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I. INTRODUCTION

Manufacturing methods and technology project number 2769758 has been successful in
establishing a production capability for metal-nitride-oxide semiconductor (MNOS) integrated cir-
cuits for block-oriented random-access memory (BORAM). This final technical report for the pro-
ject provides a summary of the technology, and an account of specific accomplishments of the pro-
ject.

The subject is approached in Section 2 by an initial discussion of the reasons for the project and a
description of goals and tasks. Section 3 examines MNOS chip fabrication. Some tutorial
background and discussion of future trends is included in addition to presentation of contract
achievements. Section 4 is devoted to several aspects of electrical tests and screens. Finally, the
fabrication of the hybrid circuit is reviewed in Section 5.

The MNOS BORAM MM&T project has been a significant factor in the growth of the
technology for military application. At present the BORAM hybrids have been selected for use by a
few military programs, and several other programs are conducting tradeoff and breadboard
studies. MNOS BORAM shows promise of filling serious needs for wide temperature range high
density nonvolatile solid-state storage.

1-1/1-2
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2. BACKGROUND

Military needs for storage of digital data in several application areas can be cost effectively met
by using MNOS BORAM devices packaged in hybrid circuits. This MM&T project was the last step
in the development of this technology before the engineering development of specific memory
systems.

2.1 MILITARY STORAGE

The cost, reliability, power dissipation, environmental limitations, and physical bulk of digital
data storage constitutes a major consideration in the implementation of a modern electronic
system. This is particularly true in military applications that may involve high stress environments,
or may place emphasis on achievement of some specific attribute such as small size or low power. In
at least three classes of applications, MNOS BORAM shows promise of providing significant ad-
vantages over available alternative technologies.

2.1.1 Secondary Storage

The traditional approach to implementation of secondary storage is to employ a magnetic drum
or disc. For many military applications this is simply not a viable alternative, because drums and
discs cannot stand-up in the required environments. In fact, it was the lack of suitable secondary
storage alternatives that led to definition of the BORAM concept.

The idea of a Block-Oriented Random-Access Memory and the acronym BORAM was originated
by Mr. David Hadden, in June of 1963 at what was then ECOM. A BORAM was defined as an all-
electronic memory with certain performance goals. No implementation technology was specified.

In most computer systems, memory is organized in a hierarchical fashion in order to achieve re-
quired capacity and performance at a tolerable cost. Figure 2-1 illustrates the general concept.
Primary memory is randomly word addressable. It provides fast data access and is relatively expen-
sive. Secondary and higher order memory may be addressable in a different fashion. Higher levels
have progressively larger capacity, slower access and lower cost. Hierarchy design involves
tradeoffs at each level of such parameters as access time, storage capacity and cost. The design is
usually conceived to achieve some desired global objective like maximum computer throughput per
dollar.

Hierarchical concepts have worked quite well in commercial computing applications, but have
had little impact on many military systems. For example, it is quite common for military real time
programs to be stored in main memory because the access delays associated with electromechanical
storage cannot be tolerated. In some cases, the use of drums or discs is prevented by environmental
considerations such as temperature or mechanical stress.

The technical feasibility of using MNOS to build a BORAM unit suitable for military use was
demonstrated by the design, fabrication and evaluation of a computer secondary storage unit. This
advanced development was carried out by the Westinghouse Electric Corporation under U.S. Army
contract DAAB07-72-C-0236 The work was sponsored jointly by the U.S. Army Electronics Com-
mand and the Naval Air Systems Command. Module evaluations were conducted at the Naval Air
Test Center and at Fort Monmouth. The final technical report was given the number
ECOM-0236-5. 2.1
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Figure 2-1. Computer System Memory Hierarchy

Figure 2-2 shows the 16.8-megabit advanced development model (ADM) that was delivered in
October of 1975 with a 1/64th population. This early design confirmed that an all-electronic self-
contained general purpose secondary storage unit could be built. No external controllers or power
supplies were required for operation. The design avoided problems common to electromechanical
storage originating from moving parts, vacuum systems, moisture and dust particles. The units data
access delay of less than 30 microseconds was more than 100 times better than the fastest drum. No
rotation latency time existed. The flow rates were designed to match the maximums allowed by the
computer interface specifications. The highly modular design demonstrated volume and weight ad-
vantages over comparable fixed-head magnetic systems.

Government evaluators confirmed the performance and physical characteristics of the ADM by
direct measurement. The unit was interfaced to several host computer systems and was observed to
perform well. By actual demonstration, the ADM was shown to be compatible with standard
military hardware and software. The flexibility of the design was shown to allow easy interfacing,
and to promote built-in diagnostic capabilities.

Studies conducted on MNOS BORAM designs patterned after the ADM have tended to be
positive. The Naval Air Development Center investigated the life-cycle cost of MNOS BORAM.
Reliability potential was shown by models to support MTBF's on the order of 10,000 hours. Initial
procurement costs were projected to be competitive with disc and drums using an 8,192-bit MNOS
chip. The cost was projected to become more favorable as the bit density per chip increased.
Modularity and repairability were shown to be definite assets.

Overall, the evidence indicates that MNOS BORAM can be a superior alternative to fixed-head
electromechanical storage. However, it should be noted that secondary storage is only one of many
potential application areas.
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2.1.2 Airborne Recorders

The Accident Information Retrieval System (AIRS) being developed by Hamilton Standard for
AVRADCOM is an example of a class of application which can benefit from the unique
characteristics of MNOS BORAM. Figure 2-3 shows the elements of AIRS. Sensors monitor impor-
tant variables on the aircraft, and this data is constantly examined by a microprocessor system. A
history of the flight is maintained in a solid-state nonvolatile memory formed by one MNOS
BORAM hybrid circuit.

The memory is a critical element of the AIRS. The mission of the system is to provide a record
that will allow investigation into the cause of an accident. The data must survive in the environment
of a crash, and the memory must be capable of providing reliable operation in the most hostile
flight environments.

To ensure survivability, Hamilton Standard has developed a "crash protected" module to
enclose the BORAM hybrid circuit. The module provides mechanical and thermal protection.

Recently, the efficiency of the protected memory was demonstrated by the successful completion
of qualification tests per Federal Aviation Regulation Part 37.150, Aircraft Flight Recorders TSO-
CS Ia. At the beginning of the test series a data pattern was written into the BORAM hybrid circuit.
At the end of the stress tests the hybrid circuit was read, and the data pattern was checked. All bits
were found to have been correctly retained.

The initial stress was a 1000g, 5 millisecond, 1/2 sine shock test in 6 directions. A penetration test
%sas performed that involved dropping a sharp pointed (0.05 in') member attached to a 500-pound
%eight from a height of 10 feet onto each side of the protected module. The module was also sub-
jected to crush forces of 5,000 pounds for 5 minutes in each of the three main orthogonal axes. A
flame test exposed the module to temperatures of 1 100*C for a half hour over more than 50 per-
cent of the module surface. Finally, the module was submerged in salt water for 36 hours.

The fire associated with a crash is probably the most demanding aspect of the requirements
placed on the memory. Water is enclosed in the protected module around the BORAM hybrid to
limit the temperature rise. Test results at Hamilton Standard show that the hybrid should not be ex-
posed to more than 160°C. Tests by Hamilton Standard on MNOS BORAM devices have con-
firmed data retention after exposure to 160'C for 2 hours.

The wide temperature range of the MNOS BORAM chips is a definite asset in the AIRS. The
operating temperature range is -55 to +125 0C. This feature, plus nonvolatility and high density
packaging make MNOS BORAM the best available technology for this type of airborne recorder.

2.1.3 Program Storage

The storage of computer programs is a requirement common to almost all military electronic
systems, and a variety of memory technologies have been used for this purpose. For many systems,
MNOS BORAM hybrid circuits can provide a very attractive means of program storage.

MNOS BORAM is particularly suitable whe.e electrical reprogrammability is a desirable feature.
It also offers wide temperature range operation, high packaging density, low power dissipation, and
high performance in a paging mode.

Westinghouse is currently developing a program storage card for use in radar systems. This par-
ticular design uses eight BORAM hybrids that contain 16 of the 8,192-bit BORAM chips. A single
6.4 x 8.3-inch card stores 65,536 words where each word contains 16 bits.

2-4
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2.2 MNOS BORAM HYBRID CIRCUITS

MNOS BORAM devices packaged in hybrid circuits offer the military user several important
features. While the significance of these items can oily be weighed in the context of a specific ap-
plication, it is well to at least tabulate them for general consideration.

2.2.1 MNOS BORAM Technology

The choice of MNOS BORAM technology over present day memory alternatives usually keys on
one or more of the following features:

" Silicon IC Fabrication Technology
" Full -55 to +125 0C Operation
" Nonvolatile Data Storage
" Data Access in Terms of Microseconds
" Bit Density Growth Potential
" Normal IC Voltage Interfaces
" Low-Power Operation.
The cumulative investrient in silicon integrated circuit technology is an enormous magnitude.

Manufacture of MNOS BORAM uses these proven materials, processes and equipment. As the art
improves because of VHSIC and VLSI advances, MNOS BORAM will improve.

Because of the push of IC technology to finer geometrics, it is certain that MNOS BORAM will
achieve higher bit densities per chip. Advanced circuit design studies indicate that 256K to IM-bit
chips will emerge.

Of the available nonvolatile memory technologies, MNOS BORAM is most often compared with
magnetic bubbles. Bubble data-access times are many milliseconds versus tens of microseconds for
MNOS. Bubble output signals are millivolts compared to volts for MNOS. The -55 to +125 0C
operating temperature range (with data retention nonoperating up to 160°C) for MNOS BORAM
cannot be approached by even the most optimistic projections for bubble devices.

2.2.2 Hybrid Circuit Packaging

MNOS BORAM is conducive to very simple high density packaging. A BORAM hybrid need
contain only the memory chips. The permanent magnets and field coils associated with bubble
devices are not required.

Obviously, MNOS BORAM chips can be placed in a wide variety of single or multiple chip
packages. Westinghouse has used dual in-line packages, flat packages, leadless carriers and
multichip hybrid packages (MHP). For the broadest range of military applications, the hybrid
package offers the best density and lowest cost.

Hybrid circuit density advantages are obvious to most observers, but the economics of the hybrid
approach may not be. The cost of one hybrid containing 16 chips should be compared to the cost of
16 discrete packages. For military use, a significant portion of the device cost is associated with
testing and screening. The cost to test and screen one hybrid (including yield loss) is only slightly
more than the cost to test and screen one discrete package. This cost on a per chip basis strongly
favors the hybrid approach.

2-6



2.3 MM&T PROJECT

During the early 70's the potential of MNOS BORAM was w,!l recognized within the Army.
Technical feasibility had been proven, but questions concerning producibility still existed. It re-
mained for a manufacturing methods and technology project to face the practical issues of achiev-
ing an economically viable production capability.

2.3.1 Project Goals

The purpose of MM&T project number 2769758 was to establish a production capability for
metal-nitride-oxide semiconductor (MNOS) integrated circuits for block-oriented random-access
memory (BORAM).

At the conclusion of the effort, the Government was to have a source of supply for MNOS
BORAM hybrid circuits. A pilot production line with a demonstrated throughput capacity of 1875
hybrids per month on a 5-day week, one-shift basis was to be established.

2.3.2 Project Tasks

The MM&T effort encompassed all of the activities necessary to develop, specify, operate and
debug the required production capability. In the immature phases, two sets of engineering samples
were produced as a learning vehicle, and as means by which progress could be measured. After ac-
ceptable tests and test programs were established, a group of confirmatory samples were produced
to prove that the product was ready for production. Extensive testing and documentation was re-
quired with the confirmatory samples. Finally, a pilot production run was performed. During the
pilot run, yield and throughput information was gathered to demonstrate that the required capacity
of 1875 hybrids per month had been achieved.

During the course of the MM&T project, the Westinghouse Electric Corporation acted in-
dependently to supply capital equipment and process development that enhanced the MNOS
BORAM production capability. Westinghouse investment in MNOS BORAM is now approaching
four million dollars.

The combined affect of the MM&T and Westinghouse efforts have produced significant progress
in BORAM chip fabrication, electrical tests and screens, and in hybrid circuit fabrication. The re-
maining sections of this report describe those activities, and outlines individual achievements of in-
terest.

2-7/2-8



3. MNOS BORAM CHIP FABRICATION

The MNOS BORAM 6002 chip was the primary development vehicle for the MM&T project.
This discussion will treat the device structure, explain manufacturing oriented design features, and
finally present the details of chip processing.

3.1 DEVICE CONSIDERATIONS

MNOS BORAM is currently fabricated using P-channel metal gate technology. The nitride-oxide
dual-dielectric insulator enhances reliability and makes possible the realization of nonmemory and
memory transistors within a single integrated circuit.

3.1.1 Transistor Structure

An MNOS nonmemory transistor performs the same type of functions as a conventional MOS
transistor. The physical form of the MNOS device is similar to the MOS device, except that the in-
sulator region is composed of two dielectric layers. The MNOS BORAM nonmemory transistor has
800 angstroms of oxide (Si0 2) adjacent to the silicon, and 450 angstroms of nitride (Si3N4) over the
oxide.

Two types of memory transistors have been used in previous MNOS work at Westinghouse.
Figure 3-1 compares the so-called unprotected and protected transistor structures. The major
physical difference is that the thin 15 to 25 A tunneling oxide does not overlap the P+ diffusions in
the drain source protected (DSP) device.

Unprotected transistors exhibit severe degradation with use. After about 106 erase-write cycles
the VHC and V1.C states cannot be distinguished. This class of transistor is also difficult to employ
in integrated circuit arrays because of depletion mode operation while in the high conduction state.

The DSP transistor has been shown to provide reliable memory operation beyond 10" erase-
write cycles. The central device design concept was to protect the thin oxide from stresses associated
with material imperfections and/or electric fields. The thick nonmemory oxide employed close to
the source and drain determines the gate breakdown potential. Junction fields do not affect the
stability of the tunneling oxide.

The DSP device can be thought of as a memory transistor in series with two nonmemory tran-
sistors as shown in the equivalent circuit of figure 3-1(B). The P-channel enhancement mode
nonmemory transistors determine the high conductance state of the DSP structure, and therefore,
the DSP device is confined to enhancement mode operation. In large integrated arrays this is an im-
portant feature. Interconnection schemes for erase, write, read and standby can be achieved
without contending with difficult parasitic current problems.

Some of the advantages of the DSP transistors can be summarized as follows:
a. Reliable memory operation for > 10" high field erase write cycles can be achieved
b. Enhancement mode operation allows the parallel connection of transistors in large arrays in a

manner compatible with read circuitry
c. Drain and source breakdown voltages are increased to that of conventional nonmemory tran-

sistors

3-1



d. DSP transistor gate capacitance is reduced to about 25 percent of unprotected transistor gate
capacitance. This allows four times as many DSP devices to be driven in parallel in an array with
equivalent response times

e. DSP transistor gate to source capacitance is much smaller than that of unprotected transistors.
Address voltage feedthrough to memory detection circuitry is reduced.

SOURCE GATE DRAIN

GATE

--

SOURESOURCE DRAIN

DIFFUSED P+
SUBSTRATE

N TYPE SILICON

CROSS-SECTION EQUIVALENT CIRCUIT

W UN PROTECTED( TRANSISTOR

SOURCE - GATE 
D ANG 

T

'GAT

\DIFFUSED P+ \THIN OXIDE SOURCE DRAIN

N TYPE SILICON

CROSS-SECTIONSUTRE
EQUIVALENT CIRCUIT

(8) DRAIN SOURCE PROTECTED (DSP) TRANSISTOR

79-11 10-VA-3

Figure 3-I1. Comparison Between Protected and Unprotected Transistor Structures
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3.1.2 BORAM Integrated Circuits

At Westinghouse, BORAM integrated circuit development has been concurrent with memory
system development. As a result the best characteristics of the M;,JOS technology have been in-
telligently applied to achieve computer secondary storage requirements.

To achieve cost effective performance, a solid-state computer secondary storage unit must pro-
vide fast write and read capability. RAM organized MNOS electrically alterable memory chips are
incompatible with this application because millisecond write times are required. To overcome this
limitation, MNOS BORAM chips are designed for 10 to 100 microsecond write times, and operate
in parallel on blocks of data to provide adequate data rates.

A BORAM chip contains a fully decoded random-access memory, and a shift register for data
i/O. A single read or write involves the transfer of many bits in parallel into the shift register. The
contents of the shift register may be shifted at megahertz rates. This arrangement allows the MNOS
RAM to operate at modest speeds compatible with high-yield production, while the shift register
maintains the high-bit transfer rate required by the application.

Experience with volatile semiconductor RAM production has shown that yield to dynamic
response criteria such as access time is a major impact item. MNOS BORAM devices should suffer
very little production loss to dynamic criteria. The chip circuitry when operating in a secondary
storage unit will never be required to operate near the performance limits of the device.

MNOS BORAM chip development has been a process of continuous simplification and refine-
ment over several years. Initial designs required two-level metalization and single transistor cells to
achieve producible die sizes. Attempts to manufacture these devices led to identification of critical
circuit and process problems. Successive designs eliminated and/or avoided these difficulties (see
table 3-I).

The most successful design prior to this project was the BORAM 6000C. It employs a single-level
metal interconnect and a two-transistor cell. The two-transistor cell has proven to be a major factor
in high-yield production in the presence of variability of transistor characteristics. It has also im-
proved the opportunities for thorough test of the memory array, and provides longer effective data
retention times than single transistor cells.

Table 3- I. Chip Evolution - Process and Topology Simplification

DEVICE FIELD THRESHOLD DIE SIZE MASKING METAL TRANSISTORS

NUMBER SUPPRESSION APPROACH mils OPERATIONS LAYERS PER CELL

6000 Nitride field shield 154 x 175 11 2 1

6000A Nitride field shield 154 x 170 12 2 1

6000A Ion implant 154 x 170 12 2 1

60008 Channel stoppers 151 x 169 8 1 1

6000C Channel stoppers 163 x 169 8 1 2

6002 Ion implant 99 x 128 9 1 2

79- 1110-TA4
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3.2 MAN UFACTURING ORIENTED CHIP DESIGN FEATURES

The cost effectiveness of MNOS BORAM will be affected by many factors which come into play
at different levels of product use and manufacture. In particular the long term growth and applica-
tion of the product should be considered. Of immediate concern is the need for the design to be
compatible with the natural variability of current materials and processes.

3.2.1 Bit Density Growth Plans

Because of the strong development trends in the semiconductor industry, and because of detailed
circuit design projections, it is known that the number of bits per BORAM chip will increase sharp-
ly in the near future. Westinghouse is concerned that the investment in production capability and in
circuit and system development not be made obsolete by the thrust to higher bit density.

To accomplish this purpose, Westinghouse established a plan for controlled growth of bit capaci-
ty per chip. As shown in figure 3-2, a series of chips called the 6002, 6008, 6016, and 6065 were
planned. Therefore, the bits per chip grows from 2K to 8K to 16K, and then to 65K.

All of the chips in the series are pin for pin compatible. A larger device can be used in place of any
smaller device. This controlled growth scheme allows conversion of memory systems based on the
smaller chips to the larger chips with minimum cost impact.

Each chip is of course an evolutionary improvement over the preceding device, and necessarily in-
corporates new features which enhance utility and yield. For example, the 6008 device has lower
dissipation and more relaxed waveform timing requirements than the 6002 chip.

3.2.2 Die Size Reduction

A first principle of silicon IC design is to make the die as small as possible consistent with
available process limitations. Small die area improves yield and increases the number of dice per
Wafer. An early objective of the MM&T was to simplify and shrink the BORAM chip.

The point of reference at the beginning of the effort was the 6000C chip that measured 163 x 169
mils. The reduced die, the 6002 chip, measured 99 x 128 mils. This is 46 percent of the 6000C area.

Area compression was achieved in the memory array portion of the chip by using two row ad-
dress decoders. The decoder pitch on either side of the array was approximately the same as that for
earlier designs, but because the left and right row selection circuits were interleaved the cell density
%%as almost doubled.

3.2.3 Surface Contour Simplification

An important consideration in integrated circuit manufacture is to ensure that the interconnect
metal will maintain adequate thickness over the surface contours of the die. If the chip design con-
tains abrupt steps of dimensions which approach the thickness of the metal, significant yield and
reliability problems can be expected.

The design of the 6000C incorporated an approach which held the largest step to a reasonable
magnitude, and caused that step to be "beveled" or sloped. It was desired to maintain that same ad-
vantage for the 6002 chip.

The largest step in insulator thickness occurs where the metal enters or leaves a field region. The
6000C controlled field parasitics by using channel stoppers. The 6002 employs an ion implant to
raise the field inversion threshold. This approach requires less chip area and maintains the same
simplified surface characteristics.
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rhe field silox consists of 7000A undoped oxide and 3000A of doped oxide. During the gate and
contact etch. the high etch rate of the doped oxide causes a sloping of the oxide steps. Cleaning
before metal deposition then removes all of the doped oxide.

3.2.4 Tape Carrier Compatibility

During the MM&T project and for near-term production, gold ultrasonic wire bonding will be
used. In 1980 and 1981 the process will be converted to tape chip carrier. One design consideration
for the 6002 was to maintain compatibility with tape carrier technology.

To ensure that the future conversion would not encounter unusual problems, Westinghouse
initiated tape carrier development in parallel with the MM&T activities. Figure 3-3 shows a closeup
of a 6002 device with tape carrier leads. Figure 3-4 shows a hybrid circuit populated with tape bond-

ed 6002 chips.
Westinghouse has fabricated and tested tape bonded BORAM hybrids using several different

types of tape and processes. These experimental devices are being used as development vehicles to
prove the processes and tooling, and to confirm the reliability of the end product.

aigure 3-3. Clohe-ip Ce of 1ape arrier Bonded 6092 Chip

I.(.
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F igure 3-4. '1 ape Carrier Bonded RORAM Hy brid

3.3 CHIP PROCESSING

The Westinghouse NINOS B()RANI chip processing sequence ins ols ang nine masks %%as estab-
lished at the beginning of the N1M&I project. D~uring the Course of the etfort significant im-
provements were made in ilride deposition and in photoirnaging.

3.3.1 Manufacturing Sequence and Processes

Two objectives %%ere kept in mind during the deselopmetrit of' the MINOS IIORAM w~afer process-
ing sequence. The first %%a% simplicity -- reduce the sequence to the minimum number of maskings
and avoid yield im pacting topolog'ical features Fhe secotnd ohiectis e wsas to use only w~ell known
and characterited individual process steps. By~ doing this, the risks in manufacturing wsould be
minimal.

F-igure 3-5 pros ides a simple concept of hos material flo%% s during MINOS IM)RANI fabrication.
The characteristic cyclic nature of semiconductor manufacture is es ident. A wsafer is first prepared
by some photo arid or chemiical process step, and theni it is gis en some treatment wshich modifies the
surface structuire of the %Nafecr.

The modification operations, ate om.de gross th, diffusions, arid depositions. I'lhese stations see the
w~afer only one time durirtg I abricat on. I hec photolit hographic. etch ing atid cleaning processes see
the % afer mnany times. Ph~t pr ocessinrg es periences lie highest ss or k load volunie.

NINOS BORANI startinug interial is at < 1()O. silicon epitaial wsafer. I lie substrate is 20 to 40
ohiti cmn. An N ty pe1WO It) iipitasial la~er 14 j~m thick esists on the processing surface. I-igure
1 6 shows the process sequence. ('leaning processes arc descrihed in table 3-2. 1 igure 3-7 illustrates
hoss the wsater cross sectiooti s mod! ied a!fter %ariouis steps,. I able 3-3 sumnari,'es the various in-
su1lator thicknesses.



Cycles (D to @form the P-, N+ and P+ diffused layers. Conventional deposition and drive se-
quences are employed. Table 3-4 summarizes the diffusion conditions. Cycle (D forms the
nonmemory transistor gate oxide. This heat treatment also continues the P+ drive.

Cycle c6 is an ion implantation step which is used to reduce the resistivity of the N epi in the field
regions, ad thus to increase the field parasitic threshold voltage.

Cycle 7 is the heart of the MNOS process. The memory oxide and nitride layers are formed.
Control of the tunneling oxide and the nitride are critical to achievement of proper memory

8yl opens contact windows to silicon by a 2-step etching process. The contact photomask is
characteristics.

used to etch through the silox layer. Photoresist is then removed, and the silox layer serves as a
mask for the nitride etch. This leaves the gate oxide still in contact windows.

Cycle 0 applies photoresist everywhere except in the gate and contact windows. The contact
windows on mask 7 are purposely defined as smaller than the contact windows on mask 6. This
forms a stair step structure for metal cross-overs going down to the silicon. An oxide etch is per-
formed which removes the silox over gates and removes the thermal oxide over contacts. Then an
aluminum-silicon layer is deposited over the wafer.

Cycle @defines the aluminum interconnect pattern, sinters the contacts to silicon, and over-
coats the wafer with silox. Finally cycle 0 concludes the sequence by removing the silox overcoat
from the bonding pads.

SI LOX OVERCOAT DEPOSITION

9 - METAL DEPOSITION

SI LOX NITRIDE MEMORY
D E P O I D E P O S I T r O X I D E

SILFIELD REGION ION IMPLANT
5 GATE THERMAL OXIDE

23 DIFFUSION PROCESSES

INITIAL THERMAL OXIDE

SILICON (Di I TO WAFER
EPITAXIAL PHOTOLITHOGRAPHIC PROBE TEST

WAFER AND ETCHING/PROCESSES
PHOTOMASKS 77-0520-VA.3

Figure 3-5. Cyclic Wafer Processing Flow Pattern
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Table 3-2. INOS BORAM Cleaning Processes

Process Sequence of Operations

H2 SO4  fD HNO 3  DI HF DI DI ist H2 0

CMOS 1750 C Rinse 80°C Rinse 1 0: 1 Rinse Rinse Rinse
Clean 10 min 250C 15 rin 250

C 15 sec: 250C 100 0
C " 250 C

Pie Nitride H2 S0 4  Dl HN0 3  Of HF Of
Clean 175 0 C Rinse 80 0 C Rinse 100:1 Rinse

10 min 25
0

C 15 irin 25°C 60 sec 250 C

12S04 DI IIN0 3  A D1 HF Di
Pie Metal 175 0 C Rinse 800C Rinse 01 : ) Rinse
Cledn

10 min 25
0

C 15 min 250 C 15 sec 250 C

7911 10-TA-6

3.3.2 Progress in Nitride Deposition

At the beginning of the MM&T project a matter of some concern was control of the nitride. In
particular, it was known that electric field stresses on the tunnel layer were very sensitive to the
nitride thickness. Thin nitride could lead to excessive stress and rapid degradation of retention
characteristics.

The baseline nitride process was an atmospheric pressure chemical vapor deposition (APCVD).
Control of nitride thickness was investigated by ellipsometer measurements. Observations of
thickness in the center of the wafer showed a coefficient of variation of ±8.5 percent within a run,
and ±23.5 percent run-to-run. Observations of thickness across individual wafers showed coeffi-
cierts of variation from ± 1.9 to ±3.8 percent depending on wafer position in the susceptor.

Nitride thickness control was improved considerably by a change from APCVD to low pressure
chemical vapor deposition (LPVCD). Within run variability has improved to ±2.0 percent, and run-
1o-run variability is ±3.2 percent. Uniformity across a wafer is ±0.9 percent.

Before converting to LPCVD, investigations were carried out to determine the properties of
MNOS transistors made using various LPCVD process parameter settings. Pulse response, charge
decay slopes and endurance were examined. The final LPCVD process was shown to provide per-
formance acceptable for BORAM applications. Moreover, the range of variability of transistor
characteristics was observed to reduce sharply.

The introduction of LPCVD was a major contribution toward achievement of reliable low-cost
production. It should be noted that this advance came about because MNOS is a silicon IC
technology, and it will make use of the improvements made in that technology. LPCVD equipment
%as eveloped and is being marketed to the semiconductor industry for a variety of applications.
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Figture 3-7. Sequential Cross Section of BORAM 6002
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Table 3-3. MNOS BORAM 6002 Structure

Topological Nominal Thickness
Region of Chip Material (angstrorns)

0 Silox 10,000
a Metal 10,000

Field Region 0 Silox 7,000
* Nitride 465

__________ _e sOxide 800

* Silox 10,000
Nonmenory * Metal 10,000
Gate Region * Nitride 465

e Oxide 800

0 Silox 10,000
Memory 9 Metal 10,000
Gate Region a Nitride 465

e Tunneling Oxide - 020

79-1 1 10-TA-8

Table 3-4. Summary of Diffusion Steps for M NOS BORAM

_______ Deposition ______Drive Dr
Diffusion Dopant Temp Preheat Dep Flush Temp Wet Dr

(0C) (minutes) (minutes) (minutes) (0C) (minutes) (minutes)

Isolationi Boron 1150 5 1 30 1 11200t 10 510

N+ Phosphorus 90 5 14 1 10001 90 5

P+ Boron 110 5 15o -900 2 0

79-11 10-TA-9
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3.3.3 Progress in Pholoimaging

One advancement in BORAM manufacture came about too late to be included in the MM&F ac-
tivity, but it is of such significance that it deserves mention. This is the use of a direct-step wafer
(DSW) aligner shown in figure 3-8.

In order to understand the significance of the DSW it should be compared with the processes
used during the MM&T. Figure 3-9 provides a summary of the two approaches.

The MM&T made use of an automated plate production system. Chip design and layout was ac-
complished using a CALMA design system that features multi-terminal input stations, powerful
software, and large storage capability. A computer controlled David Mann Pattern Generator and
Photo-Repeater provided positional accuracies and line width tolerances to one-quarter of a
micrometer. Working photomasks are derived from a series of contact printing operations that
originate from one master print and a set of submaster prints. Photoimaging on the wafer is ac-
complished by aligning a working photomask with a given wafer, bringing the mask into contact
with the wafer, and then exposing the photoresist.

i4

Figure 3-8. Direct-Step Wafer Aligner

I I I I I I I I I I -I II I I I



Magnetic XIO Photomask Photomask Working
Tae Reticle Master Submaster Plate

CALMA Pattern Step & Contact C Contact Exposed
System Generator Repeat Print Prnt Aligner Wafer

Magnetic X10
Tape Reticle

CALMA P te rn IS -- W fer
Pt DSW -ExpoeSytm eertrAligner Wae
* Noncontact process

9 Automatic Focus
* 1.25 Micrometer Resolution
* Computer Controlled
- Environmental Control ,%oi,.8.2

Figure 3-9. Comparison of Photoimaging Approaches

In the DSW approach, an X 10 reticle is used to optically project the image of a single die directly
onto the wafer. The wafer is mounted on a movable stage, and the wafer is automatically reposi-
tioned to allow exposure of each die site. The DSW approach eliminates the manufacture and con-
trol of one-to-one photomasks.

The DSW approach provides several advantages over previous methods. First it is noncontact
printing. Because the mask and wafer do not touch, no damage is introduced to either the mask or
the photoresist coating. Second, the DSW mask is much less critical for small imperfections. The
DSW reticle is X 10, and a defect would have to be on the order of 10 micrometers in size in order to
be resolved on the wafer. Third, the DSW provides better than a factor of two improvement in
registration and alignment over one-to-one projection systems. The unit is capable of ±0.35 /*m
(three sigma) registration with ±0. I lm alignment error.

The DSW features laser metering of the stage placement, light integration for constant exposure
energy, computer control of the system, and automatic focus maintained by photoelectric detection
of the surface within each image area. The DSW is capable of routinely producing 1.5 to 1.75
micrometer lines in positive resist.

Experience with the DSW has resulted in sharply increased yields on BORAM 8K-bit chips.
Because of the ability to process finer lines and spaces, it has opened to door to immediate reduc-
tions in die size. Also progress toward higher bit capacities per chip has been accelerated.
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4. ELECTRICAL TESTS AND SCREENS

One of the primary tasks for the MM&T project was to completely define the BORAM product
test procedures. In working toward that objective several intermediate investigations had to be car-
ried out. Four different levels of test were treated: transistors, cells, wafer probe and hybrids.

4.1 TRANSISTOR CHARACTERISTICS

The threshold decay and pulse response characteristics of memory transistors were investigated
using a special test unit called the "VT tester." Test samples were obtained from the test patterns
included on each BORAM 6002 die.

4.1.1 Threshold Decay Characteristics

Figure 4-1 shows the typical form of the threshold decay characteristic. The upper curve presents
the decay of the high conduction threshold or cleared state. The lower curve presents the decay of
the low conduction threshold or written state. Threshold voltages are measured at 10 microamps.
The abscissa is the read delay time in hours. Hours are used instead of the device physicist's usual
practice of seconds, because BORAM retention is specified in hours. The test conditions and the
data presentation format were chosen to approximate practical BORAM application conditions.

BORAM NEMORY TRANSISTOR THRESHOLD DECAY CHARACTERISTIC D IN R_ OATE -NF

0

SV T " -0.2510 log (tr'd) -2.8141

000 I HO0UR 4000 HOURI
x WINDOW WINDOW
O0 t 3 690V I 654V

0>

f LAPSlD TIME AT TIP T RANISIXOP STATE CDAT, A
PHOUPSI Mi 08 VA 3

Figure 4.1. Typical Initial Threshold Decay Chmrcteristic
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The written state was established by applying a VGS pulse sequence of +25 volts for 3.6 seconds
and -25 volts for 128 microseconds, repeated 16 times. Therefore, the transistor should be a
saturated clear state prior to the write pulse. The write is generally not sufficient to establish a
saturated low conduction threshold.

Observations of the threshold voltage began at 0.001 hours (3.6 seconds) after termination of the
write pulse. Additional measurements were taken at 0.01, 0.1, 1, 2, 4, 8, 16, 32, 64, and 128 hours.

The decay characteristic from the cleared state is slightly more complicated. The cleared state was
established by a VGS pulse sequence of -25 volts for 3.6 seconds and +25 volts for 1024
microseconds, repeated 16 times. Therefore, the transistor should be a saturated write state prior to
application of the final clear pulse. After termination of the final clear pulse, the threshold voltage
%%as observed at 0.001, 0.01, 0. 1, I, 2, 4, 8, 16, 32, 64, and 128 hours.

4.1.2 Pulse Response Characteristics

The pulse response from a saturated state was also explored. Figure 4-2 shows the write and clear
response characteristic curves for six different pulse amplitudes overlayed on one graph. The form
of these curves was typical of the population.

The so-called pulse response curve is a plot of threshold voltage against the pulsewidth of the ap-
plied gate voltage. Normally, the pulsewidth scale is logarithmic. This means of displaying the
dependence of threshold shift on pulse duration has come to be common practice. Quantitative
values for a given curve depend on rules for the measurements, and these details must always be
clearly stated.

255
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Figure 4-2. Typical Pulse Response Characteristic
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One point on a write pulse response curve is obtained by initially shifting the threshold to a

saturated clear level, pulsing the gate with a fixed amplitude and duration write pulse, and then

measuring the threshold after a specified time delay. The procedure is repeated with a new

pulsewidth to obtain additional data points. A clear response curvt. s similar, except that the clear-
ing and writing pulses are interchanged.

The Westinghouse VT tester gathers this automatically and stores it in a memory for recall. The
read delay time is 3.6 seconds. Pulsewidths follow the sequence 1,2,4...512, 1024 microseconds.
Thresholds are measured at a drain current of 10 microamperes.

Pulse response is very important to proper operation of memory transistors in an integrated cir-
cuit array. In fact, the previously presented decay characteristic data actually contains a great
amount of information related to pulse response. There the question was, does the memory tran-
sistor exhibit a combination of pulse response (window) and decay slope compatible with retention
objectives.

For the pulse response characteristic curves more subtle considerations are involved. It is possible
to use this data (in combination with some additional measurements) to quantify many of the
parameters in device switching models.

4.2 MEMORY CELL ENDURANCE-RETENTION

A significant experiment on retention time after endurance stress was conducted on Westing-
house BORAM MNOS memory cells. Measurements of retention were collected on 512 BORAM
memory cells for over 8,600 hours. Analysis of the data provided a useful guide to application of
this MNOS nonvolatile memory product.

4.2.1 Objective aud Plan

The objective of the experiment was to establish the endurance-retention capability of the
BORAM MNOS process and memory cell design by collecting retention data on a sufficient number
of cells which had been subjected to various endurance stresses. Those memory cells were to be in
operating LSI memory arrays, in contrast to previous experiments on isolated single cell or single
transistor test structures.

The plan for the experiment was to subject certain memory cells in the memory array of many
functional memory devices to various levels of endurance stress and to determine the retention time
for those cells. The experiment consisted of three steps. First, 16 cells of the memory array in 16
MNOS parts were subjected to a range of endurance stresses. The 16 cells were in one row in the
memory array. Second, a pattern was written into each array. Third, the difference between the
two-memory transistor threshold voltages were measured for each cell in the stressed row and for an
unstressed row, at intervals of time after write which extended from 2 hours to over 8,600 hours.

4.2.2 The MNOS Test Vehicle

The Westinghouse BORAM MNOS process is used for several electrically alterable nonvolatile
memory parts. One of these parts is a 1024-bit alterable ROM, called the IK AROM, mask set
number 6020. It was chosen as the test vehicle for this endurance-retention evaluation of the
BORAM process because: (I) it has a memory transistor threshold test feature, (2) the memory
transistor cell is processed in the same manner as for BORAM memory parts, and (3) the memory
cell design is the same as that used in BORAM arrays. The test circuitry incorporated in this part
permits making analog measurement of the threshold voltage for each of the two memory tran-
sistors per cell in each one of 1024 memory cells in the array.
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Figure 4-3 shows the memory threshold test circuitry as a simplified schematic of the 6020 device.
In normal operation, the test enable terminal (T) is LOW, connecting the memory transistor source
lines to the detection latch and decoupling the test points (+ and -) from those source lines. When

the test enable terminal (T) is HIGH, to enable this memory transistor threshold voltage test
feature, the source lines are connected to the test points and decoupled from the detection latch.

4.2.3 The Test Method

The methods and procedures used in this experiment are described in three parts. First is the
method of subjecting the parts to endurance stress with some comments on selection of parts.
Second is the method of writing each part with the "zero time" retention pattern. Third is the
method of measuring the thresholds of the memory transistor.

ROW I 15V

rJ Z- -
MEMORY ARRAY

*T i~ I

W O I MEASUREMENT OF WINDOW

M EVOLTAGE VOLTAGE. V. ON MO-501

TEST PINS TESTER
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790467 V 6

Filture 4-3. 6020 Cell Window Measurement Circuitry
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4.2.3.1 Endurance Stress

Endurance stress testing for the MNOS parts involved erasing a cet of memory cells, writing each
cell to a certain state; then erasing the set of cells again and writing each cell to the complementary
state. By repetition of these two erase-write cycles, the desired endurance stress is accumulated.
These two erase-write cycles have caused each transistor in each of the memory cells to have had one
reversal of threshold level, and each transistor can be said to have accumulated one endurance stress
cycle.

The 6020 has row erase capability, so that one row of 16 memory cells can be cycle-stressed with
the remaining 63 rows remaining unstressed. The first row was chosen for cycle stress and the
second row was used as an unstressed control row. Parts were stressed using the standard BORAM
voltages and erase and write times of 1,000 Asec erase and 200 psec write pulsewidth. That row was
first erased, then each cell in turn was written, requiring somewhat over 4.2 msec per erase-write (16
cells) cycles. For l0' cycles, only 42 seconds are required; for 106 cycles, I hour 10 minutes is
necessary; and for 10' cycles nearly 5 days elapse.

Sixteen AROM 6020 parts from two process lots were made available for this experiment. rhe
parts were not screened nor especially selected. The endurance stress on the first row of these parts
was as follows:

Quantity of Parts: 2 2 2 4 3 3
Endurance cycles: zero 10, 10' 10 107 10'

A laboratory test set was used to apply repetitive erase-write cycles using a checkerboard pattern,
alternating with the complement (CKBD and CKBD*). This test set was used for endurance stress at
10, 10' and 106 (by running 10' ten times). Because internal circuitry was designed for CRT display,
there is considerable "dead time" between stress cycles, so that 10' cycles took 1 hour 23 minutes.

For endurance stresses of 10' and 10', a microprocessor-controlled burn-in system was used. Pro-
gramming the KIM-I microprocessor permitted application of the same BORAM standard timing.
The stress pattern written into the first row was 1001100.. .(9999 in hexadecimal) and the comple-
ment (6666 in hex), on alternate cycles. This system had the advantage of stressing several parts in
parallel.

4.2.3.2 Retention Pattern Write

After the parts were endurance stressed each was erased and written, and the time of writing was
noted. This is the zero reference time for the retention measurements. Two patterns were used for
the retention test. Most parts were written with all ONEs. Several parts were written with a checker-
board (CKBD) pattern. The CKBD pattern was generated by the AND of the least significant row
address bit and the least significant column address bit (AO-A4).

4.2.3.3 Transistor Threshold Measurement

An electrical test program written for the Macrodata MD-501 automatic tester was used for all
threshold measurements. A sample and hold voltmeter with 100 megohm input impedance was
used to measure the voltage at each of the two test points (+ and -). It sampled with an aperture of
about 30 nsec, and then held the voltage for the analog to digital conversion. Each test point has a
20 megohm pullup to VCC (+ISV) to optimize response and minimize loading. The test program
turns power ON, sets up each address in sequence, pulses chip select, waits 50 sec for the high im-
pedance measurement to stabilize, then takes the sample at the (+) terminal and converts. Then the
program pulses chip select, waits 50 jAsec and takes the sample at the (-) terminal. This sequence
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continues through all 1024 addresses. The two measurements at each address are subtracted and the
absolute value of the difference is printed. Test procedure includes incorporating the serial number
of the parts, and the date and time of reading with the test printout.

The parts were separated into three groups according to when endurance stress was complete.
The write and first several reads were on 3, 8 and I I May 1978. Readings were taken at one-third to
one decade intervals of time. The readings spanned a year on 16 parts with 16 stressed memory cells
and 16 unstressed cells for a total of 4.49 million memory cell-hours of retention data.

4.2.4 The Test Results

In the following paragraphs the method of processing the data is described, the results of data
evaluation for each part are presented, and then the analysis of data for all parts collectively is
shown.

4.2.4.1 Initial Data Processing

The printout from the Macrodata MD-501 automatic tester is a set of 16 voltages per row for
each 6020 part for each time of measurement. The values are differences between the threshold
voltages of the two memory transistors in a cell, indicative of the memory window. Printout was
obtained for the first row which was endurance stressed, and for the second row which was
unstressed. Some parts were measured at I I different times, ranging from 30 seconds after write to
8,904 hours (371 days) after write. Other parts were measured eight or ten times covering the same
span of time.

Because there is generally a change of decay rate in the vicinity of an hour, the measurements
made earlier than 2 hours were not included in the data analysis. From the five to seven sets of
printouts for times between 2 and 8,904 hours, five sets were chosen for each part, eliminating some
data where the tester or printer was clearly malfunctioning.

The data from the Macrodata MD-501 automatic tester printout and the accompanying ac-
cumulated hours since the part was written were entered into an HP9825A computer for tabulation,
evaluation, analysis and summary. For each part at each time of measurement, a set of 16 values
represented the cells of the stressed row, and a second set of 16 values represented the cells of an
unstressed row. This data taken at five different times was assembled by the computer into two 16
by 5 matrices of values. The computer was programmed to compute a least squares fit to a linear
equation of the difference voltages as a function of log time for the five data values per cell. Results
of this calculation include t0he slope (decay rate in mV per decade of time), the intercept (window
voltage in mV at I hour, i.e., zero on the log time axis) and the correlation coefficient of fit to the
line. In addition, an estimate of retention time was made using 100 mV as the minimum voltage dif-
ference which can be reliably read by the detection circuit in BORAM memory parts. This estimate
is simply a calculation of the time at which the straight line fit reaches 100 mV.

The computer stored all this data and results of calculations on magnetic tape for reference. It
printed a working data sheet for each part, showing all measurement values in a matrix format and
listing the results of the least squares fit. Also calculated were the mean and standard deviation
(siema) for each row of 16 cells for each time of measurement. Finally, a least squares fit to these
aeraee %alues was computed and printed.
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4.2.4.2 Study of Data on Individual Parts

The 16 samples used for this experiment were chosen randomly from a previously unscreened
population. Availability of the computer data summary provided the first opportunity to examinie
the detail characteristics of each sample, and to view the consistency of the data.

Three parts were dropped from the sample because of grossly atypical characteristics which
would have caused rejection during normal device screening. The irregularities were small initial
windows which differed significantly from that for neighboring cells. The BORAM margin test con-
ducted at reduced write voltage eliminates devices of this nature.

Another observation based upon study of individual cell performance on all parts was that the
last two cells in the first row had generally larger voltage differences than all other cells. Specifical-
ly, the 16th cell ranked first for 10 of 14 parts. In those parts, the value for the 16th cell was about 3
sigmas above the mean for the row. The value for the 15th cell ranked first for 7 of 14 parts by
about 2 sigmas. As a result, the estimates of retention time for these cells are significantly longer, by
2 to 5 decades.

There are layout considerations which indicate that the end memory cells, especially in the first
row of the array, could have superior retention performance. Another significant finding gained
from measurement of voltage differences on the AROM lab test set was that the Macrodata
MD-501 had omitted printout of the reading for cell 0, the first memory cell of the array. Thus the
first 15 readings printed by the MD are for memory cell numbers I through 15 of the first row, and
for the first cell of the second row. Because the second row was not stressed, this finding accounts
for the 16th reading having a significantly larger value. Clearly, the 16th printout value should be
excluded from analysis of stressed cells. Also, for the reasons earlier noted, the 15th printout value
which is the last cell in the first row, should be excluded from further analysis directed toward deter-
mining an endurance-retention limit for system applications. Accordingly, the analysis which
follows was based upon memory cells I through 14 of the stressed row on each part, omitting cells 0
and 15.

The data for 13 parts is shown in tables 4-1 through 4-13. The title for each table includes the
serial number of the 6020 part and the date when the part was written, hence when the retention test
started. Also given is the number of endurance cycles. For the one part that was not endurance
stressed, 100 endurance cycles were assumed. The 100 clear-write cycles are shown in the title as
I E2. Each table shows the differential cell voltages measured on the Macrodata MD-501 automatic
tester, in millivolts, for each cell at each of the five times measured. The results of the least squares
fit fer a linear equation in voltage difference as a function of log time are given for each cell. The
measure of fit is shown by the "corr.coef," entry, the majority of which are 0.999 or 1.000. The
slope of the line is decay rate, given by "mV/decade." The intercept of the line is the window
voltage at I hour (where log t = 0), shown by the "mV at I hour" entry. The estimate of retention
time is denoted "hours to O.IV' because 100 mV sensitivity is the appropriate limit of detection.
These estimates are presented in exponential powers of ten notation, e.g., 4,000 hours is printed
4.00E03. A few values for I through 10 years are given here for reference and ease of interpretation:

I year 2 years 5 years 10 years
8.77E03 1.75E04 4.38E04 8.77E04

Data for the 14 unstressed cells of each part was studied but not plotted. The same calculations of
fit to a linear voltage vs log time relationship were made with good success. Virtually all the coeffi-
cients of correlation were 1.00. The mean of window voltage decay rate, rv, was between 341 and
407 mV per decade. with exception of one at 158. The overall mean for all parts was 354 mV per
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decade. Standard deviation of rv for each part was between 3 and 18 mV per decade. The means of
window voltage at one hour. V1, ranged from 3848 to 4451 mV, with an exception at 2145 mV. The
standard deviations were between 14 and 217 mV. Estimates of retention time for these unstressed
(under 100 cycles) parts ranged from 1.05E1O to 1.05EI3 hours, the shortest of which is over one
million years. In all, the unstressed parts performance was fairly consistent.

4.2.4.3 Analysis of Data on All Parts

A working summary of the computations for each part was developed by an additional computer
program. The parts were ranked in order of increasing endurance stress and listed with the key
parameters for study, plotting and evaluation. This effort was directed toward presention of the
endurance-retention data in a manner which is both informative and useful for applications
guidance. The first two parameters of interest were those of the linear fit of window voltage to log
time for each part. These parameters, window voltage decay rate (rv) and window voltage at I hour
(V1) were plotted vs the endurance stress in erase-write cycles (N). and are shown in figures 4-4 and
4-5. The mean values are plotted as small circles with one standard deviation shown by a range bar.
The data is reasonably consistent in that the standard deviations are less than 7 percent of the
respective means, generally around 4 percent. In figure 4-4, two parts stressed at 10' cycles and two
at 10 are seen to have smaller decay rates (rv) than other parts of the same stress. In figure 4-5, the
same four parts have larger windows at one hour (VI) than other parts of the same stress, although
the separation is less apparent here than in figure 4-4. Because the purpose of the analysis is to
develop a guide to system applications, these four parts with superior decay characteristics are set
aside. Using the data for the remaining nine parts, least squares fit were computed for rv and V1 vs
lo2 N. These are shown in the same figures. They provide a good indication of the decay rate and

indo%% size to be expected from the BORAM process.

The summary of data for all parts included the estimates of retention time (tR). The standard
deviation of tit over the 14 cells of each part was computed. A factor of 1.96 times the standard
deviation was plotted to include 95 percent of the population. Actually, because parts with tR on the

high side of the mean are of no concern, attention should be focused on the low side. About 97.5
percent of the population should lie above the lower limit. In figure 4-6, these estimates and 95 per-
cent range bars are plotted vs the number of erase-write cycles (N). Again, the four parts stressed at
N of 10' and 10 are seen to have superior performance. A least squares fit of a line to log tR vs log
N was computed with these four parts excluded, as before. This estimate of tR is very sensitive to the
data for each cell of each part. Nevertheless the line is seen to fit rather well, passing quite near most
of the mean values.

Of interest in evaluating endurance-retention performance is the product of N.tR which has been
used as a figure of merit. A value of 10"2 has been discussed in some previous writings on the
Westinghouse BORAM memory products and a dashed line in figure 4-6 shows this value. The N-tR
product for the calculated fit is 12.7 at 10' erase-write cycles and 12.8 at 10' cycles. A significant
obsersation is that only a portion of the distribution for only two parts out of the 13 plotted parts
lie below the dashed " 10' figure of merit" line.

An observation of some interest and worthy of further study is that the decay rate seems to lessen
at longer times. Such can be seen in figure 4-1. The calculated decay rate for all five measurements
in time is 0.67 volts per decade, but the decay rate between 4,875 hours and 8,713 hours is 0.39 V
per decade. [his is seen on other parts, to a greater or lesser degree, and has been observed on dif-
ferent MNOS memory device designs. A calculated estimate based upon the last three
mcaLureinciis rather than all five would certainly indicate longer retention time.
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4.3 WAFER PROBE TEST

This discussion outlines the technical approach to wafer probe test of the MNOS BORAM 6002
integrated circuit. The probe test was implemented on the Macrodata 501 automatic test system.
The test program for the Macrodata system has been designated program "Cl ".

4.3.1 Overview

The wafer probe test consists of a sequence of 55 tests which have been divided into six
categories. The categories are:

I. Substrate diode tests
2. Functional screen
3. Static parameter tests
4. Retention screen
5. Test structure measurements
6. Pulse response screen

Category No. 5 tests do not reject material, but merely record data for information purposes. All
other tests involve accept-reject decisions. When the status of a given die has been determined it is
assigned to a "BIN" by the test equipment. BIN number assignments are as follows.

Test Number(s) Criteria BIN
I-1 to 1-16 Fail 10
2-1 to 2-3 Fail 9
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2-4 to 2-6 Fail 8
3-1 to 3-12 Fail 7
3-13 to 3-14 Fail 6
3-15 to 3-20 Fail 5
4-I Fail 4
6-I to 6-4 Fail 3
6-5 to 6-6 Fail 2
6-7 Fail I
All tests Pass 0

Tests are performed in order by category and number within category. Testing is terminated at
the first failure. For a part to qualify for use it must pass all tests and be classified as a "BIN 0"

part.
The text below documents the circuit conditions for each test. Individual test categories are

treated separately.
As shown in figure 4-7, the BORAM 6002 contains a fully decoded 64-word by 32-bit RAM and a

32-bit dynamic two-phase shift register. All I/O are accomplished serially through the shift register.
Parallel bidirectional data transfer between the RAM and the shift register takes place via an inter-
nal 32-bit latch. The RAM and shiti register can operate independently. Data stored in the latch
may be written into the RAM while new data is shifted into the register.

ADDRESS MEMORY ARRAYAl- CIRCUITRY 64 WORD X 32 BITA2/5 4- VGG

A3/4 
64

1 0 • 0 • • • *6e321

SO WORD DETECTOR & LATCH
A-E 

_ CONTROL 

Wo

CL CIRCUITRY ** 3

TRANSFER GATE & 02
TR 32-SIT SHIFT REGISTER
DW_ OUTPUT

DRIVERDR

79-1110-VA-1

Figure 4-7. BORAM 6002 Functional Block Diagram
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4.3.2 Test Categories

4.3.2.1 Test Category No. I: Substrate Diode Tests

Every input terminal to the BORAM chip has an associated substrate diode. Under normal
operating conditions where VCC is maintained as the most positive chip voltage, this diode is
reverse biased. A similar situation exists for the on-chip test structures except the reference node is
SUB rather than VCC, and the GT terminal is isolated (i.e., does not have an associated substrate
diode).

The forward voltage drop of the substrate diodes is tested primarily to provide positive evidence
of good probe contact to the wafer. In rare cases, however, this test can be an indication of process
problems such as inadequate etching, poor ohmic contact, or improper diffusions.

Table 4-14 and associated footnotes define the 16 substrate diode tests.

4.3.2.2 Test Category No. 2: Functional Screen

The purpose of test category No. 2 is to eliminate nonfunctional die from further consideration
before significant test time has been invested. A sequence of six functional tests are performed at
nominal device operating speeds. The shift register is exercised first, then the memory is checked.
The first memory test writes unique data into every row address, If this data can be read back cor-
rectly, the possibility of a fault in the chip address circuitry has been eliminated. Checkerboard and
checkerboard bar tests then verify that every cell can store both ones and zeros.

Table 4-15 provides a summary outline of the category No. 2 tests. Test details are provided by
the figures and tables referenced in table 4-15.

Table 4-14. Substrate Diode Tests

r-- i- -
TI Dn c., ,n.......C,, ......T-

N T.n,'VCC TR VGG 6SilA2 5 A3 4 AO Al AE MI CL DOR OW 1-2 1 SU&FO F C

1?I GNO I I
- - 4 __ l .. . .. .

5 ND 4 i
1 GND i I

1 8 GN" 1 { t -

3 1 GR -" -

1 _1 o. !_ G 
7 7 L

Ih l~, Ih, node ,rrfhn tsi F ,,rc0 2 rniIIlI~7' anrl r hI
" 

Fir Or , ccJ fldlrlr' 0,€ *SrIrIIi

ttdq, Illl r,,, ri rrh F crto rrrrrtll Ar'c'III d ,.jlrrq Ii tl% 111 '..3 cclli , t I OcOIIc

I II. Iid I4III1"A- ,. 1,n.r rf,, ....pr 1, -0 3 -4

IM02Rh TAO(I
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Table 4-15. Summary and Description of Test Category No. 2: Functional Screen

Test General Description of Test Referenced Referenced

Number Figurcs Tables

2-1 SHIFT REGISTER TEST 4-8, 4-9, 4-16
1 MHz data rate 4-10
zero data pattern

2-2 SHIFT REGISTER TEST 4-8,4,9, 4-16
1 MHz data rate 4-10

one data pattern

2-3 SHIFT REGISTER TEST 4-8,4.9, 4-16
1 MHz data rate 4 10
zero-one data pattern

2-4 ADDRESS& MEMORY TEST 48.4-10. 416. 4-17

1 000psec erase. 200psec wv, te 4 11

diagonal data pattern

2-5 MEMORY TEST 48,4 10. 4-16, 4 18

1000psec erase. 200psec w, te 4 11 4 19

checkerboard data pattern

2-6 MEMORY TEST 4-8,4 10, l6 4 18,

1000psec erase, 200psec write 4 11 4 19
complementary checkerboard

data pattern

2t, ! 1 A " 2

4.3.2.3 Test Category No. 3: Static Parameter Tests

The category No. 3 test exhaustively examines the device under test for leakage current levels,
signal threshold values, output drive capability, and supply current demand. Table 4-20 defines the
test conditions.

Tests 3-13 and 3-14 are somewhat unusual in that several conventional device parameters are
verified simultaneously.

In test 3-13, the input data line DW is held at the maximum low voltage level of -10.25 volts
while both shift register clock phases are held at maximum low voltage values of -14.0 volts. Under
(his condition the input zero should propagate through the shift register and appear at the data out-
put line DR. While the output stage is being driven by this worst case zero, a current of 5
milliamperes is forced into DR and the resulting voltage from DR to ground is measured.
Therefore, test 3-13 verifies the parameters VIL, VOL and the output current sink capability.

Similar comments apply for test 3-14. Here the parameters verified are VIH (DW signal), VIL (+1
and +2). VOH and the output current source capability.

Tests 3-15 to 3-20 measure the supply current drain under static conditions. It should be noted
that operating power dissipation in a memory system depends on the control waveform timing.
Po%%er calculations must consider the duty cycles involved.

4-26
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GND VCC 01 GND

GND 0TR c02 N

BORAM 6002
(6016 Mask Set)

-30V VGG DW 0 N

85of

GNE oG - - DR

V R

GND DA2/5 CIL0

GND 0A3/4 MWGND

GND

GIND DAO AE0
GNO

GND 0Al TEST SU13

STRUCTURE MD

FD

GT

Notes! 1. "0" indicates driver. A driver is a programmed pulse generator.

2. "R" indicates receiver. For category 2 tests the receiver measures
the output voltage.

3. The test socket is to present a total capacitive load to the device
under test of 85pf.

78-0286-VA-3

Figure 4-8. Signal Assignment for Category No. 2 Tests
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Table 4-16. Driver Amplitudes for Category No. 2 Tests

Most Positive Most Negative

Signal Amplitude Amphtude

Symbol Volts Volts

T-R VCC 20 VCC 105

C'S VCC 20 VCC 34,65

A2/5 VCC 20 VCC 10.5

A3 4 VCC 2.0 VCC 10.5

AO VCC 20 VCC 105
Al VCC 2.0 VCC 105

,.1 VCC 20 VCC 14 25

-2 VCC 20 VCC 14.25
DW VCC 20 VCC 10.5
CL VCC 2.0 VCC 14.25
MW VCC 2.0 VCC 105
AE VCC 2.0 VCC 10.5

78 0286 T 4

AA, f F )RM- ', iJf NU

1 4 5,32 3i 34 1, 36 31,65 60 67 68

.. l I A ,~~AI'~ 0 31i I ?

, -, , ,",

, . . -,1, .,

F igure 4-9. Operating Sequence for ShifI Regisler Tests
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PORY WN Of

PHASE ONEI .

'HASE 140U 2 I I ..........

I I

I
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S I

49,11 DATA IM

I I I

RE4) 'AlPA I I I DATA
I I VALID

II' 2
2 , , 0 90 ( Sa'-

78-0286-VA-6

Figure 4-10. Detailed Timing for Clocks and Daia

Table 4-17. Address and Memory Test Logical Flow Sequence

Step Logical Operation

1 Setup CL and CS per Fig. 4-11 a

2 Block Erase per Fig. 4-1 lb Note: Diagonal Data Pattern per Fuyti, bulov

3 Address = 0
4 Setup Address Lines per Fig. 4-1 ic Columns

5 Data = Function (Address) per Note Below Rows 0 1 --- 30 31

6 Load Shift Register per Fig.4-11d 0 0 0 0 0 0 I

7 Write Data per Fig. 4-11e 1 0 0 0 0 0
8 Address Address I 0 0 0 1 0 0
9 If (Address <64) then 4 0 0 1 0 0 0
10 Address 0 30 0 1 0 0 0 0
11 Setup Address Lines per Fig. 4-1 1c 31 I 0 0 0 0 0
12 Read Data to Latch per Fig. 4*1 f 32 I I I I 1 0
13 Empty Shift Register per Fig. 4-1 Ig 33 I I I 1 0 I

14 If (Data # Function (Address)) then BIN ind 18 I I 1 0 I I
15 Address Address +1 I 1 0 I I I
16 If (Address (64) then 11 62 I 0 I I I 1
17 Reset CS and CL per Fig 411h 63 0 I I I I 1
18 End Routine

78-0286 TA 7 1
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Table 4-18. Memory Test Logical Flow Sequence

Step Logical Operation

1 Setup CL and CS per Fiq 4-11a

2 Block Erase per Fig.4-11b

3 Address 0

4 Setup Address Lines per Fig. 4-1 ic

5 Data 
= (per Table 4-191

6 Load Shift Register Per Fig. 4-11d
7 Write Data per Fig. 4-11e
8 Address = Address + 1
9 If (Address <64) then 4

10 Address = 0
11 Setup Address Lines per Fig. 4-1 Ic

12 Read Data to Latch per Fig. 4-11f
13 Empty Shift Register per Fig.4-1 lg

14 If (Data 4#- (per Table 4-19)) then BIN and 18
15 Address = Address + 1

16 If (Address <64) then 11

17 Reset CS and CL per Fig. 4-11h
18 End Routine 78-0286-TA-9 1

Table 4-19. Memory Test Data Patterns

Test Row Data Pattern Required In Shift Register

Number Address 31 30129128127126125 24123122121 20 19 11 17 16 15 14 13 12110 98 7 6 15 4 3 2 1 o102 5 Even I oill, o o 1 0 1 1 o IooIo 0 , 11o I o I1101 0 o l l] 0 1 t o11!
2.5 Odd v0e 1n0 1 0 1 0 1 0 1 0 1 0 1 0 1 0 1 0 1 0 1 0 1 0 1 0 il 0

2-6 Even 01 011 01 0 1 0 1 0 1 01 1 0 1 0 1 0 1 0 1 01 0 1 0 j 1

2-6 Odd 10101 0 101 001 101 01 01 0 I01 0 1o10 o
780286 TA 10
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Table 4-20. Static Parameter Tests

G CSA 4A4A Al }AETMW CL D I ,1 . MxUq

-3 75V C 20 pA

*?OV DV 20V *OV 20121 '20 -20 ?~jV 20V _5 V 20V I 20V *20V TR 1 0 , A

*20V -20V I0V 20V *20V 2V- -2 *V.2v 2V* 20V 12Y '2(YV AD___ 0 A

-- '"I'lIO- -20V 2 * 2051 2 20V OV25V Al 0 M
*20V.?0VvI.20V0V'20V.304r0',AI*2xV'?O20 0V.+20V,-20v +20V -20V 220V *? OV ? 0V *5 OV 2 Al51 . 110 MA

%2V'0 0-20V 20V -20V *20V -20V1.20V1 -20V -5T 2 +2 v 2 1 0 MjA
'2. 20V 1 V 25 2 2v'01.05 2 ?VV 20V 201.0 A E 10 A

- L.20V 20V +O *2V-01'01'0 2051 2 20V 2 -20V . 2051 .20 1 0 MpA

.20V 120V 10V -20 ?V 205 *M20V !20V -20V - 5V *20v V 2 5 1 0 MA
L 20Vl"20V IOV -20V .2051 *20V .20 2V 2V 120V -5V *201'201 20 -AT 10 M'A

12V-20V~ I0V+201 +220?V -?QV'-2651-20V, 2 -5V 2 *2V-120-20V 0R 1~ 0

L..~VPq. UUINO V 5V GNU GN GN0V 1+20VU GND 20V 3 02V V V DR 1 0 pAI

Hf V~ U.' ~ D'GN 30 5V GNU GNU GND GNU N NU1! 1025V 14V 14V 09 OR 5o
& )1'' q, 'd S T -,I. GN U 0 N G U N N GN o GNU .1551 GNU 4 D G U c l o

V,.'".; .,! N.3633,N GNU GND 3V5V GND GN U GND ' v GN U N GN VCC-14 0 150 V i

0~". s - i- P '5 GNU NUGN GN 55 GNU; I~v ~ NVNGU5C 1 )

- A;~ 1.GNU -33Vj 33V4N GN ONGNDGNO S 5V1V GNU GNO GNU \'C( 10 220 ,A

* >'C- GND 33V 33VGND GNU GNU GNU 15 15V 15VI GNU GNU GND VOC 0 0S 32 ,A
V 4 ' - _ T __ 1

* ' I'. 5 N13VV11 33V GNO GNU GNU GNOj GNV 1NVGND1  GNO GNU GNU VCC 780 1580n "A

DN '' 
V I'

CC 801808 'A

4.3.2.4GND Test Catgor No. 4:RtetoNSre
Test ~ ~ ~ ~ ~ W) caegr No 43 was esabise to islt chips whc r ieyt aepo Voaiedt

retntin harctrisi."GN Th etsmlts n-frtnincodtosb rtngtemmr el

4.3.2.4 Test Category No. 5: Rteti Strcreeasrmet

Ths egr No.A 600 disesotaise so devite sctres which are otv pr onthofuntioala
emoyeonigntion defteisincnur-. Thesetiultsendo trctes wereton provig thlo measuryeent

ofe funaeta res chradarctertismad itnlueisval cappacitorags and trnsitorsolsina

Probe test is a convenient point to gather statistically significant amounts of data without incur-
ring excessive cost. These test structures are not normally available for measurements after device
packaging.

Fable 4-23 and figure 4-12 document the category No. 5 tests. Nonmemory threshold and
mnemory transistor thresholds are monitored. The magnitude of voltage present on the N type
cpitatial memory substrate for two circuit operating conditions is also measured.j 4-32



Table 4-21. Summary and Description of Test Category No. 4: Retention Screen

Test General Description of Test Referenced Referenced
Number Figures Tables

4-1 RETENTION SCREEN 4-8,4-10, 4-16, 4-22
1 000jsec erase, 200psec wr ite 4-11

zero and one data patterns

1. VGG - -30V erase chip

2 VGG~ 27V write zero
3. VGG=-30V read zero
4. VGG--30V erase cdsip
5. VGG=-27V write one
6. VGG=-30V read one

Both the zero and one
patterns must be verified
to pass the test.

78-0286-TA-12-1

Table 4-22. Retention Screen Logical Flow Sequence

Step Logical Operaion

I K=O
2 Set up CL and S pef Fig 41 ha
3 Set VGG 30 Volts
4 Biock Erase per Fig 4 11 b
5 Data K
6 Set VGG 27 Voits
7 Address 0
8 Set up Address Lines per Fig 4 1 ic
9 Load Shift Register 1-i Fig 4 l Id
10 Write Datater Frig 4i Ile
ItI Ar(Irirss Address 4 1
12 11 (Address <(641 tirhen 8
13 Set Vi3G 30 Voits
14 Address 0

15 Set up Address Lines per Fig 41 lif
16 Read Data to Latch pe, F ig 4 111
17 Emitty Shfi Regnsterpe tierg 4- 11(1

18 If (Data il K) then BIN and 24

19 Address Address 4
20 If (Address <(64) ther, 15
21 K-Z
22 ItIK i ) ithen 4
23 Reset CS anid CL per, F14 4 1 Ih
24 1Enri Rout,rre I 

7
8-0286-TA-13 -1

4.33



Table 4-23. Test Structure Measurements

•C 1 ,A I VG Gj IA2 5JA3 44A 1-T c 2. -Ti 1jM 7-1 '--T
TA At I T W I ' D
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71D,____GN 3 3

t,,o ageh,gh u NGNDN w0 35V GN D GN G5GNDDNO O V GND 1 ND1 G U'U L

S-" '0 G GND-6 30V 35 'GNOGND 1GNO'GND GN GN OGNU GNDLGNDG NO 5

* h. ,,~d I GNU'
S .. ,T • .25 -11 ,, 1 .H~s,'(:,t

. .....1' , - MD),' -w
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-T is
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Figure 4-12. Transistor Test Structure Circuit Dliagram

4.3.2.6 Test Category No. 6: Pulse Response Screen

Category No. 6 tests are a continuation of the functional screen began in category No. 2. A device
which has survived up to category No. 6 has been proven to have in-specification static parameters,
to be functional under nominal operating conditions, and to have a reasonable retention window.
The purpose of the pulse response screen is to exhaustively examine the part to ensure that it can
perform in all operating modes without a detracting dependence on past data history (table 4-24).
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[ Table 4.24. Summary and Description of Test Category No. 6: Pulse Response Screen

[Test General Description of Test Referenced Referenced

6-1 ERASE RECOVERY TEST 4-84-10- 4-16,4-25
1lOO0psec erase, 200lisec write 4-11
zero data pattern

erase-write 100 times

one data pattern
erase write 1 time, read

6 2 ERASE RECOVERY TEST 4-8,4.10, 4-16,425
100Ojusec erase, 200psec write 4 11
one data pattern
erase-write 100 times
zero data pattern
erase-write 1 time, read

63 ERASE RECOVERY TEST 4-8,4-10, 4-16, 4-25

lOO0psec erase. 200psec write 4 11
checkerboard pattern

erase-write 100 times
complement checkerboatrd

pattern

ciase-write 1 time, read

6-4 ERASE RECOVERY TEST 4-8,4 410. 4-16,4-25
1i0O0psec erase. 200psei: wi i if 4-11
complement checkerboar d

lJdttrr
erase-write 100 limies
checkerboard pattern
erase-write 1 time, read

6 5 GROUP OPERATION TEST 4-8, 4-10, 4-16.,4-26
1OO0psec erase. 200psec write 4-11,4 13

complement checkerboard

p~attern
hegrir at address 63 arid count

down
group erase-write entire chit)
re'ad entire chip

6-6 GROUP OPERATION TEST 4-8, 4-10, 4-16.,4-26
iQO0psec erase. 2001psec write 4-11,4-13

checkerboard pattern

berin at address 0 and couint Lip
group erase-wrote entire chli
reard entire chi p

6 7 READ DISTURB TEST 4-8. 4-10. 4-16. 4-27
usef data wr itten diii rq test 6 6 4 11

ran rfa a to latch 1000 1 un -

earl nrtm, chili

0768 TA 16 2
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Table 4-25. E.rase Recovery Test Logical Flow Sequence

Step Logical Operation

1 Setup CL and C per Fig. 4-1 la

2 J=1

3 Block Erase per Fig.4-11b

4 Address = 0

5 Setup Address Lines per Fig 4-11 c
6 Data = (per Note at Bottom of Page)

7 Load Shift Register per Fig. 4-11 d

8 Write Data per Fig. 4-11e
9 Address = Address + 1

10 If (Address (64) then 5

11 J- J+l

12 If (J <101) then 3

13 Block Erase per Fig. 4-11b

14 Address 0

15 Setup Address Lines per Fig. 4-11c

16 Data - (Complement of Data used in Step 6)
17 Load Shift Register per Fig. 4-1 ld

18 Write Data per Fig. 4-1 ie
19 Address - Address + I
20 If (Address < 64) then 15
21 Address - 0

22 Setup Address Lines per Fig 4-1ic
23 Read Data to Latch per Fig. 4-11f

24 Empty Shift Register per Fi1, 4-1 Ig
25 If (Data t (Complement of Data used in Step 6)) then BIN and 29

26 Address Address + 1
27 If (Address <64) then 22

28 Reset CS and CL per Fig. 4-11h

29 End Routine

Note
Test Data Pattern to be Used in Step 6

Number

6-1 All Zero

6.2 All One
63 Checkerboard (Defined in Table 4-19 for Test Number 2-5)
6-4 Complement Checkerboard

78-0286 TA 1/ 2
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Table 4-26. Group Operations Test Logical Flow Diagram

Step Logical Operation

1 Setup CL and 7 per Fig.4-1 la
2 Address = (63 for Test 6-5) (0 for Test 6-6)

3 Setup Address Lines per Fig. 4-1 1c

4 Group Erase per Fig. 4-13
5 Data (per Note at Bottom of Page)

6 Load Shift Register per Fig. 4-1 ld

7 Write Data per Fig. 4-11e
8 Address - (Address -1 for Test 6-5) (Address + 1 for Test 6-6)

9 Load Shift Register per Fig.4-1 1d

10 Write Data per Fig. 4-1le
11 Address (Address - 1 for Test 6-5) (Address + 1 for Test 6-6)

12 Load Shift Register per Fig4-11d

13 Write Data per Fig.4-1 le
14 Address - (Address - 1 for Test 6-5) (Address + 1 for Test 6.6)
15 Load Shift Register per Fig 4-1 ld
16 Write Data per Fig 4-lie
17 Address - (Address - 1 for Test 6-5) (Address + 1 for Test 6-6)

18 (If Address * -1 then 3 for Test 6-5) (If Address 4- 64 then 3 for Test 66)
19 Address - 0
20 Setup Address Lines per Fig, 4-1 1c

21 Read Data to Latch per Fig. 4-11 f
22 Empty Shift Register per Fig. 4-11g
23 If Data - (per Note at Bottom of Page) then BIN and 26
24 Address Address + 1

25 If Address - 64 then 20

26 Reset CS and CL per Fig. 4-1 1h

27 End Routine

Note

Test Data Pattein
Number

6-5 Comph.rnent Check ibuda d

6-6 Checkerboard (Defined in Table 4-19 for Test Number 2-5)

78-0286-TA- 18- 2
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Figure 4-13. Operating Sequence of Group Erase

Table 4-27. Read Disturb Test Logical Flow Sequence

Step Logical Operation

1 Setup CL and E9 per Fig. 4-1 la

2 J=I

3 Address = 0

4 Setup Address Lines per Fig. 4-1 1c

5 Read Data to Latch per Fig 4-11 f

6 Address = Address + 1

7 If (Address <64) then 4

8 J7J+I
9 If (J <1001) then 3
10 Address 0

11 Setup Address Lines per Fig.4-11 c

12 Read Data to Latch per Fig. 4-1 If

13 Empty Shift Register per Fig. 4-1 1g
14 If (Data * Checkerboard) then BIN and 18

15 Address - Address + 1

16 If (Address< 64) then 11

17 Reset CSand CL per Fig. 4-11h

18 End Routine

Note
Checkerboard Pattern Defined in Table 4.19 for Test Number 2-5 78-0286 TA 20 2
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4.4 HI BRII) CIRCI IT TEST

A functional test "station %sas established to process the BORAM memory microcircuit. This test
system provides both manufactu ing and engineering oriented reports, and is capable of volume
throughput in excess of the MM& [ production rate requirement.

This discussion explains the requirements and objectives of the test station development effort,
describes the hardwaie and software which has been developed, gives the functional test specifica-
tion, and presents data to show that development objectives were achieved.

4.4.1 Statement of the Development Program

The functional test station must provide specific data in a timely manner in a convenient format.
It must with a high confidence level isolate defective chips. In addition, it must comply with the
MM&T contract throughput requirement. This discussion will present those detailed requirements.

a. Functional Test Station Purpose
The first electrical test of the BORAM hybrid after assembly occurs at work station AIO. Station

AIO is the "Hybrid Circuit Functional Test Station." It is located in the MNOS Test Laboratory at
the Westinghouse Advanced Technology Laboratories facility.

At station Al10 the hybrid circuits are unlidded, and chip replacement or wire bond replacement
actions are feasible. This test station must handle the highest volume of hybrids for any given pro-
duction quantity because all rework units return to this point.

The purpose of the functional test station is to certify that a given hybrid circuit is fully opera-
tional and is suitable for further processing, or in the event of a detected failure the purpose of the
test station is to provide information to guide rework decisions.

b. Test Requirement
The functional test is a test or unfinished product performed for manufacturing decision making

purposes. The test criteria are thus a function of the manufacturer's judgment as to how to deter-
mine that the product is functioning properly with a minimum expenditure of test time.

c. Report Requirements
The nature of the manufacturing decisions at station Ai0 dictates the report requirements. The

needs of the technician who must perform a rework action must be met. The needs of an engineer or
technician who must diagnose the probable cause of a detected failure must be met.

The rework action is best served by a simple hard copy report which clearly identifies the chip or
chi, s which must be visually examined and possibly replaced. Preferably, this document should be
small enough to travel with the normal hybrid circuit routing ticket documentation package. It
would be helpful if the chips were identified in a manner consistent with the actual physical loca-
tions of the die on the ceramic substrate. This feature would tend to reduce human errors in device
location.

Before a given hybrid is routed for rework action the test technician must define the nature of the
problem involved. To support this effort a second more detailed test report is required. This docu-
nient should show which tests passed or failed for each chip in the hybrid. The data summary
should allow identification of the most probable cause of failure.

d. Throughput Requirement
The throughput requirement for station AI10 is derived from the MM&T contract requirement for

pilot line capacity. If the line is operated 5 days a week on a one-shift basis, the total volume capaci-
ty is required to be at least 1875 hybrids per month.
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1o examine individual station throughput requirements, it is convenient to express the rate
specification in hybrids per hour. A nominal month by the above operating criteria contains 160
hours. Therefore, the line rate requirement is 11.7 hybrids per hour.

The functional test station must process every hybrid circuit at least two times. Each device is
tested before and after cycle stress. In addition to these two tests per hybrid, any rework action im-
plies two additional tests per hybrid.

An exact computation of the volume which must move through station AIO depends on the
amount of rework, anJ is a complex calculation. A simplified worst case calculation can be made to
set ipper bounds on the necessary capacity. Arbitrarily assume a very poor rework experience. Say
that esery hybrid must be reworked one time, that 40 percent must be reworked twice, that 20 per-
cent must be reworked three times, and that 5 percent must be reworked four times. The implied
number of functional tests per delivered finished hybrid are:

2 tests (I initial + I rework + 0.4 rework + 0.2 rework + 0.05 rework)
2 tests 12.65)
5.30 tests
Since the required rate of finished hybrids is 11.7 per hour, the upper bound capacity of station

A 10 to meet contract requirements is:
5.30x 11.7 hybrids hour
62 hybrids hour
e. Additional Oiecties

The primary concern is the rapid screening of the BORAM hybrid at operation !0 in the hybrid
assembly and test flo%. I here arc, however, test considerations of importance to BORAM produc-
tion which are beyond the scope of operation 10, and yet should influence the design of the test
system.

The production of BORAM systems involves memory testing at four levels of product complexi-

a. Memory Chips
b. Multichip Hybrids

* c, Memory Cards or Modules
d. Memory Systems
These tests are very similar. It would be a major advantage if the test system designed for hybrid

test could also conveniently perform the other three levels of test.
Finally the test system design must consider the practical aspects common to all equipment

developments. Hardware cost and reliability must be reasonable. Software development and
documentation must be easily accomplished without major labor expenditures.

4.4.2 Functional Test Station Description

I he BORAM Functional Test Station is based on an architectural concept which contributes
greatly to economy and ease of use. The system is suitable for application to all four levels of
BORAM testing. This discussion explains the design concept, describes the hardware, reviews the
hardware operation, examines the software functions, and briefly describes the microcrode
assembler used to support software development.

a. Macrolevel and Microlevel Partitioning
I hc fundamental architectural concept on which the design of the Functional Test Statiin is

hased is to partition the test problem into two parts: a "macrolevel" and a "microlevel." Figure
4 14 illilstiaes the points of concern for each level.
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Program and Data Test J

Storage Element

78 0220 VG 7

Figure 4-14. Test System Functional Block Diagram

The macrolev.-i is concerned with overall test objectives and the human oriented requirements.
Macrolevel software acts as the executive controller for the test. Macrolevel hardware interacts
directly with the user.

The microlevel is concerned with the execution of the detailed control sequences for ac-
coniplishing device operation. Microlevel software responds to macrolevel commands to ac-
complish a required function. Given the command "WRITE," the microcode might proceed to
write a complex data pattern into an assembly of memory chips. Microlevel hardware interfaces to
the macrolevel hardware and to the device under test. The microlevel hardware must provide the
proper voltage levels, waveshapes and timing.

The advantage of this partitioning is that each set of problems becomes easier to treat. The flex-
ibility of both the hardware and the software is greatly increased.

b. Elements of the Test Station
Figure 4-15 shows the hardware elements used to implement the Functional Test Station. The

primary macrolevel component is an HP9825A calculator. This device is an inexpensive, yet very
powerful general purpose computer.

HP9825A programs are written in a high level language with many of the features of BASIC. The
calculator mainframe incorporates an alphanumeric keyboard, a magnetic tape cassette drive, a 32-
character lED display, and a paper tape printer. Extensive program editing and debugging features
are built into the unit. The particular HP9825A used in the Functional Test Station is equipped with
23,228 bytes of main memory.

The I/O capability of the calculator is further supplemented by an HP9866B, Thermal Line
Printer. This unit is used to prepare the test reports,
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laigurt 4-IS. Elements of the BORANI Iunclionai Iest Station

Programn anid data storage are accomplished using thle tape cartridgc feature of the HP9825A
main frame. Vhce tape eapacit is more than adequate to store both macrolevel and microlevel pro-
uraln- as w~ellitas mianN til it rout nes.

T he niicrole'~cl conmponent in tilhe 5\%stem is thie B( RANI Functional 'rest Unit (I-TU) shown in the
forceround of fieurc 4-1 5. I his de% ice cominunicates wkith the H-119825A via a 16-bit channel. This
is the cable at thle letft side of thie unit. I w 0 channels are provided to communicate with devices
Linder test. Inl ficlure 4-15, the i\%ko cahles at thle iiht of' the unit are shown connected to PC boards
which can accommodate 301 integrated circuirs for test. I-igure 4-16 shows the BORAM hybrid cir-
Cuit test fistujrcs. I hie as ailahilits of twko channels allowks thle operator to be loading and processing
thre paper wkork I or one group of' eight hybrids s' huec the other group is being tested. This provision
eliminlates Ltme losses due ito handlinW.

c. Illard~are Oiperation
1(o conduct attest,[ ile operator inserts at tape cart ridge containing thle test program into the

fII P9825 A. \klhen t[lie calcuilator is iun ed onl thle machinle automat icallv loads the program into
main ii inlorx addh111, to rill t lie pruu'rari. [hle IT1:) d ispla\ in forms thle operator as to what
processes are tak ing place, a rid gi% es pr omn ts \%hent operator act loll is required.

Thle operator is aisked to en icr suich data as d!ate of !est. ' Miicl test channel is to be used, the
number (of hs rids to he tested. aind tile seria nuhers oh cacti hybrid. Ifhe test program prepares
thel Intonal lest 1 rut to conduct t11imeriicrot ictioris h\ commuitnicating over thle 16-bii channel.

filie block diacrani so\%Fi in hinre 4-1- describes thie internal structure of the IM)RAM Func-
tiorral lest i'mit. A ricrocoritroller basedc oil tlie *\r291 I tI licrosequericer chip forms the heart of
tlie test [im il.



Figure 4-16. BORANI[IN brid Circuits in Functional Test Fixture

HP85 6BtMicro Driver Device
Calculao Interface Controller (2 Cards) Tnet

Cacuatr (2 Cards) Ts

Data ExternalInterval Pattern Buffer
Timer Generator Circuits
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Figure 4-17. HORAM Functional'Tesit 'nit



During the initialization phase of the test, the HP9825A reads the microcode program from the
tape cartridge and sends it via the 16-bit bus to the Functional Test Unit. The microcode is stored in
a RAM. This feature makes the unit particularly easy to use and to reconfigure. The option of
microcode storage in ROM's or PROM's was also allowed for in the hardware design.

The interface to the device under test necessarily involves specific waveshapes and voltage levels.
The output circuits on the driver cards, the address card and data pattern card accomplish this func-
tion.

Pulse timing and duration are set by the microcode routines or by command from the HP9825A.
I-or example, the erase and write times for BORAM chips are set by calculator software.

Data patterns and data checking are selected by HP9825A software. The data pattern generator
card in the Functional Test Unit provides the selected patterns.

One feature of some importance is not shown clearly in figure 4-17. The buffered data coming
from the device under test is actually routed back to the data pattern generator card. On that card
the 16 signals can be exclusive ORed with the source data pattern. Thus, the HP9825A can com-
mand that the Functional Test Unit return either the data pattern read from the device under test, or
the error pattern resulting from the exclusive OR operation.

After initialization is complete the HP9825A LED display will indicate "READY FOR TEST."
When the operator pushes the "CONTINUE" button, the test sequence for up to eight hybrid cir-
cuits will be automatically conducted. At the conclusion of the test, production oriented reports will
be printed for each hybrid circuit. Then an engineering oriented report will be printed for all of the
hsbrids tinder test.

d. Soft% are Considerations
[,or operation the Functional Test Station requires two sets of software programs. Figure 4-18

Pixes an overview of the programming task. The macrolevel program runs on the HP9825A. The
microlevel program runs on the microcontroller in the Functional Test Unit.

The software development begins with a clear statement of test objectives. What is it that must be
achieved'? The macro planning activity extends these requirements into specific definitions of the
test sequence and output reports. Then the desired tests are detailed in terms of tape file storage,
main memory variable assignments, and operator interaction requirements. Finally the actual
coding can be performed.

Figure 4-19 is a sample of the HP9825A coding used in the BORAM Hybrid Test Program. The
HP9825A has a wide range of instruction types. For example, it provides string operations, matrix
operations, binary operations, and all the usual features of BASIC. In addition, it offers a rich
assortment of instructions to control and to interact with i/O devices.

rhe microcode development task begins with a careful definition of the interface to the device
under test. What are the required signals, and how do they relate in time sequence to accomplish
specific functions'? What are the functions that the macrocode will request? How should the ad-
dressing sequence be arranged?

The microcoding task cannot really be'separated from hardware design. The criteria for proper
program operation is the actual observation of the waveforms at the terminals of the device under
te t.

Microcode development depends heavily on the use of the HP9825A. An assembler and various
utility routines allow the engineer to interactively observe the effects at the device under test and
modify this program until the desired results are achieved.

e. Microcode Assembler
I he primary tool used for microcode development is an assembly program. The assembly

language instruction set is presented in table 4-28. The mnemonics were established by Advanced
Micro l)es ices, Inc. which manufactures the Am2911 microsequencer chip.
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Figure 4-18. Software Development Considerations

The assembler allows the engineer to key in lines of code at the HP9825A keyboard. The code
and any arguments are examined for consistency with validated symbols and instruction formats. If
an error is detected, the assembler asks for re-entry of the line. When the code is accepted as valid it
is written into a microcode memory map file on the tape cartridge.

At any time the engineer may examine lines of code on the LED display or he may request a hard
copy memory map listing. Figure 4-20 is an example of such a listing. The address space ranges
from 000 to 255. The map shows the assembly language instructions and arguments, and then gives
the equivalent data as it will appear in the LED display (machine state display per figure 4-17) in-
corporated in the Functional Test Unit. These seven hexadecimal characters are convenient for con-
firming that the hardware has actually received the desired code.

4.4.3 Functional Test Station Performance

This discussion reviews the observed characteristics of the test station in such a manner that
judgments can be made as to whether development objectives have been achieved.

a. Test Sequence
The microcircuit has two data inputs (DWA and DWB) and two data outputs (DRA and DRB).

The "A" data lines are associated with the eight odd numbered chips. The "B" data lines are
associated with the eight even numbered chips. Each chip select line controls one odd and one even
numbered device. Data outputs are tristate. A deselected chip is powered down, and its DR output
line is in a high impedance state. In the hybrid circuit only one odd arid one even chip may be
selected at any given time. The selected chip controls the output bus, and has both active source and
sink capability.
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Figure 4-19. Sample or Macrocode for the Hybrid Test Program
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Table 4-28. Microcode Assembly Ianguage Instruction Set

Mnemonic 13 12 11 l0  Instruction

JZ L L L L Jump to Address Zero
CJS L L L H Conditional Jump-to-Subroutine with Jump Address in

Pipeline Register

JMAP L L H L Jump to Address at Mapping PROM Output
CJP L L H H Conditional Jump to Address in Pipeline Register
PUSH L H L L Push Stack and Conditionally Load Counter
JSRP L H L H Jump-to-Subroutine with Starting Address

Conditionally Selected from Am2911 R-Register or
Pipeline Register

CJv L H H L Conditional Jump to Vector Address
JRP L H H H Jump to Address Conditionally Selected from Am2911

R-Register or Pipeline Register
RFCT H L L L Repeat Loop if Counter is not Equal to Zero
RPCT H L L H Repeat Pipeline Address if Counter is not Equal to

Zero
CRTN H L H L Conditional Return-from-Subroutine
CJPP H L H H Conditional Jump to Pipeline Address and Pop Stack
LDCT H H L L Load Counter and Continue
LOOP H H L H Test End of Loop
CONT H H H L Continue to Next Address
JP H H H H Jump to Pipeline Register Address

78-0220 VG.3

Table 4-29 summarizes the six tests performed at the Functional Test Station. The referenced
figures and tables document the details of each test (figures 4-21, 4-22 and tables 4-30, 4-31). The
counter pattern test places unique data in every addressable row of the memory chips. This test
verifies proper operation of the on-chip addressing circuitry. The series of erase-recovery tests (see
paragraph 4.3.2 below) eliminate parts with marginal pulse response at the MNOS transistor cell.
The zero pattern and one pattern tests are included for completeness to ensure against marginal
escapes from the first three tests. The philosophy is that only a comprehensive test sequence can be
trusted to certify that a part is suitable for use.

A final test called "read disturb" was included for experimental purposes, and to conform to a
minimum read requirement of 10 cycles stated in the ECOM device specification SCS503 (table
4-32). It happens that the BORAM 6002 circuit was designed to enhance stored data every time the
part is read. Thus reading should actually increase the data retention rime. The read disturb test is
expected to verify this characteristic.

b. Production Report
A sample copy of the production oriented test report for two hybrid circuits is shown in figure

4-23. The reports indicate the pass or fail status of each of the 16 chips in the hybrid.
This is an action document. It is intended that the reports for each hybrid will be cut apart, and

%ill travel with the normal routing ticket documentation. The technician in charge of rework will
locale a chip to be repaired using this report.

Test results are printed on the report in a manner which matches the physical location of the die
on the hybrid substrate. This similarity in orientation was established to reduce the possibilities for
human error in locating a specific die.
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Figure 4-20. Sample Microcode Listing
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Table 4-29. Summary and Description of Tests

Test 32.Bit Shift Register References
N.rber General Description Data Pattern F.guees Table

I COUNTER PATTERN 1or row address z a
addressing verificaton MS 16 bits = 2a + 2 in binary 4-21 4-30

LS 16 bits 2a + 1 in binary 4-22

2 ERASE RECOVERY CHKBD CHECKER BOARD
Write CHKBD BAR 10 times a even 1010 -1010 4-21 4-31
Wte CHKBD i tine & read a odd 0101 -0101 4-22

3 ERASE RECOVERY CHECKERBOARD BAR
CHKBD BAR

Wte CHKBD 9 tirmes a even 0101 -0101 4-21 4-31
Write CHKBD BAR 1 time a odd 1010 - 1010 4-22

& read

4 ZERO 0000 - 0000 4-21 4-30
W(te ZERO 1 time & read 4-22

5 ONE 1111 - 1111 4 21 4-30
Wr~re ONE 1 tte & read 4-22

6 READ DISTURB ONE 1111- Il1l 4-21 4-32
Read device 9 tnmes 4-22

"Normnal suppin rondt,ons for all tests are VCC + 15V and VGG -15V-

78-0219 TA 3 2

c. Engineering Report
A sample engineering oriented test report for two hybrid circuits appears in figure 4-24. This

report presents the zest results for each of six tests performed on each chip.
The engineering report is intended to allow a diagnosis of possible circuit problems to guide

rework action. To use this tool the engineer or technician must be familiar with the nature of the in-
dividual tests.

As an example consider the results for chip 06 in hybrid 00015. This chip passed the counter pat-
tern, erase recovery-checkerboard bar, zero pattern, one pattern, and read disturb tests. This im-
plies that the chip functions properly. All wires must be in place, and all on-chip circuitry must
operate. The chip failed the erase recovery-checkerboard test. This implies that some memory tran-
sistor(s) are slow in recovery from multiple clearing. Thus in this case the rework action required is
to replace the chip.

In other cases the combination of tes, results may indicate a wire bond problem, and detailed
visual inspection would be called for.

d. Throughput Observations
The throughput capacity of the BORAM functional test station has been examined by for-

mulating the sequence of actions an operator must perform, and by timing each individual action.
In this experiment, the actions were performed by engineers who had no significant previous ex-

perience with the detailed motions involved. Because the engineers lack the dexterity which would
be acquired by a test operator. the observed times are believed to be pessimistic.

The scenario for a test operator involves two phases. A "start-up activity" sequence prepares the
test system and the first group of eight hybrids for test. An "operating activity" maintains a con-
tinuous flow of hybrids through the test system by repeating a sequence of operations. It is assumed
that the operator is continuously being given a supply of hybrids to be tested, and that hybrids
sshich have been tested are removed together with the test reports by other personnel.

4-49
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4 Seu CL pe4f 441ai

2Figureal-22. chiplelect Timngr Clck and Data

1 Setup CLo per fig. 4.21b

5 Initialize address counter (address - 01
6 Setup address lines per fig. 4-21d
7 Set data pattern per table 4-29
8 Load OWA and OWB shift registers per fig. 4-21en
9 Write data per fig, 4-21lf

10 ticft~arr address counter (address =address 1)I
11I If (address < 64) then 6
12 Reset a.i per fig. 4.21 g
13 Increment chip select counter (3 i*tI and 6970)i~t

4 lfi I.< ) then 3
15 Initialize chip select counter hi = 0 and nS = dS-OI
16 Setup CSi per fig. 4-21b
17 Initialize address counter (address - 0)
ls Setup addrest lines per fig. 4-21dit19 Read dats to latch per fig. 4 21lh
20 Empty DRA and DRS shift registers per fig. 4-21 i
21 If (data 0 (per table 4-2%,) then record FAIL
22 Increment address counter (address = address 4 I)
23 If laddress '64) tfhen 18
24 Reset CSo per fig. 4 219
25 Increment chip select counter 1, 1 1 and Cf S i+ 1)l

26 If 0, <8) than 18
27 Reset CL per fig. 4 211
28 End Routine1

78-0332 TA-6 I
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Table 4-31. Erase Recovery Tesis Logical Flow Sequence

Step Logical Operation

1 Setup CL per fig. 4-21a

2 Initialize write counter (j=0)
3 Initialize chip select counter (i=0 and CSi = CSO)

4 Select CSi per fig. 4-21b

5 Erase selected chips per fig. 4-21c

6 Initialize address counter (address = 0)
7 Setup address lines per fig. 4-21d
8 Set data pattern per table 4-29

9 Load DWA and DWB shift registers per fig. 4-21e

10 Write data per fig. 4-21f

11 Increment address counter (Address = Address + 1)
12 If (address <64) then 7

13 Reset CSi per fig. 4-21g

14 Increment chip select counter i i+1 and CSi = CSi+f)
15 If (i <8) then4

16 Increment write counter (i = j+1l)
17 If 0-- 11) then 3
18 Initialize chip select counter (i = 0 and CSi = CS0)

19 Select CSi per fig. 4-21b
20 Erase selected chips per fig. 4-21C

21 Initialize address counter (address = 0)

22 Setup address lines per fig. 4-21d
23 Setup data pattern (complement of step 8 data)

24 Load DWA and DWB shift registers per fig.4-21e
25 Write data per fig. 4-21f

26 Increment address counter (address = address + 11

27 If (address <64) then 22

28 Reset CSi per fig. 4-21g

29 Increment chip select counter (i=i+l and CSi = CSi+1)
30 If (i <8) then 19

31 lnitialize chip select counter 6 = 0 and CSi = CS0)

32 Select CSi per fig. 4-21b
33 Initialize address counter (address = 0)

34 Setup address lines per fig. 4-21d

35 Read data to latch per fig. 4-21h

36 Empty DRA and DRB shift registers per fig 4-211
37 If (data = per table 4-29) then record FAIL

38 Increment address counter (address = address + 1)
39 If (address <64) then 34

40 Reset CSi per fig. 4-21g
41 Increment chip select counter (i = i+land CSi CSi+I)

42 If 6' <8) then 32
43 Reset CL per fig. 4-21
44 End Routine

78-0332-TA 7 1
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Table 4-32. Read Disturb Test Logical Flow Sequence

Step Logical Operation

1 Setup CIL per fig. 4-21 a
2 Initialize read loop counter (J=1 __

3 Initialize chip select counter (i=0 and CSi1 SO- I
4 Setup Cfi per fig. 4.21 b
5 Initialize address counter (address = 0)1
6 Setup address lines per fig. 4-21d
7 Read data to latch per fig. 4-21h
8 Empty DRA and ORB shift registers per fig. 4-21i
9 If (data # one) then record FAIL

10 Increment address counter (address =address + 11
11 If (address < 64) then 6
12 Reset C Si per fig. 4-21g
13 Increment chip select counter 6i=i+1 and CNi (s,
14 It if<.81 then 4
15 Increment read loop counter UIJ J+ 1)
16 If UJ < 91 then 3
17 Reset CL per fig. 4-21j
18 End Routine

78-U332 TA8 .1

r FI CT ,

1:> H~i I F
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'HIt II.

'1,f1H1 F-

Figure 4-23. Sample Production Oriented Test Report
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Figure 4-24. Sample Engineering Oriented Test Report
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A "or,,ing X,iumption is that hybrids are brought to the test station in a container in g tOul, ol
eieht. The container also accommodates the routing ticket and other traveling manufacturine
documentation. Each hybrid is labeled by a control number or serial number easily seen by the
operator.

-rhe operator's responsibility is to see that each hybrid is tested, and that the hybrids are returned
to the proper container with the test reports. The serial numbers on the reports uniquely relate the
data to the part.

To mainain a steady flow of product the operator must use both test channels. While channel A
is engaged in testing eight hybrids, the operator must unload and reload channel B. Figure 4-25
shows this operating sequence and gives the times observed for each element. An operator should be
able to cycle eight parts every 7 minutes.

For the set of assumptions given this should be a comfortable working rate. In terms of hybrids
per hour it amounts to 68.6. In paragraph 4.4.1.,d it was shown that an upper bound on the
throughput requirement was 62 hybrids per hour.

The setup activity was also examined. To prepare the test system, about 0.5 minutes are required
to insert the tape cartridge and load the test program. To run the initialization portion of the pro-
gram takes 0.6 minutes. The initial loading of eight hybrids into test sockets takes about 3.5
minutes. The sum of these times is 4.6 minutes.

inte, Serial NumterS

0 0 7 m",,

Test t ts Sre Parts & Repstt

Sm n 0 mn

L,,a Eight Parts

35 ir

Rerrnrve Test Repo, t'
0 5 rnrn

1R0332 VA II

Figure 4-25. Sequence of Operalions for he BORAM Funclional "lesi
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5. HYBRID CIRCUIT FABRICATION

The MNOS BORAM hybrid circuit packaging approach was conceived to provide low cost, high
density and growth potential simultaneously. A baseline fabrication approach was established
which made t:se of previously defined materials, processes and tooling. At the same time each ele-
ment of hybrid was defined to easily allow the introduction of new materials, processes and tooling.
During the course of the MM&T project several improvements were introduced, and several others
have been defined and are being developed.

5.1 HYBRID CIRCUIT DESCRIPTION

The MNOS BORAM hybrid is approximately one by two inches, and it contains 16 BORAM
monolithic integrated circuits. Both the physical and electrical configuration of the hybrid are im-
portant in achievement of low cost manufacture.

5.1.1 Component Parts

The initial configuration of the 647R527G01 hybrid circuit is shown in figure 5-1. The component
parts are illustrated in figure 5-2. A 24-pin metal case houses an epoxy bonded alumina substrate.
The multilayer substrate provides the interconnection pattern for 16 epoxy bonded 6002 chips. A
hermetic seal is achieved by using a solder preform to attach a lid to the metal case.

The configuration of the 647R527G01 hybrid was modified during the MM&T to incorporate the
use of a welded lid, and to change some dimensional details of the metal case.

5.1.2 Electrical Configuration

A significant advantage of the BORAM hybrid electrical configuration is that it does not impose
any serious constraints on the hybrid circuit fabrication approach. Close control of impedance
levels, propagation delays and crosstalk is not necessary for proper circuit operation.

The details of the electrical circuit were described in Section 4 on electrical testing. The input ter-
minals of 60',02 chips are high impedance lines, and thus series input resistance is not critical. Input
capacitance is not critical either, but it should be held to low levels to avoid placing excessive
demands on external driver circuitry. Table 5-1 presents the capacitance values used for circuit
design purposes. These numbers are slightly higher than values actually measured on hybrid cir-
cuits.

5.1.3 Thermal Configuration

Circuit reliability is dependent on the thermal characteristics of the packaging approach. Early in
the MM&T program approximate thermal models were developed to ensure that proper considera-
tion was given to this important factor.

5.1



B0RAM

MCROC IRtl

Figure 5-1. Initial Configuration of Westinghouse Part 647R527G01

figure 5 3 shows the thermal situation for one chip within the hybrid. The chips are positioned
sufficiently far apart, and have such a low,-duty cycle that thermal interaction should be negligible.
Iable 52 quantifies the individual elements of the approximate model.

I he model predicts 10.59'(' watt for a single die. Since two chips are active at any gisen time, the

h,,brid circuit thermal resistance is 5.3°Cwatt. Because of a change itl alumina substrate
thickness, a more recent version of the hybrid circuit has a thermal resistance less than 50C', watt.

5.2 IlBRII) SIBSIRATE

I he hybrid circuit substrate pro ides for the electrical interconnection and mechanical support of
the B)R AI monolithic chips.
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Figure 5-2. Component Parts of the Initial Configuration of Parn 647R527G01

Table 5-1. Part 647R527G01 Input Capacitance

S,,rnd'i Di-scr ,tiorl Symrvbols Capai l'inTV

Clock ItlotS 0 1, 2135

Chil Select inwits CSO to C S7 35

Control Iopots AE . M . TR 1101

Clear Inpur C L160

Adror'ss Inpot' AO to A3 90

0'r~t [LIta Il)Jt IOV.A DW\B 40

____________ D_______ Ooptl 20 1110 DR
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,, Z /Kovar Package Base Z

eJC = 'silicon +O epoxy I +<alumina +eepoxy 2 + & kovar
77-0663-11B-11

Figure 5-3. MNOS BORAM Hybrid Circuit Simplified Thermal Model

5.2.1 Substrate Structure

Many fabrication options exist for the substrate. The particular implementation chosen was com-
patible with existing Westinghouse processes and tooling.

The substrate dimensions are 1.700 by 0.780 inches. Interconnection is accomplished by four
metal layers. The layers are separated by and supported by a dielectric material. Layer-to-layer in-
terconnections are made by 0.015 by 0.015 inch vias. The top metal layer is exposed, and provides
pads for wire bonding.

The base material is alumina. For MM&T production the alumina was 0.040-inch thick. More
recently it has become possible to reduce the alumina thickness to 0.020 inch.

5.2.2 Multiple Substrate Screening

To reduce the labor content of substrate manufacture, six hybrid circuit substrates were

silkscreened on a single piece of alumina. After completion of all screening and firing operations
the individual substrates were separated by sawing.

Table 5-2. MNOS BORAM Hybrid Circuit Thermal Resistance Components

Thermal Material Effective Thermal
Conductivity Thickness Cross-Section Resistance

Material K t ( i ) ( W ) 0
watts/inch °C inches inches2  °C/watt

Silicon 3.60 0.016 (0.099) (0.128) 0.35
Epoxy 0.025 0.001 (0.099) (0.128) 3.16
Alumina 0.670 0.046 (0.145) (0.174) 2.72
Epoxy 0.020 0.003 (0.194) (0.223) 3.47
Kovar 0.420 0.020 (0.217) (0.246) 0.89

0 = t/K I w 77 0870-TA-8

5-4



5.2.3 Multiple Bonding Options

Layout of the top layer of the substrate allowed the use of co,' entional wire bonding or tape
bonding. The pads were defined to accept tape carrier versions of the 2K-bit, 8K-bit and larger chips
in the 6000 series.

5.2.4 Automatic Probe Test

Each substrate is tested for interconnect pattern continuity. Both opens and shorts are screened.
The equipment employed for MM&T production is called a Flying-Head Probe. This equipment
employs two probes that are moved from point-to-point under computer control. Probing paths are
optimized by software during programming. The final control program is stored on a magnetic tape
cartridge.

5.3 HYBRID PACKAGE

A metal case was chosen for the BORAM hybrid circuit primarily because of its cost potential.
The package external dimensions were selected to maintain compatibility with tooling for previous-
ly developed ceramic packages.

5.3.1 Standardization Approach

Economy and reliability can be achieved when packages are manufactured in volume for multiple
users. To promote this situation, Westinghouse strives to reduce the variability in package use by
establishing standard options for designers.

The basic specification for the BORAM hybrid metal case establishes the materials, processing
and quality assurance provisions for a family of packages.

5.3.2 Package Options

Flexibility in package definition and room for growth is maintained by allowing various package
options to be specified without altering the basic specification. One such feature under current
study is the option of using nickel coated cases instead of gold coating. Elimination of gold can
mean a significant cost saving. Procurement options are specified by suffix digits on the package
part number.

5.3.3 Oil Canning Problem

During the course of the MM&T, it was discovered that the 0.015-inch thickness of the bottom of
the package was not adequate to meet mechanical stress requirements. During centrifuge tests at
10,000g the base of the case would bow inward. The resulting stress on the alumina substrate would
either cause cracking of the alumina or separation of the substrate from the case at the epoxy bond.

After extensive tests, it was established that the use of an 0.020-inch base would allow survival of
10,000g stresses. The mass of the substrate was also reduced by the use of 0.020-inch thick alumina
instead of 0.040 inch.

5-5
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5.4 HYBRID PROCESSING

For the most part the hybrid assembly procedure made use of well established processing and
tooling. In the areas of bonding to the chips and sealing the case changes were introduced which
deserve special comment.

5.4.1 Chip Lead Bonding

The initial approach employed for connecting the BORAM chip pads to the appropriate pads on
the substrate was a manual technique. An operator would use 0.001-inch gold wire in an ultrasonic
bonder to connect each chip. The use of ultrasonics avoided high temperatures during processing.

later, the throughput and reliability of bonding was improved by the introduction of a computer
controlled wire bonder. The automatic wire bonder consists of an ultrasonic bonder, a master con-
sole, a disk memory, an operators control pendant and a power supply.

Computer controlled bonding was used with good results during the pilot production run. The
machine achieves bonding speeds at least six times faster than that of a manual station.

In the future tape bonding will be employed for BORAM hybrids. During the time period of the
MM&T, but under separate funding, Westinghouse has fabricated and tested tape carrier BORAM
hybrids.

Several aspects of the tape carrier technology have motivated its development for BORAM. This
approach should lower assembly costs by direct automation and by reduction of rework. It also
holds promise for an increase in reliability because of greatly increased bond strength. Gold 0.001-
inch wire bonds have a typical bond strength of less than 6 grams. Tape bonds typically show bond
strength greater than 50 grams.

The availability of tape mounted chips makes it possible to test and burn-in every chip before it is
inserted into a hybrid package. This capability is expected to sharply reduce the need for removal of
chips from the hybrid after initial assembly, and to reduce the failure rate through hybrid package
burn-in.

5.4.2 Package Sealing

As described earlier the initial sealing approach was to solder the lid to the case. A preform was
employed to standardize the amount of solder and the distribution of the solder.

For several reasons the soldering approach was less than ideal. The solder preform was expensive
because of the mechanical dimensions and the particular alloys required. Solder flow was not well
controlled, and solder splashes down the side of the package were common. Although no data was
gathered to confirm the phenomena, it was feared that solder particles could end up inside a sealed
package and become a reliability hazard. In addition, there was a small but significant yield loss
through the sealing operation after hermeticity tests.

To avoid these problems a welded lid was introduced. The new process was successfully used for
the MM&T pilot production. Yield through hermeticity tests approached 100 percent. The in-
dividual hybrid circuit appearance was improved because of the elimination of solder splashes.
More important the package reliability was improved.

The lid used for soldering was simply a flat rectangular piece of metal. The lid used for welding is
stepped down in thickness around the periphery where the weld is to be made. Westinghouse has
developed techniques for the removal of a welded lid, and for the successful resealing of the
package. This ability to delid, rework and reliably reseal a hybrid opens new opportunities for im-
proved economics.
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Harry Diamond laboratories Naval Ocean ,vstems Center
ATTN: Mr. Horst W.A. Gerlach ATTN: Mr. Charles E. Holland, Jr.
2800 Powder Mill Road Code 923
Adelphi, MD 20783 271 Cataline Boulevard

San Diego, CA 92152
Dr. Janes M. Early
Fairchild Research and Development Commander, AFAL
M/S 30-0200 ATTN: AFAL/DHE,
4001 Miranda Avenue Mr. Stanley E. Wagner
Palo Alto, CA 94304 Wright-Patterson AFB, OH 45433

Mr. Jack S. Kilby I Commander, RADC
5924 Royal Lane ATTN: Mr. Joseph B. Brauer, RBRM
Suite 150 Griffiss AFB, NY 13441
Dallas, TX 75230

Commander
Dr. Barry Dunbridge I Harry Diamond Laboratories
TRW Systerns Group ATTN: DELHD-RBC
One Space Park Mr. Peter S. Winokur
Redondo Beach, CA 90278 2800 Powder Mill Road

Adelphi, MD 20783
Dr. Paul E. Greene
Hewlet -Packard Company Commander, RADC
11000 Wolfe Road ATTN: Dr. Robert W. Thomas, RBRM
Cupertino, CA 94014 Griffiss Air Force Base, NY 13441

Mr. Gerald B. Heriog Mr. R. Weglein
Staff Vice President Hughes Research Laboratories
Technology Centers 3011 Malibu Canyon Road
RCA, David Sarnoff Res Center Malibu, CA 09265
Princeton, N.J 08540

Stanford Research Institute
l)r. Harvey Nathanson ATTN: Dr. A. Bahr
Westinghou,,e Research Centcr Menlo Park, CA 94025
Beulah Road Churchill Borough
Pittsburg. PA 15235 Young D. Kim

NWSC Code 3073
l)r. (ieorge F. Smith Crane, Indiania 74522
Bell Telephone Laboratories, Inc.
MOS Dev ice l)epartment AFAI/TEA
600 Mountain Avenue ATTN: Frit7 Schuermeyer
Room 2A-323 Wright-Patterson AFB, OH 45433
Murray Hill, NJ 07974
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Naval Ordance Lab I Naval Air Test Center
ATTN: Mr. Frederick E. Warnock ATTN: SY-43/SETD
White Oak, MD 20910 Mr. Dan Watters

Patuxent River, MD 20670
l)r. Andrew Tickl
Fairchild Corp. Dr. Yukon Hsia
4001 Miranda Avenue Actron
Palo Alto, CA 94304 700 Royal Oaks Drive

Monrovia, CA 91016
Dr. Patrick J. Vail
RA DCi ETSD, Stop 30 Naval Air Test Center
Hansom AFB, MA 01731 ATTN: Frank A. Phillips, Code SY43

Systems Engineering Test Directorate
Na\al Air Development Center 1 Patuxent River, MD 20670
ATTN: Roman Fedorak, Code 5021
Warminister, PA 19067

Honeywell Avionics Division
ATTN: Richard L. Wiker
13350 US Highway 19
St. Petersburg, FL 33733

Mr. F.B. Micheletti I
Electronics Research Division
Rockwell International
3370 Miraloma Avenue
Anaheim, CA 92803

Mr. W.H. Dodson
Sandia Laboratories
Div. 2116
Alburquerque, NM 87115

Naval Research Laboratories
ATTN: L. Palkuti, Code 5216
Washington, DC 20375

Mr. Merton Home MS UIX26

Sperry Univac Defense Systems
Division
P.O. Box 3535
St. Paul, MN 55165
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