cells [5-7]. In this work was undertaken
admeasurement of 1/f noise silicon solar cells of area about 104 cm?.

Experiments were carried out on PN junction silicon solar cells prepared by boron diffusion in p-type Si
wafers of area about 104 cm?. These measurements were taken at room temperature T = 300 K. The source
of illumination is a Halogen Lamp (55 W) connected to d.c. stabilized power source to obtain different level of
illumination intensities (L) related to the lamp current shown in figure 2.

The dark and illuminated I-V characteristics for a typical Si solar cell n"pp*™* PESC of area about 104 cm?
(for a chosen sample No. 20/2) in reverse direction are shown in figure 1. The illuminated curves were
obtained with a halogen lamp (55W) In reverse direction as L the photocurrent increases until it reaches its
saturation value (the short circuit Isc). The changes of the numbers of electron-hole pairs produced current
with increasing illumination intensity L indicates that the illumination increases the photocarriers passing the
depletion region layer.

Experiment results and evaluation

Fig. 1 shows the current versus reverse voltage plot for No. 34V2 solar cell PN junction for various
illumination levels and an ambient temperature of 300 K.

Fig. 2 shows the reverse current, as measured at Ug = 2V, to grow with the PN junction incident light
intensity, for samples No. 34V2 a VS11.

Fig. 3 illustrates the noise voltage spectral density versus forward voltage plots, for sample 34V2, both in
the dark and when lighted with L = 260 Ix.

The noise voltage was picked up across a load resistance R, = 100q, at a pass band mean frequency of
1 kHz and a bandwidth of 20 Hz.

It is seen that the maximum value of Syy is lower under illumination than in the dark and the maximum
value position is shifted to higher forward voltage values. This is connected with the light-induced drop in the
junction differential resistance.

It is evident from Fig. 4 that the samples are generating a G-R noise with a relaxation frequency of about
800 Hz when in the dark. At lower frequencies, 1/f noise is predominating.

If the sample is illuminated with light of intensity L = 260 Ix, G-R noise is observed throughout the
frequency band under 10* Hz. In this case, the relaxation frequency is below 1 Hz and, in regard of the Unipan
233 selective nanovoltmeter measuring range available, it could not be observed. Thermal noise of the
experiment setup is predominant at frequencies above 10* Hz.
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Conclusion

When illuminated, the samples under study appear to produce G-R noise whose relaxation frequency is
below 1 Hz. The light-induced noise spectral density drop which was observed at frequencies around 10° Hz,
with respect to the dark values, is due to the decrease in the PN junction differential resistance, which is
caused by illumination. On the other hand, higher noise spectral densities, compared with the dark sample
values, as measured at frequencies below 10? Hz, are due to the occurrence of 1/f noise in these samples in

the dark.
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Abstract

Transport and noise characteristics of forward and reverse biased single-crystal silicon solar cells were measured in
order to evaluate the solar cell technology. Stress comprising an temperature of 400 K and a DC electric field were
applied to a total of 20 solar cells for a period of 5000 h. The samples were quality and reliability screened using noise
reliability indicators. From the measurement results it follows that the noise spectral density related to defects is of 1/f
type and its magnitude was found to be proportional to the square of the DC forward current at low injection levels. It
has been established that samples showing low noise feature high-conversion efficiency. It has also been found out that
there is a strong correlation between the sample initial-condition noise and the efficiency after 5000 h of combined

stressing. © 2001 Elsevier Science Ltd. All rights reserved.

1. Introduction

We have studied a total of 20 solar cells, which were
manufactured from silicon single crystals. The wafers
were of circular form, of a diameter of 100 mm and a
thickness of 360 um. For the purpose of accelerated
ageing, the samples were subjected simultaneously to a
higher temperature, namely 400 K, and an electric field,
corresponding to a voltage of 3 V applied in reverse
direction to the cells.

The sample /-7 characteristics and the noise pa-
rameters were measured before sample stressing and,
subsequently, after 200, 500, 1000, 2000, 3000 and 5000
stressing hours.

In order to assess the suitability of noise parameters
for the quality, reliability and service life testing, corre-
lation between the initial parameters and those after
5000 h of stressing was evaluated.

" Tel.: +420-5-4114-7652; fax: +420-5-4114-7666.
E-mail address: chobola@dp.fce.vutbr.cz (Z. Chobola).

2. Quality and reliability indicators

The idea to use noise measurements to electronic
device technology analysis, device diagnostics and reli-
ability forecast has been addressed by several research-
ers, such as, Van der Ziel and Tong [1], Vandamme
et al. [2], Savelli et al. [3], Sikula et al. [4], Jones [5],
Konczakowska [6].

A new specialisation—reliability physics—has arisen
in this way, focusing on the identification of failure
modes and mechanisms as the main sources of problems
related to quality assessment and reliability prediction.

The actual reliability of electronic devices is usually
lower than the maximum theoretical reliability, depend-
ing on the actual manufacture standard. This discrep-
ancy may be due to irregularities in manufacturing
processes. It is well known that most failures occurring
in the flat region of the “bathtub curve” result from
latent defects which have arisen during the device
manufacture processes or operating life. The sensitivity
of the excess electrical noise to this kind of defects is the
main reason for using noise as a diagnostic and predic-
tion tool in reliability physics for the semiconductor
devices lifetime assessment.

Generally speaking, there are two kinds of noise. To
the first kind belong thermal, shot and 1/f noise. These

0026-2714/01/$ - see front matter © 2001 Elsevier Science Ltd. All rights reserved.
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are called the fundamental kinds of noise. To the other
kind belong low frequency excess noise types, such as
flicker noise, burst noise, multiplication noise, genera-
tion—recombination noise and random telegraphic signal
noise [7,8]. As is well known, the noise spectral density
increases with stress and damage, varying substantially
over identical device ensembles, being therefore not of
fundamental nature.

Usually, the excess noise, generated by the excess
current, has a 1/f-type spectral density. Occasionally,
the g—r noise, created by burst processes, is observed [9],
too.

Qualitative characterisation of the 1/f excess noise
can be carried out using the generalised Hooge’s formula

S =Fol’/f, ()

where S; is the current noise spectral density, f, the
frequency, /, the device current and F, a proportion-
ality constant (quality factor). This constant is being
extensively used to characterise the device structural
perfectness. For homogeneous samples, Fqo = a/N.
Theoretical values of o calculated from Hooge’s theory,
range typically from 10 to 10~%. The quantity N in
Hooge’s formula is the total number of charge carriers
in the sample. In the generalised form, N denotes the
total number of fluctuators, which are contributing to
the noise generation.

In our investigations, the measurable quantity to be
used for quality and reliability testing is the ratio of 1/f
noise current spectral density multiplied by frequency to
the forward current squared. It will be used as an indi-
cator of sample quality and reliability. It is given as

FQ :Sff/IZA (2)

In luminescent diodes, power diodes and solar cells,
the current noise spectral density was found to be a
quadratic function of the forward current in the low
injection region. Typically, the excess current is a domi-
nant current component in this region.

2.1. Maximum noise voltage spectral density across load
resistance

Since the noise voltage across the load resistance is
a measurable quantity, the testing procedure is based
on the load resistance noise voltage data collection. The
highest resolution of the current noise spectral density
is obtained for the current values corresponding to the
power matching condition. The ratio of the total mea-
sured noise to the background noise has a maximum
value at this point.

This noise characteristic measured across the load
resistance versus the forward bias has its extreme value if
a dynamic resistance Rp of a p—n junction under test is
equal to the load resistance R;. The curve maximum

shifts to a lower forward voltage region when the load
resistance increases.

The measurable quantity is the noise voltage Wy
across the load resistance Ry . The voltage power spectral
density Sy is given by

V2
S V= _N7
Af
where Af is the bandwidth of the measuring apparatus.

The current power spectral density S; can be calcu-
lated as

3)

Sy
S == 4
'/ R%’ ( )
where
RpRy
Rp=—"— 5
? Rp+Ry’ ®)

Rp is the p—n junction dynamic resistance, for which it
holds and can be expressed as Rp = 1/fIr, where ff =
q/nkT.

In low injection mode, the load resistance
Ry < 1/pIg. Putting f =20 V™' and R, = 100 Q, the low
injection current region extends up to /g < 5 x 107* A.
In the low injection region, the current noise spectral
density is given by the following expression:

Sy
5= (6)

The voltage noise spectral density across the load
resistance will reach a maximum value, Sy, if the noise
source internal resistance equals the load resistance (in
low-frequency region).

Noise characteristics were measured by a standard
digital measuring set-up in a frequency range from 1 to
10 Hz. Fig. 1 shows the electronic circuit used to
measure the noise characteristics of solar cells samples.
A DC voltage from a DC power supply is applied across
points 1 and 2. Resistances R, and R, and capacitors C,
and C, are used to suppress spurious effects of the
measuring equipment. The load resistance R has been
chosen to be 100 Q. The noise voltage to be analyzed
passes through a coupling capacitor C; between points 3
and 4 to be fed into the input of Unipan 233-7 low-noise
pre-amplifier, subsequently processed and recorded.

The reliability indicators are based on the transport
mechanism of charge carriers in forward and reverse

il Ry €3 UNIPaN

Rz
gy — T
700 ohm J_ SSoorm =4
-

CL‘l_ SisC

1
IO—12 V(dc} c1
Y2

i+
.

Fig. 1. Circuit diagram of a solar cell sample.
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directions [9]. In the forward bias mode the voltage i,
for a specified current of I; = 1073 A is used. The basic
transport mechanisms involved are generation-recom-
bination, diffusion, high injection, Zener and avalanche
breakdown. /-V curves of p—n junction devices with
these transport mechanisms are referred to as ideal ones.
Additional charge carrier transport is detected in many
p-n junction structures, resulting in an excess current.

3. Experimental results and discussion
3.1. I-V characteristics

The -V characteristics were measured on all devices.
For example, /-7 characteristic of sample nos. 202 and
212 for forward and reverse directions are shown in
Figs. 2-4. Sample no. 202 represents good and no. 212,
poor quality devices. The straight-line-like shape at low
DC voltage as shown in Figs. 3 and 4 in log-log scale
makes it evident that the p—n junctions of both samples
are shunted by a shunt of a resistance Rgy. For no. 202
sample, the shunt Rgy = 80 Q in forward direction and
Rsy = 1400 Q in reverse direction. For no. 212 sample,
these shunt resistors are 3300 Q and 7 kQ, respectively.

The deflection of the /-V characteristics from f slope
appearing at higher voltages (Fig. 2) makes it possible to
determine the series resistance Ry, whose value is about
0.1 Q.

The total diode current may be expressed in the fol-
lowing form:

10°

T=300K _

t=0 hours p,=20.8V
I

o—=—o 202 e

—a 212

0 0.2 04 086

Fig. 2. [-V characteristic for nos. 202 and 212 solar cells in
forward bias direction.

10°
T=300K
t=0 hours

10
o——o 202

=
10*
1%_5 e 3
0001 0.001 0.01 0.1 1

V()

Fig. 3. Plot of log/ versus log V for nos. 202 and 212 solar cells
in forward bias direction.

10°
T=300K
t=0 hours
2 e—a 212
10 e—a 202
<
_II
10"
10"
0.01 0.1 1 10
Vo (V)

Fig. 4. Plot of log/ versus log V for nos. 202 and 212 solar cells
in reverse bias direction.

The whole current is a sum of the current flowing
through the shunt resistor Rgy, the generation—-recom-
bination current and the diffusion current.

If the density of charge carriers injected into the
quasi-neutral region exceeds the majority carrier density,
the junction is operated in high-injection mode.

Fig. 2 demonstrates the applicability of V% parame-
ter. Vg is the forward voltage at which the diode for-
ward current Ir; = 103 A. The difference between poor
samples (represented by sample no. 202) and good ones
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(represented by sample no. 212) will be easily seen at this
current.

3.2. Noise

The excess noise is of 1/f™ type with m~ 1 as is
shown in Fig. 5, where Sy is the noise spectral density
measured across the load resistance Ry = 100 Q.

The current noise spectral density is proportional to
the square of the forward current in the region where
Ohm’s law is valid (Fig. 6). Similar results are obtained
in reverse direction (see Fig. 7).

The quality factor, Fo = fS;/1?, in forward direction
is equal to 1.5 x 10~° for sample 202 and to 1.2 x 10~1°
for sample 212, for current / = 1073 A.

In Fig. 8, we are presenting the noise voltage spectral
density versus applied DC voltage plots for nos. 202 and
212 samples. The voltage was picked up across the load
resistance Ry = 100 Q. The mean frequency was 1 kHz,
the bandwidth equalled 20 Hz and the samples tem-
perature was 300 K. Sample no. 202, which exhibits a
pronounced excess current component, features an ex-
cess noise spectral density which is more than one order
higher than that of no. 212 sample.

In the power match condition, the spectral density
Sym of no. 202 sample has a maximum value of Syy =
5x 1075 V2 Hz! at a forward voltage of Vp =022V,
whereas that of sample no. 212 is Syy = 1.5 x 10716
V?Hz .

3.3. Reliability

We have analyzed the hypothesis of a correlation
potentially existing between the noise quality parameter,

10-12
202
V.=02(V) T=300K
S~ R =1000

2 A
s vHZ")

10° 10" 107 10° 10° 10°
f{ Hz)

Fig. 5. The noise spectral density versus frequency for no. 202
sample.

10"

10-16

10-18

S(AHZ")

Fig. 6. The current power spectral density as a function of
forward current for nos. 202 and 212 samples.

10-'18

10-18

S(AHz")

107 10° 10° 10"
1L (A)

Fig. 7. The current power spectral density as a function of re-
verse current for nos. 202 and 212 samples.

Sym, and the transport characteristic based quality pa-
rameter, Vg;. The results of this study are presented in
Fig. 9, where the pre-stress correlation is shown for the
entire ensemble of samples under study, i.e., before the
high-temperature and electric-field stressing was applied.
Fig. 6 illustrates the S; = f(Ir) plot as calculated from
Egs. (4)—(6) for nos. 202 and 212 samples. It is apparent
that the S; versus current plot follows the square law
in the generation—recombination current region (up to
about 10~ A) whereas it is linear for the diffusion cur-
rent component. It is evident that both samples feature a



Z. Chobola | Microelectronics Reliability 41 (2001) 1947-1952 1951

107" 10"
207
T=300 K /E 200
=1z T FIRST GROUP e £ 1208
14 = 200-209 + P
10 L 5 ;E)E/ _ o
— jor = g R ) 10 - 208
= ol A N - r 7 g
N d . 't 7 -
T 18 . T 200 — w201
10 o ‘ . o = 79
> S e = 4 ™ e 206
& i E 203 ;A
3 _— — E'BEEEEJ \ 10718 %8; % f//
1045 209
: z
4 % 3 3
10" | q%u 1'
0 01 0.2 03 04 0.5 107"
(V) 0 2000 4000 6000
.
tthours)

Fig. 8. The noise spectral density as a function of forward

voltage. Fig. 10. Evolution of Syy during 5000 h of stressing (sample
nos. 200-209).
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Fig. 9. The correlation between voltage spectral Syy density
and parameter V.

considerable excess noise component, which exceeds the
thermal noise (4k7TR~') and shot noise (2¢/) spectral
densities. Samples with a high-excess current component
feature a low Vg parameter and a high-noise spec-
tral density. The S; versus Ix plot is demonstrated in
Fig. 7.

Figs. 10 and 11 are presented to illustrate the varia-
tions of the Syy parameter during the high-temperature
(400 K) and electric-field (Vg = 3 V) stressing period.
This quantity decreases during the first 200 h (burn-in
period). Subsequently, a period of an almost monoto-

Fig. 11. Evolution of Syy during 5000 h of stressing (sample
nos. 211-220).

nous growth of this parameter follows, thus character-
izing a gradual quality deterioration of the samples
under test.

In Fig. 12 the correlation between Sy\ and solar ef-
fectiveness parameters Eff after 5000 h of stressing is
shown. The correlation factor is growing up with the
stressing time up to a value of 0.82 after 5000 h. This is
why we are recommending to apply the noise parameter,
Fg, to the solar cell service life prediction and reliability
appraisal.
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Fig. 12. The correlation between spectral voltage density Sym
and solar effectivness parameter Eff after 5000 h of stressing.

4. Conclusion

In the course of these studies, a total of 20 single-
crystal silicon solar cells were subjected to accelerated
tests. The samples were stressed by an increased tem-
perature and an electric field during 5000 h.

From the measurement results it follows that the
noise spectral density related to defects is of 1/f type
and the current noise spectral density is proportional
to the square of DC current in the low-injection mode.
Samples with lower noise have higher efficiency. The

average value of the noise spectral density of the entire
ensemble increases with stressing time. Our screening
parameter F, was used to evaluate the correlation be-
tween the spectral density and the light conversion effi-
ciency. It has been found out that there is a strong
correlation between the initial-state noise and the con-
version efficiency after 5000 h of combined stressing.
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Summary

The magnitude of the series resistance of photovoltaic modules is a
measure of the quality of the modules and an increase in this resistance leads
to power loss in the modules. However, as the series resistance amounts to
only 1 - 10 £2, changes in the resistance are difficult to detect. It is well
known that at high forward currents the 1/f noise in p—n diodes is sensitive
to changes in the series resistance of the diodes. Noise measurements on BPX
47 solar cell modules confirmed the 1/f character of the noise of these
modules. The correlation between the series resistance and the 1/f noise at
1 kHz and 500 mA forward current was then measured; it appears that the
1/f noise is extremely sensitive to the magnitude of the series resistance.
Therefore, 1/f noise is a sensitive parameter in degradation measurements
and thus in life prediction tests of these modules.

1. Introduction

The large-scale use of photovoltaics depends on the cost and reliability
of the photovoltaic cells, including their interconnections. As the contact
metallization on the semiconductor surface and the interconnections between
the cells are prone to environmental influences, groups of cells are encapsu-
lated in modules to increase their reliability. However, one of the causes of
reduction in the lifetime of modules is still the gradual degradation of these
electrical contacts and interconnections [1]. As a result of this degradation,
the series resistance increases with a consequent gradual increase in power
loss in the module.

Measurement techniques and instruments suitable for the life prediction
testing of photovoltaic arrays have been evaluated [2]. The series resistance
does not appear to be a sensitive measure of the gradual degradation of
contacts. 1/f noise was suggested as an alternative [2] because it had been

0379-6787/84/$3.00 © Elsevier Sequoia/Printed in The Netherlands
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proved to be a sensitive measure of the contact resistance of diodes.
Although in corresponding measurements of photovoltaic cells 1/f noise
increased significantly with high humidity stressing, this increase failed to
show a correlation with changes in the series resistance. These negative
results could not be satisfactorily explained and therefore other sources of
noise were held to be responsible.

Recently, the contributions of different sources to the composition of
1/f noise have been clarified [3]. With this insight, it was thought to be
appropriate to try 1/f noise anew as a sensitive parameter of the degradation
of photovoltaic modules. Therefore, measurements of 1/f noise were carried
out on some old and new modules. The results were compared with earlier
experiments on p—n junctions.

2. Distinction of 1/f noise sources

A possible way of distinguishing the contributions of the different
sources of 1/f noise in p—n diodes has been given by Kleinpenning [3].
He has shown that the different sources of 1/f noise can be dominant in
different regions of the current density. For very low forward currents in
p—n junctions, the current and its inherent noise are due to the generation—
recombination of current carriers at generation—-recombination centres in the
space charge region of the junction [4]. At higher forward currents the
diffusion current in the base becomes dominant. The power of the noise is
then due to the 1/f noise in the diffusion current. In this higher current
region a third type of 1/f noise, ie. 1/f resistance noise, can become
dominant.

Similar noise behaviour is shown by a photovoltaic cell in the dark
because of its inherent diode. The noise of a photovoltaic cell is measured
as fluctuations in the voltage across the cell. These fluctuations in voltage
are linked to the fluctuations in current by the forward current—voltage
(I-V) characteristic of the cell. According to the electrical circuit diagram of
the photovoltaic cell given in Fig. 1, the forward I-V characteristic in the
dark can be represented by

I=1I, [exp%wg—l] (1)

nkT
>~

|

-\ ——————————

Fig. 1. Electrical circuit diagram of the photovoltaic cell (the series resistance R represents
the total electrical resistance of the cell including the contact resistance).
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where I is the forward current, V the forward voltage, R, the series resistance
including the electrical contact resistance, I, the saturation current (constant),
q the elementary charge, k Boltzmann’s constant, T' the temperature and
n an ideality parameter.

Three regions can be distinguished in the forward I-V characteristic of
the cell because of their different slopes. These slopes become apparent on
differentiation of eqn. (1):

dv nkT

_ .+ _1-2s

dI  qU + 1)

I, will be neglected, since in our measurements I > I,,.

At low currents the first term on the right-hand side of eqn. (2) deter-
mines the slope of the I-V characteristic. At very low currents, n = 2 because
both electrons and holes alike contribute to the current in the space charge
region of the junction. At higher currents, n = 1 and at much higher currents
the second term on the right-hand side of eqn. (2) can become dominant.
These current regions in the I~V characteristic coincide with the current
regions distinguished in the noise of the cells. As a consequence, the voltage
noise also has three regions which can be distinguished by the current
dependence of the voltage noise, as shown in Section 3.

(2)

3. Calculation of 1/f voltage noise

1/f noise in semiconductors and metals has been described by Hooge
[5] by an empirical relation. This relation has been extended to p—n diodes
by Kleinpenning [3]. As a result the 1/f noise can be described in terms of
the current noise and the resistance noise.

In the generation-recombination current region

= k.
S;=2ql 37 (3)
and in the diffusion current region

= O(2
Sr=2q1 8fr (4)

where S; is the spectral density of the short-circuit current noise, o; a constant
of the order of 1073, f the frequency and 7 the lifetime of the relevant
current carriers. In the current region where 1/f resistance noise becomes
dominant [5]
03

Sk, = R’ N (5)
where Sg_ is the spectral density of the 1/f resistance noise and N is the
number of free carriers.

This 1/f resistance noise is due to fluctuations in the free-carrier mobility
of the semiconductor and the metal of the contacts [3]. The relation given
by eqn. (5) is valid only when the current is homogeneously distributed. For
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non-homogeneously distributed currents the number of free carriers contribut-
ing to the current is less than N. In this situation, N has to be replaced by
-Neff .

The spectral density of the open-circuit voltage fluctuations can be
calculated as
Sv=8;Z?+I%Sg, (6)
where Z is the differential impedance of the diode (Z ~ nkT/qI (see eqn. (2))).

In the determination of Z the capacitance of the diode was neglected.
At low currents and high frequencies this capacitance causes the appearance
of a first-order cut-off frequency in the spectra. This cut-off frequency is
inversely proportional to the product of the capacitance and the differential
resistance [3].

With the help of eqns. (2) - (6) we obtain in the generation—recombina-
tion current region

2(2kT)? «
,= 2EET) (7)
ql 3fr
and in the diffusion current region
g = 2(kT)? a, )
v ql 8fr Bs
= Ziop (8)
I

When the spectral density Sy measured at one frequency is plotted as a
function of the forward current I, three regions are distinguishable: the
generation—-recombination current region; the diffusion current region;
the current region dominated by series resistance.

In the generation—recombination current region the spectral density
shows an I~! dependence. It also shows an I~! dependence in the diffusion
current region. However, the values of the spectral density will be lower in
this region because the lifetimes of the then prevalent current carriers are
longer. When at higher current levels the series resistance term becomes
dominant, the spectral density will show an increase proportional to I2.

Consequently, the region of the spectral density of the open-circuit
voltage fluctuations which shows an I? dependence and still has a 1/f charac-
ter can be ascribed to the series resistance of the cell. For a photovoltaic
module with N series-connected cells we have in the diffusion current region

(cf. eqn. (8))

N a; 2
Sy=2 7+biI

i=1

A L Bp 9)
I
where A = Za; and B = 2b;.
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Thus, when the open-circuit voltage noise of a photovoltaic module has
a 1/f character and is proportional to I? at high current levels, the noise
results from the series resistances of all the cells. In this situation the power
spectral density of the open-circuit voltage noise can be ascribed to the series
resistance of the photovoltaic module.

4. Results and discussion

Measurements were performed on several BPX 47 photovoltaic
modules that were 9 years old. The series resistance of the modules was deter-
mined in the forward I-V characteristic in accordance with eqn. (2). A typical
example of a measured I-V characteristic is given in Fig. 2, where the differ-
ent regions can be distinguished clearly.

The noise voltage of the modules was measured in the experimental set-
up shown in Fig. 3. The measured voltage U,, was amplified, filtered and
squared before being recorded. The results were corrected for the voltage
drop across the resistances in the circuit (Fig. 4). The correction factor

1(mA)

10tg

103; /.//
102; /

10! / n, nzz/ ,n.3
Ay

(4] y.
107 / V
PTo gL 0? SRTTAERTUTTRTONTNIRTITRNNIRUTINIT)

0 20, 40 60 80
V(V)

Fig. 2. Typical forward I-V characteristic of a BPX 47 module in the dark (the module
contains 64 cells).

+ X bandfilter recorder
> &
- $ squaring
y

unit

AN\

l

Fig. 3. Circuit diagram for the measurement of the noise of photovoltaic modules.




368

Sy (V2 Hz™)
10710
-2
10 = v {7)0
R Rgi 0
1 diff o1 N Mg
E \ I"-é
1014 N R ' 4
Uxy \ N2
1015 [ . ,:_*?00
E 06‘,,7?’4
2 4
Rb 1078
Unoise ' 10—17: e [N NEEI Lo 1Ll
M 10! 102 103 10*
.y Freq. (H2)

Fig. 4. Equivalent circuit diagram for the determination of the noise voltage of a photo-
voltaic module (R, resistance (see Fig. 3); Ry, internal resistance of the battery; Rg;¢¢,
differential resistance of the photovoltaic module as defined by eqn. (2); Upgige, the
noise voltage of the photovoltaic module; U,.,, measured noise voltage).

Fig. 5. Noise spectra measured at various currents.

(Rb +R, + Rdiﬂ')z (10)
R, +R,
is derived from the relation
R, +R 2
Ux 2= Usoi 2 2 . ) 1
Y notse (Rb + Ry + Ryyse (1)

To obtain the spectral density of the noise, the power of the noise was
divided by the bandwidth of the filter.

Measurements of the spectral density of the noise of the photovoltaic
modules as a function of frequency show typical 1/f character (Fig. 5).
At low currents (about 1 mA) the cut-off frequency which results from the
capacitance of the module is perceptible.

Once the 1/f character of the noise spectra had been established, this
1/f noise was measured as a function of the forward current in the module
at a frequency of 1 kHz. Typical results are given in Fig. 6. From these
results an I? dependence of the 1/f noise in the high current regions is
apparent in accordance with eqns. (8) and (9).

As can be seen in Fig. 7, the 1/f noise in the high current region
correlates with the series resistance of the modules. This figure shows that the
1/f noise increases by more than two orders of magnitude when the series
resistance increases by a factor of 2. This sensitivity is in accordance with
the findings of 1/f noise in diodes. Small point contacts give rise to a sensitiv-
ity proportional to R’ [6]. Even this sensitivity can increase if the current
density is inhomogeneous, since this causes a decrease in the number of
effective current carriers.
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Fig. 6. The spectral density of the voltage noise of photovoltaic modules measured at
1 kHz as a function of forward current.

Fig. 7. The spectral density of the voltage noise of the photovoltaic modules measured
at 1 kHz and 0.5 A related to their series resistances.

In accordance with the data of Fig. 7 and the detection limit of 8 X
1071° V2 Hz! in our experiments, the I*related noise of a module with a
series resistance of 1 £ will perhaps be just measurable. Measurements
performed on a new BPX 47A module show an I-V characteristic similar to
that of the old BPX 47 modules. The series resistance was measured to be
1.6 £2. This low value probably arises because the new module has had the
advantage of better manufacturing technology and hence has better
contacts and interconnections. The low series resistance means that the
Ri-dominated region in the spectral density—current characteristic
will occur at higher currents. Owing to current heating of the module the
forward current in the dark is limited to 1 A. As a result of this limit the R
dominant part of the current region could not be reached (Fig. 8).

In Fig. 8 there is a large region in which the spectral density Sy of the
voltage noise is proportional to I~2. This region can also be identified in
some of the curves in Fig. 6. The Sy curves should be described by eqns. (7)
and (8), in which there is no region of I 2 proportionality. This discrepancy
between the I~? measured dependence and the I~! theoretical dependence
is not fully understood. However, it is possible that 1/f noise generated in the
space charge region by generation—recombination currents can be dominant
when the I-V characteristic is determined by diffusion currents in the base.
This will give a spectral density of the voltage fluctuations with an 1
proportionality. Technological factors may be responsible for a further
change to 12 proportionality. These factors may play an important role as it
has recently been established that carefully manufactured small diodes show
only I™! proportionality [3]. A discrepancy reported in ref. 7, where the
value given for the noise is too high in comparison with the value calculated
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Fig. 8. The spectral density of the voltage fluctuations of a new BPX 47A photovoltaic
module measured at 1 kHz as a function of forward current (series resistance of the
module, 1.6 ).

in accordance with eqns. (7) and (8), has been explained on the basis of
inhomogeneities in the junction.

5. Conclusions

A correlation was established between 1/f noise in the dark at high
forward currents and series resistance for photovoltaic modules. In this
current region, 1/f noise is extremely sensitive to the magnitude of the
series resistance. Therefore, 1/f noise seems to be very suitable as a sensitive
parameter in the life prediction testing of contact metallization. For low
series resistance the limits of applicability are imposed by the noise of the
first amplifier in the measuring system and the current heating of the module.
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