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Foreword to Special Issue
on Reliability

The cost-effective achievement and verification of reliability objec-
tives is of vital and continuing importance in maintaining a lead-
ership position in electronics. Accordingly, successful electronic
companies apply major efforts toward assessing and improving
product reliability, as well as performance, quality and safety. High
product reliability is achieved by understanding the manufacturing
process, and by use of suitable designs, materials, processes, and
tests to insure that the product will meet or exceed the require-
ments of the application.

This issue of RCA Review contains seven invited papers on var-
ious aspects of the reliability of electronic components and sys-
tems. These papers, written by technical specialists in their fields,
are expected to be primarily of interest to other technical special-
ists concerned with the effects of designs and manufacturing tech-
nology on electronic device and equipment reliability. The articles
provide information on reliability of integrated circuits ranging
from plastic-encapsulated ICs for commercial applications to high-
reliability ICs for military and aerospace systems. They also include
a discussion of techniques for attaining high reliability in a satellite
communications electronic system in which a 10-year design life
is required.

The topics included in this issue represent a small fraction of
the total RCA effort on improving the reliability of products. As
might be expected, the subjects selected reflect, to some extent,
the interests of the guest editor.

The contributions of a large number of RCA personnel to the
preparation of this special issue are gratefully acknowledged, in-
cluding the scientists, engineers and associates who performed
the experimental studies, and also those who assisted in the prep-
aration and editing of the manuscripts. The efforts of those who
served as technical reviewers of the manuscripts are also very
much appreciated.

George L. Schnable
Head, Device Physics and Reliability
RCA Laboratories, Princeton, NJ 08540
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Reliability Characterization of High-
Speed CMOS Logic ICs

S. Gottesfeld and L. Gibbons
RCA Solid State Division, Somerville, NJ 08876

Abstract—Information is presented on the reliability testing of new high-
speed CMOS devices known commercially as QMOS. The re-
liability characterization of the early development product is
discussed and data is presented on more than 10,000 plastic-
packaged devices tested under accelerated stress conditions
during and after product qualification. The data generated
demonstrate a final plastic-packaged product with exception-
ally good reliability as compared with the more mature LSTTL
technology. Data is also presented to show excellent stability
under extreme mechanical and environmental stresses.

1. Introduction

The RCA high-speed CMOS technology, introduced in 1983 and
known commercially as QMOS, includes an extensive line of prod-
ucts that are pin compatible with many existing bipolar 54/74
LSTTL and CMOS 4000-series digital-logic types. The new devices
provide replacements for the most popular LSTTL devices in ex-
isting designs and also offer low-power all-CMOS designs for new
digital systems. The two series (HC and HCT) of CMOS high-speed-
logic integrated circuits are based on 3-micron minimum feature
size and self-aligned, polysilicon-gate technology; the structure is
illustrated in Fig. 1.

HCT-series devices are direct, drop-in replacements for 54/74-
series LSTTL devices, and can be intermixed with any TTL devices.
They operate at the same speed as LSTTL devices (eight nanosecond
typical gate propagation delay) and, simultaneously, offer the clas-
sical CMOS advantages, such as low power dissipation, low power
consumption (1/2000 that of LSTTL in the quiescent state), wide
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Fig. 1—Basic structure of high-speed CMOS logic devices.

operating-temperature range (—40°C to +85°C for plastic-package
types), noise immunity twice that of LSTTL at 5V, and improved
output-drive capability. The HC-series devices operate at CMOS
logic levels and are ideal for all-CMOS designs.

As with any new technology, the reliability of high-speed CMOS
logic had to be demonstrated. This paper discusses the reliability
characterization of the early developmental product, and presents
data on more than 10,000 plastic-packaged devices tested under
accelerated stress conditions during and after final product quali-
fication. The results show conclusively that the high-speed CMOS
technology is a reliable one, even when compared to the mature
LSTTL products.

2. Reliability Characterization During
Product Development

A number of reliability studies were conducted during the early
stages of product development in order to characterize the device
structure and process from a reliability standpoint. The stress tests
used to perform these studies were accelerated significantly above
normal application conditions to uncover all possible device limi-
tations that could adversely effect the reliability of the product.
Once detected, these limitations were addressed and corrected prior
to full-scale factory introduction.

One limitation, which was observed in early samples under ac-
celerated static bias-life conditions, was a positive shift in p-channel
threshold voltage Vrp. The increase in Vyp over time for three dif-
ferent accelerated bias-life temperatures is shown in Fig. 2. The
bias circuit for the developmental type used to generate these re-
sults isdiagrammed in Fig. 3. Fig. 4 shows an Arrhenius plot of these
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Fig. 2—Plot of average V;, shift over time on static bias-life test at 6V for
three temperature conditions (N = 20 per cell).

data for a 200-mV change in Vpp. The estimated activation energy
is 1.05 eV. This value was determined from the slope of the line and
is the energy that characterizes the temperature dependence of the
reaction rate of the Vypp shift mechanism.

Shifts in threshold voltage Vr have been known to occur under
bias at elevated temperatures in MOS devices.!~7 They are caused
primarily by movement of charge in the oxide at or near the silicon/
oxide interface. These shifts can cause a degradation in circuit
timing that can adversely affect device performance.

Several mechanisms are identified with this phenomenon. Per-
haps the best known is mobile ion contamination.?? Ions trapped
within the gate oxide (or entering it from the surrounding areas)
can drift, under conditions of bias voltage and high temperature,
and disturb the balance of charge at the silicon-oxide interface.
This mechanism is normally controlled through the use of clean
processing and phosphorus gettering techniques. Another well-
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Fig. 3—Static bias-life circuit for RCA developmental test vehicle TA11405
(quad 2-input NAND gate). 1,2,5 and 6 tied to ground (Vgs) and
inputs 8,9,12 and 13 tied to V,, = 6V.

known mechanism is the so-called slow-trapping instability.2® Al-
though the precise cause of this mechanism is still uncertain, it has
been attributed to hole-trapping in the oxide or to field-induced
dissociation of an additional Si bond in partially ionized Si atoms
near the silicon-oxide interface. It has been shown that this mech-
anism can be controlled through high-temperature oxide-annealing
steps.35 Other mechanisms identified with V instability include
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Fig. 4—Time to average AV;, = +200 MV for plastic molded device. Ac-
tivation energy is 1.05 eV.
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surface-charge spreading and hot-electron injection.? Last, V; in-
stability has been found to be accelerated by the diffusion of mois-
ture and/or impurities from the epoxy plastic package material.!6

Experiments conducted on the developmental high-speed CMOS
devices tended to incriminate package-related impurities as the
main cause of the observed Vyp instability. Tests were conducted
on epoxy-molded devices (using two different molding compounds),
ceramic-packaged devices with epoxy-mounted pellets, and ceramic-
packaged devices with AuSi eutectically-mounted pellets (no epoxy
present). The same pellet lot was used in each case. A plot of the
Vyp shift as a function of time and package variants is shown in
Fig. 5 for a test temperature of 175°C. The figure shows that the
AuSi-mounted pellet (no epoxy) in the hermetic ceramic package
was very stable in comparison to similar pellets mounted in several
epoxy-package variants; this result indicates that the presence of
the epoxy in some way affected the Vpp stability.
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Fig. 5—Plot of percent average V;, shift versus time at 175°C for four
package variants using the same pellet lot.
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It should also be noted that a pellet epoxy-mounted in a ceramic
package exhibited less Vp shift than either of the pellets in the
epoxy-molded packages but significantly more shift than a pellet
mounted in the ceramic package with a nonepoxy technique. Gas
mass-spectrographic analysis of the internal package environment
revealed a moisture content in the order of 40,000 ppm, indicating
probable moisture outgassing of the epoxy mounting material. The
difference in rate of Vyp shift between the two molding compounds
was attributed to possible differences in the moisture and/or im-
purity levels of each.

It is of interest to note that the activation energy of 1.05 eV,
presented earlier, is similar to that reported by M. Noyori, et al’
for moisture-induced V instability. In a paper by L. Gallace! and
another by M. Noyori,® data are presented which strongly suggest
that the V shifts observed in plastic-encapsulated, PSG-passivated,
polysilicon-gate CMOS devices is caused by diffusion of moisture
from the epoxy molding material.

Vrp instability was eliminated through the use of a high-temper-
ature silicon nitride (SizN,) layer deposited over the polysilicon
gate, a technique that has been used successfully in other polysil-
icon-gate technologies.! The SisN, layer provides a barrier to the
diffusion of moisture and ionic contaminants, and is currently used
in all RCA high-speed CMOS devices. Data demonstrating the sta-
bility of plastic-molded high-speed CMOS devices employing the
high-temperature nitride barrier layer are shown in Fig. 6. A
second method that demonstrated excellent results in preventing
V rp shifts, but one that has not yet been used in production, involves
the use of a plasma-enhanced silicon nitride overcoat. This overcoat
is employed in place of the phosphosilicate glass (PSG), or over a
layer of PSG, and eliminates the need for the SizN, barrier layer.
Fig. 7 demonstrates the stability of both silicon nitride methods
relative to the instability of product without a nitride layer.

3. Reliability Data from Production Samples

Once the design rules, wafer-fabrication process, and assembly pro-
cess were finalized, the high-speed CMOS technology was ready to
be qualified from a reliability standpoint prior to full-scale factory
introduction. The reliability test plan used for the basic technology
qualification, completed in May, 1983, is shown in Table 1. These
tests were continued on production samples as new types were in-
troduced. To date, 49 high-speed CMOS types, amounting to a total
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Fig. 6—Plot of average V;, versus time, demonstrating the stability re-
sulting from the use of the high-temperature-deposited nitride
(Si;N,) barrier layer at accelerated temperatures in the epoxy-
molded package.

of 10,731 devices, have undergone reliability evaluation. The test
results are discussed in the sections that follow.

3.1 Life-Test Results

Life tests are performed at elevated temperatures and maximum-
rated voltage in order to accelerate time-dependent failure mecha-
nisms related to conditions of temperature and electrical stress. Life
testing is the principal method used in predicting the failure rates
of components in actual field applications.

Results of accelerated static bias-life tests, as performed at tem-
peratures of 125°C, 150°C, and 175°C, are given in Table 2. The
maximum specified temperature rating for these devices in the
plastic dual-in-line package is 85°C. Thus, the tests performed are
significantly in excess of this rating. The static test biases the de-
vices in the off condition, so that no current flows from Vpj to
ground (Vgg). The resulting electric field accelerates leakage-cur-
rent mechanisms associated with a concentration of mobile ions in
and under the various dielectric layers. Leakage-current mecha-
nisms are considered the most prevalent life-related mechanisms in
MOS technology devices. Other mechanisms, such as time-depen-
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Table 1—High-Speed CMOS Technology Qualification:* Accelerated Reliability

Test Matrix

Accept

Minimum Sample Failure

Test Condition Duration Size Number
Static Life 125°C, Vp,p = 6V 1000 Hrs 50 1
Accel. Static Life 150°C, Vpp = 6V 1000 Hrs 50 1
Accel. Static Life 175°C, Vpp = 6V 168 Hrs 80 1
Dynamic Life 125°C, Vpp = 6V 1000 Hrs 50 1
Temp/Humidity/Bias  85°C/85% RH/6V 1000 Hrs 20 0
Temp/Humidity/Bias  93°C/98% RH/6V 240 Hrs 20 0
Pressure Cooker 15 psig, 121°C 192 Hrs 25 0
Thermal Shock -65°C to +150°C 1000 Cyc 50 1
Temperature Cycle -65°C to +150°C 1000 Cyc 50 1
Storage Life 150°C 1000 Hrs 20 0

* Approval of technology was based on meeting the above criteria on a minimum of
three production lots.
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molded package.
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Table 2—Static Bias Life Test

Test Conditions: T, = 125°C, Vpp = 6V

Lots Quantity Hours
31 1753 168 500 1000 1500 2000
Quantity Per Downtime 1753 1750 1702 921 861
Outside Specification* 3t 0 0 0 1t

Total Device-Hours = 2,617,504

Test Conditions: T, = 150°C, Vpp = 6V

Lots Quantity Hours
6 385 168 500 1000 1500 2000
Quantity Per Downtime 385 385 385 267 267
Outside Specifications* 0 0 0 0 0

Total Device-Hours = 652,000

Test Conditions: T, = 175°C, Vpp = 6V

Lots Quantity Hours

35 3039 168 336 500
Quantity Per Downtime 3039 356 116
Outside Specification* 5% 0 0

Total Device-Hours = 589,384

* Criticized to data-sheet limits
+ Parametric drift (bake recoverable)

dent dielectric breakdown and slow-trapping instability,” can also
be accelerated by this test.

The dynamic life-test data are shown in Table 3. This test stress-
es the devices in the on condition with an ac signal applied to
the inputs. Like the static bias-life test, this test also accelerates
mobile-ion movement, but to a lesser degree. The dynamic life test
is more effective in detecting imperfections in the metallization and
oxide layers than the static test, and more nearly simulates actual
application conditions.

The ten parametric-drift failures observed on the combined tests
were primarily leakage-current related, and recovered within spec-
ification limits after a 150°C, 24-hour bake. This bake-recovery ef-
fect suggests that this phenomenon is attributed to a mobile-ion
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Table 3—Dynamic Life Test

Test Conditions: T, = 125°C, V,, = 6V

Lots Quantity Hours
20 1189 168 500 1000 1500 2000
Quantity Per Downtime 1189 1189 1189 457 457
Outside Specification* 1t 0 0 0 0

Total Device Hours = 1,646,000

* Criticized to data sheet limits.
t Parametric drift (bake recoverable).

condition. The established activation energy for this mechanismS is
in the neighborhood of 1.0 to 1.4 eV.

Based on these results, an activation energy value of 1.0 eV was
assumed for predicting the failure rate at the lower temperatures.
These predictions are shown in Fig. 8 as a function of temperature
and in Table 4 for both the maximum-rated temperature of 85°C
and nominal-use condition of 55°C. The calculated 85°C failure rate
(%/1000 at 60% UCL) for the LSTTL technology is 0.008; for high-
speed CMOS devices from RCA and two other major manufacturers,
the failure rates are 0.0019, 0.0086, and 0.0039, respectively. These
values were calculated by extrapolation of published test data®-1!
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Fig. 8—Plot of failure rate versus temperature for plastic-molded high-
speed CMOS logic based on 1.0-eV extrapolation of accelerated-
test data.
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Table 4—Failure Rate Estimation at Maximum-Rated (85°C) and Nominal Use
(55°C) Temperature (Activation Energy = 1 eV is Assumed)

. Equivalent Failure Rate
Total | Devices Device Hrs %/1000 Hrs @ 60% UCL
Devices | Outside
Condition Tested Spec. 85°C 55°C 85°C 55°C
Static 5177 9 5.5 x 10° 1.0 x 10'° .0019 .0001
Dynamic 1189 1 42 x 107 8.1 x 108 .0047 .0002
Combined 6366 10 6.0 x 10® | 1.08 x 10" .0019 .0001

using an activation energy of 1.0 eV. As can be seen, the RCA
failure rates derived from the data presented in this paper compare
very well with LSTTL and extremely well with the product of other
suppliers of high-speed CMOS ICs. The product used to develop the
failure rates in Table 4 received no burn-in or stress-test screening
to remove possible infant failures prior to being subjected to life
testing. Thus, these failure rates are for commercial-grade product.

In addition to the life tests described above, a nonbiased high-
temperature-storage test was performed at 150°C on 130 devices.
This test stresses the devices from the standpoint of temperature
alone. No failures were encountered on this test in a 1,000-hour
period.

3.2 Moisture-Test Results

Moisture tests are conducted to determine the susceptibility of the
plastic-packaged device to moisture penetration. The primary path
of moisture ingress is at the lead-frame/plastic interface. Once mois-
ture reaches the chip surface in the presence of certain contami-
nants, an electrolytic cell can form, resulting in corrosion of the
aluminum. The two stress tests commonly used to evaluate the
moisture capability of plastic-encapsulated devices are tempera-
ture-humidity-bias (THB) and pressure-cooker tests.

In the THB test, devices are placed in a chamber under rated
bias-voltage at a specified relative humidity and temperature. The
bias condition is static rather than dynamic to assure that little or
no power is dissipated by the device under test; dissipation can
cause a temperature rise in the chip above that of the ambient.
Temperatures significantly above the ambient can drive moisture
away from the chip surface, reducing the intended stress. The test
conditions most often used in the industry consist of a temperature
of 85°C, a relative humidity (RH) of 85%, bias voltage in accordance
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Table 5—Temperature-Humidity-Bias Test (THB)

Test Conditions: T, = 85°C, RH = 85%, V,, = 6V

Lots Quantity Hours

11 218 168 500 1000 7000
Quantity Per Downtime 218 218 218 20
Outside Specifications* 0 0 0 0

* Criticized to data-sheet limits

with the maximum rating, and a test duration of 1,000 hours; this
is commonly referred to as an “85/85” test. The data obtained under
the 85/85 conditions are shown in Table 5. No corrosion-related
failures have occurred on this test, with one sample tested to 7,000
hours.

In addition to the 85/85 test, a more accelerated, shorter-duration
THB test performed at 93°C and 98% RH was employed (93/98 test);
this test provides a 4.5 acceleration over the 85/85 test.1? The data
shown in Table 6 are for a 93/98 test duration of 216 to 240 hours,
which is approximately equivalent to 1,000 hours of 85/85 testing.

Pressure-cooker testing involves placement of the devices just
above the water level in a pressure-cooker chamber. A pressure of
15-psi above normal atmospheric pressure is then applied. This
pressure corresponds to a relative humidity of 100% (saturated
steam) and a temperature of 121°C inside the chamber. The pres-
sure-cooker test provides a method of rapidly forcing moisture into
the package and, in this respect, is more accelerated than the THB
test. The mechanisms brought out by this test are similar to those
of THB, except that the bond-pad area (rather than the inboard
metallization) tends to be the primary area affected. Extensive data

Table 6 —Accerated Temperature-Humidity-Bias Test (THB)

Test Condition: T, = 93°C, RH = 98%, V,, = 6V

Lots Quantity Hours
18 430 216 — 240
Outside Specification* 3+

* Criticized to data-sheet limits
+ Parametric drift (no corrosion)
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Table 7—Pressure-Cooker Test

Test Conditions: 15 psi, 121°C

Lots Quantity Hours
23 1182 48 96 144 192
Quantity Per Downtime 1182 1182 1182 1007 Total
Outside Specification* 1 2 1 3 7t

* Criticized to data-sheet limits
+ Parametric drift (no corrosion)

collected on this test, and displayed in Table 7, show no corrosion-
related failures.

3.3 Thermal-Cycling Results

Because of the differences in the thermal-expansion properties of
the materials used in the construction of the molded plastic
package, sudden and extreme changes in temperature can produce
stress within the package. This stress can affect the bond-wire
integrity and crack the die or glass protect layer. However, with
improvements in the manufacture of plastic-packaged devices over
recent years, susceptibility to these types of failure modes has been
significantly reduced, if not eliminated, particularly under appli-
cation conditions. These improvements have been accomplished
through the use of better plastics, which provide a closer thermal
match to the package materials, and fully automated assembly pro-
cessing.

One test used to characterize the capability of a device to with-
stand extreme thermal-cycling stress is thermal shock. To induce
thermal shock, devices are submerged in an inert, hot (150°C) fluo-
rocarbon liquid for a specified time, and then immediately trans-
ferred to a cold (—65°C) fluorocarbon liquid for an equal period of
time. These conditions represent an acceleration of stress signifi-
cantly beyond application levels. The data in Table 8 show that only
two parametric drift failures (noncatastrophic) occurred in over
1,300 devices started on this test.

The second thermal-test method employed is temperature cycling.
In this method, devices are transferred from hot-air (150°C) to cold-
air (—65°C) chambers, instead of liquid baths as in the thermal-
shock test. In addition, the cycle duration (20 to 30 minutes) is
longer than that used in the thermal-shock test. The data in Table
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Table 8—Thermal Shock Test

Test Conditions: T, = —65°C to +150°C, liquid-to-liquid, 10-sec transfer, MIL-STD 883,
Method 1011.2

Lots Quantity Number of Cycles
33 1320 200 500 1000 1500 2000
Quantity Per Downtime 1320 1020 870 75 50
Outside Specifications* 0 0 21 0 0

* Criticized to data-sheet limits and hot continuity (125°C).
+ Parametric drift

9 show that no failures were detected until the downtime following
1,000 cycles, which apparently approximates the point at which
bond-wire wearout begins. The fact that no failures occurred prior
to this number of cycles assures product capability under normal
application conditions, which are significantly less severe than
those used during testing.

4. Conclusion

The data presented in this paper demonstrate the effect of the ex-
tensive testing of high-speed CMOS product at stress levels signif-
icantly greater than the conditions the product would meet in typ-
ical applications. More than 10,000 fully qualified production sam-
ples were examined and the resulting data shows that high-speed
CMOS devices possess a high standard of reliability, a standard that
compares very favorably with that of the widely used, more mature
LSTTL products and with the reliability figures of other high-speed
CMOS suppliers.

Table 9—Temperature Cycle Test

Test Conditions: T, = —65°C to +150°C, air-to-air chambers, 20 to 30 minute dwell time,
MIL-STD 883, Method 1010.3

Lots Quantity Number of Cycles
29 1085 200 500 1000
Quantity Per Downtime 1085 755 480
Outside Specification* 0 0 5t

* Criticized to data-sheet limits and hot continuity (125°C).
t Continuity
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Dielectric Integrity of the Gate Oxide in
SOS Devicest

R. K. Smeltzer and C. W. Benyon, Jr.
RCA Laboratories, Princeton, NJ 08540

Abstract—Circuits fabricated in CMOS/SOS are very attractive for appli-
cations that require complex, high-density designs and that
have special performance requirements, such as speed and
radiation tolerance. In the case of an isolated-mesa SOS tech-
nology, the dielectric integrity of the channel oxide can be a
key reliability issue, especially as device size and oxide thick-
ness are reduced. In this paper dielectric integrity is described
in terms of gate-oxide leakage current and catastrophic break-
down. The significance of the island edges and certain process
modifications in the determination of channel-oxide dielectric
integrity are discussed in detail. It is suggested that high-tem-
perature processes enhance dielectric integrity because of a
mechanism associated with stress relief and viscous flow in
silicon dioxide. Various topographical modifications that in-
crease dielectric integrity are described. Based upon the char-
acterization of large arrays of SOS structures with oxides as
thin as 35 nm, it is believed that the intrinsic dielectric integrity
of SOS devices will not be a limitation to further development
of the technology.

1. Introduction

For many years now, it has been recognized that the integrity of
the gate oxide in MOS devices is a key issue for both yield and
reliability of integrated circuits. Random-access memories, because
of their very large total gate area, are the circuits most sensitive to
this failure mechanism, and as early as 1976 it was suggested! that
oxide breakdown can be the primary failure mode of a RAM. The

t Presented, in part, at the 1983 IEEE SOS/SOI Technology Workshop, Oct. 1983.
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reliability aspects of gate-oxide dielectric integrity are perhaps
more critical than the yield issue, because of the need to design
appropriate tests that will accelerate rates of potential failure mech-
anisms in circuits. With the continuing trend toward increases in
circuit complexity and decreases in the size of devices, gate oxides
will be required in the future to withstand even higher electric
fields than those of today; hence, the need to understand the factors
that dominate the dielectric integrity of the gate oxide in an MOS
technology will become more important.

In the work described here, characterization of the dielectric in-
tegrity of the gate oxide in various CMOS/SOS processes was done.
The purpose of the investigation was two-fold: to assess the merits
of certain process variations from the viewpoint of reliability goals
and to further enhance the understanding of the factors that control
dielectric integrity in SOS structures. Only isolated-mesa processes
were investigated, primarily because the RCA production processes
are of this type. A major motivation for this work was the discovery
that the dielectric integrity of the channel oxide in devices made
with a low-temperature SOS process is not as good as that in devices
made with processes that include post-oxidation temperatures near
1050°C. Because the use of low temperatures is critical for the fab-
rication of radiation-hardened circuits,2 which are now in volume
production, and for high-density circuits with device dimensions
near 1 wm, a further study of dielectric integrity was deemed to be
timely.

Because of some of the unique topographical features associated
with SOS devices, the issue of dielectric integrity in SOS technology
has been of special interest for many years. Transmission electron
microscopy has been used® to characterize the topographical struc-
ture of selectively-etched, oxidized silicon islands; features such as
the very sharp corner at the top of the island and the reduced oxide
thickness on the sidewall near top and bottom of the island are
certainly potential problems with respect to dielectric integrity of
the channel oxide. During the past few years, various approaches,
including a variety of quasi-planar schemes, have been considered
to enhance the dielectric integrity in SOS devices, and a recent
review? provides an overview and bibliography of the work in this
area. Although planar-type SOS structures do offer a significant
improvement in dielectric integrity over that found in isolated-mesa
structures,>8 the planar structure, because of the parasitic sidewall
transistor with a thick oxide, does not appear to be suitable for the
fabrication of circuits in one of the major areas of application for
SOS technology, radiation-hardened systems. Therefore, this work
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was limited to an investigation of process variations within the
constraint of an isolated-mesa technology.

It should be noted that problems associated with the topology of
silicon devices and dielectric integrity are not unique to SOS tech-
nology. For example, the thin gate oxide, near the isolation region,
produced in selective oxidation processes in bulk silicon technology
has been a subject of concern for many years’® and is still an issue
today.? Furthermore, there is no evidence to suggest that the fun-
damental physical mechanisms associated with the dielectric integ-
rity of the channel oxide in SOS devices are any different from those
associated with devices in bulk silicon.

After some remarks with regard to test structures and character-
ization methods, this paper describes the results obtained from a
variety of experiments. These experiments were designed to en-
hance our understanding of the role edges play in the determination
of dielectric integrity and to attempt to produce topographical mod-
ifications favorable to the enhancement of dielectric integrity in an
isolated-mesa SOS structure. The fast-ramp characterization tech-
nique employed during this work was found to be a very good in-
dicator of the viability of the various process modifications. A
number of processes that offer a dielectric integrity enhanced over
that produced by the straightforward, KOH-based, selective island-
etching process were developed during the period of this investi-
gation. A particular dry island-etching process was found to be
easily implementable in a factory environment. Present reliability
data'® demonstrate that the process is suitable for the fabrication
of high-density, CMOS/SOS RAMs with a 50-nm-thick channel
oxide, and the results presented here indicate that devices with
oxides at least as thin as 35 nm can be made with present tech-
nology.

2. Test Structures

The devices used in this study were fabricated with variations of a
self-aligned, n* polysilicon-gate, CMOS/SOS process. The initial
thickness of the silicon films was 0.6 um. Structures with feature
sizes in the range from 5 to 1.5 um were examined. Included among
the process variations were different maximum process tempera-
tures after growth of the channel oxide, various thicknesses of the
channel oxide, and modifications of the topography of the silicon
islands. Channel oxides were grown in pyrogenically-generated
steam. As mentioned above, all test structures were of the isolated-
mesa type.
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A variety of test structures were characterized. Primary emphasis
was given to the measurement of the dielectric integrity of large
arrays of transistors in parallel, so that a large number of devices
could be sampled. On some wafers, arrays of various sizes were
available, and as many as 5000 devices could be simultaneously
stressed. In most cases, however, an array with 480 transistors was
used. All the arrays consisted of n-channel, edge-type transistors;
that is, the polysilicon gate forms a continuous path over the
channel oxide on the sidewalls and the top of the mesas. As dis-
cussed below in more detail, what is really being characterized is
the dielectric integrity of the oxide near edges in such SOS struc-
tures.

Characterization of the dielectric integrity of both edge-type and
edgeless single transistors was also done. Hence, it is possible to
determine more clearly the effects associated with the edges of the
silicon islands. The characteristics of the edgeless transistors are
also important, because input protection devices in circuits contain
transistors of this type. The presence of a large number of single
devices also makes possible a detailed characterization of time-de-
pendent breakdown phenomena, but this is the subject of another
study.!!

3. Characterization Methods

A variety of techniques for the characterization of dielectric integ-
rity in device structures are known. At least three methods are
commonly used: current measurements in response to a ramped
voltage, breakdown measurements in response to a stepped-voltage
pulse, and time-dependent breakdown measurements. Each of these
methods has its merits, which, to some extent, represent a trade-off
between convenience of the measurement and the accumulation of
basic information. In view of the purposes of this investigation, pri-
mary emphasis was given to the ramped-voltage measurement and,
to a lesser extent, to measurements with a stepped-voltage signal.
Both of these measurements are reasonably convenient for the pur-
pose of evaluation of the effects associated with a process experi-
ment. In bulk silicon devices it was shown,!? furthermore, that a
direct relationship exists between catastrophic breakdown as mea-
sured by a ramped-voltage test and the information obtained from
the analysis of time-dependent breakdown data. Recent data ob-
tained from SOS devices shows this same relationship.!!

The ramped-voltage characterization technique offers the possi-
bility of measurement of the current flow through the oxide during
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the test, and we believe that, in some cases at least, the character-
istics of the pre-breakdown current may be as important as the
magnitude of the catastrophic breakdown voltage. It was found, for
example, that there is no fixed relationship between the cata-
strophic breakdown voltage and the onset of gate leakage current
in variant SOS structures; in many cases, it was observed that pre-
breakdown leakage-current characteristics could be affected
without changing the voltage at which catastrophic failure oc-
curred. Furthermore, much evidence to suggest that the ultimate
failure of thin oxide films is directly related to charge injection and
trapping has accumulated during the past few years,'3-1% and such
effects will become much more significant as channel oxides are
scaled-down in thickness. The measurement of pre-breakdown cur-
rent-voltage characteristics also makes possible at least speculation
about the mechanism of breakdown and allows one to examine the
role of charge trapping in the oxide. A final, important point with
regard to the significance of the pre-breakdown current-voltage
characteristics is that the reproducibility of these characteristics
was found to be a very sensitive indicator of process reproducibility
and consistency. In contrast, the value of gate voltage at which
catastrophic breakdown of the channel oxide in an array occurs
tends to be much more variable.

Measurement of the current-voltage characteristics was done
simply by the application of a voltage ramp between the gate and
the source and drain of the devices. Current was measured with a
logarithmic current detector. A typical ramp rate was about 108 V/
cm-sec, which was chosen primarily because this value is in the
fast-ramp range where the current-voltage characteristics tend to
be independent of the ramp rate; with slower ramp rates, the mea-
sured currents are strongly dependent upon the ramp rate. This
dependence of current on the applied ramp rate is presumably due
to charge trapping in the oxide, and this subject is discussed later.

During the early part of this work, the effect of the polarity of
the gate-bias sweep was investigated to determine if a worst-case
bias condition existed; if so, measurements could then be concen-
trated upon the weaker condition. A large number of single tran-
sistors, edge and edgeless of both n and p types, were characterized.
For devices with edges, it was always found that higher currents
and slightly lower breakdown voltages were associated with a pos-
itive gate bias, and there was a tendency for n-channel devices to
break down at voltages slightly smaller than those of p-channel
devices. In the case of edgeless transistors, it was observed that the
weaker condition was associated with a negative gate bias. These
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observations are what one would expect in view of the topographical
features of the SOS devices and the fact that electrons are the pri-
mary charge carrier in the silicon—silicon-dioxide system when car-
rier injection is done by the method used in this work. For devices
with edges, the sharp upper edges of the silicon island are the re-
gions with the highest electric field, and electron injection from
these edges would be favored by a positive gate bias. In the absence
of edges, the rougher interface is probably that of the polysilicon-
oxide, and electron emission from the polysilicon is then favored for
a negative bias on the gate. Based upon this information, the ma-
jority of the later measurements were concentrated upon positive-
bias data obtained from n-channel devices and arrays. In a later
section, some specific data will be presented to further illustrate the
effect of the bias polarity on the dielectric integrity of thin oxides.

A typical measurement procedure, therefore, was to sweep an n-
channel device with a positive bias until catastrophic failure oc-
curred. During the low-voltage portion of the sweep, the charging
current of the device capacitance is measured, and the magnitude
of that current is used as an indicator to show that the entire array
is being stressed.

In general, measured values of gate voltage have not been con-
verted to electric fields for the presentation of the data, because of
the complex structure of the SOS devices. As mentioned earlier, it
is well-known that the channel oxide tends to be significantly
thinner near the top and bottom of the sidewalls of the silicon is-
lands. Furthermore, as discussed below, the data show that the di-
electric integrity of the structures is determined by the sidewall to-
pography. Hence, there is no straightforward method to calculate
the electric field that is relevant to the measured dielectric integrity
in the SOS devices, and the oxide thickness values associated with
the data must be considered as nominal values which are only cor-
rect for the oxide layer on the top of the silicon islands.

4. Basic Phenomena

In this section, the fundamental phenomena associated with the
dielectric integrity of the channel oxide in an isolated-mesa SOS
process are described. Emphasis is given to the consistent behavior
of very large arrays and to the effects associated with the sidewalls
of the epitaxial silicon islands. The data show clearly that the edges
of the islands determine both the gate oxide conduction and break-
down characteristics.
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4.1 Characteristics of Large Arrays

Fig. 1 shows typical characteristics obtained from the application
of a fast voltage ramp to seven different arrays. Gate leakage cur-
rent versus gate voltage is shown for arrays varying in size from a
single device to 5000 devices in parallel. Stated differently, the di-
electric integrity of SOS structures containing from two to 10,000
edges is measured. All of the arrays are contained within one test
chip. With the exception of the single device, the transistors in these
arrays have a nominal gate width of 7.6 um and a gate length of 5
pm; the single device has a gate width 3.3 times larger than that
of the transistors in the arrays, and has the same gate length as in
the array devices. In the fabrication of these arrays, the silicon
islands were formed with a KOH-based etchant, the 74-nm-thick
channel oxide was grown at 900°C, and all processing steps after
the growth of the channel oxide were done at temperatures not
exceeding 950°C.

The characteristics of Fig. 1 illustrate a number of points. One
can observe that the charging current and the gate leakage currents
scale directly with the size of the arrays, and this latter point will
be illustrated more precisely below. In contrast, the voltage at
which catastrophic failure occurs tends, with the exception of the
single device, to be random and independent of the number of tran-
sistors in the array. This random behavior of the voltage at which
destructive breakdown occurs can be considered a positive attribute
of a process, as it suggests that circuit complexity can be increased
without a significant reliability risk associated with dielectric
failure due simply to the existence of a larger number of devices in
the circuit. In spite of the randomness of the value of gate voltage
at which catastrophic breakdown occurs, the magnitudes of the gate
leakage currents were found to be very consistent. To within the
sensitivity of the logarithmic current scale of the characteristics, it
is generally not possible to find a measurable difference in the cur-
rents in a particular array on any one wafer. This observation seems
to suggest that gate leakage currents are uniformly distributed
throughout the arrays.

Some array characteristics obtained from structures fabricated
with wet-etched silicon islands exhibit the changes in slope near 13
V shown in Fig. 1. Such a characteristic, which indicates a reduced
rate of increase of current with voltage, suggests that, even with
the fast ramp rate used, charge trapping in the channel oxide may
have an effect on the measured currents. The effect of charge trap-
ping in the oxide is shown more clearly in Fig. 2; here, the char-
acteristics of arrays after the application of a gate voltage stress of
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Fig. 1—Family of fast-ramp characteristics from arrays containing from 1
to 5000 isolated-mesa, SOS transistors. The islands were wet-
etched, the channel oxide was 74-nm thick, and a low-temperature
process was used. The ramp rate was 10° V/cm-sec.

+25 V for two minutes are shown. It can be seen that subsequent
to the stress the leakage currents are much reduced, and the onset
of gate leakage currents above the displacement current level is
shifted by 10 V. The voltage at which catastrophic failure occurs
appears not to have been affected by the voltage stress. Other ef-
fects, such as the decay of gate leakage currents with time, associ-
ated with charge trapping in the oxide were also observed. As sug-
gested by earlier work,!¢ the results discussed here are consistent
with a model based upon a reduction in local electric field near the
region of the cathode due to negative charge trapping in the oxide.

A more detailed analysis of the gate leakage currents was done,

1074 T T T T
1073

10-6

Ig(A)

1072
tox = 74nm

1070

1 1
30 40

Vg (V)
Fig. 2—Family of tast-ramp characteristics from arrays, as in Fig. 1, after
a +25-V, 2-min stress.
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Fig. 3—Fowler-Nordheim plot obtained from an array of 250 transistors
after a +25-V,2-min stress.

and it was found that the array characteristics could only be fit to
a Fowler-Nordheim type of plot!? such as shown in Fig. 3. Illus-
trated is the characteristic of an array of 250 transistors after the
application of a voltage stress. The measured values of voltage have
not been converted to units of electric field because, as discussed in
more detail below, the carrier injection within the individual tran-
sistors is not believed to be uniform. The deviation of the points
from the straight line at high values of voltage is believed to be an
artifact of the measurement, because, at the high current levels
associated with the higher values of voltage, the ramp rate produced
by the ramp generator is reduced.

To further illustrate the relationship between gate leakage cur-
rents and the size of an array of transistors, data from fast-ramp
characteristics of the types shown in Figs. 1 and 2 were extracted
and plotted to explicitly show the effect of the array size. In Fig. 4
gate leakage current at a particular gate voltage is plotted versus
the number of transistors in the array for both a stressed and an
unstressed group of arrays. In general, it was found, as Fig. 4 sug-
gests, that the data from stressed arrays could be plotted as a
straight line with a slope very close to unity, whereas there was a
tendency for data from unstressed arrays to fall along a line with
a slightly smaller slope. Data of the type shown in Fig. 4 can prob-
ably be taken as an indicator of a low defect-density process; the
linear characteristic suggests that at least 5000 transistors whose
gate-oxide leakage behavior is no worse than that of a single tran-
sistor can be made.
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Fig. A—Gate leakage current, at a particular gate bias, versus the number
of transistors from array characteristics.

4.2 Role of Island Sidewalls

As indicated earlier, it has been generally realized that the dielec-
tric integrity of an isolated-mesa, SOS structure is controlled by the
topographical features associated with the edges of the silicon is-
lands, and Fig. 4 illustrates this concept very clearly. Recall that
the single transistor whose gate leakage current is plotted has a
gate width 3.3 times larger than each single device in the arrays;
that is, the single device has the same gate length but 3.3 times the
gate area of the individual devices in the arrays. That the leakage
current in the single device scales with the currents in the arrays
shows that gate leakage currents are determined not by the total
gate area but by the gate length, which corresponds to the length
of the island edge under the gate.

The important role of the island edges in the determination of the
dielectric integrity of SOS structures can be illustrated by another
observation. It was found that charge injection into the gate oxide
could be used to preferentially increase the threshold voltage of the
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Fig. 5—Gate-transfer characteristics from an n-channel transistor before
and after a gate stress.

parasitic, sidewall transistor in n-channel devices without affecting
the top-of-the-mesa device, and this effect is illustrated in Fig. 5.
Shown are logarithmic gate-transfer characteristics of an n-channel
SOS transistor before and after the application of +30 V to the gate
with respect to the source and drain for 30 seconds. The pre-stress
characteristic shows the current due to the well-known, parasitic,
sidewall device in the subthreshold region. With the positive gate
bias stress, the current due to the parasitic transistor is totally
suppressed, presumably because the threshold voltage of the side-
wall device is increased by the trapping of injected electrons. How-
ever, the characteristic of the top-of-the-mesa transistor is unaf-
fected. Although there may be some difference between the trap
concentrations in the oxide on the sidewall and on the top of the
mesa, the observed suppression of the parasitic device due to a gate
bias is certainly consistent with the idea that the island edges de-
termine the dielectric integrity of isolated-mesa SOS structures.
The importance of the island edge in the determination of
channel-oxide dielectric integrity can further be illustrated by a
comparison of fast-ramp characteristics obtained from edgeless and
edge-type transistors. Typical current-voltage curves from single
transistors whose gate oxide is 75-nm thick are shown in Fig. 6.
The difference in both the catastrophic-breakdown voltage and the
voltage at which gate conduction begins are quite dramatic. The
onset of gate conduction above the displacement current level is
increased by almost 40 V in the absence of edges. In the case of
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Fig. 6—Fast-ramp characteristics of single edge-type and edgeless tran-
sistors.

catastrophic failure, the absence of edges leads to about a 75% in-
crease in the voltage at which the gate oxide ruptures. The break-
down of the edgeless device at 74 V is in all likelihood the intrinsic
breakdown of the oxide, since with this gate bias, the maximum
field is about 10 MV/cm. In the case of 75-nm-thick oxide films on
bulk silicon, maximum field strengths are reported!®!9 to be in the
range from 9.5 to 11 MV/cm. Based upon data of this type, we be-
lieve that silicon dioxide films grown on SOS are inherently no
weaker than those grown on bulk silicon.

4.3 Effect of Measurement Temperature

A limited amount of data to assess the effect of temperature on
dielectric integrity was taken. Both arrays and single devices were
characterized. All of the data suggest, as one might expect, a very
weak dependence of both breakdown voltage and gate leakage cur-
rent on temperature, and in some cases, the inherent variability of
the data among the devices made it difficult to clearly establish an
effect associated with temperature. The trend of the temperature-
dependent characteristics can be illustrated by the data obtained
from one wafer; fast-ramp curves at three temperatures were taken
from many single transistors. Fig. 7 shows both the variations and
the average values of catastrophic failure and gate leakage current
at 25 V from the fast-ramp curves. The variability in the data make
analysis difficult, although it can be noted that the average values
exhibit a remarkably linear relationship with temperature: with
increasing temperature the catastrophic-breakdown voltage de-
creases by perhaps 3 V per 100°C and gate leakage current increases
by about 0.4 nA per 100°C.
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Fig. 7—Effect of measurement temperature on gate leakage current at 25
V and on catastrophic breakdown voltage from single, edge-type,
n-channel transistors.

One might attempt to fit the leakage current data to the rela-
tionship between temperature and Fowler-Nordheim currents:2°

J(T) = J(0) =
sin X

b

in which x is a complex function of temperature, barrier height, and
electric field. The large error bars in Fig. 7 bring the data within
the range of such a functional relationship, but the data cannot
justify this relationship in detail.

The weak dependence of dielectric integrity on temperature
serves to emphasize the increasing importance of the use of tests at
voltages significantly above the anticipated operating voltage of a
device during reliability investigations. With the trend to ever-de-
creasing channel oxide thicknesses, the importance of such testing
and analysis becomes more significant.

5. Process Variations

For any topographically-distinct, SOS island structure, one might
expect that the thickness of the channel oxide is the major deter-
minant of dielectric integrity, and data are presented below to il-
lustrate the effect of the oxide thickness on breakdown and gate
leakage currents. In addition, in the case of wet-etched islands at
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least, significant differences in dielectric integrity were found to be
associated with differences in processing temperatures, and, in par-
ticular, it was discovered that processes in which the temperature
of the wafer never exceeds about 1000°C after the growth of the
channel oxide produce devices whose dielectric integrity is reduced
over that found in devices fabricated with a high-temperature pro-
cess. This latter issue is of special significance because of the need
to reduce processing temperatures for the fabrication of short-
channel and radiation-hardened devices.

5.1 Process-Temperature Effects

To characterize the effect of temperatures associated with wafer
processing on the dielectric integrity of SOS structures, arrays of
transistors made with three different processes were analyzed. All
the devices had silicon islands that were wet-etched in a KOH-based
solution. In all cases, also, the growth of the channel oxide was done
at 900°C. What was varied was the temperature of certain pro-
cessing steps subsequent to the growth of the channel oxide and the
deposition of the polysilicon gate material. Three maximum, post-
oxidation temperatures were selected: 850°C, 950°C, and 1050°C.
The two extremes represent, respectively, the RCA radiation-
hardened? and the RCA commercial SOS processes. In some cases,
it was possible to include more than one maximum temperature
within one wafer-lot, so that the effect of possible lot-to-lot vari-
ability in the island-etching, which is a batch process, would be
minimized.

The results obtained from our investigation of process tempera-
ture effects are illustrated by the data of Figs. 8 and 9. Shown in
Fig. 8 for the three processes is the relationship between array size
and the median values of gate voltage at which 0.5 pA of gate
leakage current flowed in response to a stepped-voltage test. Each
data point of Fig. 8 represents a minimum of 35 measurements and
as many as 130 measurements. Clearly, the dielectric integrity of
large arrays of devices made with the highest temperature process
is superior to that of devices made with the two lower temperature
processes, and the difference, in terms of gate voltage, is as much
as 10 V. It should be remarked that the major cause of the scatter
in the data in Fig. 8 is the test condition itself; since testing was
done in voltage increments of 2 V, the uncertainty in the gate
voltage at failure is somewhere in the two-volt interval below the
measured value. This uncertainty in the measurement probably ac-
counts for the differences in the data for the two low-temperature
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Fig. 8—Effect of processing temperature on dielectric integrity in arrays.
Plotted is the median value of gate bias at which 0.5 pA of gate
current was detected in response to a stepped-voltage test.

processes. In contrast to the data from the large arrays, there is no
significant difference in the behavior, shown in Fig. 8, of the single
transistors. However, the data from the single devices cannot be
interpreted in the same way as the data from the arrays, because,
as can be seen from Fig. 1, the test had to force the single devices
to catastrophically fail, whereas the arrays were still in the regime
of gate leakage current prior to failure. Because the point of cata-
strophic failure tends to be somewhat variable, as illustrated by
Fig. 7, speculation about the similarity of the data points repre-
senting the single devices in Fig. 8 is probably not warranted.

Fast-ramp measurements consistent with the data of Fig. 8 are
shown in Fig. 9. Curves are shown for arrays of 500 transistors
made with a 1050°C and 950°C process. Both a higher gate leakage
current and a lower breakdown voltage occur in the arrays made
with the lower temperature process, and it can be observed that the
voltage difference between the two characteristics at a current of
0.5 A agrees closely with the data in Fig. 8. A significant difference
in the consistency of the fast-ramp characteristics among the dif-
ferent process was also found: the value of gate voltage at which
breakdown occured was very reproducible among different arrays
for devices made with the high-temperature process, whereas, the
breakdown voltage tended to be variable among arrays made with
the low-temperature processes. In all cases, however, the gate
leakage characteristics were very uniform from array to array for
any one process.
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Fig. 9—Fast-ramp characteristics from arrays of 500 transistors to illus-
trate the effects associated with a 950°C and a 1050°C process.

The observed relationship between dielectric integrity and pro-
cess temperature permits some speculation about the mechanism
responsible for the differences. For this purpose it is important to
note that the process temperatures varied were those associated
with process steps after the growth of the channel oxide; in all cases,
the growth of the channel oxide was done at one temperature,
900°C. Therefore, it seems unlikely that the effect of temperature
is associated with topographical modifications, such as have been
described?! when silicon is oxidized at different temperatures. More
likely, it seems, there is a healing mechanism which occurs after
the growth of the channel oxide. The data indicate that the healing
process occurs at temperatures somewhere above 950°C, and that it
becomes significant at 1050°C. This observation is quite consistent
with the onset of viscous flow and stress relief in silicon dioxide
films; it has been reported??-24 that significant flow and stress relief
in silicon dioxide occurs at about 975°C. We believe, therefore, that
in high-temperature processes a healing mechanism associated with
stress relief in the channel oxide occurs that improves the dielectric
integrity at the edges of the silicon islands.

To investigate the role that the thickness of the channel oxide plays
in the determination of dielectric integrity, arrays were fabricated
with various oxide thicknesses. To illustrate the results of this in-
vestigation, data from one particular lot of wafers made with the
1050°C process are shown in Fig. 10. The data plotted are the mea-
sured gate voltage values at which 0.5 pA of gate leakage current

5.2 Effect of Channel Oxide Thickness
i

\

\

\
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Fig. 10—Median gate bias at 0.5 pA versus oxide thickness for three sizes
of arrays made with the 1050°C process.

flowed in single transistors and in arrays of two sizes in response
to a stepped-voltage test. The data obtained from arrays of other
sizes were similar. Just as in the case of the data in Fig. 8, it should
be noted that the single device had to be forced to fail catastrophi-
cally to measure 0.5 pA during testing, whereas the arrays presum-
ably had not yet broken down at the test current. This supposition
is supported by Fig. 11, which shows data obtained from arrays of
500 transistors in a number of different ways; shown with the data
transposed from Fig. 10, are data obtained from fast-ramp charac-
teristics at three different conditions. The gate voltage at which 0.5
wA flowed during the fast ramp is seen to agree closely with the
data from the stepped-voltage measurement, and the gate voltage
at which catastrophic failure occurred is much higher than the
value corresponding to 0.5 pA of gate leakage current.

50 T T

& FAST RAMP
401" & AUTOMATED STEP _
= bVax
I / = ]
{ //
20 //’/5/ .
- /.‘
o /
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—
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Fig. 11—Gate bias under various conditions from fast-ramp characteris-
tics and the automated-step test from 500-transistor arrays with
three oxide thicknesses.
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Fig. 12—Mean values of positive gate bias for catastrophic breakdown
and at 1 nA from arrays of edges fabricated with a low-temper-
ature, 35-nm-oxide, dry-etched-island process.

The data of Figs. 10 and 11 suggest that dielectric integrity is
increased as the thickness of the channel oxide is reduced. The
dashed lines are linear extrapolations from the data points repre-
senting the devices with the thickest oxide, and in all cases the gate
bias values representing the devices with thinner oxide films are
significantly higher than the extrapolated values. Such an increase
in dielectric breakdown field with decreasing oxide thickness is
well-known for oxides grown on bulk silicon, and, in fact, the 20%
enhancement of bV, associated with the devices with the 30-nm
oxide is very close to the percentage enhancement reported!819 for
30-nm-thick oxide films compared with 70-nm films on bulk silicon.
The data of Fig. 11 also indicate that the onset of gate leakage
current scales less rapidly than reductions in oxide thickness. These
observations suggest again that there is no reason to expect to find
differences in the fundamental issues that influence the reliability
of oxide films in either bulk silicon or SOS technologies.

More extensive data for thin oxides were obtained from wafers
containing large arrays of edges. These arrays consist not of tran-
sistors but simply of polysilicon lines crossing a matrix of holes in
epitaxial silicon. Outside the polysilicon, the epitaxial material is
heavily doped. The nominal gate area is the same in all of the
arrays. In Fig. 12 typical data from devices with a 35-nm-thick oxide
are shown to illustrate how the voltage of catastrophic failure and
the bias at which 1 nA of gate leakage current flows are related to
the total number of edges. The devices whose characteristics are
shown were made with a low-temperature process, and the silicon
islands were formed by a dry etching process. As illustrated earlier,
the data of Fig. 12 also show that the bias at which gate oxide
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Fig. 13—Mean values of gate bias, for both polarities, for catastrophic
breakdown and at 1 nA from arrays of edges; processing was
the same as for the arrays of Fig. 12, except that the gate was a
tantalum silicide bilayer structure.

breakdown occurs is only a weak function of the number of edges;
hence, the intrinsic behavior of island edges should not be a limi-
tation to the dielectric integrity of very high-density SOS circuits
with channel oxides on the order of a few tens of nanometers thick.

5.3 Silicide Gate Material

The fabrication of high-performance, high-density circuits with de-
vice dimensions on the order of a micrometer requires the use of a
high-conductivity gate material, and a bilayer structure consisting
of n* polysilicon with a refractory-metal silicide on top is commonly
used. Although it might seem unlikely that such a gate structure
would affect the dielectric integrity of the underlying gate oxide,
data was presented?® to indicate that the lower layer of polysilicon
must, in some cases, be as thick as 200 nm to avoid a penalty in
dielectric integrity. Other publications have not reported such a
dependence of dielectric integrity on polysilicon thickness, and it
has been suggested?® that the method of formation of the silicide is
an important variable.

To investigate the issue of dielectric integrity in structures with
a bilayer gate, arrays of the type discussed in relation to Fig. 12
were analyzed. In this case, the devices had a tantalum-silicide—
polysilicon gate structure in which the underlying polysilicon was
300-nm thick. The silicide was formed by cosputtering. The thick-
ness of the gate oxide was again 35 nm. Data obtained from a
sample of eight wafers are summarized in Fig. 13; the points rep-
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resent the mean values obtained from the sampling of arrays on
every wafer, and data for both polarities are shown.

For the case of a positive gate-bias sweep, a comparison between
Figs. 12 and 13 suggests that the silicide process has no impact on
the dielectric integrity of the channel oxide. The mean values of
gate breakdown voltage differ at most by 2.5 V, which is probably
within the statistical noise, and, in fact, the devices with the silicide
gate exhibit the larger values. Although we have not investigated
the effect of a variation of the polysilicon thickness, the results
reported here are consistent with published information.25:26

Fig. 13 also shows explicitly the effect of the polarity of the gate-
bias sweep on the measurements. As indicated earlier, positive bias
applied to the gate of an isolated-mesa SOS structure is the polarity
for which the channel oxide is dielectrically the weaker, and this
fact is clearly shown by the data. In the case of the gate bias at
which 1 nA of leakage current flows, the data are unambiguous,
and the consistency of the difference for all of the arrays serves to
emphasize again the reproducibility of gate leakage characteristics
in a well-defined process. The data representing catastrophic failure
are less clear, especially as the array size becomes large. However,
as will be described later, conduction and breakdown in channel
oxides in SOS devices are not always closely coupled.

Data from edgeless devices were also obtained from these eight
wafers. The mean values of the catastrophic breakdown voltage
bV,, are +40 V and —35 V; the voltages V, at which 1 nA flowed
for both polarities are +27 V and —22 V. As indicated earlier, a
negative gate bias represents the weaker situation in edgeless SOS
devices, presumably because the oxide-polysilicon interface is
rougher than the oxide—epitaxial-silicon interface.

Recall that the special test structures utilized to generate the data
of Figs. 12 and 13 are arrays of equal total gate area. Hence, even
more convincing data of the type shown in Fig. 4 can be obtained
to show that the sidewalls of isolated-mesa SOS structures dominate
the dielectric integrity of devices. In Fig. 14 measured values of
gate leakage current from one set of arrays at a gate bias of 15V
are plotted as a function of the number of edges. Again, one sees a
nearly linear relationship between gate leakage current and the
number of edges.

Based upon the data presented in this section, we see no impe-
diment to the fabrication of reliable, high-density, thin-oxide cir-
cuits in an isolated-mesa SOS technology. A well-defined, high-con-
ductivity, bilayer gate process does not negatively impact dielectric
integrity, and gate oxides at least as thin as 35-nm can be used.
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Fig. 14—Gate leakage current at 15 V versus the number of edges from
equal-area arrays with the silicide gate.

6. Topographical Modifications

Thus far data has been presented to show that an isolated-mesa
SOS process can produce very uniform and reproducible character-
istics associated with dielectric integrity of the channel oxide. As
the earlier literature indicates, the presence of the edges of the
silicon islands is the most important factor which controls both the
onset of gate leakage current and the catastrophic breakdown of the
oxide. A particularly important observation, not heretofore men-
tioned in the literature, is the significant penalty in dielectric in-
tegrity associated with the processing of SOS wafers at low tem-
peratures.

Because processes for the fabrication of radiation-hardened and
short-channel devices require the use of low temperatures, interest
was focused upon an investigation of techniques to topographically
modify the island edges. Of particular interest was suppression of
gate leakage current which, in view of recent suggestions,!3-1% may
be more intimately related to long-term reliability than is the gate
breakdown voltage as measured by the methods reported here. In
this section, the results of a number of experiments directed toward
alteration of the SOS island structure are described.

For the most part, the data to be presented are based upon test
and control experiments done within wafer lots. In most cases each
cell of the experiment consisted of from three to six wafers, but for
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the laser contouring experiments, portions of each wafer were ex-
posed to the laser. The control devices were fabricated by the con-
ventional, KOH-based, wet etching process. Because the process
modifications to be described were exploratory in nature, the pri-
mary characterization technique employed was the fast-ramp mea-
surement of an array of transistors. It was noted that the relative
behavior of arrays is equivalent to that of single devices; that is,
the improvement or degradation of dielectric integrity associated
with a particular process could be found in the characteristics of
either a large array or a single, edge-type transistor. It was not, in
general, possible to obtain large quantities of data for statistical
analysis. Instead, what will be presented are fast-ramp character-
istics that are typical of those obtained from arrays made with the
various processes in their final state of development. It is not nec-
essarily the case, therefore, that the data represent the best results
that might be achieved if further refinements to the processes were
investigated.

6.1 Local Oxidation

A process in principle similar to a local oxidation process in bulk
silicon technology was developed for the formation of SOS islands.
In this process, the etch mask for the silicon islands consists of a
thin oxide film and a 100-nm-thick layer of silicon nitride. After
island etching in the KOH-based solution, the wafers are subjected
to an oxidation in steam at 900°C; this oxidation step grows 200 nm
of oxide on a bulk (100)-oriented wafer. After the local oxidation
step, the oxide and nitride films are removed so that only the bare
silicon islands remain on the substrate. Processing then continues
in the usual way. The channel oxide was grown to a thickness of 70
nm, and post-oxidation process temperatures were limited to a max-
imum of 875°C. This local oxidation process is, in principle, straight-
forward, and does not involve additional masking levels.

For the purpose of evaluation, arrays consisting of 480 transistors
in parallel were subjected to the ramped-voltage test. Fig. 15 shows
curves representing the typical characteristics of the test and con-
trol devices. A significant suppression of gate leakage currents is
apparent, and over a wide range of gate bias, the local oxidation
process reduces the current by more than two orders of magnitude.
The magnitude of gate bias at which catastrophic failure occurred
is, on average, unaffected by the local oxidation process. So, in sum-
mary, a local oxidation process, which presumably alters the shape
of the top edge of the silicon island, can at the least produce devices
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Fig. 15—Fast-ramp characteristics of arrays of 480 transistors made with
the wet-etched-island process and with the local-oxidation pro-
cess. The processing was done at low temperatures and the
channel oxide is 70-nm thick.

with significantly reduced gate leakage currents over a wide range
of gate bias conditions.

6.2 Double-etched Island

Based upon an earlier suggestion,?’ an attempt was made to define
an island etching process that would remove the sharp and possibly
reentrant edge at the top of the silicon islands. This process differs
from the basic, wet-etched island process in that after the usual
island etch, the oxide mask is partially etched to expose a narrow
portion of the top of the silicon island and the silicon is again etched.
The time of the second etch is approximately one-fourth the time
required to etch the basic island structure. This procedure should
produce a ledge on the sidewall of the island, and such a structure
is illustrated by the SEM view of Fig. 16. This double-etching pro-
cess clearly eliminates any possibility of a sharp, reentrant edge at
the top of the island. As a variant of this twice-etched island process,
a dry-etching process was also used for the first etch of the silicon.
It was our experience that the reproducibility of a double-etching
process is not good, most likely because of problems associated with
reproducibility of the structure after the oxide etch. There appeared
to be significant variations from wafer-to-wafer in the time required
to etch the oxide mask to expose the portion of the silicon that would
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Fig. 16—SEM of island structure produced by the double-etched-island
process.
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form the ledge. Consistent results and island profiles such as those
illustrated in Fig. 16 were not obtained with batch processing.

The types of fast-ramp characteristics obtained from arrays on
wafers processed with the twice-etched island processes are illus-
trated in Fig. 17. In all cases, the contouring of the top edge did
reduce gate leakage currents, but the effect on catastrophic-break-
down voltage was less well-defined. In the case of the double wet-
etching process, gate breakdown voltage was generally reduced over
that associated with the control and the dry-wet processes. This
reduction is difficult to understand from the viewpoint of the struc-
ture produced, and may perhaps be due to the introduction of defects
at some point in the process. On the basis of this work, it seems
unlikely that a twice-etched island process would be viable for pro-
duction requirements.

6.3 Sacrificial Oxidation

A number of experiments were done to determine if the growth and
removal of an oxide layer could alter the dielectric behavior of de-
vices. For these experiments silicon islands were etched in the usual
way. After formation of the islands, the remaining oxide mask was
stripped from the islands and an oxide layer was grown. This second
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Fig. 17—Fast-ramp characteristics from arrays to compare two different
twice-etched processes with the basic wet-etched process.

oxide film was then removed, and processing continued in the usual
fashion. Based upon previous TEM results it was predicted® that
such a sacrificial oxide must be grown to a thickness in excess of
100 nm, and it was found that, as measured on a bulk (100)-oriented
wafer, the minimum thickness required to affect the dielectric in-
tegrity of devices is about 200 nm. The sacrifical oxides investigated
were grown in steam at two temperatures, 900°C and 1100°C.
Consistent characteristics were obtained from fast-ramp mea-
surements when the sacrificial oxide was grown to about 300 nm,
and Fig. 18 illustrates typical characteristics of arrays. The lower-
temperature oxidation process produces arrays with reduced gate
leakage currents and with oxide breakdown voltages very similar
to those of the control devices. In contrast, the higher-temperature
process has very little effect on gate leakage currents and produces
devices with breakdown voltages lower than those of the control
arrays. These characteristics associated with the two processes were
seen consistently in both arrays and single edge-type transistors.
The data presented here seem to be in opposition to what one might
expect based upon a recent study?! of the oxidation of corners formed
in silicon wafers; in Ref. [21], high-temperature oxidations are
shown to create edge profiles with less sharp corners than those
created by oxidation at low temperatures. In the absence of TEM
profiles of our device structures, it is not possible to speculate about
the results obtained here. It is of interest to note that the experi-
ments described here were initiated prior to the publication of Ref.
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Fig. 18—Fast-ramp characteristics from arrays made with two sacrificial
oxidation processes compared with the baseline process.
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[21]; had this not been so, it is very possible that the lower temper-
ature process, which produced the better results, would not have
been attempted.

6.4 Implant-Damaged Material

An attempt was made to contour the top edge of the silicon islands
by heavily damaging the material near the interface between the
epitaxial film and the oxide etch mask prior to the etching of the
islands. It was hoped, for example, that the damaged silicon would
etch faster near the edge of the oxide mask, and in this way mini-
mize the tendency to form a sharp or reentrant edge. For this ex-
periment, wafer processing was done in the usual way, except that
just prior to the definition of the oxide etch mask, the wafers were
implanted with argon ions to a dose of 2 x 10!5 em~2. The implan-
tations were done through the 70-nm-thick initial oxide film and
two energies were chosen, 70 keV and 130 keV. The 70-keV im-
plantation would be expected to create an implanted profile with
the peak in the concentration at the silicon-silicon-dioxide inter-
face, and the higher energy implantation would locate the max-
imum argon concentration about 35 nm further into the silicon.
Hence, in one case a damaged zone was created that probably over-
laped both the oxide and the silicon, and in the other case, the dam-
aged zone was more concentrated in the silicon.

Array characteristics obtained from devices are shown in Fig. 19,
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Fig. 19—Fast-ramp characteristics of arrays to illustrate the effect of im-
plantation damage on dielectric integrity.

and the contrast in the results is quite dramatic. The deeper im-
plantation degraded the oxide dielectric integrity and the more
shallow implantation enhanced the characteristic. Note also that
the 70-keV implantation not only reduced leakage currents but also
tended to minimize the polarity dependence of the fast-ramp curves.
This latter observation is strongly suggestive of a significant re-
duction in the sharpness of the edge of the silicon island. It is not
possible to conclude anything about the effect of the damage im-
plantation on the catastrophic failure voltage of the channel oxide
from this experiment, because, as shown in Fig. 19, both the test
and control devices exhibited low breakdown voltages.

The improvement in dielectric integrity created by the lower en-
ergy implantation suggests at least two mechanisms that could ex-
plain the presumed reduction in edge sharpness: a damage-induced
enhancement of the nominally low etch rate of the oxide in the
etching solution of the islands and a damage-enhanced etch rate of
the silicon near the top of the film. In either case there would be a
tendency to enhance the etching of the silicon at the position where
the upper corner of the island is formed, and hence the formation
of a sharp or reentrant edge would be less likely. Both of these
mechanisms are consistent with reports that the etch rate of silicon
dioxide?® and silicon?? can be increased by ion-bombardment
damage.

6.5 Laser-Contoured Islands

A more drastic approach to the formation of smooth contours on
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silicon islands is to melt the surface of the silicon, and a demon-
stration of this approach by use of a laser was described in 1979.3
In that work a ruby laser was used, and the relationship between
power density and the degree of edge rounding was shown. This
early work was extended to include the fabrication of SOS devices
for the evaluation of the electrical properties of transistors and ar-
rays. For these experiments SOS wafers were exposed to the output
of a pulsed, frequency-doubled, Nd:YAG laser just before the growth
of the channel oxide; at this point in the process, only bare islands
of silicon are present on the sapphire substrate. Halves of wafers
were exposed at three different energy densities: 0.1 J/cm?, 0.2 J/
cm?, and 0.3 J/cm2. To illustrate the physical effect of the laser
treatment, Fig. 20 shows SEM views of silicon islands with the
polysilicon gate. Fig. 20(a) represents the structure produced by the
wet-etching process, and Fig. 20(b) shows islands from the laser-
treated portion of the same wafer. In the case of irradiation at 0.3
J/cm? illustrated, melting of the entire sidewall down to the sap-
phire appeared to have taken place. With this sort of sidewall struc-
ture, one might anticipate an effect on the dielectric integrity of the
channel oxide.

To illustrate the fundamental effects of the laser treatment on
dielectric integrity, Fig. 21 shows some typical fast-ramp charac-
teristics. In general, it was found that the laser irradiation tended
to reduce gate leakage currents, due presumably to contouring at
the top corner of the silicon islands. At the lower energy densities,
however, there was a clear tendency to degrade the breakdown
voltage. At the highest energy irradiation the best results were
obtained: gate leakage currents were reduced by many orders of
magnitude and there appeared to be a slight enhancement to the
catastrophic breakdown voltage of the channel oxide. This enhance-
ment in breakdown voltage averaged-out to be about 5 V in one lot,
but such an increase was not seen in a later lot.

To further describe the consequences of the laser treatment, Fig.
22 illustrates the effect of the polarity of the voltage ramp on the
measurements. One observes that the strong polarity dependence
of the typical control device characteristic is very much reduced by
the laser irradiation; this suggests that the sharp corner of the is-
land has been eliminated, such that electron emission from the ep-
itaxial silicon and the polysilicon are not too different. Data to fur-
ther substantiate the conclusions drawn from the fast-ramp char-
acteristics are shown in Fig. 23, which presents a summary of data
obtained from an automated stepped-voltage test. Recall that what
is plotted is the value of gate bias at which 0.5 pA of gate leakage
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Fig. 20—Scanning electron micrographs of isiand structures: (a) wet-
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Fig. 21 —Fast-ramp characteristics of laser-irradiated and control arrays.

current is detected, so that the data for the array of 500 devices in
Fig. 23 can be compared with the characteristics at that current in
Fig. 21. As seen, the agreement is reasonably good. The significant
reduction in gate leakage current is, we believe, an important at-
tribute to be associated with the use of a laser in the processing of
SOS devices. In addition, at least some data suggest that an increase
in dielectric breakdown voltage may be achievable.
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Fig. 22—Fast-ramp characteristics of both polarities from arrays laser-
irradiated at 0.3 J/cm? and from untreated arrays.
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6.6 Dry-Etched Islands

In comparison with a wet-etching process for the fabrication of SOS
islands, it was suspected that a dry-etching process would offer a
number of advantages, some of which were described earlier.3! In
particular, for the purposes of this investigation, it was anticipated
that a more consistent and reproducible island-edge contour could
be defined. A number of approaches to the use of dry processing for
the formation of SOS islands were considered, and processes for the
fabrication of both vertically-walled and tapered islands were de-
veloped. As suggested by a previous publication,32 it was found that
a major criterion in the selection of a dry process for the definition
of a silicon surface that will become part of an active MOS device
is minimization of surface roughness. One particular process was
found to consistently produce an enhanced dielectric integrity as
measured by the suppression of gate leakage current, and Fig. 24
illustrates a typical fast-ramp characteristic obtained from an array
made with this dry-etching process compared with the typical char-
acteristic obtained from an array made with wet-etched islands. As
observed with most other process modifications, however, there was
no significant increase in the breakdown field strength of the array.

A particular advantage of the dry-etching process over others de-
scribed in this paper is its relative simplicity. Other than the actual
island-etching step, wafer processing does not differ from the pro-
cessing associated with the wet-etched islands. It has been found
that the dry-etching process can be easily implemented in a pro-
duction environment, and that yields are quite satisfactory.33 If re-
quired, it may well be possible to further enhance the dielectric
integrity of devices made with the dry-etching process by use of one
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Fig. 24—Fast-ramp characteristics from arrays in which the islands were
wet etched and dry etched.

of the techniques discussed earlier. Most of the methods used to
contour the wet-etched SOS islands could also be applied to the dry
etching process.

7. Summary and Conclusions

In this work we have attempted to elucidate some of the funda-
mental issues associated with the dielectric integrity of the channel
oxide in an isolated-mesa SOS technology. Although channel-oxide
dielectric integrity is not a fundamental limitation to the fabrica-
tion of SOS devices with current processes, it is expected that this
issue will become more important (just as it has in bulk silicon
technology) in advanced, thin-oxide, low-temperature processes. Of
particular importance is the observation that there is a definite
penalty in dielectric integrity associated with processes in which
wafers with the channel oxide present are not exposed to temper-
atures above about 975°C. A healing mechanism associated with
stress relief and viscous flow of the oxide is clearly absent in low-
temperature processes, and the importance of such hydrodynamic
considerations in oxidation processes was recently described in de-
tail.3% For this reason, a number of techniques to enhance the di-
electric integrity of the channel oxide were investigated.

The data presented here show clearly, as have past studies, the
important role of the island sidewalls in the determination of di-
electric integrity. In the absence of sidewalls, it was found that
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oxides grown on SOS material are dielectrically equivalent to oxides
grown on bulk silicon. The presence of the island sidewall, however,
produces approximately a 40% decrease in the gate breakdown
voltage of a single transistor. The significance of the island sidewall
was also demonstrated by the gate-leakage-current characteristics
obtained from both arrays and single devices. In the case of arrays,
it was shown that gate leakage currents scale directly with the
number of edges rather than with the area of the gate, and a linear
relationship between current and array size was found in arrays
containing as many at 10,000 edges, which was the largest array
available. This latter observation is, we believe, an indicator that
gate-oxide integrity is not a fundamental limitation to the fabri-
cation of high density, SOS circuits.

As described, gate-oxide leakage currents in SOS devices tend to
be strongly dependent upon the polarity of the applied bias. The
higher currents are always associated with a positive gate bias, and
this suggests that the primary conduction mechanism is electron
emission from the silicon island, presumably at the sharp upper
edge. This supposition is supported by the results of experiments in
which attempts were made to alter the contour of the island side-
walls; without exception it was found that gate leakage currents
could b significantly affected by process variations directed toward
changing the topography at the top edge of the island. Not only
were gate leakage currents made smaller, but the sensitivity to
polarity was reduced.

At the present time, very limited information concerning the
exact physical structure created by the various experiments is avail-
able. Although extensive SEM work was done, it was our experience
that the typical resolution available is not sufficient to provide
much useful information. It was found, in fact, that one particular
island structure which looked smooth and had tapered sidewalls
produced devices with very high leakage currents and low break-
down voltages. Later TEM studies?® revealed that the sidewalls
were very rough and irregular, but on a scale which precludes res-
olution with a SEM. These observations emphasize the importance
of electrical measurements, and our experience suggests that SEM
views are of limited usefulness for the study of the effects of topo-
graphical modifications on dielectric integrity of SOS devices.

In contrast to the experimental results, which showed that oxide
leakage currents could be affected by topographical modifications,
the various processes had, with the possible exception of the
highest-energy laser treatment, no significant effect on the cata-
strophic breakdown voltage of the devices. As the experiments were
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directed primarily toward shaping the top edge of the island, it is
very possible that oxide breakdown occurs at the bottom of the side-
wall. The channel oxide is known®* to be thin near the interface
between the silicon and the sapphire, and, furthermore, it is not
likely that the experiments, with the exception of the one laser
treatment which appeared to have melted the silicon on the sidewall
from top to bottom, affected the profile of the island sidewall near
the bottom. Previous investigations also suggest that the bottom
edge of the island is the critical area that determines gate oxide
breakdown; planar processes®® produce devices with higher break-
down voltages than isolated-mesa processes and isolated-mesa
structures®® with a very shallow sidewall angle with respect to the
substrate surface have been shown to be superior to structures with
steep sidewalls. In summary, it appears that the properties of both
the top edge and the bottom edge of isolated-mesa SOS structures
are important issues.

As indicated earlier, the gate leakage currents in SOS devices
are, in general, strongly dependent upon the polarity of the gate
bias; between the two polarities, currents can differ by more than
three orders of magnitude. In contrast, the gate voltage at which
destructive failure occurs is only weakly dependent upon the po-
larity of the gate bias. These observations are consistent with cur-
rent flow controlled by the electric field at the cathode and break-
down determined by a local electric field, independent of polarity,
in the oxide layer.

Based upon the research described here, the reliability data pre-
sented elsewhere,!® and a detailed characterization of other device
properties, dry etching has become the method of choice for the
definition of silicon islands in all low-temperature and high-density
SOS processes. Data indicate that the isolated-mesa SOS technology
can be scaled to small dimensions and thin oxides without a signif-
icant reliability risk associated with the intrinsic dielectric integ-
rity of the channel oxide. Circuits with 35-nm-thick oxides and 1.25-
pum silicided gates are now in pilot production, and the data pre-
sented here suggest that no special problems are associated with
these features. In the coming years we expect further reductions in
device dimensions and corresponding increases in circuit density
and complexity.
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Abstract—Reliability data for silicon-gate integrated circuits of various
types are summarized. Included are failure rates for devices
ranging from plastic-encapsulated commercial products to
high-reliability hermetically-sealed integrated circuits for mili-
tary and aerospace applications. Data are presented on devices
fabricated by the original CMOS/SOS silicon-gate process and
on devices prepared by advanced processes. These include
lower wafer-process temperatures and improved wafer-pro-
cessing techniques that permit thinner gate dielectrics and
smaller feature sizes. Because they have fewer possible failure
modes, CMOS/SOS integrated circuits have demonstrated a
reliability at least equal to that achieved by bulk-MOS ICs.

Introduction

Complementary-MOS integrated circuits based on the silicon-on-
sapphire technology (CMOS/SOS) offer many advantages,!-15in-
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cluding high circuit density, very high speed, low power dissipation
during high-speed operation, substrate isolation, wide operating-
voltage range, freedom from latchup, designability, scalability, and
testability. CMOS/SOS has been the technology of choice for a
number of advanced applications, and integrated circuits based on
silicon-on-sapphire (SOS) technology are being fabricated in a
number of organizations.

Presently available SOS ICs have benefited from improvements
in SOS substrates, designs, materials, processes, and in-process con-
trols, and thus both yield and reliability are superior to those of
devices fabricated a number of years ago. New process improve-
ments have been evaluated and applied to developing SOS devices.

The potential advantages of silicon-on-sapphire dielectrically iso-
lated integrated circuits for radiation-hardened applications have
been recognized for some time.!6-23 Techniques have been developed
that further improve the radiation hardness of silicon-gate CMOS/
SOS integrated circuits.24-30

The CMOS/SOS technology has many features that have re-
liability implications. Examples include freedom from the possi-
bility of field inversion, freedom from the possibility of punch-
through or of parasitic lateral bipolar-transistor action between ad-
jacent devices, freedom from the possibility of four-layer parasitic
device latchup, freedom from problems due to vertical metal-spiking
across source/drain junctions, no need for a grown field oxide, and
the possibility of input-protection circuits that cannot be imple-
mented in bulk-CMOS technologies. These CMOS/SOS-technology
advantages become increasingly significant as integrated circuits
are scaled to smaller dimensions.

An additional advantage of a dielectric-isolation technology is
that it is easier to fabricate higher-voltage and radiation-hardened
circuits because there is no possibility of field inversion, or of
punchthrough to adjacent devices or to the edge of a well. By con-
trast, bulk-MOS processes involve a tradeoff between field-inver-
sion voltage and avalanche-breakdown voltage. Ion implantation is
used for bulk-MOS devices to increase field-inversion voltage; it is
applied using a pattern that masks the channel region but allows
overlap with the subsequently ion-implanted source and drain re-
gions. This overlap is essential to achieve high-density circuits.
Only SSI and MSI CMOS circuits can provide the space for a sep-
arate channel-stop diffusion that is located some distance away from
source and drain regions.

The ability to fabricate integrated circuits that function at higher
voltages than the intended application voltage has significant re-
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liability implications, as it permits burn-in of circuits at high ap-
plied voltages, which in turn results in effective screening of failure
mechanisms that are greatly accelerated by voltage but relatively
insensitive to temperature. Two examples of failure mechanisms
that are very effectively screened by high-voltage tests are time-
dependent dielectric breakdown of gate oxides and hot-electron ef-
fects in short-channel MOS transistors. If CMOS/SOS integrated
circuits are burned-in at 125°C and 11 V, for example, and are
subsequently used in an electronic system under conservative con-
ditions, such as 7 V at 55°C, both temperature and voltage accel-
eration factors can be applied to the calculation of estimated failure
rate under usage conditions. If an electric-field acceleration factor
of 0.06 mV/cm applies,3! 11 V constitutes an acceleration factor of
approximately three orders of magnitude compared to 7 V.

Background

CMOS/SOS integrated circuits are produced in a pilot manufac-
turing line in the Government Systems Division, Solid State Tech-
nology Center (SSTC) in Somerville, N. J., and in the Solid State
Division production line in Palm Beach Gardens (PBG), Florida.
The SSTC pilot line has fabricated, packaged and delivered approx-
imately 20,000 CMOS/SOS integrated circuits per year for the last
four years.

Factory production of CMOS/SOS ICs was started in 1977, and
production deliveries were made in 1978. By the end of 1983, more
than four-million packaged CMOS/SOS integrated circuits had been
produced. In 1982, CMOS/SOS microprocessors, A/D flash con-
verters, and radiation-hardened LSI circuits were introduced. In
1983, radiation-hardened 4-kbit RAMs were introduced, and the
feasibility of a 16-kbit radiation-hardened RAM was demonstrated.

CMOS/SOS Processes

CMOS/SOS integrated circuits use an all-ion-implanted,3? self-
aligned, silicon-gate process, with n+ polycrystalline silicon gates
for both p-channel and n-channel transistors. The basic silicon-gate
CMOS/SOS process is shown in Fig. 1. Advanced processes are in-
troduced that reflect current main-stream trends in MOS integrated
circuit technology. The CMOS/SOS 1 silicon-gate process employs
wet-chemical etching to pattern 0.6-pm-thick heteroepitaxial sil-
icon-on-sapphire islands, 1000-A gate oxides, and 5-um feature
sizes. The process reduces the tendency for gate-oxide thinning at
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Fig. 1—Self-aligned silicon-gate CMOS/SOS process outline.

epitaxial silicon-island edges and, thus, provides high gate-oxide
integrity. Passivation is provided by sequential deposition of a 0.2-
pm-thick layer of 2% P-PSG, a 0.06-pm-thick layer of high-temper-
ature-deposited silicon nitride (SigN,), and a 6% P-PSG (or BPSG)
thermally flowable layer.?® The present processes thus provide for
alkali-ion gettering of SiO, regions under the SizN, layer; the films
are a barrier to the ingress of alkali, moisture, or other contami-
nants into gate-oxide regions.
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CMOS/SOS Integrated-Circuit Failure Rates

Much information has already been published on the reliability of
various types of CMOS/SOS integrated circuits.33-*7 In this paper,
we present recent data on the reliability of CMOS/SOS integrated
circuits manufactured by RCA. Available data range from failure
rates of plastic-encapsulated, commercial, CMOS/SOS integrated
circuits to failure rates of high-reliability, hermetically-sealed ICs
and high-performance 1-k and 4-k static RAMs. Data are also avail-
able on failure rates of CMOS/SOS RAMs during spacecraft-com-
ponent burn-in and during in-flight satellite usage. Portions of the
data reported have been summarized at recent technical meet-
ings.48-52

Reliability of CMOS/SOS | integrated Circuits —SSTC
Pilot Line

Data on results of burn-in and static-life tests have been compiled
for CMOS/SOS integrated circuits fabricated in the pilot line in
SSTC. During the 1982-1983 time period, a total of 2,719 inte-
grated circuits fabricated in SSTC by the CMOS/SOS 1 process (5-
pm feature size, 1000-A gate oxide) were processed through static
burn-in at 125°C and 10V for 168 hours. Devices were tested at
room temperature before the 168-hour static burn-in and then re-
tested at high, low, and room temperature. Of the 2,719 devices
tested after burn-in, 55 devices failed at high, low, or room-temper-
ature, for a 98% burn-in yield. (The failed devices include those that
did not initially function at high and low temperatures, as well as
devices that degraded or became functional failures during the
burn-in test.)

Integrated circuits that were screened by the above-described
burn-in were subjected to a static-life test at 10 V at 125°C for 1000
hours.5? Of 385 integrated circuits tested, there were no failures.
The calculated failure rate for screened SOS I integrated circuits is
0.24%/1000 hours at 125°C, at a 60% confidence level. The extra-
polated failure rate at 55°C (60% confidence level), calculated using
a thermal activation energy of 1.0 eV, is 0.0005%/1000 hours (5
FITs).

Reliability of Plastic-Encapsulated CMOS/SOS |
integrated Circuits

CMOS/SOS integrated circuits for commercial applications are usu-
ally manufactured in plastic-encapsulated packages. Cost and per-
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formance are major considerations, but high reliability is even more
important. High reliability is accomplished through in-process con-
trols. Real-time indicators (RTIs) are used to monitor the reliability
in high-volume commercial production. Highly accelerated temper-
ature-humidity-bias tests, high-temperature operating life, and in
some cases accelerated mechanical tests are used. RTIs are short-
duration accelerated-stress tests used to detect specific failure
mechanisms that affect product reliability. RTIs monitor the reli-
ability level to see that it meets design specifications; their use also
tends to raise the level of reliability. Since they are accelerated
tests, they can rapidly show the differences in lot capability and
provide processing feedback.

Reliability test data are obtained from the evaluation of standard
products and new-design verification tests. The following reliability
data represent a summary of static bias-life testing in the 1982—
1983 time frame.53 The plastic encapsulated devices include the 128
x 8-bit RAM, the 1-k x 4-bit RAM, a transcoder, and a custom
game IC. These devices were tested to data-sheet limits and not
subjected to prescreening stress conditions, such as high-tempera-
ture-bias aging or high-voltage dynamic testing. Table 1 summa-
rizes the accelerated-stress-test data for these plastic-encapsulated
circuits.

Field data from one automotive company using the 1-k CMOS/
SOS RAM circuit at the rate of 100,000 devices per year indicated
one failure for the past year. With 400 hours operating time per

Table 1—Static Bias Life-Test Summary (Plastic Package)

Test Duration Out of
Conditions (Hours) Specification Comments
Bias Life, 1000 1/143 Leakage @ 168 Hrs.
125°C, 7V 2000 0/20
Bias Life, 1000 0/20
150°C, 7V
Bias Life, 1000 2/13 2 Single-Bit Errors
175°C, 7V
Total Units Total Units Equivalent Device- Failure Ratet
Tested Rejected Hours @ Temp. %/1000 Hrs.
196 3 0.61 x 10° @ 125°C 0.34 @ 125°C
15.6 x 10® @ 85°C 0.026 @ 85°C
301 x 10% @ 55°C 0.0014 @ 55°C

+ The failure rate for CMOS/SOS technology has been calculated to a 60% confidence
limit, and extrapolated based on a 1.0 eV activation energy. The tests criteria were
defined as the data sheet limits.
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circuit per year, the results are equivalent to 4 x 107 device-hours
with one failure, which corresponds to a failure rate of 0.004% per
1000 hours. This field failure rate is consistent with predicted de-
vice-failure rates obtained by extrapolation of accelerated life-test
data.

Reliability of CMOS/SOS I: High-Rei-Program Gate Arrays
and Memories

CMOS/SOS integrated-circuit reliability data have been compiled
during performance of the high-reliability program, which involves
fabrication and packaging of gate universal arrays (GUAs) and
memory devices by RCA Solid State Division. The program includes
four types of 632-gate GUAs and a 1-k RAM; modified Class S
screening is used. Burn-in and test includes a 240-hour dynamic
burn-in, with functional exercising of devices during burn-in. With
a 3% PDA, 92% of the GUA lots passed first burn-in, and 100% of
the GUA lots passed with 240-hour re-burn-in. For the four CMOS/
SOS types of TA11093 (632-gate GUAs) tested from 1981 until mid
1983, a total of 153 lots was dynamically burned-in at 125°C at 11
V for 240 hours. These lots contained a total of 3,839 devices, which
were burned-in for 921,000 device-hours, with 48 parametric/delta
post-burn-in failures and two inoperative failures. Of the 153 lots,
13 lots (335 devices) received a second 240-hour burn-in with no
failure of any kind (80,400 device-hours).

Systems-level life testing has been performed at 5.5 V for the four
gate arrays and one memory device by the user. To date 1,632,000
device hours have been recorded with no rejects.

Failure Rates of Screened High-Reliability CMOS/SOS ICs

In this section, screening and accelerated-life-test data are reviewed
for several CMOS/SOS ICs, including 1-k RAMs, 4-k RAMs,* pro-
cessors, controllers, and gate universal arrays. All manufactured
parts were subjected to visual, mechanical, and electrical screens
patterned after MIL-M-38510/50 series CMOS specifications. A sim-
plified device-screening flowchart is shown in Fig. 2

Table 2 is a life-test summary of screened units stressed at 125°C
at 7 volts or greater. A total of 2,045 devices were stressed for over
2.5 x 108 device-hours and tested to data-sheet requirements. Two
devices were out of specification for leakage current; there were no
functional failures. Using an activation energy of 1.0 eV, this data
extrapolates to 2.0 FITs at 5V, 55°C, for the case of the out-of-
specification devices, or 0.7 FIT for no functional failures.
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Fig. 2—Simplified device-screening flow chart.

In 1978, life-test results of 397 CDP1821 1-k RAMs were re-
ported.?” The barrier layer used for these RAMs consisted of se-
quentially-deposited layers of chemical-vapor-deposited SiO,, SizN,,
and 6% P PSG reflow glass.

An additional group of 629 RAMs, fabricated by a modified CMOS/
SOS I process, were life tested in 1982. The barrier layer was mod-
ified by the addition of 2% P to the CVD-SiO, layer.33

In 1983, devices of greater complexity, such as 4-k RAMs and
processors, were fabricated with the CMOS/SOS II process. This
lower-temperature thinner-oxide process is required for the in-
creased performance specified for these parts. The 4-k RAMs are
fabricated using a five-transistor memory-cell design and a buried-
contact process.5

Many MIL specifications require control of the electrical param-
eters and monitoring of changes in those parameters (A). Parame-
ters, such as leakage current and output drive, are checked for
changes. Table 3 shows the I, distribution for a 1-k RAM, 1000-
hour life tested at 7 V. The I, changes were within the error of
the measurement. These data are consistent with other parameters
measured on many circuits. These parameters are defined in the
CMM 5104/IRZ data sheet.5®
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Table 2—CMOS/SOS Life Test Summary for 125°C, Vj, = 7 Volts, Screened Units

Out of
Specifications
SOS
Type Process Quantity Device-Hours Leakage Functional

1821, CMOS 1(1978) 397 752,000 1 0
1k x 1 RAM
RAMS, CMOS 1 (82-83) 385 385,000 0 0
Controller,
Arrays
1821, CMOS 1 (1982) 629 706,000 0 0
1k x 1 RAM
1821, CMOS 1I (1982) 138 179,000 0 0
1k x 1 RAM
6P001 CMOS 11 (1983) 35 105,000 0 0
General Processor
3P502 CMOS II (1983) 45 45,000 1 0
Controller
632 CMOS 1I (1983) 25 31,000 0 0
Gate Universal
Array
1k x 4 RAM  CMOSII (1983) 122 95,000 0 0
4k x 1 RAM  CMOS II (1983) 269 262,000 0 0
Total CMOS 1
and CMOS 11 2,045 2,560,000 2 0
Failure Rate % per 1000 Hours, 125°C, 7 V 0.12 0.035
Rate Extrapolated to 55°C, 5 V (1.0 eV), Failures per
10° Hour (FITs) 2.0 0.5

Process Monitoring and Control

Process reproducibility and control are important requirements for
reliable circuits. RCA has instituted process controls for all com-
mercial and high-reliability CMOS/SOS products. These controls
exceed the requirements of MIL/STD-883C, a MIL standard estab-
lishing the requirements for lot-acceptance testing of microcircuit
wafers intended for Class S use. Table 4 lists some process controls
that are a standardized part of the PBG production line and the
requirements of MIL-STD-883C.

High-temperature/voltage stress of the gate oxide is another tool
used to predict threshold stability during bias life. Fig. 3 shows a
single inverter circuit that stresses the n and p gate oxide. Fig. 4
shows no threshold shift on the inverter after the gate oxide has
been stressed in ceramic packages at 150°C and 7V for 500 hours.
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Table 3—I,, Distribution for 1-k RAM Life Tested at 7 V

Descriptive Statistics

0 Hours 500 Hours 1000 Hours

Number of Devices 77 77 77
Mean (pA) 69.36 66.94 69.40
Std Dev. 38.98 36.88 37.99
Data Min. 11 10.5 11
Data Max. 191 192 191
Data Range 180 181.5 180
Standard Error

of Mean 4.44 4.20 4.33

Maximum Allowable I, = 260 pA

These gates were stressed with an acceleration factor of 3 x 10°
relative to 55°C usage (based on a 1.0-eV activation energy). Even
with this large acceleration factor, there is no measurable sodium
contamination.

In addition to the electrical stability required, Class S require-
ments include SEM examination of metal step coverage consistent
with MIL-STD-883. The required step coverage is achieved by
proper circuit design rules and by use of a reflow-glass process that
contours all steps and contacts. A 6% P PSG reflow glass, fused at
1,050°C, provides excellent step coverage in CMOS I devices. Where
lower reflow temperatures, such as 950°C or 850°C, are required,
borophosphosilicate glass (BPSG) provides smooth surface to-
pology.5® Fig. 5 is an SEM photo of a 4-k RAM’s contact metal over
a flowed BPSG layer. The BPSG glass provides low-temperature
reflow and, thus, permits excellent step coverage with the high-
performance CMOS/SOS II process. All SOS parts consistently meet
this MIL-STD SEM requirement.

Tiros Spacecraft Reliability Data

The CMOS/SOS RAMs described in this paper have been used in
spaceborne Tiros and Defense Meteorological Satellite memories
since 1978. The RAMs operate at 5 V or 10 V with a maximum
temperature of 30°C. In addition to in-orbit time, there is extensive
testing at spacecraft levels. These data are summarized in Table 5.
As of March 16, 1984, RAMs had operated more than 45-million
hours with no failures.5” Three soft errors were observed during a
period of extensive solar-flare activity.This low failure rate is con-
sistent with the inherent CMOS/SOS cosmic ray sensitivity of
<10~9 errors/bit/day.
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Table 4—CMOS/SOS Process Inspection and Controls

Process

Epitaxial Wafer
Photomasks

Thermal Oxide
Polysilicon

Polysilicon
Conductivity

Ion Implant
Reflow Glass

Al Metallization

Passivation
Overcoat

Electrical Wafer
Acceptance Test
on SOS Test Key

Thermal Stability
SEM

Product Assurance

MIL Standards
976 and 883C

Controlled Parameters Requirements
Crystallinity; Thickness; Flatness NHB-5300
Laser inspection after specified usage Defect level

defined

Thickness; CV shift (V< 0.4 V for
1000A SiO,)

Thickness, Grain Size
4-Point probe

Energy; Conductance of control chip

Thickness; EDAX composition; Flow
characteristics; SEM

Thickness (>80004, +20% of design
nominal, 6000A min); CVBT shift
(evaluate sodium concentration);
Metal purity

Thickness; Composition

N and P threshold voltage; Source—
drain breakdown voltage; transistor
gain; Device leakage current;
Contact resistance to Si islands and
to polysilicon

Controls at metal evaporation and
oxide growth (AV; < 04V
normalized for 1000 A oxide)

All lots for military applications

Quality control organization;
Calibration; Process documentation

Controls and
documentation
required

Controls and
documentation
required

MIL Std 976

Method 2018
required for
class S only

MIL-Std-Cp 45662

Accelerated Stress Testing of Advanced CMOS/SOS
Processes (SOS lll)

In parallel with the development of CMOS/SOS processes capable
of fabricating VLSI arrays with increasingly finer geometries, the
reliability of arrays produced with these advanced processes is con-
stantly monitored. Since 1981, a continuing study of the reliability
of advanced short-channel CMOS/SOS arrays has been carried out.

Throughout 1982, the reliability studies were concerned with ar-
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Fig. 3—Inverter bias circuit for accelerated life tests.

rays produced by the SOS III process.’? This process uses 500 A of
gate oxide, a 3um n+ polysilicon gate, negative photoresist, arsenic
and boron source-drain implants, and a triple layer of chemical-
vapor-deposited dielectric consisting of 2% PSG/SizN,/6% PSG.

An arithmetic logic unit (ALU) containing approximately 1,300
transistors was the test vehicle used in the reliability studies. These
arrays were fabricated, packaged, data logged, and stress tested.
Throughout 1982, static-bias accelerated stress tests were per-

Vg (V)

Fig. 4—Data from inverter bias circuit showing threshold stability after
stress at 150°C at 7 V for 500 hours.
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Fig. 5—SEM showing contact metal over a flowed BPSG layer for 4-k RAM
(original magnification 2000 x, 55°).

formed at 175°C and at 250°C with 6-volt bias on 52 ALU’s repre-
senting three lots. The median time to failure for each sample was
2,600 hours and 170 hours, respectively. All the devices in these
tests remained fully functional; the out-of-specification arrays ex-
ceeded an arbitrary limit of I, = 100 pA.

An additional thirty-two ALUs were subjected to an accelerated
stress test at 250°C and 6 V with the input terminals dynamically
exercised. Several devices experienced increases in leakage current
within the first twenty-four hours; however, there were no addi-
tional increases in leakage current, and all devices were functional
when the test was terminated at 456 hours. A comparison of this
result with those of the 175°C and 250°C static-bias tests shows that
this result is consistent with a mobile alkali-ion drift, the most
common MOS device failure mode. This observation, together with
analysis performed on some of the devices that displayed increased
leakage currents after accelerated life tests, confirm these mecha-
nisms.

ALUs that were fabricated during the first quarter of 1983 with
the SOS III process are being subjected to static-bias accelerated
stress tests at 200°C and at 225°C with 6-V bias. Seventy-three
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Table 5—DMSP and TIROS Meteorological Satellite, Spacecraft On-Orbit and Space-
craft Level Stress Testing (CDP 1821 1-k SOS RAM Survival Data)

Launch Days as of Hours as of  1-k RAM Part-

Spacecraft Date 3/16/84 3/16/84 Qty/SC Hours
DMSP 5D-2 S6* 12/20/82 452 10,848 952 10,327,296
DMSP 5D-2 S7 11/17/83 120 2,880 952 2,741,760
TIROS-N 10/13/78 464 11,136 306 3,407,616
TIROS NOAA-E 3/28/83 354 8,496 680 5,777,280

Spacecraft Level Testing = 22,794,960 Part-Hours
Total Part-Hours = 45,048,912, No Device Failures

* 86 exhibited three occurrences of parity errors between 21 and 58 days of operation.
Source/location of errors could not be determined. Failures were not “hard”.

arrays are currently on test. To date, the baseline devices at 225°C
have accumulated 6,900 hours, with seven devices exceeding the
leakage-current limit; the devices at 200°C have accumulated 5,500
hours, with 15 out-of-specification. Ten of these occurred early in
the test (within the first 144 hours) and would have been screened
out with a standard burn-in. Of these, three were nonfunctional,
six were the result of increases in leakage current without loss of
functionality, and one was the result of electrostatically induced
damage attributed to mishandling. The remaining arrays catego-
rized as out-of-specification suffered from increases in power-supply
leakage current after they had been on test in excess of 2,000 hours.

The results of these accelerated stress tests are summarized in
Table 6. Extended stress test times are required to produce approx-
imately 75% failures in each test sample. The device hours accu-
mulated by in-specification devices are extrapolated to the oper-
ating temperatures of 55°C, 85°C, and 125°C using an activation
energy of 1.0 eV. The predicted failure rate at 55°C of 1.5 FITs is
consistent with the CMOS/SOS database.

The technique of characterizing the reliability of a process by
static-bias accelerated stress tests is being employed to demonstrate
the viability of any new CMOS/SOS process. Now that the reli-
ability baseline is established, this technique evaluates process var-
ations by comparing the predicted reliability of the variant with
that of the baselined process. A quick and accurate appraisal of a
process variant is now possible for processes such as low-tempera-
ture LPCVD polysilicon gates,’® reactive ion etching, or double-
level metal.

Discussion

Accumulated data show that the process sequence and controls used
for CMOS/SOS circuit fabrication in both RCA’s Palm Beach Gar-
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Table 6—CMOS/SOS Static Bias Accelerated Stress Test

Test Duration Out of

Conditions (hours) Specifications Comments

175°C, 6V 6500 25/31 Ipp in excess of 100 pA. Devices
are functional at final test
point.

250°C, 6V 240 15/19 Ipp in excess of 100 pA. Devices
are functional at final test
point.

225°C, 6V 6900 7122 Ipp in excess of 100 pA. Devices

functional at 4882-hour in-
terim test, continuing on test.

200°C, 6V 5564 15/75 Ipp in excess of 100 pA. All but 3
devices functional, remainder
continuing on test.

Total Units Out of Spec. Equivalent Failure Rate*
Tested Devices Device-Hrs in FITs
147 62 86.1 x 108 (125°C) 740
2.3 x 107 (85°C) 28.6
43.0 x 10° (55°C) 1.5

* Failure rates for the CMOS/SOS III technology have been calculated using a 60%
confidence level and extrapolated based on 1.0 eV activation energy. All devices
were processed and packaged at SSTC, using commercial assembly (no screening)
and hermetic ceramic packages.

dens, FL, and Somerville, NJ, facilities produce devices that meet
all commercial and military requirements for stability and reli-
ability.

The most common failure mechanisms for all types of silicon-gate
MOS integrated circuits are alkali-ion migration effects and time-
dependent breakdown of thermally grown oxides. The predominant
failure mechanism of CMOS/SOS integrated circuits during high-
temperature bias-life testing has been parametric, an increase in
Ipp leakage, rather than functional, or catastrophic, failure. This
type of failure is believed to be due to the motion of sodium ions in
Si0, in an electric field and is characterized by an activation energy
on the order of 1.0 eV.

In predicting IC reliability in accordance with MIL-HDBK-217
D% and Notice 1,5 a learning factor () of 10 is used for new tech-
nologies. A 7, of 1.0 is used when production conditions and controls
have stabilized (after 4 to 6 months of continuous production).
CMOS/SOS has been in production since 1978. The current RCA
low-temperature CMOS/SOS wafer-fabrication process has been in
production since August 1982; accordingly, a m; of 1.0 is considered
appropriate for use in the prediction of reliability of all RCA CMOS/
SOS integrated circuits.
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A comparison of the observed failure rates of CMOS/SOS inte-
grated circuits with data on failure rates of MOS integrated circuits
based on bulk-silicon substrates36:41:42:45.61-70 jpdjcates that CMOS/
SOS integrated-circuit reliability is comparable to that of devices
fabricated by bulk-MOS technologies (CMOS, NMOS, PMOS).

Conclusions

CMOS/SOS integrated circuits have been in volume production for
more than five years. Initial devices were based on 5-pm feature
sizes and 1000-A gate oxide. Newer devices have evolved to smaller
feature sizes and have used thinner gate oxides and lower pro-
cessing temperatures to achieve performance advantages. The
failure rate at 125°C, 7 V, is 0.1/1000 hours for screened parts; this
number extrapolates to a failure rate for CMOS/SOS integrated
circuits of one FIT at 55°C at 5 volts, to a 60% confidence level.
Accelerated stress analysis of new high-performance circuits dem-
onstrates a capability comparable to the production circuits. Anal-
yses of failed devices from screened and plastic-encapsulated cir-
cuits indicate no new failure mechanisms attributable to the silicon-
on-sapphire technology.

Analysis of field data in device applications, such as automotive
and space, demonstrates low failure rates consistent with those pre-
dicted by the accelerated stress techniques reviewed in this paper.

Both the CMOS/SOS technology and the bulk-CMOS technology
are evolving as design and wafer-processing trends are applied to
achieve improved circuit performance and higher density. The ad-
vantages of the CMOS/SOS technology relative to the bulk-CMOS
technology continue to be applicable as transistors in ICs are scaled
to submicron dimensions.” Accordingly, it is predicted that the use
of CMOS/SOS technology will continue to increase, particularly in
those advanced applications in which designability, speed, density,
and dielectric isolation are important.
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Reliability of Plastic-Encapsulated
Integrated Circuits in
Moisture Environments

L. Gallace and M. Rosenfield
RCA Solid State Division, Somerville, NJ 08876

Abstract—An overview of the factors affecting the reliability of plastic-
encapsulated ICs in moisture environments is presented. Par-
ticular attention is given to the moisture-related failure mech-
anism EMA (electrolytic metal attack). The package design and
process steps and techniques developed at RCA (through iden-
titication of the proper analytical models, thorough engi-
neering programs, and by the statistical design of experiments)
are detailed. Particular attention was paid to eliminating chlo-
rides and their sources. The nature and state of on-going
plastic-package moisture-resistance programs and future ex-
pectations are described.

Introduction

Plastic-encapsulated integrated circuits are the predominant de-
vices used by electronic-system manufacturers, primarily because
of their significantly lower cost and improved mechanical strength.
The use of plastic materials brings with it certain reliability issues
that must be resolved. The most important of these is the ability of
a plastic package to resist various temperature and humidity con-
ditions or, simply, its moisture resistance capability. This paper
presents several advances in the wafer and assembly processes used
by RCA that have resulted in increased reliability of the plastic
package. The data reported are the result of more than sixty sta-
tistically designed experiments that were conducted to determine
the significance of changes in the plastic-package system.
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Plastic Package System

In the design of any plastic package system for a semiconductor
device, no single design factor is predominant. There is a tendency
to believe that the entire issue is determined by the selection of
plastic materials, that is, that a single plastic material will solve
all problems in plastic-encapsulated-device reliability, but this is
not true. Table 1 indicates the many factors involved in the design
of packages for a plastic system, any one of which can be a complete
study in itself. When designing a plastic package, all these factors
must be considered as part of an experimental design because there
can be an interaction between them.! Attempts to improve the
plastic package by simply changing materials and formulations can
cause more problems than they solve.

Fig. 1 illustrates the present RCA plastic system for most narrow
body (0.250-inch) packages. The basic components of the plastic
package are a lead frame on which the chip is mounted and wire
bonded and the plastic case material that provides mechanical pro-
tection. By definition, the plastic package is nonhermetic but, prac-

Table 1—Plastic-System Package-Design Factors

Chip Design, Process, Junction Seal
Silicon Dioxide
Silicon Nitride
Metallization
Aluminum, Aluminum-Silicon
Gold
Passivation (over Metal)
CVD PSG (Chemical Vapor Deposited
Phosphosilicate Glass)
Plasma-Deposited Nitride
Silicone Resin
Chip Mounting
Epoxy
Eutectic
Polyimide
Lead Frame or Header Material Connections
Wire
Plastic
Epoxy (Low Chloride, Low Stress)
Plastic Mechanical Strength
Plastic Thermal Stability
Plastic to Lead-Frame Adherence
Plastic Molding-System Requirements
Time
Temperature
Pressure
Post-Mold Cure
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Plastic (Epoxy Novolac)

Gold Wire

Frame
{Alloy 42 or Copper)

Mounting

B Spot
Silver Plate

" Lead Lock

Solder DipLeads— (Epoxy Hole)

Fig. 1—RCA dual-in-line plastic (DIP) 14-lead package.

tically, due to the potential for chemical reaction of the circuit me-
tallization, a degree of “hermeticity” is necessary to protect the chip.

Cost is the primary reason for the use of plastic packages; a her-
metic package may cost three to ten times more than a plastic
package. Moreover, the plastic-package components lend them-
selves to assembly by mechanized techniques, resulting in improved
yields and quality and lower assembly costs by eliminating manual
handling and operator error. In this study, 8-, 14-, and 16-lead pack-
ages were included (Fig. 2 shows the 14-lead package). Each
package can pose different problems in designing for reliability. For
example, the 8-lead package, because of size, has a different lead-
frame design, and the amount of material around the chip is less
than that around the chip in packages of larger lead counts. Thus,
when silicon devices fabricated by the same chip technology are put
in different types of packages, reliability results for each can be
different.

In the design of the plastic package, the chip size and its layout
play an important role. If the chip is too large for the package, the
walls surrounding the chip can be very thin, and the amount of
plastic material available to protect the chip from the external en-
vironment can be inadequate. Obviously, this condition in itself can
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Fig. 2—Photograph of 14-lead dual-in-line plastic package.

result in a potential moisture problem, since the plastic material is
the first line of defense.

In addition to the chip size and layout, consideration must be
given to the lead-frame material, the chip-mounting method, the
chip-to-frame interconnection, encapsulation materials, and lead
finish. Also, because plastic packaging assembly is done in very
high volume, automation of the assembly is a necessity. A mecha-
nized system is needed, not only to produce the volume required,
but to ensure consistent quality. Again, this mechanization allows
a reduction of operator error and reduces handling of the product
as it is being manufactured.

In 1982, RCA established a comprehensive mechanization pro-
gram in Malaysia for the high-volume assembly of 8-, 14-, and 16-
lead plastic packages.? In this manufacturing process, the wafers
are mounted on a tape and then saw cut to separate them into
individual chips. The sawed wafers are cleaned and the chips in-
spected. The chip matrix is then presented to a chip mounter which
automatically mounts the chip on the lead frame prior to intercon-
nection by fully automatic wire bonders. Since the bonders have a
pattern-recognition function, all the operator has to do is to set up
the machine once; it then runs continuously. The operator simply
loads product and monitors the machine’s performance. The wafers
then go through the molding and the lead finishing equipment.
Automatic solder dipping and automatic branding complete the
mechanized system sequence.

Because the plastic package is nonhermetic, the most significant
environmental factor affecting reliability is moisture.® (In a her-
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metic package, the moisture environment is not a consideration;
only the moisture sealed in the cavity during assembly is of con-
cern.) Therefore, with a plastic package, as a first consideration, the
moisture environment of the application and the moisture resis-
tance of the package as defined by reliability test data must be
related.

Factors Affecting Moisture Resistance

Table 2 highlights the many variables that determine the ultimate
moisture resistance of a plastic package. Of these, the device tech-
nology (e.g., bipolar versus CMOS) is a key one because of power
dissipation? and the effect of this dissipation on reliability-test re-
sults. For example, when devices of two different technologies are
placed on THB (temperature-humidity-bias) test in 85% relative
humidity, and one, because of its technology, dissipates power in
such a way that its junction temperature is perhaps 10 degrees
greater than the ambient, the relative humidity at the chip surface
of that device will actually be 58%, and not the 85% at the junction
of the lower-power unit. Thus, bipolar devices, which dissipate more
power than CMOS devices, sometimes yield better test data than

Table 2—Variables Influencing the Reliability of Plastic Packages In Moist Envi-
ronments

Technology
Bipolar
CMOS
Design Layout
Chip Size
Metallization
Protect Layer

Packaging
Lead Frame Design
Lead Frame Base Material
Chip Mounting Method/Materials
Encapsulation (Plastic) Material
Molding System Parameters
Plastic Cure Schedule
Plating (Finish) of External Leads
Contaminants
Adhesion to Chip & Lead Frame

Application
Moisture Environment
Temperature
Applied Voltage
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CMOS devices under like conditions. In most humidity tests on
linear bipolar devices, even when the power is reduced and an at-
tempt is made to “cut-off” the devices by reverse-biasing, they will
still dissipate milliwatts of power and change the test conditions.

Two important application-environment factors that influence
moisture resistance are temperature and applied voltage. Fig. 3
indicates how failure rate changes as a function of voltage. A sub-
stantial improvement (approximately 5 to 1) can result from re-
ducing the device voltage (from 18 volts to 5 volts). This phenom-
enon is significant with the latest CMOS silicon-gate technology,
CMOSII (RCA'’s high-speed product, QMOS),® which is a 5 to 6-volt
technology, compared to the 4000-series CMOS, which may be op-
erated at up to 18 volts. The lower the voltage used in an applica-
tion, the better the reliability that can be expected.

Other factors affecting moisture resistance include the protect
layer over the metallization, the method of packaging, the materials
used, the molding-system parameters, the lead-frame design, the
adhesion of plastic to chip and lead frame, the contaminants in the
system, the plastic cure schedule, and the finish of the external
leads. All these factors influence the degree of moisture resistance
of a package, that is, the degree to which the package prevents a
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Fig. 3—Effect of voltage on the moisture mechanism for CMOS logic.
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device from failing as the result of a mechanism triggered by the
presence of moisture in the package. One of the most serious of these
mechanisms is aluminum corrosion, a mechanism precipitated by
the presence of contaminants and moisture in the package at final
assembly or introduced in the application.

Mechanism of Aluminum Corrosion

Three types of corrosion, or electrolytic metal attack (EMA), can
take place in a plastic package: galvanic cell (dissimilar metals),
concentration cell (Nernst equation), and ionic cell.® The amount of
EMA that takes place is a function of the many factors listed in
Table 3; a number of these factors must be present for EMA to occur.
The abundance of these factors gives a good idea of why the attain-
ment of plastic-package reliability is so difficult. From the time a
plastic package is assembled to its final application, its lack of her-
meticity leaves it “open” to exposure to a variety of adverse condi-
tions.

One of the most severe of these conditions for the plastic package,
and one of the main causes of corrosion, is the interaction of mois-
ture with chlorides.” The package materials and processes in use
today at RCA minimize the amount of chloride content, as is ex-
plained below, but chlorides may still be prevalent in many pro-
cesses to which the package may be subjected after manufacture.

The problem begins with a tendency, during lead forming, for a
separation to occur between the lead frame and plastic at the point
where the leads enter the package body. This separation allows
contaminants (e.g., chloride) to migrate along the wire, onto the
chip, and then onto the exposed aluminum bond pads where the
gold-ball bonds are made (Fig. 4). The interface of dissimilar metals,
gold to aluminum, sets up an approximately 3-volt potential, and

Table 3—Factors Determining Amount of Corrosion of Integrated Circuit Metalli-
zation

pH of System

Metal

Encapsulation Material
Passivation Glass

Ionic Contamination
Temperature

Relative Humidity

Applied Voltage

Moisture Resistance of Package
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Fig. 4—Dual-in-line plastic-package—model of chloride-induced EMA.
The path for CI~ ions is shown, with the primary area affected
being Al bond pads.

in the presence of water and chloride, an EMA reaction can take
place.

The equations for the EMA reactions involving chlorides are as
follows.2 Metallic aluminum and its alloys are normally protected
from atmospheric conditions by a layer of passivating oxide. The
oxide is dissolved in a moist environment from the adsorption of
Cl~ on the surface according to the reaction:

Al(OH); + C1~ — AI(OH),Cl + OH".

After the surface oxide is dissolved, the exposed metallic aluminum
then reacts with the chloride ion as follows:

Al + 4C1- — [AICL,]~ + 3e~.

The resulting complex alumino-chloride anion, [AICl,] -, then reacts
with water:

2(AICI,]~ + 6H,0 — 2AOH), + 6H* + 8ClI-.

Basically, the chemical reaction described between the aluminum
and the chloride is one that allows chloride to be continuously re-
leased into the system. This chloride is free to react as long as water
is present.

Since 100% screening of all product for moisture resistance is
impractical, the approach preferred is to eliminate the chlorides,
more specifically, the sources of the chlorides and/or the means by
which they enter a plastic package. The areas of investigation that
have proved most fruitful, and that have led to actual improvements
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in package fabrication techniques and reliability, are assembly-area
soldering, lead-frame design, and plastic molding processes.

Elimination of Chlorides

Assembly-Area Soldering

In an assembly process, due to the possible presence of heavily ox-
idized areas on lead surfaces, and to assure a good solder bond, the
first step of the soldering process is often a preclean, in HCI solution,
for example, followed by fluxing with a material that contains ap-
proximately 90,000 ppm of chloride; only a few ppm are needed to
cause corrosion. Soldering is then done at a temperature of 275°C,
which results in a thermal shock to the plastic and, depending on
package design, the possible creation of conditions that will allow
initial entrance of chloride into the package. In an analysis of some
EMA resulting from reliability testing, chloride was detected by
electron probe microanalysis on the internal portion of the leads in
the cross-hatched regions shown in Fig. 5.

The first task in improving the soldering process was, then, to
eliminate the chloride. Table 4 shows a typical manual solder pro-
cess and the data from an experiment comparing no fluxing and no
soldering to fluxing and soldering. Units were exposed to very high
humidity (98%) and very high temperature (93°C); moisture con-
densation can occur on the devices at these humidity-temperature
conditions. When there was no soldering and no flux, no EMA was
found. Where there was precleaning with HCI and/or a halide flux,
there was EMA. With no preclean and a flux that had no chloride
in it, no evidence of EMA was found. The latter method is now in
use at RCA.

Fig. 5—Electron-probe microanalysis of integrated-circuit corrosion fail-
ures; areas indicating presence of chloride are highlighted.
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Table 4—Results of Fluxing/Soldering Study

Manual Solder Dip Process

1. HCIl Etch 1:1 HCVH,0 at 50°C, 4 Minutes
2. Cascade Rinse H,0

3. Fluxing Halide Flux, 5 Seconds

4. Solder Dip 275°C, 5 Seconds

5. Rinse H,0 40°C, 2 Minutes

6. Cascade Rinse Cold H,0, 2 Minutes, 3 x

7. Alcohol Bath 1 Minute

8. Air Dry 40°C, 10 Minutes

Flux Solder Experiments
A. Manual Solder Dip (CMOS CD4011B)—Results After 264 Hours* at 93°C/98%
RH/18 V

No HCl/No Flux HCl/Flux No HCl/Flux HCI/No Flux
(Steps 4-8) (Steps 1-8) (Steps 3-8) (Steps 1, 2, 4-8)
0/15 4/15 2/15 1/15
(EMA) (EMA) (EMA)

B. Non-Halide Flux (CMOS CD4049UB)— Results After 168 Hours* at 93°C/98%
RH/18 V

No Solder/No Flux HCI1 Preclean Non-Halide
No HCI Preclean Halide Flux Flux
0/10 5/10 0/10
(EMA)

* Test approximately 4.5 X more accelerated than 85/85 THB.

Lead-Frame Design

Although a new manufacturing solder process (no HCI preclean and
a chloride-free flux) was established, there was no guarantee that
soldering processes used by a customer would not introduce a source
of chloride contamination. Therefore, the moisture penetration of
the package had to be improved.

As mentioned above, during forming of the leads, a small sepa-
ration occurs between the leads and the plastic (Fig. 6), because
there is no strong chemical bond between the plastic and the lead
frame, i.e., the bond is primarily mechanical. A method was needed
to more effectively lock the plastic to the lead frame and minimize
separation. The DIP package in Fig. 1 shows a lead frame that
provides an effective mechanical lock. The epoxy in the hole me-
chanically locks the plastic so that there is less separation when
the lead forming takes place. By eliminating the sources of chloride
and then using the lead-lock frame, the plastic package was made
more impervious to moisture and contaminants.

Running of the standard industry temperature-humidity-bias
(THB) test (85°C, 85% relative humidity), shows that improvement
in the moisture resistance due to the lead-lock construction results
in increasing the point at which the EMA starts from 200 to 500
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\
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LEAD 24 LEADS ‘—<190 MILS

Fig. 6—Cross section showing separation between leads and plastic after
leads are formed.

hours, as shown in Fig. 7. The contribution of the use of the lead-
lock frame to improved package performance can then be deter-
mined as a part of the total reliability. This data is shown in Fig.
8, where cumulative results of temperature-humidity-bias tests
comparing standard lead frames to lead-lock frames are given. All
of these results were gathered under very accelerated test condi-
tions.

Plastic Molding Processes

An investigation was made of the plastic-package materials and
molding processes.

With the objective of eliminating chlorides throughout the
system, it is essential to choose a molding compound with as low a
chloride content as possible. Table 5 shows the results of a study of
a number of molding compounds, including several from domestic
and Japanese suppliers.

There are many factors in the molding process besides molding
compound that can affect a package’s ultimate reliability, including
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Fig. 7—Improvement in moisture resistance from using lead-lock frame.
Data is for CMOS devices on THB of 85°C, 85% RH, 18 volts.
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Fig. 8—Demonstration of improvement in temperature/humidity/bias test
results for CMOS devices brought about by using lead-lock
frames.
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Table 5—CD4049UBE Molding Compound Study THB 85/85/18V

Domestic Japanese
Hours A B C A B C D
168 0/20 0/20 0/20 0/20 0/20 0/20 0/20
500 0 0 0 2 0 0 0
832 0 0 0 1 1 0 0
1072 0 0 1 2 0 1 0
1572 0 2 0 0 1 2 0
2072 0 0 0 2 1 0 0
2572 0 0 0 0 0 0 0
3072 0 — — — — — 0
TOTALS 0/20 2/20 1/20 7/20 3/20 3/20 0/20

(Open) (Open) (Open) (Open) (1 Open
2 Lkg.)

transfer pressure and post-mold cure (discussed below). A relation-
ship was found between these two variables during evaluation of
the molding system. The effect of transfer pressure on the bias pres-
sure-cooker (HAST) test was evaluated, and it was determined
that, at a post-mold cure time of 16 hours, 1,000 psi transfer pres-
sure provided improved moisture resistance over a pressure of 780
psi. The use of a post-mold cure of 16 hours yielded a significant
improvement over no cure at all pressures, but the key factor ap-
parent from this experiment was that the transfer pressure has to
be 1,000 psi (Fig. 9). Thus, as shown in Fig. 10, transfer pressure
alone does not provide the improvement, but it does provide a sig-
nificant improvement when coupled with the 16-hour cure.

When plastic-material suppliers recommend a post-mold cure
schedule, they typically do so with optimization of the material
properties in mind, and not necessarily the effect of the schedule on
the reliability of the packaged IC. Therefore, the effect of post-mold
cure on moisture resistance of the packaged IC was investigated.
The typical industry cure time varies from 4 to 8 hours. Investi-
gations were made using post-mold cure times ranging from 4 to 32
hours.

Pressure cooker tests were run on 5,500 devices. The number of
failures are shown in Fig. 11, which shows control-chart limits. If
the data points are outside these limits, there is a 95% probability
that the response to the conditions is different. Based on this infor-
mation, the post-mold cure time was changed from 6 to 16 hours.
The 85°C, 85% RH THB test shows the same results as the pressure
cooker tests, namely, that 16 hours post-mold cure yields better
results than a 6-hour cure.

In another experiment, it was determined that while 16 hours
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Fig. 9—Post-mold cure matrix for HAST test of CMOS devices at 145°C,
85% RH, 18 volts, 24 hours. Analysis of means main-effects chart
for aperture mold.

MOLD PRESSURE x POST MOLD CURE x
g5, POST MOLD CURE POST SOLDER CURE
80|
75|
70
85

L O-HR CURE
80} .*—o
g ssk N
S \
2 so- Ve
w | \\6;’
2 45 \oo
L \
a0 \%\
a5 \
30+ \
25| »
20+
1sL 1 1 1 L
780 PSI 1000 PSI  O-HR 16-HR
MOLD PRESSURE POST MOLD CURE

Fig. 10—Post-mold cure matrix for HAST test at 145°C, 85% RH, 18 volts,
24 hours. Significant two-factor interactions.
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Fig. 11—Moisture-test results: 6-hour versus 16-hour post-mold bake at
175°C.

post-mold cure was significantly better than 0 hours, 32 hours was
only slightly better than 16 hours (Fig. 12). The increment of im-
provement from 16 to 32 hours was not significant enough to justify
the extra cost but, certainly, the extra cost for 16 hours over 0 or 6
hours is justified.

The reasons for improved reliability with increased cure time are
not fully understood at this time. One theory postulates that the
plastic may be more completely cured and is, perhaps, more stable,
and another that the longer bake may neutralize a potential chem-
ical reaction. It is recognized that all of the variables influencing
post-mold cure must be studied together to identify any interac-
tions, and that the significance of interactions can only be under-
stood through sophisticated experimental design techniques fol-
lowed by statistical analysis.

Additional Evaluations and Experimental Results

In order to evaluate the many possible effects of a factory environ-
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Fig. 12—Normalized THB capability as a function of 175°C post-mold bake
time.

ment on plastic-package reliability, four different processes were
set up in the manufacturing facility (Table 6). Product was assem-
bled using these processes, and reliability tests were performed.
When any process showed better, or worse, reliability results than
another, the key variables could then be identified.

Table 7 shows the data from the 85°C, 85% RH THB testing. Line
process 4 (available chlorides) show 14.5% failures, while processes
2 and 3 (no available chlorides) show 0% failures. Process 1, which
was originally thought to be the best, did have some failures. One
difference between this process and the other processes is that a
pre-mold cleaning was performed. It is believed that this operation
added some contaminants to the system. Since good engineering
judgment would dictate the use of a preclean, the data provides an
example of how not running the appropriate experiments in the
actual factory environment can result in a wrong decision.

The latest CMOS silicon-gate technology, CMOSII (RCA’s high-
speed product QMOS),5 was used to compare the two processes, chlo-
ride versus nonchloride (Table 8). There were 16% failures with the
old chloride process compared to no failures on the new nonchloride
process, a large improvement for the new process. The test used was
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Table 6—Experimental Assembly Process Matrix

Process 4
Process 3 (0ld
Process 1 Process 2 (Standard) Standard)
Pellet Inspect. =~ No Foreign Std Std Std
Mat.
No Oxide
Faults
No Discolored
Bond Pads
Pellet Mount. Low Chloride Low Chloride Std Std
Post Bond No Rework Real Time RTPC RTPC
Inspect Process
Control
(RTPC)
Pre-Mold Clean Freon TF None None None
Molding Cmp. Dom. Low C1- Dom. Low Cl- Dom. Low Cl~ Domestic
Post-Mold Cure 16 Hrs.@ 16 Hrs. @ 16 Hrs. @ 6 Hrs. @
175°C 175°C 175°C 175°C
Solder Dip Process:
No HCI No HCI No HCI HCI
Auto. Dip Auto. Dip Auto. Dip Manual
Non-Halide Non-Halide Non-Halide Halide Flux
Flux Flux Flux
No Rework Rework Rework Rework
(Non-Halide (Non-Halide (Halide Flux)
Flux) Flux)
Auto-Brand Std Std Std Std
Final Test Std Std Std Std

Table 7—Experimental Assembly Process Matrix—THB Data Base (85°C/85%

RH/18V)
Data Former Std.
Type Code Hours Line 1 Line 2 Line3 Line 4
CD4049BE 8314 1000 0/20 0/20 0/20 8/20 (7 EMA)
CD4059BE 8314 1000 0/20 0/20 0/20 3/20 (EMA)
CD4076BE 8318 1000 0/20 0/20 0/20 2/20 (Lkg)
CD4011BE 8323 1000 0/20 0/20 0/20 2/20 (EMA)
CD4053BE 8323 1000 0/20 0/20 0/20 3/20 (1 Lkg/
2EMA)
CD4024BE 8327 1000 0/20 0/20 0/20 5/20 (EMA)
CD4502BE 8327 1000 1/20 (EMA) 0/20 0/20 1/20 (EMA)
CD4051BE 8332 1000 2/20 (1 EMA, 0/20 0/20 2/20 (EMA)
1 PAR)
CD4049UBE 8336 1000 1/20 (Lkg) 0/18 0/20 0/20
CD4011BE 8336 1000 1/20 (Lkg) 0/20 0/20 6/20 (EMA)
CD4011BE 8340 1000 0/20 _Q 20 _0_/_20 ) 0/20
5/220 0/218 0/220 32/220
(2.3%) (0.0%) (0.0%) (14.5%)
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Table 8—QMOS Chloride versus Nonchloride Assembly Process— THB Results

for EMA
Chloride Non-Chloride Magnitude
Test Hours Process Process Improvement
THB 1000 39/240 0/198 >16x
85°C/85%RH/6V (16.3%) (0.0%)
Accelerated THB 1000 119/180 8/160 13x
93°C/98%RH/6V (66.1%) (5.0%)

the 85°C, 85% RH THB test. For the 93°C, 98% RH THB, the results
were 66% and 5% for the old and new processes, respectively. With
QMOS product, using the chloride-free soldering process, there are
zero failures on the 85°C, 85% RH THB test, with one lot reaching
7000 hours without a failure (Table 9).

A 5,000-hour capability on 85°C, 85% RH THB qualifies that
product to be used in some long-term (greater than 10 years) ap-
plications where hermetic product is normally used. Many hermet-
ically sealed devices would have a problem passing 7,000 hours of
85°C, 85% RH THB without the package coming apart. If a cerdip
package were run in the same test for 7,000 hours, conductive shorts
would form on the outside of the package due to the leaching out of
lead ions from the glass. In the future, plastic packages will be used
in more and more applications previously employing hermetic pack-
ages because the plastic-package technology is reducing the differ-
ences in the package capabilities.

In the program described in this paper, the major effort was to
remove chlorides from the package and assembly system and im-
prove the basic moisture resistance of the plastic package. However,
all wafer fabrication operations were also reviewed with the goal of

Table 9—QMOS— 1983 Assembly Process THB 85°C/85% RH/6V

Type Hours Sample Size Failures
HC/HCT00 7000 20 0
HC74 1000 18 0
HC/HCT238 1000 20 0
HC/HCT138 1000 20 0
HC242 1000 20 0
HC/HCT175 1000 20 0
HCT74 1000 20 0
HC/HCT251 1000 20 0
HC243 1000 20 0
HC/HCTO04 1000 20 0

198 0
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Fig. 13—Wafer fabrication process changes (oval boxes are changes).

eliminating chloride-bearing materials and processes. Figs. 13 and
14 show the wafer fabrication and assembly process steps (square
boxes) and the changes made (rounded boxes). Based on the major
parameters discussed in this paper, an improvement of over 25
times was realized (Fig. 15). This number is conservative; the actual
improvement could be as high as 50 times.

Fig. 16 shows the improvements in plastic-packaged-CMOS mois-
ture resistance over the last 10 years. The moisture resistance of
plastic packages is measured by the 85°C, 85% RH THB test, the
industry standard. In 1974, the plastic-packaged products were
about 30% defective at 1,000 hours. Moreover, at that time, plastic
was not used except in very benign applications. The impetus for
improvement in 1974 was the first use of plastic-packaged devices
in volume in automotive applications other than radio. The main
reason for the improvement was the understanding and control of
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Fig. 14—Assembly process changes (oval boxes are changes).

phosphorous content in the CVD PSG protect layer. An even greater
step-function improvement has been achieved in 1984 by the elim-
ination of chloride from the plastic-package process.

Failure Rates in Dry Ambients and Thermal Stress

Table 10 shows plastic-package failure rates for different technol-
ogies, and indicates the sample size, the actual test temperature,
the voltage ratings, the equivalent device hours at 85°C, and the
failure rates at various temperatures. For example, CMOS logic at
55°C has a very low failure rate (0.0008%/1000 hours) if moisture
is not a factor. This finding is based upon high-temperature test
data with no moisture.

There are also tests that quantify temperature-cycling capability
(Table 11). The DIP, dual-in-line plastic package, has good temper-
ature-cycling capability at —65°C to 150°C based on a sample of
17,000 devices (there were only two continuity failures). Thermal-
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Table 10—Integrated Circuit Failure Rates Plastic Dual-In-Line Package

Equiv-
alent* Failure Rate*
Actual  Voltage Device %/1000 Hrs at 60% UCL
Sample Test (Max Hrs At
Technology Size Temp Rated) 85°C 85°C 70°C 55°C
CMOS Logic 1405 125°C-— 18 9.7 x 107 0.015 0.0036 0.0008
150°C
CMOSII 2340 125°C-— 6 2.7 x 108 0.003 0.0007 0.00015
(QMOS) 175°C
C2L LSl 2985 125°C-— 7 9.4 x 107 0.030 0.007 0.0015
175°C
SOS LSI 246 125°C— 7 2.1 x 107 0.020 0.005 0.0010
175°C
CMOS I LSI 1119 125°C- 6 9.1 x 107 0.034 0.008 0.0017
175°C
CMOS II LSI 279 125°C 6 3.5 x 108 0.057 0.013 0.0029
Bipolar 8725 125°CP 8-30 1.1 x 108 0.025 0.006 0.0013

2 Extrapolated from actual test temperature, assuming a 1.0 eV activation energy.

b Dynamic life ambient test temperature is 85°C; device-hours based on an estimated
average junction temperature of 125°C (calculated junction temperature of the range
of types tested is between 100°C to 150°C).

shock data ( —65°C to 150°C, liquid-to-liquid) shows only one failure
for continuity in 18,000 devices. Some of the small samples have
gone to 9,000 cycles before the first failure occurred.

Future Developments in Reliability Tests

Future programs include the study of new encapsulation materials,
optimization of the molding parameters, investigation of chip pro-
tect layers, and consideration of some new metallization schemes.
Every year, improvements are made in the reliability of plastic
packages, not necessarily because of problems, but because of the
increased demand for plastic products in ever more diversified ap-
plications. Accordingly, improvement programs will be continued
while the present capability is monitored. Table 12 shows the
volume of data collected in the monitoring of moisture resistance
in the factory. These tests, which are pressure-cooker oriented, are
now being replaced by 85°C, 85% RH THB testing in the factory.
Table 13 shows the different moisture-related reliability tests
that are currently used to characterize plastic-packaged ICs. A cor-
relation of each of these tests with the 85°C, 85% RH THB will be
established. For example, Fig. 17 shows the correlation between the
85°C, 85% RH THB test, the 93°C, 98% RH THB test, and the cycled
THB test. There is an approximately 5 x difference in acceleration.
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Table 11—Plastic Dual-In-Line Package (RAMP—1983)

Temperature Cycle
T, = —65°C to +150°C, Air-to-Air, Mil. Std, 883/1010.3

Technology Cycles Sample Outside Specifications
CMOS Logic 200 9,955 0
1000 525 2
1500 40 0
3000 20 0
Bipolar 200 6,480 0
Total 17,020 2

Thermal Shock
T, = -65°C to +150°C, Liquid-to-Liquid, Mil, Std. 883/1011.2

Technology Cycles Sample Outside Specification
CMOS Logic 200 11,411 0
1000 415 0
2000 160 0
9000 60 1
Bipolar 200 6,580 0
Total 18,626 1

The 85°C, 85% RH THB test is repeatable, but as product capability
increases, the time needed to get results increases; hence, the need
for a more accelerated test.

One increasingly popular test is the HAST (highly accelerated
stress test),?19:11 which is a bias pressure-cooker test performed
under nonsaturated conditions. HAST testing is becoming very pop-

Table 12—1983 Assembly Process Composite Summary of Moisture Test Data
(Factory RVS and Pressure Cooker)

Malaysia Assembly

Technology Quantity Tested Number EMA
CMOS 33,582 1
Bipolar 64,990 2
QMOS 845
Total 99,417 3
Taiwan Assembly
Technology Quantity Tested Number EMA
LSI 3,450 2
CMOS 7,640 0
Bipolar 39,406 4
Total 50,496 6

Note: RVS = Reliability Verification Sequence
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Table 13—Moisture Test Matrix CMOS/Bipolar

Test Condition

1. THB 85°C/85% RH, Vpp = Max. Rated

2. THB Cycled Same as (1), Except Cycled T On = 5 Minutes,
T Off = 5 Minutes

3. THB JEDEC 22A/100 98% RH, 30 — 60°C, Vpp = 5V, Cycled T On =
5 Minutes, T Off = 5 Minutes

4. HAST 145°C/85% RH/Vp, = Max. Rated

5. Humidity Storage 85°C/85% RH

6. Humidity Storage 50°C/85% RH

7. Pressure Cooker 15 PSIG, 121°C

8. Pressure Cooker 50 PSIG, 150°C

9. RVS Pressure Cooker (15 PSIG, 24 Hours)

+ Bias Life (85°C, Max. Voltage, 100 Hrs)

ular, but the question of correlation to the 85°C, 85% RH THB test
has not been settled. The failure-rate data indicates a correlation,
but the results could be due to two different failure mechanisms. A
physical analysis must always be done to prove that a correlation
in mechanism exists.
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Fig. 177—A correlation, for CMOS devices, between the 85°C, 85% RH THB
test, the 93°C, 98% RH THB test, and the cycled THB test.
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Table 14—Development of One-Day THB Test (HAST* Method) to Correlate with
1000 Hours at 85°C/85% RH. Test to Be Used As a Real-Time Indicator
in Factory Production

Preliminary Estimate

MTF® of Acceleration
Condition (Hours) Over 85°C/85% RH/18V¢
155°C/85% RH/18V 27 100 Times
145°C/85% RH/18V 50 55 Times

135°C/85% RH/18V 90 30 Times

2 Highly Accelerated Stress Test
®50% failure point from Weibull plot of functional/continuity failures.
¢ Based on first approximation of the activation energy, which is 0.85 eV.

Based on the activation energy for the three points in Table 14
(which come from the Weibull plot in Fig. 18), the percent failure
from one test-condition level to the next can be predicted. Physical
analysis shows that the failure mechanisms are not identical, even
though the data falls on a straight line. The purpose of establishing
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Fig. 18—Based on the activation energy and the data provided in this
graph, the percent failure from one test condition level to the
next can be predicted. Data is the result of HAST test: 85% RH,
18 volts, on CMOS devices.
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an acceleration factor is to predict the mechanism occurring at some
lower temperatures. However, in this case, as the temperature is
decreased, more bond-pad failures occur (Fig. 19), and as the tem-
perature is increased, more in-board failures occur (in-board means
underneath the protect layer over the metal). Under the 85°C, 85%
RH THB test, more bond-pad and less in-board failures occur. The
HAST test results primarily in in-board failures, with a smaller
percentage of the bond pads showing EMA. Changes in temperature
cause the failure mechanisms to split; however, the failure mech-
anism is still evident. In either case, both bond-pad and in-board
failures exist. They will be detected on either the HAST or the 85°C,
85% RH THB test, but the ratios of bond pads to in-board failures
changes. A great deal of analysis has to be utilized with HAST
testing.

In a recent evaluation of prediction techniques (Fig. 20), it was
shown that the sum of temperature and humidity provides the ac-
celeration factor over various temperature and humidity condi-
tions.12 When this data is plotted as log versus the sum of T and
RH, it can be fitted to a straight line. Use of the straight line allows
a prediction of what could happen under test conditions shown by
the dotted line of Fig. 20. This model was originally proposed by
Reich and Hakim!2 based on work done in the Panama Canal Zone
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Fig. 19—Location of EMA as a function of temperature at 85% RH. Plot
of percentage of bond pad versus inboard failures.
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(at 30°C, 90% RH). Lycoudes® later reported median life data from
this model where, comparing results for the Panama Canal Zone
conditions of 30°C, 90% RH (no contaminants in the environment)
to results for 85°C, 85% RH, an acceleration factor of approximately
40 could be realized. Extrapolating the straight line of Fig. 20 to
the 30°C, 90% RH conditions indicates a prediction of approximately
a 30 times acceleration factor. This is not the ultimate in predicting
reliability, but as techniques are improved with more reliability
data, better predictions will be possible.

Summary

The plastic package is the dominant form of packaging for inte-
grated circuits in use today worldwide. It is mechanically stronger
than its hermetic counterpart and more cost effective both in man-
ufacturing and application.

Each year there is an improvement in the reliability of plastic-
packaged ICs because of (1) the continuously increasing demand by
the customer for plastic in more diverse, more hostile applications
and (2) the introduction and use by the manufacturer of improved
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materials, techniques, and processes. The information in this paper
indicates the kind of reliability improvement that can be achieved
with identification of proper models, thorough engineering pro-
grams, and statistical experimentation, and will provide the basis
for the transition to the next level of plastic-package reliability.
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Chip Carriers With Silver-Epoxy
Die-Attach Adhesive
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R. Denning
RCA Laboratories, Princeton, NJ 08540

Abstract—This paper describes package design and process changes in
the development of an improved system for controlling internal
water-vapor levels below 5000 ppmv in hermetically-sealed
leadless chip carriers with silver-epoxy attached silicon de-
vices. It was shown by mass spectrometry that the silver-epoxy
die-attach material releases water and unreacted monomers at
about 300°C. Therefore, the high-temperature braze-seal de-
sign and process originally used in manufacturing was
changed to a controlled-environment low-temperature seam-
welded design. A high-temperature, pre-seal, furnace bake-out
and epoxy cure process was also incorporated. Moisture levels
measured for the new package and process are below the 1000
ppmv level.

Introduction

High moisture levels were detected in the fabrication of devices for
a critical high-reliability program. The product, CMOS/SOS de-
vices, were assembled in leadless chip carriers (LCC) and die at-
tached using DuPont 6838 silver-filled epoxy adhesive. A number
of engineering tests and experiments were made, but only those
results considered most significant are reported here.

Initial production of four universal gate arrays (UGAs) and one
random-access memory (RAM), all of which contain CMOS/SOS de-
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vices assembled in leadless chip carriers (LCC), commenced in the
fourth quarter of 1980. The LCC packages were designed for braze
seal using a nickel- and gold-plated Kovar lid with a Au/Sn brazing
preform tack welded to the lid at each of the four corners. The
assembled package and lid are pre-aligned in a jig and clamped
together with spring tension clips. The clipped assembly is placed
on a conveyor belt and passes through the furnace in a nitrogen
atmosphere containing 20 ppmv (parts per million by volume) mois-
ture at a maximum temperature of 310°-315°C (Fig. 1).

Initial water-vapor measurements on three production lots sealed
from December 1980 to November 1981 ranged from 460 to 2250
ppmv. A 5000-ppmv moisture level is the allowable maximum for
qualification to Mil-Std-883, Test Method 1018.2, Procedure 2
These results were satisfactory and qualified production; however
moisture measurements made on engineering tests processed
during the March and April 1982 period of time ranged from 5000
ppmv to 15000 ppmv. Further moisture measurements made on the
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Fig. 1—Flow chart for braze-seal process with pre-seal vacuum bake.
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product, after the production line was carefully checked and con-
trolled, indicated some product with internal moisture levels
greater than 5000 ppmv. Fig. 2 indicates the moisture level distri-
bution of product made during this time. An engineering investi-
gation into the cause of these inconsistencies was initiated.

Analysis and Testing

One of the first series of tests run compared moisture levels for
empty packages and packages containing the silver-epoxy die-at-
tached devices (Table 1). The mass spectrometer results indicated
a significant increase in CO, for the packages containing the silver-
epoxy attached CMOS/SOS devices. The moisture levels, however,
showed no significant differences. Hydrogen, which is generally
present in hermetic packages due to the nickel- or gold-plating pro-
cesses,® was significantly lower for the package containing the
silver-epoxy attached devices.

It was clear therefore that the organic silver-epoxy die-attach
material had an influence on the gases contained in the leadless
chip carrier hermetic package. It was also evident that at the high
temperature required to braze seal, additional degassing or mois-
ture release could occur (Fig. 3).
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Fig. 2—Moisture-level distribution in early samples of devices made using
braze-seal process.
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Table 1—IC Package Ambient Analysis (MIL STD 883, Method 1018, Proc. 1): Empty
Packages Versus Packages Containing Silver-Epoxy Attached Devices

Empty Packages Packages with Standard Devices

64-Pin Leadless

Moisture — ppmv 300 — 1100 100 — 1700

Hydrogen — ppmv 2000 — 4500 300 — 800

CO, — ppmv 30 — 200 4000 - 7000
24-Pin Leadless

Moisture — ppmv 400 - 2700 200 — 2000

Hydrogen — ppmv 100 - 3000 300 - 900

CO, - ppmv 200 — 300 3000 — 14,000

Die-Attach Silver-Epoxy Mass Spectrometry Analysis?

A sample of cured silver-epoxy die-attach material was inserted into
a mass spectrometer ion source by means of a pyrolytic probe, and
the mass spectrometer was scanned from 10 to 600 a.m.u. once a
second. The sample was heated at 200°C per minute to 1100°C. In
this manner, identification of the evolved gases was made as the
sample was heated. Two distinct regions were observed (Fig. 3). At
about 300°C, unreacted monomers of the epoxy (epichlorohydrin and
bisphenol A) were evolved, along with degradation products from
these species, in particular water (Fig. 3). These data indicate that
one source of moisture can come from the silver-epoxy die-attach
material. It suggests that at the braze-seal temperature of 310°-
315°C, the water released from the silver epoxy could be captured
within the package cavity as the braze seal is made, resulting in
packages with greater than 5000 ppmv moisture levels.?

Pre-Seal High-Temperature Bake-Out and Epoxy Cure

A pre-seal furnace bake-out and epoxy cure step through the braze-
seal furnace at 330°C was tested. This pre-seal high-temperature
process was considered advantageous, since it would compensate for
any insufficiencies in the pre-seal bake, would ensure the elimi-
nation of absorbed and condensed moisture from the package com-
ponents, and would further out-gas the epoxy die-attach material
and release some of the unreacted chemicals and water shown to be
present by the mass spectrometry analysis (Fig. 3). This process
could also be easily implemented in production.

Although a significant improvement in the distribution of mois-
ture vapor content was made, this process did not consistently pro-
duce product below the 5000 ppmv of moisture required (Fig. 4).
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Si/Au/Sn Preform for Moisure Control

The incorporation of an Si/AwSn alloy in a hermetic package was
reported to reduce the high levels of moisture.® Preliminary tests
were conducted by dropping a 0.35% Si/Aw/Sn preform (0.070 x
0.070 x 0.001 inch) in the package with a silver-epoxy mounted
chip and braze sealing with no other precautions taken to reduce
moisture. The mass spectrometer moisture analysis results are
shown in Table 2. For these tests, the moisture level for the control
units measured 13,000 to 16,000 ppmv of moisture; the test pack-
ages containing the 0.35% Si/Auw/Sn preforms measured only 125 to
135 ppmv moisture. Also, the hydrogen content of the packages
containing the Si/AuwSn increased to 5000-8000 ppmv, compared
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Fig. 4—Moisture-level distribution in sample of devices made using braze-
seal process with pre-seal furnace bake.

to the control packages with 1700—1900 ppmv hydrogen. These re-
sults confirm the proposed mechanism of the reaction of the Si in
the preform during the heat cycle,®

Si + 2 H20 = Si02 + 2H2.

The use of a Si/AwSn preform inside a package with an epoxy-
mounted die provided the silicon needed in the above reaction to
produce a very dry package. Unfortunately, the method of placing
the Si/AwSn preform inside the package and control of the related
processing were not compatible with production processes.

Neither the Si/AwSn preform nor a Si/Au preform could be used
as a die attach, since the device substrate is sapphire. All of the Si/
AwSnh experiments involved CMOS/SOS die and silver epoxy for die
attach. The development of a process using the Si/Aw/Sn approach
to control moisture is considered possible. However, the results of
the next series of experiments proved more satisfactory from a cost
and implementation point of view, and work on the Si/Auw/Sn pre-
form approach was discontinued.

Table 2—IC Package Ambient Analysis (MIL STD 883, Method 1018, Proc. 1): Con-
trol IC Package Versus Package with Si/AwSn Preform Insert

Control Si/AwSn Preforms
Moisture ~ ppmv 13,000 - 16,000 125 — 135
Hydrogen ~ ppmv 1,700 - 1,900 5,000 — 8,000
CO, - ppmv 18,000 - 22,000 19,000 — 25,000
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Seam-Weld Seal

A modification of the braze-sealed package is required for seam
welding. The top layer of ceramic is reduced in thickness to allow
the weld ring to be brazed on top of it (Figs. 5 and 6). The gold
plating is removed from the lid and the lid thickness is reduced to
insure seam welding quality. The seam-weld sealing is controlled
under dry-box conditions of less than 20 ppmv moisture and sealed
at room temperature. Initial engineering weld-seal tests on 48-pin

48-PIN WELD-SEAL

Fig. 5—Weld-seal and braze seal packages with and without lid attached.
The 64-pin packages measure 0.720 inch square and the 48-pin package
0.560 inch square.
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ages.

packages with silver-epoxy die attached measured between 0-410
ppmv for moisture.

The first series of tests with 24-pin and 64-pin weld-seal leadless
packages compared the weld-seal process and pre-seal furnace bake
with the braze-seal process and pre-seal furnace bake (Figs. 7 and
8). Moisture level analysis results are compared in Table 3 for the
64-pin leadless carriers. The results indicated a significant (10—20
times) reduction in moisture levels for the weld-seal ICs. Moisture
levels of 100—300 ppmv for seam-welded ICs were measured versus
1700-2200 ppmv for the braze-seal product.

Based on these results, production was re-started with weld-seal
packages. A total of 109 seam-welded IC’s were measured for mois-
ture (Fig. 9); 90% of the product was below 300 ppmv and 63% of
the product was below 100 ppmv moisture, a significant and dra-
matic improvement over the pre-seal-bake braze-seal process (which
as shown in Fig. 4, had approximately 16% of the product above the
5000 ppmv moisture levels).

Seam-Weld Seals—Internal Moisture Analysis at High-
Temperature Stress Conditions

A series of experiments were conducted for the seam-welded ICs to

test changes in the ambient gases under temperature stress.
The first series of tests were to qualify the process, and tests were
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Fig. 7—Flow chart for braze-seal process with pre-seal furnace bake.

conducted at the highest temperature the devices would be sub-
jected to in the application. Ten cycles from 25°C to 200°C were used
to simulate the solder board-mounting process. The 64-pin seam-
welded packages containing silver-epoxy attached CMOS/SOS de-
vices (pre-seal furnace baked at 330°C) were analyzed for internal
gases before and after the ten-cycle temperature stress (Table 3).
Moisture levels of 100—300 ppmv were obtained before temperature
stress and levels of 100-385 ppmv were measured after stress, in-
dicating a stable system under this type of stress.

A series of tests were next conducted with 125°C, 230°C, and
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Fig. 8—Flow chart for weld-seal process with pre-seal furnace bake.

313°C post-seal bakes for these 64-pin leadless seam-weld ICs (Table
4). Moisture analysis was also made for seam-weld ICs before and
after 125°C, 11 V, 240 hour burn-in.

Mass spectrometer results indicated that at temperatures above
200°C, significant changes in the ambient gases resulted (Table 4).
Moisture increases from 70-80 ppmv moisture at 125° to 5000-
9000 ppmv moisture at 313°C were observed. However no changes
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Table 3—Moisture Level Tests for 64-Pin Packages: Weld-Seal Control Group, Braze-
Seal Control Group, and Weld-Seal Group Subjected to Ten-Cycle Heat
Stress Test*

Weld-Seal Control Group

Part Identification H1 H2 H3 H4 H5
Moisture — ppmv 300 263 129 <100 171
Hydrogen — ppmv ND+ ND ND ND ND
CO, - ppmv 1652 1609 1947 1972 1594
Braze-Seal Control Group
Part Identification J1 J2 J3 J4 J5
Moisture — ppmv 2024 1738 1862 2163 1887
Hydrogen — ppmv 1.17 0.209 0.532 0.426 0.565
CO, - ppmv 3418 5784 8325 6755 6689
Weld-Seal After Ten-Cycle Heat Stress Test
Part Identification E1 E2 E3 E4 E5
Moisture — ppmv <100 133 203 385 356
Hydrogen — ppmv ND ND ND ND ND
CO, - ppmv 2332 2512 3353 3546 4572

* Data reported by Oneida Research Services, Inc. IC package Ambient analysis (per MIL-STD
883, Method 1018, Procedure 1).
+ ND = none detected.

in internal moisture levels were observed for the 125°C temperature
stresses after 240 hours.

Discussion

It is shown that at approximately 300°C (Fig. 3), the silver-epoxy
die-attach material chemically reacts, or decomposes, releasing
water as a by-product of the reaction. It is this reaction and water
release that makes it difficult to consistently obtain internal mois-
ture levels of less than 5000 ppmv for the high-temperature braze-
seal leadless chip carrier. The addition of the pre-seal high-temper-
ature degassing, desorption, and cure bake process had an advan-
tageous effect on moisture control (Fig. 4), although levels below
5000 ppmv were not consistently maintained.

The seam-weld sealing process yielded product with internal

Table 4—Moisture Analysis of Post-Seal Temperature Stressing 64-Pin Leadless

Seam-Weld Seal
Moisture Level
(ppmv)
120°C — 16 Hours 70 — 80
230°C - 3 Hours 800 — 1,600
313°C - Furnace Bake — 3 Min. 5,000 — 9,000
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Fig. 9—Moisture-level distribution in sample of devices made using weld-
seal process with pre-seal furnace bake.

moisture readings consistently below 1000 ppmv, and typically at
200 ppmv (Fig. 9). Weld-sealed silver-epoxy attached ICs, when
subjected to post-seal temperatures above 200°C, show significant
changes in the ambient gases, and increases in moisture content in
the package.

Conclusion

Internal moisture levels for silver-epoxy attached devices hermeti-
cally packaged in ceramic leadless chip carriers can be successfully
controlled with the incorporation of (1) a high temperature 330°C
pre-seal bake and (2) the conversion from a high-temperature braze-
seal technique to a low-temperature seam-weld seal. These devices,
when burned-in for 240 hours at 125°C, show no internal changes
in moisture levels.
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Electrostatic Discharge: Mechanisms,
Protection Techniques, and Effects on
Integrated Circuit Reliability

L. R. Avery
RCA Laboratories, Princeton, NJ 08540

Abstract—Electrostatic discharge (ESD) was once considered a problem
only for unprotected, insulated-gate field-effect transistors, but
the ever shrinking geometries of all semiconductor devices
have made them vulnerable to this phenomenon. ESD models
and on-chip device protection techniques are reviewed, to-
gether with current evidence concerning latent defects and
their effect on device reliability. A brief discussion on the im-
portance of ESD controls in the assembly environment is also
included, with an emphasis on realistic cost-effective mea-
sures. Finally, the impact of continued scaling on ESD vulner-
ability and protection structure limitations, are examined.

Introduction

In 1982, it is estimated that the U.S. electronic industry scrapped
over $5 billion worth of circuit boards.! Many believe that ESD was
responsible for a large portion of this total, as their own in-house
results show that static damage can account for 10 to 100% of the
failures, depending on the device technology.2 Much of the damage
due to ESD occurs during device or equipment manufacture, and
may go undetected by the operator if it is below the 3-kV threshold
of feeling. However, many semiconductors can be damaged by dis-
charges of 200 V or less,® and this level continually decreases as
device geometries shrink.

Fortunately, most of the damaged devices are caught during
testing, and the cost of yield loss, repair, or replacement, although
not insignificant, is minimal. However, there is a growing body of
evidence*® that latent ESD-induced defects in devices are real. In
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these devices the semiconductor structure has been damaged, but
not sufficiently to cause an immediate malfunction. The device,
board, or system passes testing and may even pass a limited burn-
in, but it fails later. Also, there are devices that have been damaged
by ESD and weakened; they continue to work well, until a small
system electrical overstress (EOS) occurs. It may not be large
enough to damage a normal device, but it is adequate to destroy
the weakened unit.?3

ESD handling precautions are absolutely essential at each stage
of the manufacturing process and can go a long way towards re-
ducing the number of defects and latent failures, but EOS in the
equipment is still a hazard. Protecting against this problem can
require extensive evaluation time and additional components,
which add to the cost of the equipment and may even delay its
introduction as a product, thus reducing the potential profit mar-
gins.

Although ESD is normally considered an MOS problem,
shrinking geometries have made bipolar integrated circuits, long
considered immune to ESD, almost as sensitive as unprotected MOS
devices in some circuit configurations.

ESD Models
The Human-Body Model

The human ESD event begins with an individual acquiring an elec-
trostatic charge through some mechanism, such as triboelectric
charging or by contacting another charged object, such as a TV or
VDU screen. If the charged person now moves toward an uncharged
object, such as the pin of an IC, an ESD event occurs when the local
electric field exceeds the dielectric strength of the air. A rapid dis-
charge takes place, and inadequately protected devices can be de-
stroyed.

The simplest human-body ESD circuit model is a series LCR cir-
cuit. The inductance is normally neglected in most models, but it
does exist in all practical circuits, including the human individual,
and has a limiting affect on the waveform risetime. The most com-
monly used RC components are 1.5 kilohm and 100 pF, which rep-
resent a standing individual with the discharge directly from the
skin. In an assembly environment, the individual will frequently
be seated close to a grounded work station holding a pointed metal
object (which may be a component). Under these conditions, the
capacitance can increase to 200—250 pF, and the resistance reduces
to 500-300 ohms. The inductance remains virtually unchanged at
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50-~100 nH. The net effect is to increase the energy and the peak
current seen by the component. Also, in practice, the human ESD
event is not a single discharge, but a series of multiple discharges
of successively lower voltages.® Multiple discharges occur because
while the simple human-body model represents the surface capac-
itance and skin resistance, the real body has an additional bulk
capacitance that is coupled to the skin capacitance via a high value
resistance. In their paper, Hyatt, Calvin, and Mellberg suggest
values of 100 kilohm and 650—~1000 pF for these components. If the
hand approaches the component slowly, the surface capacitor dis-
charges rapidly through the skin resistance, and the arc is extin-
guished. The surface capacitor is then free to be recharged by the
bulk capacitor through the high-value resistor. When the charge on
the surface capacitor reaches sufficient voltage, the air is ionized
and another discharge occurs. This process is repeated until the
finger touches the component and the bulk capacitor is discharged.

Obviously, the full human-body model would be very difficult to
duplicate in practice, and most specifications, such as MIL STD 883/
38510 and DOD STD 1686, call for the surface RC components only
and specify a maximum allowed rise time of 20 ns. It is unfortunate
that no minimum rise time is specified, since some recent work at
RCAT" has shown that faster rise times, on the order of two to three
nanoseconds, can result in a much lower failure threshold for some
MOS protection networks.

The Charged-Device Model

Speakman® has pointed out that the human-body model is not the
only one of concern to semiconductor users; another is the charged
device model. Further details of this potentially damaging ESD
model are given in a paper by Bossard et al.? Basically, a device
acquires a charge on its surfaces. This charge can be immobile, i.e.,
on the nonconductive parts, or it can be mobile, i.e., on conductive
parts such as the lead frame. If one or more of the device pins now
contacts a conductive surface, a very rapid, high-current, fast-rise-
time discharge occurs that can degrade or damage dielectrics and
junctions. To minimize potential damage from this cause, the charge
on the device must be kept low, often to less than 100 volts. Unger
et al,!% and others, believe that this will be the major cause of future,
ESD-related failures.

The Field-Induced Model

Huntsman et al'! have shown that a damaging potential can be
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imposed on an ESD-sensitive, high-impedance device, such as a
MOSFET, by bringing a highly-charged object into close proximity.
Touching is unnecessary, as the induced voltage is a function of the
capacitance division ratio between the device gate structure and the
source-to-ground impedance. For devices to be damaged due to field
induction, the charges have to be high and the device very sensitive.
However, damage from this cause has been shown to exist and
should not be ignored.

Integrated Circuit Device Protection
Basic Concepts

The basic concept of transient protection at the device pin is illus-
trated in Fig. 1. The discharge model consists of Cp, Rp, and Sp,
and the protection structure of Tg and Rg. When the switch Sy
closes, applying a transient to the IC terminal, Tg must sense that
transient and close, diverting the discharge current through Rg. If
Rg is zero, there is effectively no transient voltage at the IC ter-
minal, and the active circuit is protected. As Rg is increased, a
transient voltage appears at the IC terminal and, at some critical
level, the active circuit, or Rg, is damaged by the transient. Tg can
be bipolar, that is, capable of responding to positive and negative
transients, or two unipolar devices can be used in parallel as shown
in Fig. 2. If this method is used, the transient protection structure
must protect the opposite polarity device as well as the active circuit
against avalanche breakdown. Consequently, the avalanche voltage
must be greater than the peak transient current multiplied by the
‘on’ resistance of the protecting structure.

Another problem that must be addressed is the time taken by the
protection structure to turn on and reach its full low-impedance
state. This can vary from about 1 ns for a forward biased, or zener,
diode to 4 ns or longer for more complicated structures. During this
time, the transient continues to rise, and can impose significant
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Fig. 2—Basic bipolar transient protection circuit.

voltages, albeit for a short time, on the active circuit. It is, therefore,
essential that some additional filtering of the transient be used
between the bond pad and the active circuit, particularly for MOS
devices. Fig. 3 illustrates this arrangement.

Before deciding on a particular protection structure, it is neces-
sary to evaluate the various stress levels to which the device will
be subjected throughout its expected life. Some devices will only be
required to survive ESD handling, whereas others may be expected
to survive many EOS pulses without degradation. Wunsch and
Bell!2 did some excellent early work on energy failure levels versus
pulse width for semiconductor junctions. Speakman,® Pierce,!3 and
others have since expanded this work, enabling protection structure
designers to arrive at a first-order approximation of the likely
failure level of a given structure.

Bipolar Integrated Circuit Protection

RCA Consumer Electronics Division is a major user of bipolar ICs
in a hazardous environment, a domestic TV receiver. A receiver can
be subjected to transients from power lines, lightning, and picture-
tube flashover. The latter is a severe requirement, as the energy-
storage capacitor can be in excess of 2000 pF and peak discharge
currents into the IC can be more than an order of magnitude greater

than those obtained using the standard human-body ESD model.
Following considerable experimentation with various protection
schemes, the dual polarity SCR protection network shown in Fig. 4
RD Re

TO ACTIVE
CIRCUIT

= CD CF
Y :[ 1C TERMINAL

POS NEG
Fig. 3—Bipolar transient protection circuit including transient filter.
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was evolved. It incorporates a transient-current sense resistor
which, in conjunction with the diffused pocket-to-substrate junction
capacitance, also serves to limit the leading edge pulse seen by the
active circuit. This structure has been used to protect devices to
greater than 12 kV, using the human body ESD model, and to over
4 kV using a 2000-pF/500-ohm EOS model.!* Fig. 5 shows the
“multi-zap” failure characteristic of the structure when using a
worst-case ESD model of 200 pF and 150 ohms. The high energy
handling capability of this device is due to the negative ‘on’ resis-
tance characteristic of plasma structures. Fig. 6 shows the ‘on’ re-
sistance characteristic for the SCR protection device.

MOS Integrated Circuit Protection

Various protection structures that have been used to protect MOS
ICs are thick- and thin-oxide FETSs, gated diodes, punchthrough
devices, zener diodes, spark gaps and, parasitically, SCRs. Each

104
s ¢ ' —
2 DUAL POLARITY STRUCTURE
> 103 2000F /1500
o g
[72]
-
2 i
4 L
-4
ui X
a
loZ ) N EE | ) L a1l IR |

1 10 102 03
NUMBER OF PULSES TO FAILURE
Fig. 5—'"'Muiti-zap” failure characteristic.
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technology seems to have its ‘favorite’ structure. However, Hulett!5
and others have shown that in nearly all cases it is the parasitic
bipolar structure that provides the required protection.

A generic bulk CMOS input protection circuit is illustrated in
Fig. 7. D, and D, are large-area diodes with direct connections to
the Vpp and Vgg rails. R, is either a polysilicon or diffused resistor,
which is used in conjunction with the input capacity of the inverter
to limit the risetime and, hence, peak voltage at the gate of the first
transistors. This circuit has been used to successfully protect 5-pm
CMOS to “single-zap” ESD failure levels of greater than 4 kV.

The output buffer circuit also includes two clamping diodes to
Vpp and Vgg as shown in Fig. 8. These diodes are actually formed
parasitically, by the drain diffusions of the p and n MOS transistors.
Two additional components are necessary to complete the full pro-
tection circuit: a diode and an SCR between Vpp and Vgg. Both are
formed parasitically during the normal manufacturing process and
are essential to the safe handling of ESD transients between input
and output terminals or between either terminal and Vpp or Vgg.
For example, if a positive pulse is applied to the input with respect
to the output, the current will flow through D,, the parasitic SCR,
and D,. If the parasitic SCR were not present, the current path could
be through Q, source-to-drain punchthrough, a much weaker and,
therefore, potentially catastrophic path. When used in a system,
EOS transients are clamped to either the Vpp or Vgg rails by the
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Ry R2
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Vss

Fig. 7—Basic CMOS input protection circuit.
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diodes. Since the Vp, supply potential is well below the parasitic
SCR trigger voltage, the latter plays no part in protecting the device
once it is plugged into a system.

Handling Precautions for Static-Sensitive Devices

Alert semiconductor manufacturers have been aware of the detri-
mental effects of ESD for a long time, and have established static-
free assembly environments, coupled with worker training, parts
shipping procedures, and containers. To maintain adequate protec-
tion and guarantee product integrity, all users of semiconductors
should do likewise.

There have been many excellent papers dealing with handling
precautions for static sensitive parts.24-27 Some authors advocate a
fully conductive environment, while others prefer one that is not
capable of generating a static charge. Both schools of thought, how-
ever, agree that static controls must be complete throughout the
entire receiving, fabrication, assembly, test, and shipping areas.
Failure at any point could be catastrophic. Worker training and
cooperation, which are essential in any operation, are vital where
ESD is concerned, because parts can be damaged at static discharge
levels well below the threshold of feeling.

There are two main rules to remember when creating a static-
free working environment:

1. Treat or remove from the work area ALL static producing items.
2. Suitably ground everything and everyone that moves.

It is surprising how many factories exist where elaborate precau-
tions are taken when inserting static sensitive devices, but nonsen-
sitive devices are still brought to the line in untreated white poly-
foam material, which is often charged to tens of kV. To combat this
problem, many aerospace and automotive companies now require
all parts, whether sensitive to static or not, to be shipped in non-
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static or treated materials. Parts bins, intermediate shipping con-
tainers, work surfaces and tools should all be made of antistatic or
conductive material, or be suitably treated with a topical antistat.
Care must also be taken to protect against casual intruders such as
foam coffee cups or plastic pocket books.

Moving objects are a particular problem, and it must be assumed
that they will become charged sooner or later. Everyone, whether
fixed or mobile, should wear and use a wrist strap. The type chosen
should depend upon user preference (if you like it, you are more
likely to wear it), but loose-fitting types should be avoided, as they
can easily slip over sleeves and become ineffective. For the same
reason, wrist straps should be checked for continuity at least once
a day.

Carts and conveyer belts pose special problems, but they should
not be ignored as they have been responsible for damage to many
sensitive semiconductors. The use of conductive wheels, belts, and
bearings solves the problem permanently, and they are virtually
maintenance free.

In some circumstances, it is not possible to use conductive or an-
tistatic materials. For these situations, high relative humidity has
been employed, but this can prove to be expensive, particularly in
cold, dry environments. Mykkanen!® has shown that whole-room
air ionization can be an alternative, and less expensive, approach.
Cognizant semiconductor manufacturers are also turning to this
technique to control particulate contamination, as well as static
charges, in the wafer fabrication areas. Whole-room air ionization
is an area where we can expect to see a lot of activity during the
coming years.

Hansel'? has shown that an interesting and beneficial side effect
of worker participation in an active ESD program was a general
improvement in product quality, and a reduction in non-ESD-re-
lated defects. Others!®-20 have shown that the initial investment
can pay for itself in a very short time.

Latent ESD-Induced Failures

There has been considerable conjecture over the question of whether
latent ESD-induced failures are real or not. Indeed, much of the
early evidence seemed to show the opposite, i.e., healing of damaged
parts with time and temperature. However, McAteer* and
Whitehead® have shown that there is indeed reason for concern.
Although their work was done on different types of product, the
resulting conclusions are basically the same.
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Latent, ESD-induced, defects can be roughly divided into three
categories:

(1) ESD damage is slight, with the part fully able to meet specifi-
cation. There is a high probability that these parts will continue
to function throughout their required life, and the damage may
even anneal out with time and temperature.

(2) ESD damage is more severe. The part may still meet specifi-
cation (just) or be slightly out of specification but still able to
function in the system. There is a reasonable probability that
many of these parts will fail prematurely. The others may re-
main unchanged, or even ‘heal’ during life.

(3) ESD damage is sufficient to cause the part to fail to meet spec-
ification, but it still functions in the system. (This assumes that
the part was damaged after device testing, but before system/
board check.) There is a high probability that a substantial
number of these parts will fail prematurely.

The actual damage that occurs will vary, and depends upon a
number of factors. Damage can be roughly divided into the following
categories:

(1) Damage to the oxide, either charging or rupture.

(2) Metalization damage, either junction spiking or electrother-
momigration (ETM), where a metalization filament bridges two
or more junctions.

(3) Bulk silicon remelts. These are more EOS-related, are usually
visible upon optical inspection, and will not be dealt with here.

Oxide charging changes the effective threshold voltage of MOS
transistors and can even cause parasitic leakage paths between
components on the chip. This type of damage will normally heal
with time, and the healing can be accelerated by a biased, high-
temperature bake. Oxide rupture normally results in a gate-to-
channel/source/drain short or Schottky barrier diode formation. In
mild cases, this type of failure may go undetected, with the part
functioning normally, except for increased leakage. Consequently,
it may escape normal testing procedures, resulting in a malfunction
only at temperature extremes.

Alloy spiking and electrothermomigration of the junction have
been well described by Wood?! and DeChiaro?? and reiterated by
Whitehead.® The result is an increase in junction leakage. In cases
of mild damage, the resulting filament may not affect normal
system operation and may even ‘fuse’ if another overstress occurs.
This type of ‘healing’ phenomenon is sometimes seen when step
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stressing a device at successively higher levels of ESD. The evidence
to date indicates that these types of defects are more likely to result
in failure during life than not. There is also an indication that these
parts may be more susceptible to system EOS transients than un-
damaged parts.??

Future Considerations

The scaling of CMOS, as with any technology, causes new problems
in the ESD protection area. Oxides are thinner, device geometries
smaller and shallower, and devices faster. To protect these new
circuits to the same level as the 4000B series CMOS parts, without
degrading their potential speed, is a formidable challenge. To com-
pound the problem, many custom VLSI circuits have a large number
of I/O ports, which limits the area available for the protection cir-
cuit. So far, designers have been able to meet the challenge, but the
day may not be far away when a trade-off between speed and ESD
performance is necessary. This will place a greater emphasis on
system protection and correct handling procedures during assembly.
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Reliability in
Communications Satellites

Vincent J. Mancino
RCA Astro Electronics, Princeton, NJ 08540

Walter J. Slusark, Jr.
RCA Laboratories, Princeton, NJ 08540

Abstract—The reliability of complex communications satellites is dis-
cussed as well as the elements necessary to insure the spec-
ified life. Some of the these elements are novel to commercial
communications satellite, and generally are found only in mil-
itary satellites having very exacting reliability requirements.
Also treated are some of the changes that have been imple-
mented within the last decade to enhance reliability and in-
crease life of space communications satellites.

1. Introduction

Modern commercial communications satellites cost approximately
$50 to $100 million each to design, build, test and launch. Since
current satellite designs do not have repair capability once
launched, the system’s design must have an inherent reliability and
compensating provisions similar to the most demanding military
systems for the satellite to be profitable. It is not unusual to require
a commercial communications satellite to have a design life of ten
years, with the additional requirement of a high predicted reli-
ability at the seven or eight year point.

A number of techniques for commercial communications satellite
programs implemented by RCA to achieve high reliability and long
life are discussed in this paper. These methods and techniques are
applicable to other similar applications where it is desired to have
a program emphasizing reliability, long life, and reasonable costs.

RCA Review ¢ Vol. 45 ¢ June 1984 303




2. Techniques Used to Achieve Inherent Reliability

To have a satellite system that is reliable over a long mission life,
reliability requirements must be part of the inherent design. From
a programatic viewpoint, this involves the following steps:
® Setting design goals for mission life and probability of achieve-
ment
® Performing reliability trade-off studies to select optimum design
with redundancy
® Instituting design constraints to meet design goals, particularly
end of life parameter degradation and derating requirements
¢ Planning
Reliability program plan
Parts and materials control plan
Subcontractor and vendor control plan
® Monitoring of results
In the RCA Satcom program the above planning was defined as
a series of reliability task elements which had to be performed
during the design of the spacecraft. These elements were:
Reliability Prediction
FMECA (Failure Modes Effects and Criticality Analysis)
Limited-Life Items
Worst-Case Analysis
Failure Reporting, Analysis and Corrective Action
Parts, Materials, Processes Control
A description and purpose of each of these elements follows.

2.1 Reliability Prediction

The purpose of a reliability prediction is to determine the mission
life potential of the design configuration, provide a basis for redun-
dancy and trade-off analyses, and to optimize the design configu-
ration for life-cycle cost. The proposed system design is configured
into reliability block diagrams from which mathematical models
may be formulated. The system’s inherent reliability may then be
calculated using failure rates of the constituent parts based on MIL-
STD-217,! orbital experience of similar designs, or special testing.
The following example illustrates the wide variation in reliability
that may occur with changes in the design configuration within
a system. Suppose that the main element in a communications
channel consisting of a traveling wave tube (TWT), its amplifier
network and supporting circuitry has a typical failure rate () of
3500 FITs (failures per 10° hours of operation). Then the probability
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of survival (Pg) for several representative configurations is as shown
in Table 1.

The Pg computations involve four types of reliability equations:
the series exponential, the active redundancy equation, the standby
redundancy equation, and a Monte Carlo simulation available on a
computer program.2

Example (a): Single Element for One Year

Here the series exponential equation applies as follows for one year
(8760 hours).

PS =g ~M = p — (3500 x 109 x 8760) _ e —0.03066 — (96981, (1]

Example (b): Twenty Elements for One Year, All Active

Here, the series exponential equation still applies but because there
are 20 elements, the exponential term must be multiplied by 20:

Pg = e ™M = ¢ ~ (20 x 3500 x 1079 x 8760) — , -0.6132 _ 0.5416. (2]

Example (c): Twenty Elements On At All Times But Only Sixteen
Required At Any Given Time

This involves an active redundancy equation in which n units of
equal A are available and (n-x) units are needed. If all elements
have a 100% duty cycle, the Pg is expressed by

Table 1—Reliability Comparison of Various Combinations

Ps P
Configuration 1 Year 10 Years Remarks
A Single Element 0.96981  0.73594 = 3500 Fits
20 Elements:

All 20 Required 0.5416 0.0021

16 of 20 Required 0.9947 0.3592  All active.

16 of 20 Required 0.9998 0.4567 Four on standby
which can switch
to any failed unit.

20 Elements, Four Groups

of five, one standby per 0.9696 0.1682  Pg for 16 Channels

Group, Switching only 0.9992 0.4382  Pg for 15 Channels

within the Group permitted 0.9999 0.5925  Pg for 14 Channels

20 Elements, Two Groups

of ten, two standby per 0.9961 0.2967  Pg for 16 Channels

Group, Switching only 0.9998 0.5585  Pg for 15 Channels

within the Group permitted 0.9999 0.7630  Pg for 14 Channels
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X
Pg=3 (”) (e™M)y=a [1 — e M, [3]
a=1 \Q

where (n) = n—!,Ol = 01, and
a (n-—a!@!

I is the minimum number of failures permitted (i.e., for x = I one

term of the binomial is obtained; for I < x a summation of the
applicable terms is obtained).

Example (d): Sixteen Required At All Times, But Twenty Elements
Used With Four On Standby (Inactive)

This involves a standby redundancy equation in which the units of
equal A are available and m units are on standby. If the standby A
is assumed to be zero and the duty cycle is 100%, then the Pg is
expressed by

m 2 m
Pg =e n-mM N |1 4+ At + O + ... (o) , {4]
a=1 2! m!

where m is the number of standby units and n is the total number
of units (active plus standby).

Example (e): Twenty Elements Available Divided Into Groups With
At Least One Standby Per Group Available (Illustration Is For
Two Groups of Ten and Four Groups of Five)

Here the mathematical equation is very complex and therefore a
Monte Carlo simulation available on a computer program® was used
in which the Pg is estimated on a number of repeated trials. The
number used depends on the accuracy desired. In Table 1 one thou-
sand trials were used.
Table 1 illustrates several important considerations that must be
taken into account during the reliability trade-off analysis. For both
a relatively short-duration (one-year) mission and a long-duration
(ten-year) mission, the table illustrates the effect upon the proba-
bility of a successful mission when a system has
(a) No redundancy capability
(b) Active redundancy
(c) Stand-by redundancy with the ability to switch on a replace-
ment for any failed unit

(d) A group configuration with each group having standby redun-
dancy, and with replacement switching available within the
group.
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Figure 1 shows the reliability block diagram of a typical com-
munications subsystem. The figure depicts the communication pay-
load for the Advanced Satcom, which was the first RCA communi-
cations satellite using solid-state power amplifiers (SSPAs) to re-
place traveling-wave-tube amplifiers (TWTAs). Note that this
reliability model involves the use of reliability equations that range
from a simple series reliability equation to the use of a Monte Carlo
simulation.

To illustrate, items 1, 2, 3, 5, 6, 9, and 11 involve just series
reliability, i.e.,

R = Rl 'R2'R§'R§'R3'R9'Rll.
Item 4 involves standby redundancy with m standby units out of

a total of n units. In this case, n = 4 and m = 2. The general
equation is expressed as

m 2 m

R =eti-mn 1+)\t+&+...& : (5]
a=0 2! m !

R =e [1+7\t+%i|. (6]

Item 8 involves active redundancy in which x failures are per-
mitted in n units of equal A, i.e., (n-x) are needed, which in this case
is (4-1) or 3. This involves finding the reliability for just one EPC
at a given period in time and then utilizing the binominal distri-
bution equation to calculate the reliability of the (n-x) combination
required. The general equation is expressed as

R = 2(2) (e"Myp-a [l — e~MJ,
__ nl
T n-al@!

and a is an integer that varies from zero to x. For this specified case
of one failure permitted,

R = Rg + 4R%Q8’ where Qs =1- Rs.

Item 10 involves both series and parallel redundancy. For the
series string, the reliability, is R = Ry * R)g = R}y When both
strings are put together in parallel the reliability of the entire
string, Ry, is

RT=1_Q2

where ( n )
a
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where @ = 1 — R%,.

Item 7 involves four groups of seven SSPA’s in which one failure
is permitted per group, i.e., switching a replacement for a failed
amplifier is only permitted within the group. In this case, the anal-
ysis can be readily calculated using Monte Carlo simulation tech-
niques or by using equations giving an exact solution if one is not
interested in knowing about additional failures within the group.
The number of trials used depends on the accuracy desired, but
normally 1000 trials suffice. After the reliability of one group is
calculated for a given time period, it must then be raised to the
fourth power to calculate the reliability for the four groups.

2.2 FMECA (Failure Modes, Effects, and
Criticality Analysis)

An FMECA is a necessity on complex, nonrepairable systems and
is a requirement on satellites procured by the Government.*® Its
purpose is to systematically evaluate potential failure modes and
determine their effect on performance and mission life. The process
can also identify which of the failures are single-point failures, i.e.,
failures whose occurrence can abort an entire function or even the
entire mission. The analysis provides a basis for trade-offs, where
to use fusing, and what items are to be highlighted during the test
program. It can also be used to insure that a low probability of
failure exists for any single-point failure that cannot be eliminated.
FMECASs are routinely performed on all subsystems and systems
associated with RCA commercial satellites.

An FMECA may be performed at a parts level, box level, or a
systems level. One page of a FMECA for the C-Band SSPA is shown
in Table 2. This is a portion of the FMECA which concentrates on
the active devices and assembly techniques used in the construction
of the SSPA. In addition to identifying single-point failures, it is
useful in post-launch failure analysis to determine probable failure
mechanisms in orbit. In this particular FMECA, the loss of gate
voltage was identified as a possible failure mode with resultant
catastrophic results. However, if the drain voltage can be automat-
ically turned off with the loss of gate voltage, catastrophic failure
may be averted. The SSPA can then be rebiased and placed in ser-
vice with changed operating conditions that might be acceptable
for certain services. This automatic cutoff was included in the bias
design as a result of the FMECA.

Some additional benefits that resulted from the FMECA for the
early RCA Satcom Program are (1) compensating provisions were
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added during the design for a momentum wheel run away failure
mode, which was highlighted by the FMECA, and (2) a fusing plan
was developed for the satellite power supply system so that a gross
short in one of the redundant boxes would not affect the other boxes.

2.3 Limited-Life ltems

The purpose of a limited-life items study is to identify those items
whose wear out region may fall within the time frame of mission
life. The analysis is also used to identify what special controls are
required for each identified limited-life item. These controls include
serialization and lot control, time and cycle record keeping, special
packaging, tolerance selection, design constraints on stress condi-
tions, or even design modification.

Some of the benefits that resulted from the limited life items
study and analysis are as follows:
(a) Shielding of CMOS Devices for Protection Against Long Term

Radiation Effects

An analysis of the Satcom F1 orbit forecast that the radiation dos-
age that would be encountered by any part on the satellite would
vary as shown in Fig. 2.5 This figure shows the radiation dosage
encountered in Rads(Si) as a function of mils of aluminum shielding.
By doing a sector analysis, one can determine the amount of alu-
minum shielding available and the dosage encountered by parts
in that section.

106

JONIZATION DOSE IN RADSI(Si)

103 1 ) 1
o} 100 200 300

THICKNESS (mils)
Fig. 2—Radiation dosage as a function of aluminum shielding thickness.
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To illustrate, suppose the Command portion of the Satellite had
an equivalent shielding of 140 mils of aluminum; then, the fore-
casted radiation dosage encountered during the mission life for the
Command Subsystem would be in excess of 2 x 10* Rads(Si). Since
radiation tests indicated that the CMOS parts manufactured in
1973 could only survive 1 x 10* Rads(Si) as used, they would have
to be protected. This was done by adding 10 mils of lead to each
CMOS device on Satcom F1. The 10 mils of lead is equivalent to
increasing the aluminum shielding by 40 mils, so that now the
forecasted dosage would be less than 1 x 10* Rads(Si), which is an
acceptable level. On subsequent satellites in the series, the
shielding efficiency was improved even further by using tantalum
shields instead of lead.

(b) Installation of the Flight Batteries Just Prior to Shipment and

Use of “Work-Horse” Batteries During the Test Phase
The life expectancy of a battery pack is greatly dependent on the
conditions and environment of its application. For example, the life
expectancy is greatly influenced by the surrounding temperature,
the number of charge-discharge cycles, the depth of each discharge
cycle, and the rate of charge during the charge cycle.” In prior anal-
yses, it was found that even with the design controlling these fac-
tors, the battery pack could be a life-limiting item when long-du-
ration (ten-year) missions were desired. A synchronous satellite
such as Satcom F1 encounters 88 eclipses per year or 880 for a ten-
year mission. The depth of discharge is typically in the range of 40
to 55%. For these reasons, it was decided that a new battery pack
would be installed just prior to shipment.

2.4 Worst-Case Analysis

The purpose of a worst-case analysis is to assure that each circuit
or function will perform adequately, both at the beginning of the
mission and at the end of mission life. End-of-life (EOL) parameters
must be determined for each part and then the circuits analyzed to
ensure that the EOL parameters are compatible with mission life.

The study considers the worst combination of initial tolerance,
degradation, and the effects of thermal, environmental, and radia-
tion stresses. One page of a worst-case analysis of gain degradation
is shown in Fig. 3 for the C-band SSPA used on the Advanced
Satcom series of RCA commercial communications satellites. This
amplifier has an EOL requirement of an output power of 8.5 watts
(39.3 dBm). The beginning of life output power is specified to be 9.0
watts (39.6 dBm) nominal.
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A calculation is made of the results of 0.10 dB degradation in
each of the active devices in the SSPA and its effect on output power.
As seen in Fig. 3, a simultaneous 0.10 dB drop in gain of each of
the active devices results in a decrease in the output power from
9.07 watts to 8.77 watts (39.58 dBm to 39.43 dBm). An 0.20 dB drop
in gain results in an output power (8.51 watts) which just meets
EOL requirements. This information is used to establish failure
criteria for each part and hence its reliability requirement. This
illustrates that the failure criteria for these devices is system de-
pendent. A larger beginning of life margin would permit the use of
devices with larger parameter changes as a function of life to meet
EOL mission needs.

2.5 Failure Reporting, Analysis and Corrective Action

The purpose of failure reporting is to ensure that every test failure
has been accounted for. Properly applied, it provides positive feed-
back and corrective action to prevent recurrent failures and spots
trends early in the test program to improve design and reduce work-
manship problems. A formal, closed-loop, in-house reporting system
was applied to the Satcom Program with the inception of the test
program.

This reporting system had many benefits both in the early Satcom
F1 and in later spacecrafts. Some of the items discussed in Sec. 4
were benefits of this reporting and corrective action system.

2.6 Parts and Materials Control

The importance of a formal parts and materials program to satellite
design cannot be over emphasized. The reliability of the satellite is
directly influenced by the reliability or quality grade of the parts
and materials used and how the design applies them. The parts and
materials control program for a non-repairable long-life satellite
must consider such things as:

(a) High quality parts and materials selected as standard or pre-
ferred types for the design to use.

(b) Control of all nonstandard parts and materials to ensure that
they comply with mission objectives.

(c) Special testing, screening and inspection for space use.

(d) Design guidelines to place constraints on the designer for de-
rating, end-of-life parameters, outgassing, radiation, and
flammability requirements.

(e) A parts and materials application review and stress analysis.
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From the inception of the Satcom F1 Program, a decision was
made to use the best parts available consistent with cost and
schedule. For the early Satcoms, microcircuits having a Class A
MIL grade or Class A equivalents® were required. For the Advanced
Satcoms, microcircuits having a JAN S MIL grade® or Class S equiv-
alents were required.

Many benefits resulted from this formal program to control the
use and application of the parts and materials. Many items whose
qualification for space use was not documented were disallowed.
The screening requirements (including lot qualification and sam-
pled destruct physical analysis at incoming) became more stringent
and were more uniformly enforced. Last, the application analysis
was rigorously performed and enforced. This resulted in better
thermal control, lower operating temperatures, and lower electrical
stresses, with resulting longer life and better reliability.

3. Reliability Requirements of the Satcom Satellites

Each Satcom satellite had a reliability requirement based on a spec-
ified number of transponders being available at various intervals
of orbital life. To validate the feasibility of the requirement, a pre-
diction was performed for the Satcom F1 design in 1974 utilizing the
techniques and methods of MIL-HDBK-217A. The vintage of the
failure rates was also that of the then current MIL-HDBK-217(Rev
A); however, an improvement was factored into the failure rates for
any steps taken to upgrade the quality level of the parts, such as
retest and remeasurement at incoming inspection. This was consis-
tent with RCA’s experience on other spacecraft programs at that
time.

For ease of reliability assessment, the Satcom F1 satellite was
partitioned into the following functional systems:
(a) Coast and Insertion
(b) Communications
(c) Command, Ranging, and Telemetry
(d) Power
(e) Attitude Control
(f) Propulsion
(g) Structures and Thermal
This approach permitted a direct comparison between individual
functions and a means of evaluating the relative reliability contri-
bution of the various functions or subsystems.

Due to the complexity of the calculations for the communications
subsystems, where it was necessary to know the probability of how
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many channels would be available in any given year of orbital life,
a computer program® was successively improved and refinements
added so that complex combinations could be evaluated with rela-
tive ease using Monte Carlo simulation techniques. This program
was especially necessary for the Advanced Satcom which had many
design refinements, including an availability of 28 transponders (24
active and 4 in standby). Without the computer program the cal-
culations would have been extremely difficult, since the tran-
sponder arrangement was to have four groups of seven, with one
standby spare in each group.

As in the case for Satcom F1, a reliability prediction was also
performed for the design of the Advanced Satcom. The methods used
were consistent with those contained in MIL-HDBK-217C. The Ad-
vanced Satcom was also subdivided into functional subsystems to
evaluate the overall reliability. The reliability requirements for
both Satcom F1 and the Advanced Satcom, along with the calcu-
lated values, are shown in Table 3.

4. Changes Adopted to Enhance Reliability Growth

An examination of Table 3 shows that the eight-year predicted life-
time for the Satcom satellites 20-channel availability improved
from 0.515 for Satcom F1 to 0.766 for the Advanced Satcom. A
number of significant improvements were incorporated to insure
both longer life and greater reliability. Probably the most signifi-
cant improvement in the C-Band communications has been the in-
corporation of the solid state power amplifier (SSPA) using a gal-
lium arsenide FET to replace the TWTA. This change resulted in
better packaging, reduced weight, and lower power consumption.
Another change made in the communications subsystem was better
utilization of reliability combinations. Satcom F1 had 24 transpon-

Table 3—Satcom Reliability Requirements Summary*

Satcom F1 Advanced Satcom

Available

Channel 8 Years 8 Years

Conditions Requirement Predicted Requirement Predicted
20 Ch Comm & Bus 0.5 0.515 0.70 0.766
20 Ch Comm — 0.7301 — 0.964
Bus Only — 0.7099 — 0.8004
Coast &

Insertion — 0.9933 — 0.9926

* Above figures include all telemetry functions
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ders, while the Advanced Satcom has 28 transponders, 4 of which
are in standby. These changes improved the predicted reliability for
the communications subsystem from 0.7301 to 0.964 for the 20-
channel availability situation. To further illustrate, a TWT has a
commonly accepted failure rate of 1000 FITs, where FIT is one
failure per 10 hours. To this must be added the electronic power
conditioner (EPC), which has a commonly accepted failure rate of
another 1000 FITs. Thus for each channel, the sum of the TWT and
the EPC totals 2000 FITs.

In contrast to this, an SSPA such as used on the Advanced Satcom
Satellite has an equivalent failure rate of approximately 450 FITs
(457 was actually used), exclusive of the EPC.

Each EPC also has a failure rate of 1000 FITs; however, the tran-
sponders were configured with two groups of four EPCs, of which
only three per group are required for successful operation of any 24
of the 28 amplifiers. A switching matrix allows maximum benefit
from this EPC and amplifier redundancy arrangement. A compar-
ison of just the redundancy improvement is dramatic and is shown
in Table 4.

The orbit performances for the SSPAs have lived up to the pre-
dicted reliability. As of this date 84 SSPAs are in orbit (72 are in
service and 12 are inactive spares) on three Advanced Satcoms, and
a total of over 560,000 operating orbital unit-hours have been ac-
cumulated.

Other changes were made to improve long term life, reliability,
and performance:

(a) The battery subsystem was increased to be 17 ampere-hours per
assembly instead of the 12 ampere hours used on Satcom F1.

Table 4—Comparison of TWT versus SSPA Reliability

Predicted

Reliability.
Item (FITs) Condition (8 Years)
TWT, EPC 2000 24/24* 0.0326
24/28%* 0.3896
SSPA, EPC 457, 1000 24/28** 09115
SSPA’s Only 457 24/28** 0.9749
EPC’s Only
in SSPA
Application) 1000 3/4%%* 0.9749

* Twenty-four channels with no spare.
** Four groups of seven with six operating
#** Only three of four required per group.

RCA Review « Vol. 45 « June 1984 317



Three assemblies are used per spacecraft, with each assembly
having two strings of eleven cells. The greater capacity was
achieved by using larger cells.

(b) The torque motor drive on the solar array drive (SAD) was
changed to a stepper motor. This change allowed operation with
reduced power consumption.

(c) Previously, a single SAD driveshaft was used and it was offset
from the center of gravity of the spacecraft. Later the SAD drive
shaft was split and each shaft was located at the center of
gravity. This configuration is less complex, uses less power, and
has the added benefit of redundancy.

(d) A shaped beam was incorporated for the fixed antenna. This
change allowed greater coverage with essentially the same an-
tenna size.

5. Verification of Newly-Developed Complex Devices

Commercial communication satellites, for technical and competitive
reasons, often utilize state-of-the-art devices and subsystems with
little prior reliability history. For long-life high-reliability missions,
the satellite manufacturer must perform special testing to both
qualify and establish the reliability of these devices.

The Advanced Satcom C-Band satellite offers an example of this
type of program. A decision was made to replace conventional
TWTAs with advanced SSPAs. This required that a special testing
program be instituted to establish the reliability of and qualify both
GaAs FETs (for the SSPA transponder) and power MOSFETSs (for
the electronic power conditioner). These testing programs are de-
scribed below.

5.1 GaAs FETs

The qualification of the GaAs devices proceeded in three steps: ini-
tial life test studies, stress tests, and flight model life tests.!? At the
conclusion of this testing, the reliability of the GaAs FETs was
established and quantified. The failure modes and mechanisms of
the devices were understood and a purchase specification was de-
veloped to assure reliable long-life devices.

The purpose of the initial testing was (a) to provide experience in
the handling, assembling as amplifiers, and testing of these devices,
and (b) to identify the failure mode of these devices. This informa-
tion served as a basis for establishing specifications and screening
procedures for the flight-qualified GaAs FETs. The initial tests on
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Fig. 4—Life-test amplifier module.

commercial-grade devices established that the failure mode was
graceful in nature for these parts and that the failure mechanism
was source-drain electromigration.

Before attempting a full flight-model life test, it was decided to
stress test four GaAs FET devices assembled as amplifier modules
to verify assembly techniques. The amplifier modules were stressed
successfully for 48-hour intervals at ambient temperatures of 150°C,
165°C, and 175°C. There were no significant adverse effects to either
the power output of the devices or the amplifier module components.

The flight-model lifetest consisted of the accelerated temperature
testing of twenty-nine GaAs FET hermetically-sealed devices as-
sembled as 2.5 watt amplifier modules. These devices were assem-
bled as amplifiers using space-qualified techniques subject to review
and inspection. Fig. 4 shows a device assembled as a life-test am-
plifier. A schematic of the amplifier components along with the bias
circuit is shown in Fig. 5. The unique feature of this test is that the
individual life-test amplifier modules are identical to those used in
the flight module SSPA. In effect, we qualified the amplifier module
for space use.

The life-test conditions are shown in Table 5. The test flow dia-
gram for the life test is shown in Fig. 6. After mounting in the life-
test fixture, the dc parameters were measured. The devices were
then biased to 9.0 V and 500 mA under rf drive. The temperature
of the test fixture was raised to the operating level and the drain
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Fig. 5—FL-30 MA bias circuit.

current was adjusted in the range 425 to 500 mA (~1/2 of Ijg) to
bring the channel temperature to the desired level.

The lifetest was conducted until all the devices had failed. The
failure mode was graceful in nature, with a gradual degradation of
the device gain and output power. The failure mechanism was a
complex migration-diffusion problem, in which Au from the device
electrodes was determined to be entering the epitaxial GaAs and
Ga from the epitaxial material was diffusing to the surface and
combining with the Au to form AuGa hillocks. Additionally, Au
was migrating along the source-drain fingers in a classical elec-
tromigration mode.!!

A lifetest transistor is shown in Fig. 7. The buildup of Au ma-
terial is evident at the tip of the source fingers as well as the de-
pletion of Au in the drain finger. An Au hillock is shown in Fig. 8.
These hillocks were determined to be AuGa by electron-probe mi-
croanalysis. As a result of these tests, it was estimated that the
average failure rate over ten years was no greater than 2.0 FITs at
an operating channel temperature of 85°C and a 60% confidence
limit,

Table 5—Flight Model Life Test Conditions

Flight Model Life Test
Channel Temperature 190°C 215°C
Number of Devices 19 10
RF Drive (4.0 GHz) 27.5 dBm
Drain Voltage 9.0V
Drain Current 425 to 500 mA
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Fig. 6—Test flow chart.

5.2 HEXFETs

In addition to life testing, another type of special testing often re-
quired in satellite programs is the evaluation of radiation hardness.
The HEXFET is a Si power VDMOS (vertical double-diffused
MOS) field-effect transistor. An optical micrograph of a HEXFET
is shown in Fig. 9. For reference, this device is approximately 0.25
inch on a side. The reliability of this device was a concern, and a
special program similar to that for the GaAs FETs was undertaken.
In addition, an extensive series of radiation tests was conducted to
establish the radiation hardness of the device.

The HEXFET device structure is shown in Fig. 10. In operation,
holes generated in the oxide by ionizing radiation collisions are
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Fig. 7—Electromigration on a life-test transistor (original photo was 500 x
magnification).
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Fig. 8—Hillock growth (original photo magnification was 10,000 x).
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Fig. 9—HEXFET optical micrograph (chip is 0.25 inch/side).

driven under the influence of the gate electric field to the Si-Si0,
interface. These holes are trapped at the interface and have the
effect of reducing the gate threshold voltage for this n-channel en-
hancement-mode device. Eventually, the device fails to turn off.
The results of the radiation testing are shown in Table 6.12 This
data indicates that the radiation damage is independent of drain
voltage and operating frequency but strongly dependent on gate

SOURCE OXIDE

GATE
CONTACT LATERAL SOURCE

AR
/] ' *TCURRENT FLOW
/A \
PR A n= DRAIN REGION
; ,’ v ®
’ \
’ ! \ \

DRAIN CONTACT
Fig. 10—HEXFET device structure.
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Table 6—Threshold Voltage Shifts In Irradiated Devices

AV (Volts) After

Test Conditions Irradiation to Initial
Number Threshold

Ves Vps Frequency 10 25 40 of Voltage

(Volts) (Volts) (kHz) kRad(Si) kRad(Si) kRad(Si) Devices (Volts)
18 80 50 1.19 2.63 3.85 2 3.71
18 30 50 1.23 2.72 3.92 4 3.63
14 80 50 1.11 2.37 3.44 6 3.82
14 45 50 1.08 2.39 3.47 6 3.73
14 45 10 1.08 2.43 3.58 6 3.85
14 30 10 1.16 2.52 3.68 4 4.00
10 80 10 0.80 1.91 3.05 6 3.81
10 45 10 0.83 1.99 3.01 7 3.76
10 30 10 0.97 2.19 3.30 6 3.99

voltage. The maximum allowable radiation dose for these devices
was determined to be 40 kiloRads (Si). With this information, the
device application was modified to lower the gate voltage to the
minimum level allowable consistent with proper device operation.
Additionally, since a synchronous satellite with a ten-year mission
can accumulate up to 105 Rads(Si) over its lifetime,!3 it was nec-
essary to shield these devices to absorb a portion of the incident
radiation.

6. Conclusions and Predicted Reliability Results
The techniques discussed have enabled sustained reliability growth

Table 7—Subsystems Reliability and Probability of Survival*

Satcom F1 Advanced Satcom

Subsystem 1Yr. 8 Yrs. 1Yr, 8 Yrs.
Coast and Insertion 0.9933 0.9933 0.2926 0.9926
CR&T 0.9967 0.9427 0.9984 0.9217
Power 0.9975 0.9226 0.9898 0.9182
Attitude Control 0.9983 0.9085 0.9992 0.9698
Propulsion (RCS) 0.9880 0.9083 0.9981 0.9800
Structure and Thermal 0.9990 0.9891 0.9991 0.9949
Comm 20/24** 0.9963 0.7300 0.9971 0.9639

24/24** 0.6336 0.0256 0.971 0.616
Entire System 20/24** 0.9693 0.5147 0.9744 0.7656
24/24** 0.6164 0.0180 0.9489 0.4892

* These numerics were taken from the original system predictions, which was con-
servative since it assumed all telemetry functions are required. If one were interested
in the predicted reliability for just essential functions, then, the resultant reliability
would be considerably higher.

** 20/28 and 24/28 for the Advanced Satcom.
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in a complex communication satellite program. The techniques used
are general and may be utilized wherever good initial reliability is
required and reliability growth is desired with successive iterative
designs. Table 7 shows the growth that is possible. At the eight-
year point for an availability of at least 20 channels, the predicted
reliability went from 0.51 to better than 0.76, a 50% growth. These
predictions were conservative estimates of the reliability to be ex-
pected. The observed reliability has exceeded these predicted
values.
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Patents Issued to RCA Inventors—First Quarter 1984

January

J. G. Aceti Apparatus for Measuring the Dimensions of Delicate Parts (4,424 630)

A. E. Bell and Y. Arie Reversible Recording Medium and Information Record

(4,425,570)

S. L. Bendell Electron Beam Alignment in Tube/Coil Assemblies (4,429,258)

D. Botez Constricted Double Heterostructure Semiconductor Laser (4,426,701)

J. L. Bradshaw Frequency-Controlled Variable-Gain Amplifiers (4,429,285)

R. Brown and P. C. Jozwiak Composition and Thickness Variation in Dielectric

Layers (4,426,249)

G. N. Butterwick Photomultiplier Tube Having a Heat Shield With Alkali Vapor

Source Attached Thereto (4,426,596)

K. K. Chang Deflection Yoke Integrated Within a Cathode Ray Tube (4,429,254)

D. Chin, J. G. Henderson and R. J. Maturo Signal-Seeking Tuning System With

Signal Loss Protection for a Television Receiver (4,429,415)

E. L. Crosby, Jr. Strain Measurement (4,426,875)

S. B. Deal and D. W. Bartch Method of Making a Cathode-Ray Tube Having a Con-

ductive Internal Coating Exhibiting Reduced Arcing Current (4,425,377)

A. R. Dholakia Flip-Flop Grinding Method (4,428,165)

F. C. Easter Switching Voltage Regulators With Output Voltages Indirectly Regu-

lated Respective to Directly Regulated Boosted Input Voltages (4,425,611)

:1. A. Gange Line Cathode Support Structure for a Flat Panel Display Device

4,429,251)

P. E. Haferl Variable Horizontal Deflection Circuit Capable of Providing East-West

Pincushion Correction (4,429,257)

L. A. Harwood and R. L. Shanley 2nd Circuit for Linearly Gain Controlling a Differ-

ential Amplifier (4,426,625)

L. L. Jastrzebski and J. Lagowski Method for Determining Oxygen Content in Semi-

conductor Material (4,429,047)

G. Katz Method for Improving the Inspection of Printed Circuit Boards (4,427,496)

J. K. Kim Method of Making an Array of Series Connected Solar Cells on a Single

Substrate (4,428,110)

R. W. Kipp Tracking Filter System for Use With a FM/CW Radar (4,429,309)

T. F. Kirschner Process for Improving Dimensional Stability of Video Disc Caddy

(4,426,349)

K. H. Knop Semi-Thick Transmissive and Reflective Sinusoidal Phase Grating

Structures (4,426,130)

H. W. Kuzminski Color Picture Tube Having Improved Slit Type Shadow Mask and

Method of Making Same (4,429,028)

S. A. Lipp and M. P. Adams Method for Making a Dipolar-Deflecting and Quadru-

polar-Focusing Color-Selection Structure for a CRT (4,427,395)

S. A. Lipp Focusing Color-Selection Structure for a CRT (4,427,918)

D. W. Luz Horizontal Deflection Circuit With a Start-Up Power Supply (4,429,259)

K. W. McGlashan Pincushion Raster Distortion Corrector With Improved Perfor-

mance (4,429,293)

L. Muhltelder, K. J. Phillips and S. L. Blasnik Magnetically Torqued Nutation

Damping (4,424,948)

C. B. Oakley and R. A. Dischert Compatible Television System With Increased Ver-

tical Resolution (4,429,327)

G. H. Olsen and T. J. Zamerowskl Semiconductor Laser (4,429,395)

J. R. Orr and J. H. Hoover, Jr. Fixed Pulse Width, Fast Recovery One-Shot Pulse

Generator (4,425,514)

S. Osaka and M. Toda Shutter Construction (4,427,048)

T. Saeki Video Disc Stylus Deflector System (4,429,376)

J. O. Schroeder Cross-Coupled Complementary Power Amplifier (4,424,493)

R. A. Shahbender, |. Gordon, F. S. Wendt and R. J. Gries Television Receiver Fer-

Egr‘tegfgggt High Voltage Power Supply Using Temperature Stable Core Material
,424,469)
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D. L. Sherwood High-Speed Data Sorter (4,425,617)

A. M. Smith Fail Soft Tri-State Logic Circuit (4,425,517)

J.H. Thorn and R. E. Jennings Nozzle for Coating a Disc With a Lubricant
(4,424,761)

W. Truskalo Television Receiver Power Supply Ferroresonant Load Circuit Pro-
vided With a Redundant Operating Capability (4,429,260)

J. Tults and C. M. Wine Arrangement Useful in a Phase-Locked Loop Tuning Con-
trol System for Selectively Applying an AFT Voltage in a Manner to Improve Loop
Stability (4,426,734)

L. J. Vieland and R. C. Alig Color Picture Tube Having an Expanded Focus Lens
Type In-Line Electron Gun With Improved Static Convergence (4,429,252)

C. F. Wheatly, Jr. Operational Ampilifier (4,429,284)

L. K. White and M. Popov Planarization Technique (4,427,713)

H. A. Wittlinger Differential Current Amplifier (4,429,283)

February

A. Acampora Arithmetic Circuits for Digital Filters (4,430,721)

S. Berkman Chemical Vapor Deposition of Epitaxial Silicon (4,430,149)

F. Caprari and R. A. Geshner Visual Defect Inspection of Masks (4,432,641)

L. A. Cochran Automatic Video Signal Peaking and Color Control (4,430,665)

R. D. Faulkner and R. E. McHose Electron Discharge Device Having a High Speed
Cage (4,431,943)

A. M. Goodman Method of Forming a Seif Aligned Aluminum Polycrystalline Silicon
Line (4,433,469)

K. G. Hernqvist Structure and Method for Eliminating Biocked Apertures Caused
by Charged Particles (4,431,939)

L. M. Hughes Turntable Apparatus for Video Disc Player (4,432,086)

G. John, J. H. Rainey and P. V. Valembolis Cutting Stylus for Mechanically Cutting
Masters for Keel-Lapping (4,429,678)

E. F. Kujas Separator Material for Alkaline Storage Cells (4,430,398)

E.F. Lambert and T. J. Christopher Video Apparatus Having Improved Antenna
Transfer Switching System (4,432,015)

C. J. Martin Process for Preparing Conductive PVC Molding Compositions
(4,430,460)

W. H. Meyer and B. J. Curtis Dry Developable Positive Photoresists (4,433,044)

A. R. Moore Method and apparatus for Determining Minority Carrier Diffusion
Length in Semiconductors (4,433,288)

M. Nowogrodski Wheel Wear Measurement System (4,432,229)

G. A. Reitmeier and C. H. Strolle Video Pre-Filtering in Phantom Raster Generating
Apparatus (4,432,009)

C. W. Reno and G. L. Allee Dual Input Telescope for Multi-Beam Optical Record
and Playback Metal Substrate (4,433,085)

G. H. Riddle Method and Apparatus for Recording Video Signals Into a Metal Sub-
strate (4,433,407)

J. W. Robinson and G. Kaganowicz Apparatus and Method for Preparing an Abra-
sive Coated Substrate (4,430,361)

L. N. Schiff FM/TV Transmission System (4,434,440)

G. L. Schnable and E. A. James Doped-Oxide Diffusion of Phosphorus Using Boro-
phosphosilicate Glass (4,433,008)

R. L. Shanley 2nd and R. P. Parker Transiating Circuit for Television Receiver On-
Screen Graphics Display Signals (4,432,016)

B. W. Siry] and A. G. Lazzery Protective Cartidge for Optical Discs (4,433,410)

S. A. Steckler and A. R. Balaban Digital Television AGC Arrangement (4,434,439)
R. G. Stewart Sense Amplifiers (4,434,381)

C. H. Strolie and T. R. Smith Generating Angular Coordinate of Raster Scan of
Polar-Coordinate-Addressed Memory (4,434,437)

G. G. Tamer Television Channel Indicator With Automatic On-Screen Display
(4,430,671)

M. Toda and E. Shima Traveling Wave Surface Acoustic Wave Transducer
(4,434,481)

C. A. Weaver, D. J. Wierschke and G. John Matrixing Apparatus and Method for
Use in the Manufacture of Moided Records (4,431,487)

Y. Yarnitsky and S. Kaldor Jig for Machining Stylus Blanks (4,433,794)
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S. L. Bendell and P. A. Levine Low Noise CCD Output (4,435,730)

G. N. Butterwick Anode Structure for Photomultiplier Tube (4,439,712)

L. A. Cochran Dynamic Coring Circuit (4,437,124)

A. R. Dholakia Capacitive Playback Stylus (4,439,853)

A. R. Dholakla Capacitive Playback Stylus (4,439,855)

F. C. Farmer, Jr. and D. P. Knight Drive Level Control System for Testing Kine-

scopes (4,437,120)

J. W. Fish System for Controlling Indicators for Switches (4,437,094)

W. E. Harlan Dynamically Controlied Horizontal Peaking System (4,437,123)

L. A. Harwood and R. L. Shanley 2nd TeIevusmn Receiver With Selectively Disabled

On-Screen Character Display System (4,435,729)

W. Hinn and M. B. Knight Dual-Standard SECAM/PAL Color TV Receiver With Au-

tomatic Control of Operating Mode (4,438,451)

L. M. Hughes Disc Player Havmg Record Handling Apparatus (4,439,852)

W. R. Kelly and E. J. Alvero gstem and Method for Controlling the Exposure of

Color Picture Tube Phosphor Screens (4,436,394)

W. Kern Structural Defect Detection (4,436,999)

R. W. Kipp Radar Ranging System for Use With Sloping Target (4,435,709)

R. wé 7Klg)p FM-CW Radar Ranging System With Signal Drift Compensation

(4,435,71

T. F. Kirschner Disc Record Player Having Shutoff Switch Actuating Apparatus

(4,435,799)

R. Klge;:phlpat, R. E. Fernsler and J. E. Hicks Television Receiver Disabling Circuit

(4,435,731)

K. H. Kocmanek and R. C. Shambelan Controlled Environment for Diffusion Fur-

nace (4,436,509)

M. Kumar and L. C. Upadhyayula Variable Power Amplifier (4,439,744)

L. J. Levin Information Record With a Thick Overcoat (4,435,801)

P. A. Levine and A. L. Limberg Electrical Compensation for Misregistration of

Striped Color Filter in a Color Imager With Discrete Sampling Elements (4,437,764)

L. Louik and R. E. Ballard Apparatus for Molding a Recorded Disc Having a Molded-

In Center Hole (4,439,128)

A. Mattel Automatically Adaptive Transversal Filter (4,438,521)

A. Mattei Phase Locked Loop, as for MPSK Signal Detector (4,439,737)

M. E. Mlller Video Disc Stylus (4,439,854)

S. Osaka and M. Toda Shutter Construction (4,435,920)

K. H. Powers Transcoder for Sampled Television Signals (4,438,452)

2)4.: Prusak Apparatus for Grinding the Back Surfaces of Record Molding Stampers
,435,922)

J. J. Prusak and B. P. Patel Apparatus for Separating a Replica from a Matrix

(4,436,603)

F. R. Ragland, Jr. Cathode-Ray Tube Having a Temperature Compensated Mask-

Frame Assembly (4,437,036)

J. D. Rickman, Jr. Motion Sensor Utilizing Eddy Currents (4,439,728)

M. H. Riddle and J. R. Orr Protection Circuit for Memory Programming System

(4,439,804)

R. L. Shanley 2nd Adjustable Coring Circuit Permitting Coring Extinction

(4,438,454)

R. W. Shisler and R. E. McVety Desoldering Tool and Method of Desoldering Lead-

less Components (4,436,242)

F. M. Sohn Color Picture Tube Having improved Temperature Compensating Sup-

port for a Mask-Frame Assembly (4,439,709)

D. Stavitsky and E. A. Beres Mold for Recorded Disc (4,437,641)

I. T. Wacyk Actively Controlled Input Buffer (4,437,024)

C. P. Wu Electromagnetic Radiation Annealing of Semiconductor Material

(4,439,245)
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