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Key measurements
of ultrathin
gate dielectric
reliability and
in-line monitoring

High-performance CMOS products depend
upon the reliability of ultrathin gate dielectrics.
In this paper a methodology for measuring thin
gate dielectric reliability is discussed in which
the focus is upon the elements of those test
structures used in the evaluation, the design of
the reliability stress matrix, and the generation
of engineering design models. Experimental
results are presented which demonstrate the
reliability of ultrathin gate dielectrics measured
on a wide variety of test structures with
dielectric thicknesses ranging from 7 to 3.5 nm.
An overview is provided for thin gate oxide
reliability that was measured on integrated
functional chips—high-performance
microprocessors and static random-access
memory (SRAM) chips. The data from these
measurements spanned the period from early
process and device development to full
production. Manufacturing in-line monitoring
for thin gate dielectric yield and reliability is
also discussed, with several case histories
presented which show the effectiveness
of monitors in detecting process-induced
dielectric failures. Finally, causes of oxide
fails are discussed, leading to the process
actions necessary for controlling thin gate
dielectric defects.

Introduction
Thin gate dielectric integrity and reliability are
requirements for the development and manufacture of
VLSI and ULSI semiconductor devices. Achieving reliable
and high-quality thin gate dielectrics requires research and
development efforts to meet the demands for smaller
device geometry and better device performance. Because
the reduction of a chip’s power supply voltage has not
scaled with device geometry in successive generations,
operating electric fields for the dielectric have increased
[1]. For many years, thermally grown silicon dioxide has
been the primary gate dielectric and has demonstrated
robustness and effectiveness. For ultrathin (,3.0-nm) gate
dielectrics, oxynitrides (N incorporated in SiO2), are used
because of their greater immunity to electrical stress and
suppression of boron penetration [2– 4].

There are two mechanisms by which dielectric failure
(or breakdown) occurs: extrinsic or intrinsic failure.
Extrinsic failures occur with a decreasing failure rate over
time and are caused by process defects such as metallic,
organic, or other contaminants on the crystalline
silicon surface, and by surface roughness [5–7]. Most
extrinsic failures occur early in the lifetime of a device
and can cause significant reliability problems as the
number of dielectric fails exceed a predefined
specification. Failure rates generated extrinsically can be
reduced by applying a burn-in or voltage screening process
to the devices. The failures are accelerated at elevated
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voltages and temperatures. These procedures screen out
dielectric defects before the product is shipped, thereby
containing early life failure rates within product
specifications. Minimizing extrinsic defects in a process
and reducing dielectric fails early in the life cycle of a
product is important for processing ultrathin gate
dielectrics. It is also critical that reliability testing detect
systematic and/or random types of process-induced defects
that may contribute to an increase in number of dielectric
failures. In full-scale product manufacturing, in-line
monitoring of both yield and reliability ensures the tight
process control of defects to minimize the device and/or
chip failures.

The second type of failure for a thin gate dielectric,
sometimes referred to as wear-out, is intrinsic to the
material. Intrinsic failures occur with an increasing failure
rate over time and are usually caused by an inherent
imperfection in the dielectric material. It is essential
that these fails do not occur during the intended useful
lifetime of the device when it is operating under specified
conditions. The intrinsic failure of ultrathin gate dielectric
has been the subject of intensive research [8 –18]. The
process of intrinsic degradation in gate dielectric begins
with trap creation and formation of interface states as the
device gate dielectric is stressed at elevated voltages and
temperatures. The creation of these defects continues with
the injected current (and therefore time) until the defect
density reaches a critical value, after which dielectric
breakdown occurs. Parameters that affect when and how
the dielectric breakdown occurs include the applied stress
voltage, temperature, dielectric thickness, device dielectric
area, and intrinsic dielectric lifetime. The procedures
and methodologies for characterizing the ultrathin gate
dielectrics used in current metal– oxide–semiconductor
(MOS) devices are outlined in this paper. Examples of
the intrinsic behavior of SiO2-based dielectrics in the
thickness range of 7 nm to 3.5 nm are also discussed.

During product manufacturing, routine in-line
monitoring of thin gate dielectric yield and reliability is
essential. The monitoring is intended to detect dielectric
problems early in the manufacturing process and to
measure the dielectric performance of the final product.
In-line monitoring is usually performed at the wafer level
(i.e., prior to dicing and bonding of individual chips),
using specially designed test structures manufactured on
product wafers. It is important that the test structures and
the procedures for in-line monitoring be able to detect
both intrinsic and extrinsic dielectric defects so that
corrective action can be quickly taken.

Experimental procedures
From early device development to qualification and early
production, specific test structures for ultrathin gate
dielectric characterization are required in order to

understand and achieve the consistency required for
manufacturing. A minimum set of test structures is
developed so that manufacturing processes can be
consistently controlled. Our experimental results are
obtained from both short-loop test structures and fully
integrated chips in a complementary metal– oxide–
semiconductor (CMOS) dual-work-function technology
(i.e., n1-doped polysilicon gates for n-FETs and p1-doped
polysilicon gates for p-FETs). The polysilicon minimum-
linewidth-lithography-dimension technologies used in this
study range from 0.33 mm to 0.2 mm. The nominal thin
gate dielectric thickness ranged from 7 nm to 3.5 nm, with
the respective power-supply voltages (VDD) ranging from
3.3 V to 1.8 V. The gate dielectrics used for these devices
were silicon dioxide (SiO2) thermally grown in O2,
although some films were also annealed in N2O. All
technologies investigated used shallow-trench isolation
(STI). A more detailed description of the process details
can be found in [19].

The following test structures were used to study the
extrinsic and intrinsic properties of thin gate dielectrics
and to establish engineering models for dielectric intrinsic
breakdown:

● Large-area capacitors with both diffusion and STI-
bounded thin oxide. Some devices had floating gates
(unprotected), while others had the diffusion tied to the
gate at first-level metal (protected). Both n1 and p1

polysilicon gates were included in these test structures.
Some of these gates included polysilicon geometry with
1) large square areas, 2) a number of small rectangles,
or 3) narrow finger lines. Each structure contained the
same oxide area, with perimeter-to-area ratios (of the
thin gate dielectric) varying from approximately 0.01 to
1.0 (and higher).

● Product-like arrays of n-FETs and p-FETs, with each
array consisting of many individual FETs, each having a
small channel length and large channel width. Several
arrays are contained on each chip to allow for the
testing of different total thin gate dielectric areas.

● Large-area decoupling capacitors.
● n-FETs and p-FETs with different types of antennas

formed by either a single plate or fingers of polysilicon
and metal lines. (An antenna structure is a device in
which the polysilicon area is significantly larger than
the active device gate dielectric area.)

These test structures were designed so that the effect
of the oxide area upon the device lifetime could be
determined. Test structures with similar layouts but
different thin gate dielectric areas were included in these
measurements. The largest thin gate dielectric area on
a single structure was of the order of several square
millimeters. With the use of these different test structures,
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the sensitivity of the gate dielectric yield and/or reliability
to process layout could be determined. Device problems
such as process-induced defects, oxide thinning at the STI
edge, oxide perimeter fails resulting from polysilicon etch,
or issues related to the spacer could be measured using
the aforementioned devices. These structures were
subjected to time-dependent dielectric breakdown
tests (TDDB) at elevated voltage and temperature
conditions. Stress temperatures varied from 858C to 1808C,
while stress voltages were adjusted so that the dielectric
electric field was well above 8 MV/cm. In this high-field
regime, the thin gate dielectric current results from
Fowler–Nordheim tunneling [9, 10], and the intrinsic-
mode behavior for the gate dielectric breakdown is
observed. Dielectric breakdown was identified by any
instantaneous increase (usually more than 23) in gate
current.

Accelerated lifetime stress data were collected from
various individual devices, integrated SRAM and
microprocessor chips using the test structures
described earlier in which the thin gate dielectric thickness
ranged from 7 nm to 3.5 nm. Stress temperatures varied
from 1008C to 1408C, with stress duration ranging up to
1000 hours or more. Stress values for power-supply
voltage (VDD) ranged from 2.5 V to 5.5 V. Such stress
conditions were suitable for studying the extrinsic-mode
behavior, in which thin gate dielectric failures occur because
of process defects. Functional stress failures were subjected
to physical failure analysis to determine their cause.

Routine in-line monitoring of thin gate dielectric yield
and reliability during manufacturing is necessary to detect
problems early and to define corrective actions. The test
structures and procedure for in-line monitoring of thin
gate dielectrics were designed to detect problems with
either intrinsic or extrinsic thin gate dielectric failures.
The test structures include components for both STI and
diffusion-bounded thin gate dielectric regions in n1 and
p1 polysilicon-gated devices. In-line testing of thin gate
dielectrics was performed at the wafer level at room
temperature. The yield was initially determined by
measuring gate dielectric leakage at nominal operating
voltage conditions and then performing a voltage ramp
test. The ramp test was performed at voltage ramp rates
of 10 V/s or less, with the gate voltage ramped to exceed
an electric field of ;12 MV/cm, thus inducing an intrinsic
breakdown on all chips. The cumulative percentage of
gate dielectric failures as a function of breakdown voltage
was determined from this test. In-line testing was also
performed on antenna devices to detect problems caused
by in-line charging effects.

Results and discussion
Figures 1–3 show examples of Weibull (statistical)
distributions of the cumulative fraction (F) of ultrathin

gate dielectric breakdown (failures) as a function of stress
time. The accelerated life stress data were obtained by
wafer-level stressing at a constant voltage. Details
concerning test structures, gate stress voltages, stress
temperatures, and gate dielectric thickness are given in
Table 1. For all stress conditions, the diffusions, substrate,
and n-well terminals are grounded, while positive and
negative gate stress voltages were respectively used for n1

and p1 diffusion-bounded capacitors. Under these bias
configurations, the silicon surface is inverted; therefore,
a uniform electric field is present across the thin gate
dielectric. The gate dielectric thickness indicated in Table 1
for the various cases was determined by measuring STI-
bounded thin dielectric capacitors with the gate biased to
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accumulate the silicon surface (negative for p-substrate
and positive for n-well). This thickness was determined
from the gate capacitance at low gate bias values.

The reader should observe that in Figures 1 and 2, all
five test structures have very similar Weibull distributions
for gate breakdown. Specifically, no significant difference
(,32%) exists between any two of the five structures
as far as characteristic lifetime (time to reach 63.2%
cumulative percent fails) is concerned. The characteristic
lifetime (63.2%) is the time at which the Weibull function
ln[2ln(1 2 F)] is equal to zero. Also, there are no
statistically significant differences in the values of the
shape factor (i.e., the slope of the Weibull distribution)
for all five structures. Table 1 demonstrates that there
were no significant differences between the breakdown
distributions of various structures where the perimeter-to-
area ratio was varied from 0.01 to 1.0. Gate dielectric
breakdown distributions were a function only of the
oxide area and not the perimeter-to-area ratio. (All five
structures have the same total dielectric area.) In addition,
there were no significant differences between structures in
which the gate was or was not connected to a diffusion to
substrate or an n-well (protected versus unprotected). This
indicates that for the structures listed in Table 1, in-line
charging (which usually arises during the polysilicon etch)
did not affect breakdown distributions. Another significant
observation can be made about the results shown in
Figures 1 and 2: For all five structures, the Weibull
breakdown distribution can be approximated by a straight-
line fit, which is indicative of the intrinsic wear-out of the
thin gate dielectric. With a straight-line fit for the Weibull

distributions in Figures 1 and 2, the shape factor values
were 2.71 for the n-FET at 6.2 nm [Figure 1(a)], 2.70 for
the p-FET at 6.2 nm [Figure 1(b)], and 2.22 for the n-FET
at 3.63 nm (Figure 2). These results show a reduction in
the shape factor as dielectric thickness is reduced. The
values are consistent with previously published results
[20], where the shape factor is presented as a function
of dielectric thickness for the intrinsic wear-out. There
is no evidence of a significant extrinsic defect failure
mode, which is usually associated with a much lower value
of the shape factor. These results show that a single
failure mode is evident which is consistent with intrinsic
breakdown.
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Figure 3 shows examples for Weibull distributions of the
cumulative fraction fails versus stress time for (a) n-FETs
and (b) p-FETs, respectively, each with a different shape
of antenna structure but with a constant antenna ratio
of 350:1. Antenna device structures include polysilicon
fingers, polysilicon plates, metal fingers, and metal plates.
Figure 3 also shows data from a reference device with
no antenna. It should be observed that for all device
structures (reference and antenna) the Weibull
distribution for cumulative fraction fails can be
approximated by a single straight-line fit which is
representative of the intrinsic mode of dielectric
breakdown. Therefore, no extrinsic defect failures were
observed for either the reference FETs or the antenna
devices. In addition, ,30% difference was found between
the characteristic lifetime of the antenna devices and the
reference devices, which suggests there is no significant
in-line charging effect on thin gate dielectric breakdown.

A key parameter for intrinsic dielectric breakdown is
the thin gate dielectric area. As demonstrated earlier,
the breakdown of these devices does not depend on the
perimeter-to-area ratio, indicating no particular process
weakness or sensitivity at the dielectric perimeter. Figure 4
shows a logarithmic plot for the normalized lifetime at
50% cumulative fails versus dielectric area for n1 diffusion-
bounded 5-nm thin gate dielectric. All structures with
different areas were stressed at 1408C and 5.75 V.
Lifetime normalization is computed by dividing each
device lifetime by the lifetime of the 10 000-mm2 device.
Six different dielectric areas ranging from 2.5 mm2 to
9.0 mm2 were used to generate these data. A straight line
on a log–log scale provides an excellent fit to the data in
Figure 4, which suggests a power-law relationship between
the intrinsic lifetime and the thin gate dielectric area. This
area dependence of the cumulative probability of failure
(F) follows a Poisson model in which F 5 exp(2DA),
where A is the dielectric area and D is a defect density.

The Poisson-like nature of this area dependence
demonstrates that the intrinsic dielectric failures (for the
devices discussed above) are randomly distributed over a
given dielectric area.

The value of the applied stress voltage has a significant
effect on the intrinsic dielectric breakdown. The
dependence of the dielectric lifetime on gate voltage was
obtained by stressing many groups of dielectric samples in
which the stress voltage was the only parameter varied. All
other device and measurement parameters (i.e., dielectric
thickness, stress temperature, and dielectric area) were
held constant. In Figure 5 the normalized lifetime (at 50%
cumulative failure) is shown as a function of the gate
stress voltage. The normalized lifetime is obtained by
dividing the lifetime of each sample by the lifetimes at a

Table 1 Details of test structures, gate dielectric thickness, and stress conditions for Figures 1–3.

Figure Polysilicon
gate

Gate
edge

Type of
layout

Oxide area
(mm2)

Perimeter/
area

Thickness
(nm)

Gate
voltage

(V)

Temperature
(8C)

1 n1 & p1 n1 & p1

diffusion
One square,

squares,
fingers

62,000 0.01 6.2 7.0 140
62,000 0.12
62,000 1.00

2 n1 n1

diffusion
One square,

squares,
fingers

62,000 0.01 3.63 4.1 180
62,000 0.12
62,000 1.00

3 n1 & p1 n1 & p1

diffusion
n-FET 350:1

antennas;
polysilicon,

metal

5.0 8.1 5.0 6.7 140
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stress voltage of 5 V. The data shown in Figure 5 are for
an n-FET with a dielectric thickness of 3.6 nm, an oxide
area of 62 000 mm2, and a stress temperature of 1808C.
These data indicate that the relationship between the
logarithm of device lifetime and the applied gate voltage is
approximately linear at voltages equal to or less than 4 V.
Above 4 V this relationship becomes highly nonlinear.
For smaller dielectric thicknesses, the relationship between
the logarithm of lifetime and stress voltage approaches
linearity at low voltages. These data support the use of a

model in which an exponential dependence of the device
lifetime on the applied stress voltage is valid at low
applied bias conditions. This model is commonly referred
to as the E model [5, 9, 20]. The dependence of dielectric
lifetime on stress temperature was obtained in a manner
similar to that used to obtain the voltage dependence
(i.e., only the stress temperature was varied and all other
parameters held constant). An activation energy in the
temperature range of interest was determined from an
Arrhenius plot of the data. The dependence of the
lifetime on the dielectric thickness was found to be
nonlinear. This dependence shows a decreasing lifetime
with decreasing dielectric thickness [20]. Using this
dielectric wear-out model, the maximum operating
conditions for voltage and temperature for any desired
oxide area, oxide thickness, and failure criterion (e.g.,
parts-per-million failures at the end of a desired useful
lifetime) can be determined.

In-line monitoring for both yield and reliability was
performed on n1 and p1 diffusion-bounded test structures
which have a sufficient STI perimeter with the thin oxide.
The voltage was ramped at a rate of 10 V/s or lower for
test structures held at 308C. The total oxide area was in
excess of 0.1 mm2. The polarity of gate stress voltage
produced an inverted silicon surface. A good correlation
between the results of accelerated time-dependent
dielectric breakdown (TDDB) testing and in-line voltage
ramp test was obtained. In Figure 6, accelerated TDDB
stress results are shown for both high-quality and defective
5.5-nm thin gate oxides. Test structures for both types
of oxide were stressed at a gate voltage of 5.75 V at
1408C. The high-quality oxide data from Figure 6 show a
steep intrinsic wear-out behavior with a shape factor for
the Weibull distribution in excess of 3.0. On the other
hand, the defective oxide data points in Figure 6 show
degraded performance, with a significant extrinsic defect
contribution where the shape factor is only 0.43. Voltage
ramp test results for the defective oxides are shown in
Figure 7. These data show a linear relationship between
the logarithm of lifetime (i.e., under TDDB testing
conditions) and the ramp breakdown voltage [21–24].
Correspondingly, a linear relationship exists between the
Weibull function of cumulative failures and the ramp
breakdown voltage. Figure 7 shows that the high-quality
oxides exhibit steep wear-out, while defective oxides have
a significantly shallower distribution that is indicative of a
degraded reliability. Results in Figures 6 and 7 show that
a voltage ramp test can be very effective in detecting
dielectric reliability problems.

Test structures for in-line monitors of thin gate
dielectrics were designed to detect dielectric problems
caused by extrinsic defects at either the STI or diffusion
perimeter with the thin gate dielectric. A detailed study of
the manner in which the dielectric thickness affects yield
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and reliability revealed that a reduction of thin gate
dielectric thickness at the STI edge caused above-average
levels of dielectric fails on chips at the perimeter of a
wafer. This problem, detected with in-line dielectric
monitors, was corrected. Further studies of this defect
used samples of large-area capacitors with dielectric
thicknesses ranging from 7 nm to 4.5 nm. The yield of
these devices was first tested at normal operating voltages
(3.3 V–2.5 V) and then stressed at elevated voltage and
temperature conditions. The percentage of cumulative
failure for ten years of continuous use at normal operating
conditions of voltage and temperature was calculated from
the stress results. Table 2 shows the results for three
different groups of capacitors with dielectric thicknesses of
7 nm, 5.5 nm, and 4.5 nm. The total thin gate dielectric
area for each group of capacitors exceeded 50 cm2. The
initial value of gate dielectric leakage was used as the
measure of yield, where a gate current in excess of 25 nA
(at a predetermined voltage) was considered a failure. For
a good device the normal gate current was ,,25 nA. The
normalized yield values (as determined using the gate
leakage criterion mentioned above) shown in Table 2 were
obtained by dividing the yield for each group of capacitors
by the yield for the capacitor with a 7-nm dielectric
thickness. The number of reliability failures for ten years
of use at operating conditions was normalized for each
group to the value that corresponds to 7-nm dielectric
thickness. Table 2 shows that the effect of the process-
induced extrinsic defects on both yield and reliability
increases as gate dielectric thickness is reduced. Since
these results are only for the STI edge dielectric problem,
no attempt has been made to extend them to a more
general relationship between dielectric yield and
reliability. As shown in Figure 8 for these types of defects,
gate dielectric problems can be observed in both yield and
reliability measurements.

The assertion that the STI defect mechanism mentioned
above is an extrinsic defect mechanism is observed in the
burn-in results given in Figures 9(a) and 9(b). Pre-burn-in
test failures on a high-performance microprocessor with a
thin gate dielectric problem are shown in Figure 9(a). The
contribution of decoupling capacitor failures relative to all
failures other than dielectric on the chip, prior to burn-in,
is also shown. Decoupling capacitors on microprocessor
chips contribute significantly to thin gate dielectric
perimeter with STI and therefore are expected to be
sensitive to this particular defect. Accelerated life test
results for a microprocessor, following a conventional
burn-in at 1408C, are shown in Figure 9(b). No
contributions from the decoupling capacitors were
observed after burn-in, indicating that burn-in is
effective in screening out extrinsic dielectric defects.

The data shown in Figure 10 demonstrate the
effectiveness of in-line thin gate dielectric monitors in

identifying reduced dielectric yield during a specific period
on one of three etch tools. Here, dielectric monitor results

Table 2 Normalized (to results at 7 nm) yield and number
of reliability fails for large-area capacitors with different oxide
thicknesses for hardware with known dielectric problem at STI edge.

Oxide
thickness

(nm)

Normalized
yield

Normalized
number of

reliability fails

7.0 1.00 1.00
5.5 0.96 3.00
4.5 0.64 4.50
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and physical failure analyses were used to determine the
cause of a process problem that resulted in a significant
yield loss (Tool 2 in Figure 10) on these tools. This
problem was related to a spacer etch tool and dielectric
fails that occurred at the diffusion perimeter. When
this problem was corrected, dielectric yield returned
to normal.

Physical failure analysis is important for thin
gate dielectric integrity in both development and
manufacturing, since it tracks and identifies gate dielectric
fails on chips for engineering, qualification, or production
samples. It can also identify a failure, i.e., whether it
occurred at the perimeter or in some particular device
area, as well as the type of device or circuit involved. This
analysis can then be correlated with chemical, optical, or
electrical analyses performed. In this and other studies,
it has been found that for chips manufactured with thin
gate dielectric thicknesses of 7 nm to 3.5 nm, thin gate
dielectric failures account for fewer than 10% of all chip
failures. This low percentage includes both yield and
reliability failures for SRAMs, microprocessors, and
custom logic chips. The oxide failures are randomly
distributed across the gate dielectric area, with metallic
particle contaminants identified at the site of failure.

The removal of metallic contaminants, most commonly
iron, is a major challenge for reducing defect density
in ULSI MOSFET chip manufacturing. Three major
components must be addressed in order to control this
type of contamination: 1) substrate design, specification,
and qualification; 2) control of pre-gate wet cleaning; and
3) qualification and control of device hot-process tools.
For substrate design and qualification, the objective is to
minimize the effects of metal contaminants in device
active areas. Back-side surface roughness and p1

substrate regions with high boron and dissolved oxygen
concentrations are gettering sites for impurity metals that
are dissolved in the silicon. All of these sites are located
well below the active device region. To minimize back-side
impurity gettering effects, a pad oxide is grown and a pad
nitride deposited on all wafers. The pad nitride is one of
many barrier films on the back side of the wafer that
lowers the sensitivity to gate yield loss caused by metal
contamination from robot handlers and/or from
measurement tools. The addition of silicon nitride as a
diffusion barrier prevents back-side metal contamination
from diffusing into the silicon and possibly into the active
areas of a device. A more detailed discussion of metallic
contamination and its control can be found in [25].

Summary
Reliability data for dielectrics with thicknesses ranging
from 7 nm to 3.5 nm have demonstrated that thin gate
dielectric in high-performance CMOS products can
be fabricated without significant contribution arising
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from extrinsic defects or in-line charging. The Weibull
distribution characteristics of the cumulative fraction of
failures for different device structures are described for
the intrinsic failure mode using the distribution shape
factor and its dependence on oxide thickness. Also, the
characteristic life of the distribution has a dependence on
oxide area (not perimeter-to-area ratio). The methodology
for determining the dependence of dielectric lifetime
on stress voltage, oxide area, stress temperature, and
dielectric thickness is discussed. For chips manufactured
with 7-nm and 3.5-nm gate dielectrics, failures associated
solely with gate dielectric account for fewer than 10% of
all chip failures. The use of dielectric in-line monitors for
detection of dielectric degradation and control of the
quality of manufacturing production was described. Data
from product chips demonstrated that in-line monitors
were effective in detecting dielectric problems in the yield
and reliability for chips and/or devices.
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