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Abstract

Noise spectroscopy is presented to be a powerful tool to investigate the current flowing in organic light emitting

diodes (oLEDs) with high sensitivity. Measurements can be performed over the whole bias range of interest, from

reverse bias up to high values of forward bias voltage. From these measurements one can gain insight into the mi-

croscopic conduction processes dominating the device current and obtain valuable information for improved device

modeling. In particular it is shown that the low frequency power spectrum of the tested oLEDs has a power law de-

pendence around 1=fð Þ1:3 almost irrespective of device characteristics and of measurement conditions. Additionally,

noise spectra are also proposed as a means to sense the initial state and the growth of degradation phenomena in these

devices. The onset of degradation is shown to be signaled by current spikes that reflect on a net increase of the white

noise component of about three orders of magnitude in the power spectral density, when degradation is just hardly

beginning to be visible as dark spots on the emitting surface. � 2002 Elsevier Science B.V. All rights reserved.

PACS: 72.80.Le; 73.50.Td; 85.60.Jb
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1. Introduction

Light emitting diodes from organic materials,
generally abbreviated as oLEDs, are the target of
world wide research due to their possible applica-

tion for low cost and easy processing full color
large area displays [1]. For a further improvement
of the performance of these diodes, a detailed
knowledge of the charge injection and transport
processes is of great importance. Such information
is commonly gained by modeling current/voltage
(I=V ) and current/luminance (I=L) characteristics
[2–6]. However, additional experimental methods
to better disentangle the various physical phe-
nomena (space charge limited current (SCLC),
contact limited current, trapping, field dependent
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charge carrier mobility, drift and diffusion cur-
rents) would be highly desirable. Furthermore, to
fullfil the requirements necessary for commercial
applications, a detailed investigation of the pro-
cesses leading to device degradation is also neces-
sary. Although there are a lot of studies known
from the literature [7–12] concerning this topic,
most of them are based on the observation of
visible degradation of the diodes, that is after the
degradation processes have summed up to visible
damage of the devices. A method to study the
degradation of the devices in earlier stages, this
means at the very beginning of degradation, would
therefore be of great importance. In the following,
we will show that current noise spectroscopy is
such a powerful tool that allows on one hand to
study charge injection and transport phenomena
and on the other hand it can be used to monitor
the initial states of device degradation in oLEDs
by a fast and easy computational scheme.

Noise measurements have been proved to be
very important in the characterization of inorganic
semiconductor materials or devices. The extensive
literature covering this subject can be grouped into
three main classes: (i) Noise measurements can be
directly used to quantify the noise contribution of
a new device when placed in a circuit to foresee
the overall signal-to-noise ratio of the system [13].
(ii) Noise measurements can be indirectly used to
investigate the statistical properties of the carrier
transport and, for example, distinguish shot phe-
nomena from trapping and detrapping, conduc-
tance fluctuations or contact injection [14]. (iii)
Noise measurements can be indirectly used to
measure other physical properties of the sample,
such as device bandwidth, carriers transit time,
carriers mobility and others [15].

Differently from inorganic semiconductor de-
vices, noise investigations on organic devices are
rare. Exceptions are a study on an oLED [16],
some reports on organic transistors [17,18] and a
report concerning current noise spectroscopy as a
method to track conductance fluctuations in an
oLED [19]. This low number of investigations of
noise phenomena is astonishing, since the analysis
of current fluctuations measured in oLEDs around
mean value, as a function of both time and fre-
quency, reveals the microscopic behavior of the

organic devices and could give some additional
information on the physics of carrier transport
mechanisms. By varying the operating conditions
of the devices, going from below-threshold to
high voltage regimes in which electroluminescence
occurs, all operating regimes can be easily ex-
plored.

The paper is structured as follows. Section 2
summarizes in a short overview the noise sources
present in semiconductor devices together with
their spectral distributions. Section 3 describes the
Correlation Spectrum Analyzer that has been used
to perform all noise measurements reported in this
paper. Section 4 reports on the preparation and
the properties of the organic devices used for
the measurements. Section 5 comments the results
from the noise measurements. Section 6 shows
how noise can be used to sense the initial state
and the growth of oLED degradation in large
advance to other techniques. Finally some con-
clusions are drawn in Section 7.

2. Noise sources and spectral distributions

A device held at temperature T produces a
minimum level of voltage or current fluctuation
due to the random thermal motion of carriers.
This noise, called Johnson noise, is characterized
by a power spectral density constant with fre-
quency (white), equal to 4kT=R [A2/Hz] when
measured as current fluctuations or 4kTR [V2/Hz]
when measured as voltage fluctuations, where R is
the electrical resistance of the sample and k is the
Boltzmann’s constant (1:38� 10�23 J/K) [20]. In a
device held at thermodynamic equilibrium that is
without any bias applied across its terminals or
any other external perturbation like for example
an incident photon flux the Johnson noise is the
only noise present.

Whenever a device is brought out of thermal
equilibrium, other noise contributions come into
place. It is generally accepted that, if the carriers
flowing across the device are emitted over a po-
tential barrier, the random time distribution of the
emission produces additional noise, called shot
noise. It has a white power spectral density equal
to 2qI [A2/Hz], where I is the mean current flow-
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ing through the sample and q is the electronic
charge (1:602� 10�19 C) [21].

In addition to the two mentioned fundamental
noise sources, all devices out of equilibrium man-
ifest additional ‘‘excess noise’’ that increases its
power density as the frequency reduces. Because of
this frequency behavior, this noise is also called,
for simplicity, ‘‘1=f noise’’. A very extensive lit-
erature is available investigating the sources of this
excess noise in inorganic devices: it can be attrib-
uted to carrier conductance fluctuations [22,23],
single carrier trapping and detrapping (also called
‘‘telegraphic noise’’) [24], defects and inhomoge-
neities of the crystal along the carriers path [25],
and others. Each of these noise sources would give,
if present alone, a spectrum with a defined power
function of frequency of the type Að1=f Þa. In a real
device many of these different microscopic noise
sources are present and contribute to the final
spectrum producing a power spectrum with a ffi 1.
The dependence of both a and A as a function of
bias and temperature can help to single out the
actual noise sources. What is generally believed
from the experience on inorganic semiconductors
is that better crystal growing and cleaner produc-
tion steps reduce the noise power amplitude A, and
this consideration equally well applies to organic
materials. In organic devices 1=f noise is largely
dominating at frequencies below 1 MHz. Thermal
noise, instead, is negligible under normal operating
conditions.

3. Description of the noise measuring system

To perform Noise Spectral Analysis, the device
is biased at the desired voltage and current fluc-
tuations around its mean value are measured. A
frequency analysis (Noise Spectroscopy) is carried
out by computing the squared absolute value of
the Fourier transform of the current fluctuations
as a function of time, and by selecting the mean
square value (power) of each frequency compo-
nent of the signal (power spectrum) [26]. We have
performed the noise analysis by using a Correla-
tion Spectrum Analyzer [27].

The instrument, schematically shown in Fig. 1,
is made of two separate and independent input

amplifiers having transimpedance front-ends be-
tween which the device under test (DUT) is con-
nected. This connection makes the instrument
ideal for measuring directly the current noise
produced by the DUT. Furthermore, the instru-
ment is conceived to take full advantage of the
correlation technique to measure the DUT noise
irrespective of disturbances introduced by addi-
tional biasing components or by the instrument
itself. In fact the oLED current noise is flowing
through the two amplifiers and processed in par-
allel on the two channels, while the disturbances
introduced by one amplifier are only present on its
own channel. By performing a cross-correlation
between the outputs of the two channels and av-
eraging the results, the signal produced by the
oLED is extracted and amplified while the residual
disturbances are reduced proportionally to the
square root of the measuring time. Therefore, very
small oLED noise can be measured with high
precision by simply extending measurement time.

Another advantage of the Correlation Spec-
trum Analyzer is that the bias voltage across the
DUT can be chosen at will and set directly by the
instrument by trimmering the voltages V1 and V2

externally applied to each amplifier. Because of the
high voltage gain of the differential amplifier A1

(A2), the external voltage V1 (V2) will be forced by
the feedback resistor RF to be applied to the node

Fig. 1. Schematic of the Correlation Spectrum Analyzer used

for noise measurements. The oLED device (DUT) is inserted

between the two instrument input ports, IN1 and IN2, and bi-

ased at the desired voltage directly by the instrument through V1

and V2.
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IN1 (IN2) and therefore applied across the oLED
sample. The measuring set-up consequently is
greatly simplified and made more stable and pre-
cise. A detailed description of the instrument is
given in [27]. The instrument operates on a fre-
quency range from few mHz to almost 1 MHz and
has a sensitivity down to 1 fA/

ffiffiffiffiffiffiffi
Hz

p
.

4. Device samples and preparation

The polymer used for this study is a methyl
substituted ladder type poly(para phenylene). Re-
ports on blue and blue-green emitting oLEDs [28]
and LECs [29,30], white light emitting oLEDs re-
alized by an internal color conversion technique
[31] and the application of mLPPP as an active
material in solid state lasers [32], due to the fact
that stimulated emission and photoinduced ab-
sorption do not compete [33], are only some ex-
amples of the outstanding properties of this kind
of conjugated polymer.

To prepare the devices, mLPPP was dissolved in
chloroform and stirred for one day at 60�C in argon
atmosphere. ITO coated glass substrates were
transferred after a wet cleaning process into an
argon filled glove box and mLPPP was spin-coated
on top of the substrates (using a 0.22 lm teflon fil-
ter), resulting in active layers extending from 80 nm
(thin devices) to 160 nm thickness (by varying the
concentration of mLPPP in chloroform). After-
wards, an aluminum top electrode with a thickness
of about 200 nm was evaporated on the mLPPP
layer to achieve active device areas of about 9 mm2.
To record the current noise spectra, the devices were
mounted in a specially designed sample holder to
investigate the devices in argon atmosphere.

5. Experimental results

In order to characterize the whole operation
regime of the oLEDs, noise measurements were
performed at different bias voltages: reverse bias,
low forward bias (below the turn-on of the device),
normal forward bias (slightly above the turn-on
of the device) and high forward bias. The results
presented in the following were obtained by ex-

ploring devices with thickness of 160 nm, except
where otherwise mentioned.

The electrical characteristics of oLEDs pre-
pared from mLPPP are well investigated [28].
Using ITO and Al as charge carrier injecting elec-
trodes results in rather high turn on voltages since
mLPPP is a wide band gap polymer with a rather
high mismatch between its HOMO and LUMO
and the work functions of the electrode materials.
Additionally, as common for rigid rod polymers,
the turn-on of the current is thickness dependent
due to a preferential orientation of mLPPP chains
close to the substrate surface: for thinner films a
much higher field is necessary compared to thicker
devices in which the turn on is characterized by the
randomly distributed polymer chains in the bulk.
From the reported [28] dependence of the electric
field necessary for the onset of the current using
ITO and aluminum as electrodes, a turn-on value
of about 0.55 MV/cm is expected for mLPPP
layers of 160 nm thickness, this means a voltage of
about 9 V.

The devices to be tested were first biased in re-
verse direction (ITO wired as a cathode) in order
to exclude influences of parasitic currents due to
native microshorts in the active layer. The stand-
ing current was measured to be well below 100 nA
in all selected devices up to a bias of �14 V,
showing the good accomplishment of the above
mentioned requirement and the high rectification
ratio of mLPPP based oLEDs. As an example,
Fig. 2 is the plot of the current as a function of

Fig. 2. Current noise versus time of an mLPPP based oLED

with a reverse bias applied of 14 V.
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time on one device and Fig. 3 is the corresponding
noise spectrum. The current noise versus frequency
shows that, within the measured frequency inter-
val, the ð1=f Þa noise is largely dominant with re-
spect to the thermal noise and to the shot noise
(calculated using the equations mentioned in Sec-
tion 2), this latter being at least five orders of
magnitude below the measured excess ð1=f Þa
noise. Note that the power spectrum is varying as
ð1=f Þa with a ffi 1:3.

The noise spectra of the current flowing in the
devices have then been measured for various bias
conditions in forward mode, from low forward
bias voltages to operating voltages above the
threshold for electroluminescence. Fig. 4 reports,
as an example, the current noise versus frequency
plot for a device of 160 nm thickness biased slightly
above the turn on voltage (Vbias ¼ 10:35 V and
ID ¼ 13 lA). The spectrum is again dominated by
ð1=f Þa behavior and shows a slope of a ¼ 1:3.

The analysis of the low frequency slope of all
spectra taken reveals a significant constancy of its
value through all biasing conditions. Regardless of
the sign and value of the bias voltage, the slope of
the ð1=f Þa plots remains between a ¼ 1:24 and
a ¼ 1:35. The same behavior is also found for all
the thinner devices investigated, as can be seen in
the spectra given in Fig. 5. This signature in the
slope of the noise spectra is evident and may be
a guide in assigning this phenomenon also to other
effects than trapping and detrapping from local-
ized states deep in the gap of the material. Indeed,

we note a striking similarity of these slopes with
those found in inorganic devices at the earliest
stages of their development and attributed to the
microphysics of the contacts between the metal
electrodes and the semiconductor in a fundamen-
tal work by Macfarlane [36] and called ‘‘contact
noise’’. Contact noise theory applies to semicon-
ductor devices with a nonhomogeneous adhesion
of the two interfaces and assumes that the emission
of carriers from the contacts takes place only at
localized patches on the surface where adsorbed
ions are present to give rise to a Schottky barrier

Fig. 3. Current noise versus frequency of an mLPPP based

oLED with a reverse bias applied of 14 V.
Fig. 4. Current noise versus frequency of an mLPPP based

oLED with a forward bias applied of 10.35 V. The theoretical

shot noise level is not reached within the possibilities of the

measurement due to the large capacitance of the oLED.

Fig. 5. Spectral noise measurements on a thin mLPPP oLED

performed at the same bias condition, (Vbias ¼ 2 V), after dif-

ferent bias sequences.
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layer. Diffusion of the ions over the surface gives
rise to random fluctuations of their concentration
in a patch, which results in random fluctuations in
the height of the potential barrier and therefore in
the emitted current. The theory depicting this sit-
uation leads to ð1=f Þa spectra with a ranging from
1.1 to 1.5 depending on the frequency range of
investigation and on the sample temperature. This
phenomenon may apply to organic devices and
finds support on the inhomogeneities of the ITO–
mLPPP interface as well as of the Al–mLPPP in-
terface, on contaminations due to the wet cleaning
process of the ITO surface and on the inevitably
poor adhesion between the active organic layer
and the electrode materials, which makes the pre-
sent situation of organic materials comparable to
that of inorganic materials in former times. A
systematic approach to test this phenomena is
under way in our laboratory.

A behavior that has been noticed in our devices,
also reported in previously published works
[34,35], is the dependence on the bias history of the
device. The noise level of the oLEDs under for-
ward biasing conditions was found to strongly
depend on whether the device was operated in re-
verse direction or in forward direction before
performing noise measurements in the forward
regime. Also in this type of investigations, spectral
noise measurements may be a valid and sensitive
tool to track this phenomenon, as in the example
shown in Fig. 5. The figure specifically refers to a
diode with thin organic layer, (80 nm), but similar
behavior has been obtained also on all the other
devices. A current spectrum was first measured in
a given forward bias (Vbias ¼ 2 V in the case of this
example, corresponding to ID ffi 18 lA), indicated
with ‘‘initial spectrum’’ in the figure. Then the
device had been biased over the threshold for
several minutes, and then it was biased back to the
initial bias value (again Vbias ¼ 2 V and
ID ffi 10 lA). Spectrum was taken and indicated
with ‘‘after forward bias’’ in the figure. This bias-
ing treatment in forward direction had almost no
influence on the current noise produced by the
device in the low forward regime as evidenced in
Fig. 5, where this two spectra nearly overlap. Af-
terward the device was biased in reverse bias
(Vbias ¼ �4 V) for some minutes after which it was

biased back again to 2 V and spectrum taken. This
latter is indicated with ‘‘after reverse bias’’ in the
figure. In this latter case the noise produced by
the device is much lower than measured initially at
the same voltage. This noise reduction is only
partly due to a corresponding reduction of the
current flowing in the device, which slowly (tran-
sients of several minutes) tend to drift back to the
value previously measured in the ‘‘initial’’ condi-
tion. The reverse bias effect on noise has a time
duration which is instead much longer than current
transients, indicating that a reassessment of trans-
port phenomena is also taking place. Note that also
in this experiment the measured power spectra vary
as ð1=f Þa, with a around 1.35; depending on the
history of the device, the slope is little steeper after
reverse bias. The white thermal and shot noise
power spectrum are still negligible with respect to
the excess noise in the tested frequency range.

6. Noise tracking of oLED degradation phenomena

Noise spectral analysis shows to be very ef-
fective also in tracking the initial state and the
growth of catastrophic degradation in organic
devices. We have tested this possibility in our
oLEDs. In order to accelerate the degradation
phenomena, the forward biasing of the same device
used to record the above mentioned noise spectra
has been increased from 10.35 V to a value of 16.25
V largely above the threshold. The device was
carrying relatively high currents (about 485 lA,
luminance 19 cd/m2). Fig. 6 shows the time be-
havior of the current of the device on the way of its
degradation. The degradation shows up as current
spikes that can be directly seen in the current time
plot and grow in rate by further increasing bias
stressing. As discussed in [8,9], under high voltage
stress very large currents always form prior to
thermal breakdown and catastrophic failure. These
spikes can therefore be assigned to the very initial
states of such irreversible degradation.

Each of these spikes contributes to additional
white noise and can be tracked with high sensi-
tivity in the noise spectrum measurement. Fig. 7
shows the noise spectra produced by the current in
this working condition. Indeed one can see (and

38 G. Ferrari et al. / Organic Electronics 3 (2002) 33–42



compare with Fig. 4, for example) that, besides an
increase of noise in the low frequency part of the
spectrum, at higher frequencies a flat noise spectral
density is produced. The measured white noise
level has increased by almost three orders of
magnitude with respect to the theoretical value
of shot noise (i2n ¼ 1:6� 10�22 A2/Hz) given by a
standing current of ID ¼ 485 lA.

This high value of measured white noise pre-
cisely reflects the presence of the current spikes
that are seen in Fig. 6. This can be easily proved as

in the following. Let us assume, for simplicity, that
each spike can be considered as a Dirac delta
function of area equal to the carried charge Qi.
The global signal on a large time interval 2T can be
considered as a repetition of spikes randomly dis-
tributed in time with a mean rate of occurrence
equal to k,

iðtÞ ¼
X2kT
i¼1

Qidðt � tiÞ:

To calculate the power spectral density of this
signal, we can conveniently compute its autocor-
relation function,

RðsÞ ¼ iðtÞiðth þ sÞi;

where the symbol �h i denotes time-averaging and
we have assumed iðtÞ ergodic. Thanks to the
noncorrelation among the spikes, RðsÞ ¼ 0 for
every s 6¼ 0. At s ¼ 0, instead, we obtain the mean
square value of the current,

i2ðtÞ
� �

¼ lim
T!1

1

2T

Z T

�T

X2kT
i¼1

Q2
i dðt � tiÞdt

¼ lim
T!1

1

2T

X2kT
i¼1

Q2
i ¼ kQ2;

where Q2 is the mean square value of the spike
charge. The autocorrelation function is therefore

RðsÞ ¼ kQ2dðsÞ:

The corresponding bilateral power spectral density
is the Fourier transform of RðsÞ, so

Siðf Þ ¼ FT½RðsÞ� ¼ kQ2;

that shows to be frequency independent (white)
and proportional to the rate of spikes [26]. By
taking the mean number of spikes from the ex-
perimental situation given in Fig. 6 as being about
k ¼ 50 spikes/s, their mean amplitude of about
9 lA and their mean time base equal to 5 ls (see
Fig. 8 for an expanded view of one spike), we fi-
nally obtain Q2 ffi 2� 10�21 C2 and a physical
(unilateral) spectral density of 2kQ2 ffi 2� 10�19

A2/Hz, which well agrees with the level of the
measured white spectrum indicated in Fig. 7.

Fig. 6. Time plot of the current flowing in an oLED device at

an overstressing bias of 16.25 V.

Fig. 7. Noise spectra of the current fluctuations in the device

that is undergoing degradation (high forward bias). Also indi-

cated in the figure (dotted line) is the fitting of the ð1=f Þa slope

that the noise would attain in the case of absence of spikes

(a ffi 1:6).
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By keeping the device in the biasing condition
in which spikes are present, the number of spikes
per second does not change significantly while the
average current carried by the device continuously
decreases. Fig. 9 shows the reduction in the aver-
age current on a percentage scale as a function of
time from the moment the spikes have started to
appear. The time scale of the figure is of several
minutes while the time interval between spikes is of
few hundredths of second. At the end the device
undergoes a catastrophic failure with macroscopic
evidences of degradation in the form of visible
dark spots and enhanced cathode surface rough-
ness. These effects of spotty metal evaporation and
delamination, in addition to possible localized

polymer degradation, by reducing the effective
device area are the reasons of the current reduction
on a long time scale.

The observation of the additional white noise
component superimposed on the current noise
spectra of oLEDs on the way of degradation may
be efficiently used to detect the onset of device
degradation. Thanks to the proportionality of the
white noise spectral density to the mean rate of
occurrence of the spikes and to the charge carried
by each spike, the time evolution of the degrada-
tion can be almost on-line monitored by restricting
the evaluation of the spectral density to a limited
frequency range in the flat region, for example
around 100 kHz in our case, to be extremely fast in
computation. Fig. 10 shows the sensitivity that one
might obtain with such a measurement in terms of
the excess measured white noise generated by
current spikes with respect to the theoretical level
of shot noise, (i2n ¼ 1:6� 10�22 A2/Hz, upper
curve), or with respect to the pre-degradation
value of 1=f noise that would be measured if the
spikes were not present (taken as i2n ¼ 3� 10�21

A2/Hz, see dotted line in Fig. 7 at 100 kHz). The
sensitivity of the noise measurement would be such

Fig. 8. Detail of one spike on an expanded temporal axis.

Fig. 9. Evolution with time of the average current carried by an

oLED undergoing degradation.

Fig. 10. Excess measured white noise generated by current

spikes as a function of the number of spikes per second, k. The

upper curve refers to the ratio between the excess measured

noise and the theoretical level of shot noise (i2n ¼ 1:6� 10�22 A2/

Hz) given by a standing current of ID ¼ 485 lA. The lower

curve refers to the ratio between the excess measured noise and

the expected 1=f noise (i2n ¼ 3� 10�21 A2/Hz, see dotted line in

Fig. 6 at 100 kHz) that would be measured if the spikes were

not present.
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that few spike/s would give a noise spectral density
at least one order of magnitude higher than the
pre-degradation value. The spectral measurement
therefore confirms as a very powerful tool to gain
information related to the very initial degradation
process. When a deviation from the pre-degrada-
tion value of 1=f noise occurs, device operation
can be stopped and all necessary structural or
spectroscopic analysis can be performed on the
device to investigate the sources that give reason of
degradation, before the microscopic damages sum
up to a visible and irreversible macroscopic failure.

7. Conclusions

We have shown that noise spectroscopy is a
powerful spectroscopic method to investigate the
different operation regimes, (from reverse direction
up to high forward biases), of organic light emit-
ting diodes and can therefore give valuable infor-
mation to improve device modeling. The devices
tested in this studies had a simple single layer set
up with a methyl substituted ladder type poly(para
phenylene) embedded between an ITO and an Al
electrode. From reverse bias up to biases slightly
above the turn-on of the devices the current noise
curves have similar slopes. From this behavior and
the corresponding value of the slope, it can be
inferred that the metal electrode/organic layer in-
terfaces are dominating the current noise plots.
One should note that the devices here were pre-
pared by a simple wet pre-cleaning process of the
substrates; further improvements of the pretreat-
ment of the substrates and of the metal electrode/
organic layer interfaces may result in a current
noise no more dominated by contact phenomena
but by intrinsic transport properties of the organic
bulk. Additionally, information gained by current
noise spectroscopy is also very promising for a
further improvement of device lifetimes, since de-
gradation of the devices was found to give reason
for a white power spectrum superimposed on the
slope of the pre-degradation current noise plot.
This behavior can be applied to detect the early
beginning of degradation of the devices under
operation with high sensitivity by a fast and easy
computational scheme; in combination with other

spectroscopic methods conclusions could be drawn
on the processes resulting in the irreversible mac-
roscopic failure of the devices.
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