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PREFACE

This final report is the culmination of an 18 month study, Reliability
Evaluation of Programmable Read-Only Memories (PROMs), commencing
17 June 1975 and terminating 17 December 1970. It is submitted in
accordance with the provisions of Line Item A002, Exhibit A, for Contract
No. F30602-75-C-0294.

The contents of the report represent the fulfillment of the above con-
tract by the Strategic Systems Division of Hughes Aircraft Company and
does not necessarily represent the recommendation, conclusions or approval
of the United States Air Force.

The following Hughes personnel contributed to the completion of this

work:
Principal Investigators: . W. Powell
L. Long, Jr.
Advisor: . May

M. Donnelly (Phase I)
C. McMahan (Phase II)

Project Engineers:

o g A=

Program Manager: K. L. Wong

Special acknowledgement is made to Dr. W. K. Jones for his assistance
in obtaining thin sections of PROM chips and pictures of fuses through trans-
mission electron microscopy, and to Mr. E. J. Fox for his recognition of
the importance of this work and his continual encouragement.

Thanks also goes to all of the PROM users and vendors who contributed.

Names of user-contributors are presented in the Appendix.

The RADC Project Engineer was Mr. J. J. Dobson.
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EVALUATION

The prime objective of this study was to establish cffective relishilicy
procedures for testing, qualifying and screening microcircuit programmible
read-only memories (PROMs). This study evaluated programming fusing methods
and materials to assess their reliability. PROMs using three types of
programming (nichrome fusible link, avalanche-induced migrati (AIM) and
polysilicon fusible 1ink) were studied in detail. After programming the
different devices with varying programming pulses and conditions, it was found
that it was best to use manufacturer suggested voltages and waveforms.

The study is considered successful in meeting the initial objectives
established at the beginning of the program. Personnel from Hughes that
participated in this effort performed in a professional manner and produced
a high quality report.

The major significance of this study is that it provides a background

of technical understanding in the programming mechanism and failure modes

-

of three types of PROMs. The findings of the study will be used in
paration of MIL-M-38510 detail specifications for the PROMs studied in this
program and for other PROMs which use the same type programming. The tests
and programming methods will be added to MIL-STD-883.
4)22,»¢‘;3)?3,Aﬁarcfz;rru//

JAMES J. DOBSON
Project Engineer
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1. INTRODUCTION

PURPOSE OF STUDY

This final report presents the results of a study performed by the
Strategic Systems Division of Hughes Aircraft Company under Rome Air
Development Center Contract No. F30602-75-C-0294. The primary objec-
tives of this study were:

1. Assess factors affecting the reliability of three type: f program-

mable read-only memories (PROM's), namely poly | stalline

silicon (polysilicon) fuse, avalanche-induced migration (AIM) and
nichrome fuse technologies.

2. Investigate programming and associated failure mechanisms.

3. Assess the reliability of these PROM's via a life test.

This study is a continuation of an earlier study on the reliability of
PROM's which was completed in March, 1975. The final report of the earlier
study is RADC-TR-75-278, entitled, '""Reliability Evaluation of Programmable
Read-Only Memories.'' In that report three types of PROM's were covered,
namely nichrome fuse, titanium-tungsten fuse and avalanche-induced

migration (AIM) technologies.

3
SCOPE OF THIS PROM RELIABILITY EVALUATION STUDY
This study was conducted utilizing as vehicles ten 1024-bit, ten 2048-bit and
five 4096-bit PROM's from each of four suppliers covering three technologies: }

Polysilicon fuse, avalanche-induced-migration (AIM) and nichrome fuse.
Nichrome PROM's from two suppliers and the others from one supplier each

were utilized. Four specific areas were investigated:

I. Programming and Electrical Test
2. Programming (Fusing) Mechanisms

Failure Mechanisms

w

4, Screening, Burn-in and Life Tests




Within these four areas, the following specific tasks were accomplished:

5

Programming and Electrical Test

a.

The unique electrical characteristics pertaining to programming
were analyzed for each memory element technology under study.

The effects of bit capacity/chip size on programming were
studied.

Methods of programming and their eventual reliability were
evaluated.

Concepts for optimizing programming yield and reliability
were developed.

Variations in programming pulses, such as fusing currents,
and their effects on fusing were studied.

Programming (Fusing) Mechanisms

a.

b.

Programming (fusing) mechanisms associated with each memory
element technology under study were identified.

Material and geometry characteristics of the memory elements
were determined.

Scanning electron microscope as well as transmission electron
microscope studies of the fuse elements were performed.

AIM devices were sectioned and junction shorting spikes
after programming were photographed.

Resistances of unprogrammed and programmed polysilicon fuse
elements were measured.

Memory Element Failure Mechanisms

a.

b.

d.

Passivation integrity of fuse memory elements was studied by
means of freeze-out and water drop tests.

Reconduction likelihood of programmed fuse memory elements
was investigated.

Likelihood of unwanted shorting of memory element in AIM
devices was evaluated.

Likelihood of programmed AIM memory element opening
or shorting of the isolation diode was studied.

Screening, burn-in and life tests

a.

b.

Screening tests were performed on all fuse type PROMs under
study.

Burn-in and life tests were conducted under 125°C chamber
conditions for all PROM types under study.

|
|
|
|




The primary study emphasis was placed on the polysilicon fuse
technology because this technology was not covered in the earlier study.
The AIM technology received second priority. The nichrome fuse tech-
nology, which received the most coverage in the earlier study, w:s studied

with respect to areas not already evaluated.

HISTORICAL BACKGROUND OF PROM TECHNOLOGIES STUDIED

The first field Programmable Read Only Memory (PROM) was intro-
duced in early 1970. Today there are four different bipolar } )M tech-
nologies, at least 10 manufacturers, and more than 40 device typcs ranging
from 256- to 8192-bit memory capacities. Basic variations in technologies
relate to methods used to store a non-volatile memory bit. Memory elements
may consists of nichrome fusible links, titanium-tungsten fusible links,
polysilicon fusible links, or a reverse-biased emitter-base diode utilizing
what is known as the Avalanche-Induced Migration (AIM) technology. The

three technologies investigated in this study are discussed below.

Polycrystalline Silicon (Polysilicon) Fusible Links

The polysilicon film used to form the fuses in this technology is similar
to that used in polysilicon gate MOS devices. Schottky bipolar PROMs
utilizing this technology were introduced in the first quarter of 1972 and are
now available from two vendors. The products of only one manufacturer,
who offers railitary versions in 1024, 2048, and 4096-bit sizes, were tested
in this prograrm. Significant milestones in the development of this technology
are:

I.  First quarter 1974 - Circuit changes were made to increase the

speed of the 1024-bit device.

2. Second quarter 1974 - 2048-bit device was introduced.

3. First quarter 1975 - Changed from diffusion of the base region to
ion implantation for better process control. 4096-bit device was
introduced.

4. Fourth quarter 1976 - 2048 and 4096-bit devices redesigned using
polysilicon crossunders to enable smaller chip sizes and higher
speed. (Devices were obtained for this program in 1975 an: did
not have this modification. )




5. Fourth quarter, 1976 - The manufacturer's recommended pro-
gramming algorithm was modified to increase programming yield.
(This modification was not used in the tests reported here.)

Avalanche-Induced Migration (AIM)

The AIM memory element is a diffused bipolar transistor without a base
contact. Programming is accomplished by electrically altering the emitter-
base junction to form a resistive short across it. This technology was
introduced in 1971 with 1024 and 2048-bit versions. The principal mile-
stones in its subsequent development are:

1. January 1972 - The 1024-bit chip was reduced in size to improve

speed and increase programming yield.

2. February 1973 - Circuitry changes were made to improve chip
enable speed and reduce programming path resictance and required
voltage on the 1024-bit device.

3. June 1974 - The number of after programming pulses which are
applied after the emitter-base short has been sensed was reduced
to prevent degradation of the base-collector junction.

4. First quarter 1975 - 4096-bit device introduced.

5. Second quarter 1976 - Minor mask changes were made on the
4096-bit device to increase its speed and improve the high tempera-
ture operation of the chip enable driver. (Devices tested in this
program were obtained in 1975 and did not have this modification. )

6. 1 November 1976 - A military specification, MIL-M-38510/202,
was issued for 1024-bit AIM PROMs.

Nichrome (NiCr) Fusible Links

This technology is the first used for PROM elements and was introduced
in April 1970. It is now in use by six manufacturers, although products from
only two of them were included in this study. Complete accounts of each
manufacturer's design and process changes are difficult to obtain because
of the proprietary nature of the information. Changes in NiCr PROM design
and processing reported in the previous Hughes study were:

1. Use of a new process to provide tighter control of the cross-
sectional area of the fusible link.

2. Implementation of a new screen utilizing a bias to test fusible links
contained in each device (not accessible to users).




3. Verification of programmed patterns utilizing a reduction in power
supply voltage (to approximately 4 volts).

4, Utilization of double masking to reduce pinholes.
Recently, three additional developments have occurred:

5. The 1024, 2048, and 4096-bit devices of both manufacturers have
been revised so that they form generic families, i.e., they all use
similar layouts and circuit designs. Various circuit improvements
were incorporated in the generic designs.

6. Improvements in programming circuits and manufacturing test pro-
cedures have been made to enable single pulse progr ming with
high yield.

7. Both NiCr PROM product lines included in this study now use
Schottky diode clamps instead of gold doping to achieve high speed
and/or low power operation.

MILITARY SPECIFICATIONS FOR PROMS

The U.S. Air Force specification for 512-bit nichrome fuse link PROMs
is MIL.-M-38510/201, issued 21 August 1972 and amended 17 July 1973.
The specification MIL-M-38510/202, issued 1 November 1976, is for
1024-bit AIM devices. Additional USAF specifications for PROMs are in
preparation.

Department of Defense specifications for PROMs were issued 30 Janu-
ary 1976. The general specification is drawing number ON126296. Detail

requirements for 1024-bit PRCMs are given in drawing number ON126296/01.

VENDORS OF DEVICES USED IN THIS STUDY

The four vendors of devices used in this study are Harris Semicon-
ductor; Monolithic Memories, Inc.; Intel Corp.: and Intersil, Inc.

The following codes are used in this report for vendor designation:

Vendor A = Harris

Vendor B = MMI
Vendor X = Intel
Vendor Y = Intersil

?
|
]
|
|
|
|
|
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2. PROM MEMORY ELEMENT TECHNOLOGIES

The PROM element structures included in this study are

l. Fuse Link PROMs, employing either nichrome (NiCr) or poly-

crystalline silicon (polysilicon) fuse materials.

2. AIM (avalanche-induced migration) PROMs, often referred to as

""blown diode'' memory elements.

A survey of available fusible link PROMzs indicates that a variety of
different shaped fuse links are used, In part, the differences occur because
of fuse material selection and/or composition, Programming reliability is
also a factor. Fuse link material thickness, cross-section, length between
opposed termination pads, resistance, etc,, all may affect fuse link ease of
fabrication, programmability and ultimate reliability, Material selection and
associated fabrication processes do affect the occurrence and frequency of

potential failure modes such as unprogrammed 'opens'' and ''growback'' links

or unwanted ""shorts.' An understanding of fuse configurations, materials and

processes is, therefore, quite necessary in generating an accurate picture of

PROM device reliability. Top views and a sectional view of a fuse link along its

length are shown in Figure 1; the vertical scale of the section is exaggerated for

clarity,

The AIM or blown emitter-base junction PROM is quite different in con-
cept and configuration from the fuse link type PROM. The AIM memory
element is a planar transistor. Programming is effected by high current
pulses which permanently short the emitter-base junction of the transistor.
Thus the programming mechanism occurs below the surface of the device,
within the bulk silicon,

Following are details of the three PROM element technologies included
in this study. Photographs of the devices used are included. The arcas of

the cells which contain the individual memory elements are listed in Table 1.

The memory arrays also contain some Al buses, typically one per eight
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b. Sectional view

Figure 1. Fuse links.

columns of cells, which are not included in the cell areas. The widths of
the aluminum lines (which are the electrical connections to each column of

cells in the array) are also given in Table 1.

POLYCRYSTALLINE SILICON FUSE TECHNOLOGY

The polysilicon fuses are shaped like an hourglass, similar to the fuse
shown at the bottom of Figure la. Their minimum width is about half the
width of the NiCr fuses and the same as for Ti-W fuses. However, the

polycrystalline Si film is about 16 times thicker than the NiCr films and




TABLE lI. THE AREAS (IN }.LMZ) OF INDIVIDUAL PROM CELLS
AND MINIMUM ALUMINUM LINEWIDTHS (IN uM) OF THE
DEVICES USED IN THIS STUDY

Device Capacity

PROM 1024 Bits 2048 Bits 4096 Bits
Technology Area Linewidth Area Linewidth Area Linewidth
Polysilicon Fuse 1710 6.3 1500 B3 1500 6.3
AIM 850 9.5 970 9.5 1020 12. 7
Nichrome Fuse
Vendor A 1210 5 3 1210 5.3 1270: 4. 8%
Vendor B 1090 5.8 1090 5.8 1060 5. 0%

*The differences between the dimensions of the nichrome 4096-bit devices
and the smaller devices from the same vendor probably result from normal
manufacturing and measuring tolerances.

about 4 times thicker than the Ti-W films used in the other fusible link tech-
nologies. Therefore considerably more material is used for the polysilicon
fuse link, which might simplify manufacturing process control. The
resistances of polysilicon fuses can be adjusted, in principle, by controlling
the amount of phosphorus doping that is subsequently applied. In practice,
however, the polysilicon film is doped at the same time as are the emitters
of the n-p-n transistors and therefore its resistivity is not independently
controlled. The polysilicon film extends underneath the Al column address
conductors on the memory array. (On devices made since the fourth quarter
of 1976, polysilicon is used to form crossings under Al lines on 2048 and
4096-bit devices, enabling smaller size, higher yield chips.)

A phosphosilicate glass film is deposited on top of the metallization for
protection from abrasion and particles inside the package. When this glass
film is etched away at the chip bonding pads, openings are also etched at every
polysilicon fuse, reportedly to facilitate programming. The native oxide
that forms on silicon will protect the exposed fuses from corrosion. The
even thicker oxide that forms on programmed fuses while they are hot is

probably sufficient to protect them from shorting by loose particles.




The composition of the various components of the memory elements

was investigated by a scanning electron microscope (SEM) using energy
dispersive analysis of x-rays (EDAX). The resulting x-ray spectra are shown
in Figure 2.

The resistances of unprogrammed fuses were measured with two needle
probes and a Tektronix Type 576 Curve Tracer. The data are summarized
in Table 2. The resistances of the unetched (as-received)samples ranged
from 70 to 122 ohms with an average of 89 ohms, in reasonable agreement
with the nominal value of 100 ohms. The reason for the etched resistors
being of lower resistance is not known; perhaps it is due to contamination of
the polysilicon by the etchant or formation of a parallel conductive path on the
bare (except for native oxide) Si substrate.

The characteristics of the polysilicon fuse technology are detailed
below:

1. Field Oxide Thickness - The thermally-grown Si wafer oxide coat-
ing is about 0.3 pm thick.

2. Fuse Dimensions - The average width of the neck of the fuse links
is 2.2 pm, with a standard deviation of +0.5 pm. The probability
of having links narrower than 1 pm, which might be fused by the
read current, in only 0,0l percent, The length of the link is about
7 um and the thickness of the polysilicon film is 0.35 pm #0, 04 pm,

3. Polysilicon Deposition Method - Vapor phase chemical vapor
deposition, similar to that used for polysilicon gate MOS devices,
is used to deposit the polycrystalline silicon film. No intermediate
adhesion layer is used underneath the polysilicon. The fuses are
subsequently doped with phosphorus during the emitter diffusion
step, which gives a sheet resistance of 50 to 100 ohm/square.

4. Fuse Terminations and Interconnections - A film of aluminum, 1um
thick, is used to form the fuse terminations and circuit intercon-
nections. Polysilicon underlies only the Al column buses on the
array. The Al-polysilicon interface is approximately 8 x 14 um.
The interface is located at the termination pad on the end of each
transistor fuse. Low contact resistance at this interface is obtained
by sintering.

5. Passivation Glass - Phosphosilicate glass, approximately 1 um

thick, is deposited by chemical vapor deposition. The nominal
phosphorus content is 2 percent. The glass is subsequently removed
by chemical etching from the bonding pads and from every fuse link
(in order to facilitate programming).

e sy e T




0 103SEC .0C/S

8 6SSEC eCc/S
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a, Passivation glass b, Oxide on silicon
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1 Si

¢, Aluminum interconnection 4. Polysilicon fuse

Figure 2. Polysilicon fuse PROM: SEM-EDAX composition results.
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PROM Die Separation - Diamond scribing and breaking arc uscd to
dice the wafers.

Fuse Programming and Test - The nominal fusing currc'ntl 1s

30 mA, corresponding to a current density of 4 x 10 A/cm? at the
neck of the fuse link. The programming power is normally about

90 mW. The temperature at the center of the polysilicon fuse during
programming has been calculated to be above the melting point of
silicon! and good agreement between observed and calculated fusing
times has been obtained. An extra row and column of fuses are
provided at the perimeter of each PROM array for test programming,
which is done at the wafer stage, before dicing. Functional testing
is also performed before dicing and after packaging.

Memory Element Properties - The nominal unprogrammed fuse
{ink resistance is 100 ohms. Variations in the sheet resistance of
the polysilicon and the dimensions of the fuse result in actual values
of 50 to 150 ohms (cf. Table 2). Programmed fuses usually have
resistances greater than 109 ohms (cf. section 5). The read-out
(sensing) current is nominally 2 mAl and the voltage available at the
fuse is about 2V, so the minimum resistance for a fuse to appear
programmed is 1000 ohms. The actual read-out current sensitivity
may be as low as 0.5 mA, corresponding to a fuse resistance of
4000 ohms, which is therefore the maximum resistance at which a
fuse may appear to be unprogrammed.

Photographs of the three different size chips and the individual memory

elements on each chip are shown in Figures 3 and 4. Note the openings in

the passivation glass at every fuse location in Figure 4.

AVALANCHE-INDUCED MIGRATION (AIM) MEMORY ELEMENT

A schematic sectional view of the n-p-n transistor used as the AIM

memory element is shown in Figure 5. (The vertical scale has been

exaggerated for clarity in this drawing.) Programming is effected by passing

a relatively large current (200 mA) through the transistor with the emitter

voltage positive with respect to the collector. This current passing in the

reverse direction through the emitter-base junction results in a permanent

short across that junction, leaving a p-n (base-collector) diode at that

memory location. A small sensing current (0.5 mA) is passed through the

1.

R. C. Smith, S. J. Rosenberg, C. R. Barrett, ''Reliability Studies of
Polysilicon Fusible Link PROM's, " Proc. IEEE 1976 Reliability Physics
Symposium (IEEE, NY, 1976), p. 193.
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[Figure 4. Polysilicon fuse PROM elements.
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Figure 5. AIM memory element, sectional view.

element after each programming pulse in order tc detect when prog’ramming
is completed, after which four additional programming pulses are passed to
insure permanent programming. Improper programming can result in
shorting the base-collector junction as well as the emitter-base junction,
thereby shorting a row of the memory array to a column of the array-and
disabling the device.

The manufacturing process used is a standard gold-doped bipolar TTL
device process without the additional thin film deposition and patterning steps
required for fusible link PROMs. (Note that the latter devices included in
this study use Schottky diodes rather than gold doping to obtain high speed
transistors.) Two levels of aluminum metallization are used in order to
utilize the inherent high density of this technology. A phosphosilicate glass
film is used between the two Al metallization layers and as a passivation layer
on top of the upper layer. Photographs of the three different size chips
included in this study are presented in Figure 6. Individual programming

elements on each chip are shown in Figure 7. Details of this technology are:

1. Memory element configuration

a. Spacing of transistors, center-to-center 18um |
b. Emitter depth 1.5 = a9 i |
c. Base thickness 0.3 -1.0pm

Buried collector channel width 18 pum

)i,




ki,

a. 1024 bits

-
- i

Figure 0.

b. 2048 bits

AIM PROM.




a. 1024-bit device

b. 2048-bit device

c. 4096-bit device
(Rotated 90 degrees with
respect to a and b)

Scale for this page:
| S

25um

Figure 7. AIM PROM elements.

“Some emitter contacts indicated.




e. Epitaxial layer thickness 6 pm

Size of collector contacts 12 x 25 pm
g. Width of Al conductors 9 pm
h. Base-emitter junction area

(approx.) 83 S

2. Metallization - Two levels of aluminum metallization are used,
each | pm thick. They are separated by 70 nm of SiO,, plus 1 pm of
phosphorus-doped SiOZ. deposited by chemical vapor deposition (CVD),

3. Passivation Glass - Military AIM devices are passivated with a
1 pm thick CVD overglass. This layer is a sandwich structure,
consisting of SiO,, phosphorus-doped SiOp, and SiOp. Sintering
of the Al-Si contacts for 4 minutes at 4250C is performed after the
passivation is deposited.

4. Die Separation - Scribing and breaking are used to dice the AIM
PROM wafers.

5. Memory Element Resistance - The resistances of unprogrammed
elements are in the neighborhood of 109 ohms. Programmed
junctions have a resistance of less than 10 ohms.

NICHROME (NiCr) FUSIBLE LINK TECHNOLOGY

Nichrome fuse links are made in various shapes, as shown in Figure 1,
according to each manufacturer's preference. Variations in the thickness
and Ni:Cr ratio of the nichrome film may occur among manufacturers and
for different date codes of the same manufacturer. Due to the long interest
in electro-corrosion of nichrome films, the quality of the passivation glass
has received particular attention in these devices. Specific information
about this very popular PROM technology is presented below:

1. Field Oxide Thickness - The thermally-grown Si wafer oxide
coating is 0.6 - 0.8 pm thick.

2. Nichrome Fuse Dimensions - In the neck region the fuse is 3.1 to
5.1 pm wide. The fuse itself is 10 to 25 pm long and the NiCr
fuse material is 15 to 25 nm thick.

3. Nichrome Deposition Method - No metal interface material is
required beneath NiCr to improve adhesion. Thermal evaporation
is used to deposit NiCr on the PROM wafer, followed by annealing
at elevated temperature. Actual annealing temperature and
duration are considered proprietary information by suppliers, as
this process is used to provide a homogeneous distribution of nickel
and chromium within the fuse material film, thereby reducing
programming problems. Suppliers use crystal oscillator film thick-
ness monitors for controlling NiCr depositions.

18




4. Nichrome Film Composition - Spectrographic analysis is used to

verify the composition of the nichrome films. One supplier using
nichrome fuses states that the most stable fuses which provide the
most repeatable programming results are those made of approxi-
mately 50 percent Ni and 50 percent Cr. The exact composition
is considered proprietary by the suppliers.

5. Fuse Termination Pads - Aluminum is used as the termination pad
and conductor material contacting each end of the nichrome fuse
link. Termination pad thickness is approximately 1 um. The area
of conductors making contact with fuse termination pad ends is
approximately 5 um x 6 um. No information is available on the con-
tact resistance between the aluminum termination pads and the
nichrome fuse links.

6. Fuse Overglass - The overglass is composed of phosphosilicate
glass (silox) and is approximately 1 um thick. The fuse overglass
is inspected for pinholes following completion of the silox processing.
PROM wafers are examined under a zoom microscope at magnifica-
tions of more than 100x. In general, no additional tests are used
to ensure overglass film integrity.

7. PROM Die Separation - Diamond, laser and single-wheel saws are
used to separate wafers into PROM dice.

8. Fuse Programming and Test - Fusing temperature in the fuse ''neck"
region has been calculated at approximately 1600°C, which is several
hundred degrees above the melting point of this material. Fusing
voltage is approximately 7 to 8 volts. Fusing current densities have
been estimated at 2 - 5 x 107 A/cm?. Every PROM device is tested
at both the wafer and die level. Test fuses permit both row and
column checks.

9. Fuse Resistance Values - Resistance of the NiCr film centers around
100 ohms/square; actual fuse values are between 300 to 500 ohms
including photolithographic variations. When programmed open,
the fuse resistance should be in the megohm region with a workable
minimum down to around 4000 ohms.

Photographs of the nichrome fuse chips and memory elements included

in this study are given in Figures 8 - 11.
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3. PROM CIRCUIT DESCRIPTIONS ]

The circuit design and layout of the devices are described in this
section. This information is useful in the understanding of programming

difficulties and performance of failure analyses.

VENDOR X - 1024-BIT DEVICE (POLYSILICON)

Read Circuitry

A skeletal outline of the circuit schematic for this device is shown in
Figure 12. The memory is organized as 256 four-bit words. The fuse
matrix is partitioned into four blocks that correspond to the 4 bits; each
block contains 32 rows and eight columns. The address selection scheme
uses one transistor per fuse location with the fuse in the emitter circuit of
the select transistor. The collectors of all the select transistors are con-
nected in common to the V.. voltage source.

The desired 4-bit memory word is addressed by selecting the required
row and column in each of the four blocks. The proper row is selected by
turning on one of the 32 row drivers. Each row driver is connected by a
common bus to the bases of all the select transistors in that row and, if
selected, provides base drive to eight select transistors in each block. The
row drivers have the character of an AND gate. The true and inverse
functions of address inputs A3 through A7 are generated by five address
buffers and are connected in various combinations to the row driver inputs to
form a row select matrix.

Column selection is performed in a similar manner. Address inputs
A through A are connected through input buffers to another AND matrix
to select one of eight column drivers. Each column driver is connected to
the bases of four column select transistors, one in each bit block, which form
a series connection between the fuses on those columns and the sense

amplifiers.
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Thus, one fuse in each bit block is selected for interrogation by pro-
viding base drive to the associated select transistor (row select) and at the
same time connecting the lower end of the fuse to the sense circuit. If the
fuse has not been opened by programming, current will flow from the V .
node and the input voltage of the sense amplifier will rise. If the sense
amplifier has been activated via the chip select input, a low voltage state will

occur at the output pin because of the inverting nature of the sense circuit.

Programming Circuitry

The method used to route programming current to the desired fuse
location is similar to that used in read operation. The row and column select
circuitry is essentially the same in both cases. Some additional circuitry is
employed to accommodate the increased current required during programming.
A Darlington switch is employed to provide a low impedance path to ground
for the programming current, thus shunting the input of the sense amplifier
which is switched to a high impedance during programming. This switch is
controlled by a zener diode connected to the sense amplifier output terminal.
During programming, the bit required to be programmed is selected by
raising the corresponding output pin to approximately 8 volts by connecting it
via 300 ohms to V... This overcomes the zener potential, turns on the
Darlington switch, and provides the necessary low impedance shunt path. For
the remaining three unselected bits, the high input impedance of the sense
amplifier restricts the current flow to a value below that required for
programming.

Another operation performed during the programming operation is to
raise the voltage level of the V.. pin to 10 volts. The effect of this operation
is to increase the drive to the various selection circuits to accommodate the
high programming current. This is accomplished not only by the increased
bias level, but also by disabling internal safeguard circuits which limit the
interrogation currents to a safe level during read operation.

The actual programming pulse is supplied to the CS; pin. A 15-volt
pulse impressed on this pin is transmitted via a diode OR circuit to the col-
lector busses of the selection transistors. Then the necessary bias to assure

an adequate programming current is provided.
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Test Circuitry

Examination of the chip reveals that an extra row and column of fuses
and associated selection circuits are provided on the chip. These were
included by the vendor as a quality control feature so that the programming
characteristics of the chip could-be measured without destroying fuses in

the main memory matrix.

VENDOR X — 2048 AND 4096-BIT DEVICES (POLYSILICON)

The general design approach for these devices is the sam as that
described for the 1024-bit device in the previous paragraphs. The principal
differences are in the organiz;tion for greater capacity, a few circuit design
changes, and the addition of a power switching feature.

The sense amplifier in these devices is non-inverting, so that a pro-
grammed bit results in a low level output. An additicnal voltage clamping
circuit on the column busses has been added which operates during the read
mode. The 2048-bit devicg is organized into 512 words of 4 bits each, so
that 64 row select drivers are required. The 4096 bit device is organized as
512 x 8, so that 8 bit blocks (64 x 8) were required. The power switching
feature added to both of these devices (available as an option) consists of a
switch controlled by the chip select inputs which reduces the required power
supply current in the deselected mode.

s 3
VENDOR B (NICHROME)
An outline of the circuit design of the 1024-bit version of these devices
was presented in the Final Report of an earlier study‘z under the callout of
Vendor B. The 2048- and 4096-bit versions follow the same design philosophy

with the organization expanded to accommodate the increased capacity.

2. ''Reliability Evaluation of Programmable Read-Only Memories, " Final
Technical Report, RADC-TR-75-278, Hughes Aircraft Company for
Rome Air Development Center, February 1976, (A022667).
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The 2048-bit device is organized into 512 words of 4 bits each. The word
decode is mechanized with 32 row decoders and 16 column decoders. If the
chip is oriented with pin 1 at the upper left, the top row and right-most
column contain extra fuses for testing. The 4096-bit device used in this
study is organized as 512 words of 8 bits each, using 64 row decoders and
eight column decoders. The extra test row is at the top, and two extra test

columns are included in the extreme left and right positions.

VENDOR A (NICHROME)

This vendor has performed a major redesign of his PROM line since
the earlier study. However, schematics for the new design were considered

proprietary by the vendor and were not made available for this study.

VENDOR Y (AIM)

The circuit principles outlined for the 1024-bit device in the Final
Report of an earlier study2 under the callout of Vendor D are generally
applicable to the larger capacity devices. Some differences exist in the
chip enable and precgramming SCR control circuits. The 2048-bit device
is organized into 512 words of 4 bits each. The word decode is mechanized
with 32 row decoders and 16 column decoders. With pin | at the top, the
two top rows contain extra test memory elements. The 4096-bit device is
organized into 512 words of 8 bits each. The word decode is mechanized
with 64 row decoders and eight column decoders. Again the top two rows

are added for testing.
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4. PROGRANNMING

in programming the devices to be used in the life tests, a careful effort
was made to closely adhere to the vendor's progranmming recommendations,
except when the programming amplitude was deliberately reduced to obtain
long blow times., The pulse conditions are summarized in Table 3, The
detailed programming procedures are contained in Appendix III, The pulse
parameters were verified during actual device programming using a storage
oscilloscope. Currents were monitored with a DC current p: e, Since a slow
mechanical printer was used to record the number of pulses required for pro-
gramming, the programming rate was slow and low chip temperatures resulted,
Reverification was performed after programming when the devices had
returned to room temperature,

Occasional checks of the programming current waveforms (or voltage
waveforms in the case of the devices programmed with a current pulse) were
made. A DC current probe and a storage oscilloscope were used in an
effort to detect any anomalous behavior. The waveforms seemed well
behaved, and the current transients due to internal junction breakdowns
experienced in an earlier studyZ were not observed. The impression was
that significant design or processing improvements have been made since
the earlier study. It may be that special techniques to avoid yield loss due
to internal breakdowns, such as slowing the risetime or stair-stepping the
pulse amplitudes, will be unnecessary in the future. It should be noted that
slowing the rise time may be desirable for other reasons, such as control
of the energy flow to the fuse and to assure blowing during the rise time,
as some proponents recommend.

Several vendors have recommended significant changes in their pro-
gramming procedures since the earlier study. The procedures of Vendor A
are entirely different because of a major redesign. In 1975, Vendor B intro-
duced a sawtooth pulse technique with the pulse amplitude stairstepped.

According to the stairstepping recommendation, pulses 1 through 3 should
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be at the lowest amplitude; 4 through 6 at an intermediate amplitude; and

7 through 9 at the highest amplitude. This multiple pulse technique 1s
designed to optimize yield in commercial applications. However, the fuse
is designed to blow in an abrupt, rather than gradual fashion, as in the case
of those of Vendors X and Y. so that multiple pulses are not a necessity,
Vendor B affirms that single pulse programming is a practical approach
with their devices,

Current waveforms for programming Vendor X polysilicon fuse PROMs
were studied. Voltage pulses were applied to both the V_. an “hip Select
pins. The programming current flows through the Chip Select pin to the
fuse. Programming requires a long series of 1 to 8 ps pulses. FEach
success ve pulse changes the resistance characteristics of the fuse by an
increment. The current waveform through the Chip Select pin changes from
pulse to pulse as shown in Figure 13. The reason for the changes in current
waveform in this manner is unknown at this time.

Vendor X (Polysilicon) is at present introducing a major programming
algorithm change. In an earlier change, the overprogramming time (time
that the pulse train is applied after output voltage reversal is first detected)
was increased to 500 ps. The latest revision calls for the following changes:

1. Overprogramming is now 2.5 ms of DC voltage, rather than 500 us

of pulsed voltage.

2. The pulse width is now initially 0.2 us, increasing linearly to a
maximum of 8 us over a period of from 120 to 220 ms.

3. A constant down time of 10 us between programming pulses is
now specified, rather than a 50 percent duty cycle.

4. The data interrogation strobe should occur near the end of the

down time.
These changes (Vendor X) were announced too late to be used in the life test
programming.

The programming procedure recommended by Vendor Y (AIM device)
remains unchanged, utilizing a 75 percent duty cycle pulse train. During
the down time between programming pulses, a special verification procedure
is instituted, involving the injection of a 20 mA interrogation current into the

appropriate output pin and measuring the resulting output pin voltage. This
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technique differs from the more usual technique of sensing the state of the
programmable element through the on-chip sense circuitry in that this sense
circuitry is bypassed and a nearly direct measurement of the element
impedance is made. This permits detection of an incompletely programmed
element whose presence might be concealed by the nonlinear characteristics
of the sense amplifier.

A brief experiment was conducted to learn something of the programming
characteristics of the nichrome link devices and their response to single
pulse programming. Three samples from each (1K, 2K and 4  5it) capacity
from both vendors A and B were used. The object of the experiment was to
compare the programming yields for the application of a single pulse of 10 ps
versus a single pulse of 100 us, A sample size of 29 fuses for each attempt was
scattered through the fuse matrix. It was found that a 10 us pulse was
adequate to successfully program nearly all of the devices. The exception
was a 1024-bit device in which one fuse out of 29 refused to program in both
the 10 us and 100 ps attempts. Both of these fuses were found to lie on the
same row in the matrix. Other fuses in the same row also refused to program
in 100 ps. It appeared in this case that the problem lay in the row select
circuitry.

In this very limited experiment it was shown that in the best of conditions,
the fuses open very rapidly (less than 10 ps) but, if a defect exists, the
programmin’g time is extended considerably.

Table 4 presents the distribution of bits as a function of the number of
pulses required to program them. Approximately ten 1K, ten 2K and five 4K
devices were utilized for each of the four vendors. The figures in this table
indicate that most of the bits can be programmed within the first ten pulses.
The counting scheme devised did not provide sufficient resolution to categorize

the bits below ten pulses. For the nichrome fuses programmed with vendor

recommended methods, 87 percent o the fuses and 77 percent of the devices
were programmed with 10 pulses, Those fuses that would not program within
10 pulses were distributed in all of the ten 2K devices of vendor B and in one

4K device of the same vendor.
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Vendor X's 2K devices also behaved differently, but in the other
direction, i.e., they tend to be programmed with fewer pulses than the |K
and 4K devices.

Although some bits refused to be programmed, the number of devices
used in this study was insufficient for drawing conclusions on programming

yield.

A survey was then made among PROM users throughout the industry
concerning their experience with the devices. A questionnaire was circulated
asking the part type and quantities used, percent chip usage, gle or
multipulse programming, programming yield, burn-in and test experience,
and field experience. A copy of the survey form is shown in Appendix [.
The resronse is summarized in Table 5. Some additional test and failure
information was collected, and is presented in the section under Burn-in
and Life Tests.

It appears that the industry has been experiencing a programming yield
of 90 to 98 percent for 1K and 2K devices. One source with a very limited
number of devices programmed indicated that for one vendor the « hange of
programming yield from multipulses to single pulse was from 80 percent to
50 percent. However, another vendor's product programmed by the same

user showed an 89 percent yield for single pulse programming.
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5. MEMORY ELEMENT PROGRA MMING MECHANISMS

POLYSILICON FUSE PROGRAMMING MECHANISM

The structure of the memory elements in the polycrystalline fuse PROM
is similar to nichrome fuses, as was described in Section 2. Due to the
absence of overglass passivation on the polysilicon fuse element and a thick-
ness more than ten times greater than the nichrome film, the appearance
of a programmed polysilicon fuse is considerably different from that of a
programmed nichrome fuse. When the programming conditions recommended
by the manufacturer are used, most of the fuses are programmed in about
2 ms. Examination of these fuses in a scanning electron microscope (SEM)
revealed that they appear to have been melted in the middle. They typically
have two rounded lumps near the middle, as shown in Figure 14a, with a gap
on the emitter (positive) sidessf the lumps. When the programming current
is reduced to obtain long fusing fimes, the appearance of the fused gaps is
different. Several small lumps and a narrower gap occur, as shown in
Figure 14b-d. The change from a few large lumps to several small lumps
occurred between fusing times of 12 and 29 ms on the 1024-bit sample that
was tested, as shown in Figure 14.

Under reduced programming current, the maximum fusing time observed
was 17.4 s. However, a few fuses had not blown after the maximum time
allowed, 40 seconds. After etching away the oxide, these unblown fuses did
not show any change in appearance of their surfaces in the SEM but did
appear darker in the middle of the fuse. This may have been caused by etching
a vay of the SiO2 under the fuses that were heated but not fused, therefore,

a change in the polysilicon-SiOZ interface may result from that heating.
Unprogrammed fuses appeared uniform across the fuse.

The use of a glass etchant on programmed polysilicon fuse samples does
not remove the lumps formed near the middle of the fuse, as shown in
Figure 15, Even the smallest lumps on this slowly blown fuse were not

changed by the selective oxide etchant, although some oxide appeared to have
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Figure 15. Effect of etching with butfered HE on programmed
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been removed from the gap, Therefore the lumps must be Si, not oxide.
Their sizes appear commensurate with the polysilicon lost from the gap and
other thinned areas of the fuses.,

Additional information on the programming mechanism of polysilicon fuses
was obtained from transmission electron micrescope (TEM) photographs of a
PROM programmed under the conditions recommended by the manufacturer, *
A summary of the seven fuses that were examined in detail is presented
in Table 6 and four of the photographs are reproduced in Figures 16-19.
Figure 16 shows a blown fuse similar to the one shown in the SEM photo of
Figure l4a., The effects of programming only appear near the neck of the
fuse. The material in the gap is presumed to be SiOZ formed before and during
programming, since some material observed there in the SEM photos was
removed by a selective oxide etchant (see Figure 15). There may also be
some thin silicon extending into the gap. The fuse link shown in Figure 17
also has changed only at the neck. Only one large lump appears there and it
is directly over the possible gap in the fuse. A narrow crack in the grey gap
region is visible in the original negative on both sides of the lump.

The crack in the thin region of a fuse link is more visible in TEM photo
number 73, Figure 18. These cracks are believed to result from the stress
caused by the difference in thermal expansion coefficients of SiO2 and the Si
chip during cooling after programming. The apparent physical discontinuity
in this fuse is not at the narrowest part of the fuse. This is the situation
observed in the majority of the polysilicon fuses examined. Also typical is
the extensive effect of programming, which seems to have thinned and/or pro-
duced grain growth over the full length of the fuse. Another example of
extensive programming changes is shown in the fourth TEM photo, Figure 19.
Note the longitudinal grain boundary where transverse twins terminate on
the end of the fuse at the top of the figure and the cresent - shaped dark region
on the other end of the fuse, The latter is a common feature in the TEM

photos, as indicated in Table 6, although not discernable in the other photos

“The sample was prepared by M., Fukuda and O, Manuei and analyzed under
the direction of W, K, Jones of the Charles Stark Draper Laboratory.
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shown here, There are some short cracks in the ''gap' in Figure 19 but they
do not extend the full width of the fuse as does the one in Figure 18, In all
four of the TEM photos, the physical ''gap'' (where there is no sign of
polysilicon) is surprisingly narrow at its niin. mum width, although thinning
has usually occurred over a large portion of the fuse.

The electrical resistances of blown fuses (not those shown in the TEM
photos) were measured with needle probes and a Tektronix Type 576 Curve
Tracer. The results are summarized in Tables 7 and 8. Samples 1-4
were programmed under the conditions recommended by the manufacturer
and sample D was programmed under various conditions, including those
recommended by the manufacturer. The memory element sensing current
is nominally 2 mA and about 2 V is available across the fuse, so a fuse
with a resistance of 1000 ohms or less would appear to be unprogrammed.

Of the 57 blown fuses measured on the five samples, three had resistances

of less than 1000 ohms. The minimum resistance measured was 224 ohms,
which is about four times the average resistance of the unblown fuses measured
on the same sample (number 3, sce Table 2). On sample 2, the minimum
resistance of 275 ohms is only 2.75 times the average unblown fuse resistance,
The low resistances are unexplainable as many things could have happened
during de-lidding and probing.

The 760 ohm fuse on sample 4 was indicated as programmed in 3.7 ms
but after programming it was indicated to be unprogrammed when the device
was read out (verified), When this fuse was examined with the SEM, as shown
in Figure 20, prominent lumps indicated that it had been programmed but
etching did not reveal a well-defined gap in the fuse, By applying VCC to the
chip and addressing the bit of interest, a voltage difference was established
across the fuse, With the energy of the SEM beam reduced, the effect of the
circuit voltages on the sccondary electrons was increased so that the location
of the clectrical break in the fuse could be identified, This is illustrated by the
sccond photo in Figure 20, taken with an electron beam energy of 2 keV and
a lower magnification, An clectrical discontinuity is visible on the right-hand
side,  From the appearance of this fuse, it is not surprising that its resistance
is low enough for it to register as unprogrammed, However, other fuses on
the same device with similar appearances had resistances of 4 megohms or

la rger,
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a. Normal SEM, 20 keV,

¥e Voltage contrast, 2 keV.,

Figure 20, Incompletely blown fuse on

polycrystalline silicon PROM sample 4.

(Fusing time 3,7 ms)




The fusing time data presented in Table 7 for samples 4 and D indicate
that open circuit fuses (resistances >107 ohm) were produced with almost
the full range of fusing times., There is no significant correlation between
fusing time and fuse resistance in these data., Therefore, low resistance
polysilicon fusecs cannot be detected from fusing time measurements and
verification after programming is required to detect such faults, However,
there is a little circumstantial evidence that long fusing times are undesirable
from the reliability standpoint, as is discussed in Section 6 of this report,

The polysilicon lumps that form on one side of the gaps of programmed
fuses are always on the side connected to the column bus, (The other end
of each fuse is connected to the emitter of the npn transistor in each memory
cell,) The column bus is negative with respect to the emitter during pro-
gramming (and sensing), so the formation of the lumps appears to be
influenced by the electric field across the fuse during programming. This
would be expected if the power dissipated in the fuse during programming
is sufficient to heat the polysilicon to its melting point, 1420°C, since
positive ions are responsible for viscous flow and diffusion in liquid metals, .
Melting is also indicated by the appearance of the fuses in the SEM and TEM,
which usually show thinned, depleted areas on the emitter side of the gap and
smoothly rounded lumps on the other side of the gap, near the narrowest
part of the fuse link.

The programming mechanism of polycrystalline silicon fuse PROMs first
involves joule heating of the fuse by the programming current, for which the
current density at the narrowest part of the fuse is nominally 30 mA/(2 um x

0.35 pm) = 4 x 106 A/cmz. According to estimates by the manufacturer,

this is sufficient to raise the temperature of the center of the fuse to about

1400°C and melt the polysilicon., The surface tension of the molten silicon

Lot 4

3W.Jost, Diffusion in Solids, Liquids, Gases, third printing (Academic
Press, NY, 1960), p. 470,

4(3. Parker, J.Cornet, W, Pinter, '"Reliability Considerations in the Design
and Fabrication of Polysilicon Fusable Link PROMS, ' Proc. IEEE 1974
Reliability Physics Symposium (IEEE, NY, 1974), pp. 88-89,

SB. Pascoe, ""Polysilicon Fuse Bipolar PROMs'", Intel Reliability Report
RR-8 (Intel Corp., October 1975),
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forms it into one or more droplets there, leaving thinned regions on both
sides of the center. Simultaneously, migration of Si occurs under the
influence of the electric field, which acts upon the positive ions in the
molten Si, and the thermal gradients across the fuse. On the negative

side of the droplets, migration under both influences occurs from the
droplet, toward the cool end of the fuse, which tends to extend the drop- .
lets in that direction. However, on the positive side, migration of molten
Si under the electric field influence occurs toward the central droplets from
the thin, now hotter area between the droplets and the emitter contact.
Silicon also migrates from that region toward the cooler emitter contact
under the influence of the thermal gradient, which may produce the cres-
cent of thicker material observed in the TEM photos on the emitter ends

of most of the fuses. The consequent depletion of Si between the emitter
contact and the central droplets soon results in opening the fuse link there,
which interrupts the electric current. The polysilicon then cools rapidly
as a result of thermal conduction to the underlying SiOZ and Si and to the
metallization at the ends of the fuse,

The final opening of the thinned polysilicon fuse link may result from the
surface tension of the liquid polysilicon sheet, as appears to be the case for
nichrome fuse links, from formation of voids by Si migration, or from
oxidation of the remaining polysilicon, No artifacts similar to thosc

Bt 65
seen in nichrome fuse gaps, such as periodic fingers or droplets, * are

-

seen here so the physical effects of surface tension and viscosity do not
appear to play as significant a role with polysilicon fuses. Chemical change
by oxidation is not important for NiCr fuses, which are protected by an over-
glass layer. Although the polysilicon fuse PROMs that were tested had a

phosphosilicate glass passivation layer (see Section 2), openings are etched

6G. Kenney, W.K, Jones, R. Ogilvie, "Fusing Mechanism of Nichrome-
Linked Programmable Read - Only Memory Devices,' Proc. IEEE 1976
Reliability Physics Symposium (IEEE, NY, 1976), p. 164.

7G.B. Kenney, '""The Fusing Mechanism of NiCrResistors in Programmable
Read - Only Memory Devices,' BS-MS thesis submitted to Dept. of Materials
Science and Engineering, MIT, June 1975.
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in this layer over the chip bonding pads, as usual, and also over cvery
polysilicon fuse element, The latter openings were reportedly added after
fusing difficulties were encountered.

Removing the overglass would have at least two benefits: Less energy
would be required to heat the fuse, since less mass is in contact with it,
and the free surface would allow fast migration of the polysilicon material
to open the desired gap in the fuse. In addition, oxidation could occur.
The SEM photos of etched polysilicon fuses (Figure 15 et al.) show that some

SiO2 does form at the gap of these fuses, so oxidation appears to take place

in the last phase of programming these fuses, However, one supplier of
this type PROM, whose parts were not included in this study, was said to
have successfully used nitrogen to fill the package instead of oxygen, so
oxidation is probably not essential to the programming of polysilicon fuses.
The physical changes due to surface tension and void formation will suffice
if oxidation does not occur first, (Note that formation of SiOZ at the gap
would provide protection against shorting by particles in the package, a

possible advantage for reliability. )

AIM MEMORY ELEMENT PROGRAMMING MECHANISM

The avalanche-induced migration (AIM) memory element is an npn tran-
sistor without a base connection, as described in Section 2, Programming is
effected by applying pulses of 200 mA and 7,5 us long across the tran-
sistor, with the pulse polarity such that the e-b junction is reverse biased and
the b-c junction is forward biased., After each programming pulse, the element
is sensed with a current of 20 mA to see if the e-b junction is shorted. In the
tests conducted, less than 32 pulses were required for programming under
the conditions recommended by the manufacturer. After the sense pulse
indicates the location is programmed, four more 200 mA pulses are applicd,
according to the manufacturer’s recommendations, in order to insurc per-
manent shorting of the e-b junction. (The use of post-programming pulses
sometimes results in shorting of the b-c junction as well, which disables the

device. Thus additional pulses might decrease the programming yield).
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After the nwmo-x"'y‘le-nn-nts have been programmed, no evidence of
programming is detectable with either visible light or electron beam (SEM)
micrography. 3 However, after the glass and aluminum films are removed by
chemical etching, lumps are seen on the emitter contacts, In the earlier
evaluation of PROMs by Hughes Aircraft Company for RADC, ? these artifacts
were shown as light spots in SEM and optical photos. SEM photos made during
this program clearly show these light spots to be lumps of etch-resistant
material, 1-2 pm in diameter, as shown in Figure 21, The dark features
in the emitter contact window are normal A1-Si alloying pits. We found lumps
when either NaOH solution or a mixture of phosphoric and nitric acids was
ust« to remove the Al metallization,

Energy dispersive analysis of Xrays (EDAX) in the SEM indicated the
presence of Si and perhaps Al in these lumps. EDAX of the aluminum
emitter contacts on programmed junctions after only the passivation glass
was removed failed to show any Si-rich areas in the Al contacts.

A similar lump on an AIM emitter contact is shown in the report by
Brockhoff, ¢ These lumps resemble the '"sintering residues'' that were
found by McCarthle on (100) Si surfaces after removing the Al film by
etching., The electron diffraction pattern of one of those particles was
reported to show a crystalline structure close to that of Si,

The white lumps on the AIM devices appear to be caused by diffusion of
Si into the Al film that contacts the emitter during programming. The
resulting A1-Si mixture is quickly quenched at the end of the programming
pulse, resulting in a Si-rich region that etches slower in an Al etchant than

does the surrounding Al. (The Si from the alloying pits probably forms a

8W. R. Brockhoff, '""Electrically Shorted Semiconductor Junctions Utilized

as Programmable Read - Only Memory Elements,' Proc. IEEE 1976
Reliability Physics Symposium (IEEE, New York, 1976), p. 202.

9T. M. Donnelly et al,, '"Reliability Evaluation of Programmable Read - Only
Memories (PROMs),'" report RADC-TR-75-278 (February 1976).

IO.I. McCarthy, "Failure of Aluminum Contacts to Silicon in Shallow Diffused

Transistors,' Microelectronics and Reliability 9, 187 (1970). See also

C.J. Kircher, "Contact Metallurgy for Shallow Junction Si Devices, "

J. Appl., Phys, 47, 5394 (1976).
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a. Partially programmed device,
all Al metallization removed

e

b. Bottom Al metallization intact.

)

« Close-up of b, Lump ~2 pm in length,

Figure 21. Etch-resistant lumps on emitter
contacts of AIM memory elements.




dilute solution in the overlying Al during the extended contact sintering step
and probably does not significantly change the etch rate,) When memory
elements were programmed under abnormal conditions so that many pulses
were required, the size of the lumps did not change, as shown in Figure 22,
This indicates that the lumps are probably formed only during the last few
pulses that permanently short the e-b junction,

The lumps are uniform in location on the emitter contacts., They all
appear at the edges of the contact windows and most are at the same relative
position, Contacts in the columns next to the Al collector bus lines between
portions of the memory array occur on the side of the contact window nearest
the bus lines. This indicates that the point of e-b junction breakdown is
partly determined by geometric factors, such as alignment of diffusion masks
or Al conductor strips, which are uniform across the chip (and possibly even
across the entire wafer from which the chip came).

Additional programming artifacts are revealed when the memory chip is
sectioned by metallurgical techniques., Special sample alignment equipment
was used to obtain sections closely parallel to the rows of memory elements.
Figure 23a is a photograph of a portion of a 90° section along a row of pro-
grammed memory element transistors, Since the transistors are stagggered
in location on the surface of the chip (see Figure 21), only every second
transistor appears in any one section. Note the aluminum-colored '"fingers"
extending diagonally downward from the edges of the emitter contacts toward
the corners of the base-collector junctions. The fingers are about 0.5 pm
in diameter with a circular cross section, 2s shown in the 6 degrees section,
Figure 23b., The 30 degrees section in Figure 23c shows that the fingers
cross the emitter-base junction below the surface of the chip. These fingers
were not found on unprogrammed devices that were also sectioned.

The formations shown in Figure 23 are similar to those revealed in the
2° sections presented by Brockhoff.8 He described these programming
artifacts as aluminum filaments and likened them to the white spears that

have been seen on the surfaces of semiconductor devices between Al contact
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pulses. b. 520 +5 pulses.

6152 +£8 pulses,

Figure 22, Programming artifacts on AIM memory elements

for various pulses required to program {emitter contact win-

dows ~5,5 pm wide),
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arcas after overstressing, Aluminum spears have been produced“ by simply
heating specimens of an Al metallized transistor test pattern in a furnace

at 560°C or higher for 20 seconds or longer, At 550°C, none were produced
after 10 minutes, The reaction proceeded most rapidly in a direction parallel
to the (111) surfaces of the Si slices., The surface of the AIM device is the
(100) plane of Si, as shown by the square shapes of the alloy pits12 in

Figures 21 and 22, The Al fingers appear to extend approximately parallel

to (111) planes, which are 54,7 degrees away from (100) planes, just as do the
spears,

In the earlier evaluation of PROMs by Hughes,9 it was reported that
fabricating AIM PROMs with a diffusion barrier film (Ti-W) between the Si
emitter contact and the Al metallization resulted in devices that required
at least 50 percent more current for programming than normal, When pro-
gramming {emitter-base shorting) did occur, the collector-base junction
was also destroyed. Therefore the AIM programming mechanism apparently
was changed when migration of Al into the Si was inhibited. This implies
that the normal programming mechanism does depend on Al migration.

The explanation of the mechanism of programming AIM PROM elements
that accounts for the above observations is basically the same as that
presented in the earlier report9 and is similar to the electro-thermomigration
theory developed by Christou for A1-Si and Au-Si interactions, e When the
programming pulse is applied, current passes through the reverse biased
emitter-base junction and a hot spot forms at the junction where the electric
field is strongest, near a corner of the emitter region. After joule heating
raises the temperature of the nearby Si to over 5600C, rapid migration of

A1l occurs from the emitter contact to the hot spot under the influence of the

“T, E. Price and E,A, Berthoud, '""Aluminum spearing in silicon integrated
circuits, ' Solid - State Electronics 16, 1303 (1973),

1ZI~3, Philofsky and E, L., Hall, "A Review of the Limitations of Aluminum

Thin Films on Semiconductor Devices,'" IEEE Trans. On Parts, Hybrids,
and Packaging PHP-11, 281 (1975).
13A. Christou, '""Electro-thermomigration in A1/Si, Au/Si interdigitized test
structures,' J, Appl. Phys. 44, 2975 (1973).
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thermal gradient and the concentration gradient, If localized melting of the
Al and/or an A1-Si alloy occurs, as is likely since the A1-Si eutectic melts

at 577°C, the electric field will also assist diffusion of Al since positive
metal ions are responsible for diffusion in liquid mctals.3 Simultaneously,
Si diffuses out of the emitter region into the Al contact because of the con-
centration gradient, replacing the Al that diffused to the hot spot. (Melting

of Si is probably not necessary since Si diffuses rapidly in Al at temperatures
above 500°C, ll) After the junction is shorted by the Al 'finger', the power
dissipation drops and the region cools by conduction to the surrounding silicon,
This rapid cooling quenches the Al and Si, preventing formation of equilibrium
phases and preserving the inhomogeneous structures observed as white lumps

on the emitter contacts and Al fingers in the sections,

NICHROME FUSE PROGRAMMING MECHANISM

The nichrome fuse PROM has been studied by many investigators. The
phenomena involved and the appearances of programmed nichrome fuses
have been adequately reported elsewhere, especially in the previous report, 2
The most significant recent contribution in this area is the work of Kenney,
Jones, and Ogilvie, '’ # Additional insights are provided in the recent paper
by Davidson et al. 1S

A technique for preparing samples of nichrome fuse PROMs for analysis
by a transmission electron microscope (TEM) was developed by Jones, e
This enables examination of undamaged fuses at high magnification and high
resolution, Photographs of fuses obtained by this technique have been

published. b, % Two of those photographs7 are included in this report.

l‘J'W. K. Jones, '"Plasma Etching as applied to Failure Analysis, ' Proc,

IEEE 1974 Reliability Physics Symposium (IEEE, NY, 1974), p. 43.
l5J. Davidson, J. Gibson, S, Harris, T, Rossiter, '"Fusing Mechanism of
Nichrome Thin Films,'" Proc. IEEE 1976 Reliability Physics Symposium
(IRl NY , 1976); pe i
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t'tgure 24 shows the appearance of one type of nichrome fuse link, which

s used by vendor A, The metal remaining in the gap is in the form of fila-
moents with periodic aberrations in width along their lengths, The spacings
botween filaments is quite uniform. Segregation of the constituents was
detected, with more Cr near the ends of the longer and wider filaments on

the negative side of the gap and more Ni near the ends of the smaller filaments
on the positive side of the gap. Also present in the gap is a film of Ni-Cr
spinel (C 1‘21\1104), which contains some round voids, (The chemical com-
positions were determined by non-dispersive x-ray spectroscopy on a
scanning TEM and by electron diffraction from areas about 50 nm in diameter)
I'he breaks in the NiCr filaments occur near the end of the fuse link away
trom the emitter of the memory element transistor. Thus the breaks are

wear the positive end of the fuse (see the circuit diagram in the previous

(0]

report “), which is also the location of the break in polysilicon fuse links,

0B2ZR0

A\
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>
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e

Figure 24, TEM photo of nichrome fuse gap, vendor A, (Width
at middle ~ 3, 1 pm,)
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The other type of fuse link, as used by vendor B, 1s shown in Figure 25,
Here the NiCr remaining in the gap is in the form of circular particles and
short filaments, [hey are interconnected with a network of Ni-Cr spincel
and with much greater gap void than for the first type of fuse,

The programming mechanism described by Kenney et al. " ' is based on
theories of disintegration of liquid sheets, The first step in programming
is joule heating of the nichrome fuse to its melting point by the electric
current passing through it. Next, one or morc holes in the nichrome film,
formed before or after melting by impurities in the film, metal nugration
under the influence of the electric current or field, or some other influence,

grow larger due to the surface tension of the liguid metal, Perturbations

then develop on the rim of the hole which cause it to break up into symmetrical

filaments of nichrome. The filaments may also break up into particles

(droplets) if the temperature and size of the fuse gap arce suitable, The spacing

Figure 25, TEM photo of nic hrome fuse gap, vendor B.
(Fuse width at gap ~3.8 pm)
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of the nichrome filaments and particles can be calculated from the theories

of Rayleigh and Weber; the x'csultsb are in rough agreement with the obser-
vations, As soon as a filament is broken, its source of heat (the electric
current) is removed and it soon solidifies as a result of heat loss by conduc-
tion to the overlying passivation glass and the underlying oxide and silicon.

The spinel film observed in the gap where the nichrome has withdrawn
is the oxide that formed on the surface of the nichrome. During programming,
it becomes sufficiently hot in some spots to break up under surface tension
just as does the nichrome film. Since the spinel probably melts at a higher
temperature than the nichrome and is heated only by contact with nichrome
(since its electrical conductivity is low), the degree of its breakup is less
than it is for the nichrome,

The qualitative agreement between structural features predicted by the
theories of the disintegration of liquid sheets and the observations of nichrome
fuses by the SEM9 and the TEM()’ 1 is impressive, The calculated filament :

and droplet spacings do not agree closely with the observed values, perhaps

because the values of surface tension, viscosity, and temperature required
for the calculations are uncertain, However, the influence of the overlying
passivation glass may also be important, During programming, it is heated
and its viscosity may become small but the liquid nichrome film still will

not have a free surface and the overglass should inhibit the perturbations

that supposedly cause the breakup of the film. The mechanism for nucleation
of the voids that grow into holes is uncertain, although it is conceivable that
the thin nichrome films have sufficient imperfections which act as void nuclei.
The role of the electric field acting on the liquid metal ions, as evidenced by
the asymmetry often detected in the gaps, is also not clear. In spite of the
uncertainties remaining, the liquid sheet instability theory is the most
inclusive explanation of the programming mechanism for nichrome fuse
memory elements, It is likely that it can be developed further to account

for the uncertainties if necessary.

62




6. MEMORY ELEMENT FAILURE MECHANISNS

PROM element failures involve conversion of an unprogrammed element
into a programmed element and vice versa. Information about failures has
been obtained from two types of sources: life tests and user's field expe-
riences. Under this program, life tests of programmed PROMs were con-
ducted at elevated temperature for durations of more than 2000 hours (sce
Section 7). The results of tests conducted elsewhere have also been considercd,
User information was obtained from various Hughes progran from the Relia-
bility Analysis Center Report, 16 from published data, and from responses
to a questionnaire sent out as part of this program. In addition to failures
that have actually been observed, other possible failure mechanisms are
described where appropriate, based on the detailed analyses of PROM
devices which were made during this program. Failures of the input-output

and addressing circuits also occur but are not considered here.

POLYSILICON FUSE FAILURE MECHANISMS

Unintentional conversion of an unprogrammed fuse link into a programmed
fuse mighf be effected either by corrosion or by the read current. In the case
of polysilicon fuse links, corrosion is not expected to be the threat that it is
for NiCr fuse links. This is due to the much greater thickness of the poly-
silicon film and to the protective oxide that forms on Si. This was verified
by performing the passivation integrity tests specified for NiCr fuse PROMs
(see section on nichrome fuse failure mechamisms) on 1024-bit polysilicon
fuse PROMs. Twelve unprogrammed parts and one programmed part were
put through the freeze-out test (per MIL-M-38510/201, paragraph 4.3e) and
no electrical changes were detected. Then two unprogrammed parts were

opened for the water drop test (paragraph 4.4,2c of the same specification)

16H,C, Rickers, '"Microcircuit Device Reliability: Memory/LSI Data, "

Reliability Analysis Center report MDR-3 (Rome Air Development
Center, Winter 1975-1976).
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by grinding off the lids and each was placed in a DIF socket wired so as to
energize locations near the center of the chip (row 15, column 7 of each bit).
With the devices energized, a droplet of high resistivity water was placed in
the middle of the chip with a glass pipette. As each droplet evaporated,
another was deposited so that the total time with water on each chip was at
least three minutes, as directed in the specification., Afterwards, the
devices were read out. Two addresses on one sample and one on the other
had apparently become programmed.

Microphotographs of portions of one of the two devices are shown in
Figure 26. The two memory elements which became programmed are indi-
cated, The polysilicon fuse links are intact but the Al lines that connect the
fuses to the transistor emitter contacts are corroded. Some cofrosion of
Al column buses also occurred, apparently through cracks along the edges
of the Al lines, but the polysilicon stripes underlying those buses provided
sufficient conductivity to avoid further bit changes. (The fuse-emitter con-
ductors do not have underlying polysilicon.) The same phenomenon occurred
on the second water drop test sample. Since the overglass passivation is
removed from the polysilicon fuse areas to facilitate programming, thereby
exposing portions of the Al metallization, it is not surprising that some
corrosion occurred on these devices, However, no corrosion of the poly-
silicon was observed anywhere, which confirms the expectation that failure
by corrosion of the fuse link is not likely for polysilicon fuse PROMs,

The other possible mechanism for failure of an unprogrammed poly-
silicon fuse link is fusing by the read current. The power dissipated in the
fuse link during read is only 0.625 mW, which is 0.7 percent of the normal
programming power, so fusing during read will only occur for exceptionally
narrow fuses. Tests by one manufacturer showed that this may occur for
widths of 0.3 um or less. o That manufacturer's data showed that the

average fuse width is 2,2 pm and the chance of obtaining fuses narrower

l7R, C. Smith, S. J. Rosenberg, and C. R, Barrett, "Reliability Studies

of Polysilicon Fusible Link PROM's, " Proc. IEEE 1976 Reliability
Physics Symposium (IEEE, N,Y., 1976); Bill Pascoe, '"Polysilicon
Fuse Bipolar PROMs, " Intel report RR-9 (Intel Corp, Santa Clara,
CA, 1975).
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than 1 wym in normal production is only 0.0l percent. However, this

dimension is not inspected so devices with such fuses could occur. No
failures of unprogrammed polysilicon fuses were detected during this
program and none have been reported from other sources.

Fhe second failure mode for fuse link PROMs | reversion of a programmed
link back into an apparently unprogrammed condition, is called reconduction.
During normal programming, a physical gap is produced in a polysilicon
fuse link. This gap contains some SiO2 formed during fusing. This oxide
and the native oxide formed on the surface of the polysilicon are probably
adequate to prevent accidental reconduction by a loose metallic particle
coming to rest on top of a blown fuse. However, the width of the gap in the
polysilicon link can be very small, as shown in some of the transmission
electron microscope photos in Section 5. The thin dielectric film in these
narrow gaps may be prone to reconduction under certain voltage and tempera-
ture conditions. As described in the previous report by Hughes Aircraft
Company,9 reconduction may result from conductance through the dielectric
at high temperatures or electrical breakdown. Since the melting point of Si
is close to that of NiCr and melting may be involved in forming a permanent
rec:onduction9 (if such exists), the susceptibility of polysilicon fuses to
reconduction might be similar to NiCr fuses. In both cases, however, most
reconductions are probably unstable and are a result of incompletely
programmed fuse links.

Reconduction of polysilicon fuse links on one part has been reported. =
[his occurred after dynamic burn-in on three bits of a 1024-bit device
manufactured in early 1975, The reconducted fuse links had resistances of
500 to 900 ohms, less than the minimum resistance for a fuse to appear
programmed (1000 ohm) but larger than the unprogrammed fuse resistance,
100 ohm (see Section 2). Examination with a scanning electron microscope

showed that most of the programmed fuse links on that part had narrow gaps.

]81), G. Platteter (Naval Weapons Support Center, Crane, Indiana),

private communication (July 1975).
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The photograph of one reconducted fuse (Figure 27) shows that it resembles
fuses blown under reduced power during this program, such as the one
shown in Figure 14d. Unfortunately, the programming parameters for the
reconducted fuse are not known, but the manufacturer believes it was incor-
rectly programmed. Its superficial appearance suggests that a limitation on
the number of pulses used to program polysilicon fuse PROMs could reduce
the occurrence of this type of failure,

No other failures of polysilicon fuse elements have been reported. None
were detected during the tests conducted as part of this program on those

fuses programmed according to the manufacturer's recommendations.

AIM FAILURE MECHANISMS

No failures of unprogrammed AIM PROM elements have been reported
by users contacted under the present study and none were obtained in the
life test program (see Section 7) or in other programs.8 One failure of a
programmed AIM memory element was reported earlier9 but its cause was
not definitely determined. No other programmed AIM bit failures have been
reported by users and none have peen detected in accelerated life tests,
Therefore only hypothetical failure mechanisms are discussed for this type
of PROM element.

An unprogrammed AIM memory element would require an emitter-base
short in order for it to appear as programmed. No contact is made to the
bases of the memory element transistors and they are protected by SiO2 and
passivation glass., Shorting by loose particles on the surface of the chip is
therefore unlikely. The read current is only 0.25 percent of the program-
ming current so formation of 2 short by junction breakdown during normal
use is also not likely.

Another possible failure mechanism for unprogrammed AIM elements is
sufficient growth of alloying pits to short the emitter-base junction, These
pits, which form as a result of diffusion of Si into the overlying Al metalliza-
tion during the contact sintering step in normal processing, e appear to
penetrate one third or more through the emitter region in some cases (see

Figure 23),
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Figure 27. SEM photos of programmed polysilicon fuse link
that reconducted after dynamic burn-in. (Fuse width at

narrowest point ~2 um.)
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Short-circuiting of emitter-base junctions, presumdably as & result ot

. O :
contact sintering, has occurred with shallow transistors on (100} 5 which

is the orientation used for AIN PROMs, At the high temperature hinut tor ,

s : -0 - : ,
military integrated circuits, 125°C, the growth rate of alloying pits will be

much less than the rate at the sintering temperature, This is causced by the

: s : RE 18
exponential dependence of diffusion coefficient (D) on temperature: D I)O
exp (-Q/kT), where DO is a constant, Q is an activation energy, k is
Boltzmann's constant, and T is the temperature (°K). Using Q = 0.79 eV for

the diffusion of Si into thin film Al12 and assuming that the Al !ls the grow-

ing alloying pit by a diffusion process with a much lower (i,e., negligible)

activation energy, the ratio of the diffusion coefficient at the sintering
temperature (4250(3) to that at the maximum use temperature (125°C) is
2 x 104.

2 et : ‘ .19 /2

I'he characteristic distance for diffusion is proportional to (Dt) =
where t is the time at a particular temperature. Assuming that the charac-
teristic diffusion distance of Si in the overlying Al is proportional to the depth
of the alloying pits, the time required for a pit to grow at 125%C from one
third through the emitter region to the emitter-base junction can be estimated

using the characteristic distance formula. This time will be the diiference

between the time required for a pit to grow all the way from the contact to the
junction (distance = X) and the time required for it to grow one-third the dis-
. = .Z, / 2. = =

tance (distance = X/3): At = X _/D(lZSO) - (X/ %)Z/D(IZSU) 83 /9D(1257).
_0

From the pits produced during contact sintering, X/3 = [D(4250b t(+25 U]l
Hence, At ~ 8t(425°)D(425°)/D(125%). Substituting the sintering time of 4m

/2

and the ratio diffusion coefficients given above, one obtains

At T (8)(4 m)(2 x 104) = 64 x l()4 m

= 10,700 h.

qQ
]"I’. G. Shewmon, Diffusion in Solids (McGraw-Hill, N,Y,,6 1963),
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Thus, the change of unprog vammed AINL PRON elements into prog caminied
oncd by the mechanism of alloyving pit prowth is estimated to occur atter

03,

16,000 hourg at 125 G, However, no failure of this nature has been reported
(sce Section 7), even for exposures at 125°C for more than 10,000 h“m-\-_‘\‘.
['he analysis presented here, which ignores the limited solubility of Si in Al,
is simplified and is likely an underestimate of the time before failure.
Fherefore, this failure mechanism is probably not a serious threat to the
reliability of AIM PROMs,

For programmed AIM memory elements, opening of the emitter-base
conductive path would be required for them to revert to the unprogrammed
condition. The penetration of the Al finger through the junction during
programming (see Section 5) is not a reversible process and the read current
is in the same direction as the programming current. Therefore opening of
the conductive path is not likely to occur.

There may be a possibility of the Al finger penetrating further and short-
ing the base-collector junction as well as the emitter-base junction, thereby
disabling an entire row of PROM elements. The small read current is
insufficient to cause the local heating that is believed to bhe responsible for
initiating programming, especially since the resistance of the programmed
junction is less than ten ohms. However, Al will gradually diffusc from
the finger into the surrounding Si., The diffusion coefficient for this process
at the maximum operating temperature, 125°C, has not been determined12
but it is probably much smaller than that for the diffusion of Si into Al,
which was considered for the alloying pit case above. Since Al is a p-type
impurity in Si, this diffusion may merely increase the local carrier concen-
tration of the p-type base region and push the base-collector junction further
into the collector region without affecting the operation of the device.
Therefore, additional penetration of the Al finger during operation is not
expected to be a failure mechanism of AIM PROMs.

Another possible failure mechanism is a short between the Al metal
layer that makes contact with the emitters of the memory element transistors
and the overlying Al bus for the collectors of the memory elements. The
top surface of the Al on the emitter contacts of a partially programmed AIM

PROM was revealed by etching away the overlying Al and glass films.
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Under scanning electron microscope examination, no significant difference
between the programmed and unprogrammed locations was detected. There-
fore the risk of failure by this mechanism appears to be independent of
programming and the same as for multilevel metallization in integrated

circuits. One incident of ""metallization short'" was the only die-related

malfunction reported for AIM PROMs by the Reliability Analysis Center. 6
NICHROME FUSE FAILURE MECIHANISMS !
Fhe failure modes of nichrome fuse links are the opening =~ an unpro-

grammed link and the reconduction of a programmed link. The failure

mechanism for the first mode is corrosion of the nichrome through cracks

or pinholes in the passivation glass; fusing by the read current has not been
observed, The mechanism causing reconduction is still not clear. It mnay

result from conductance through the dielectric (glass and spinel) at high

temperature followed by electrical breakdown of the dielectric. ? On the other

hand, some of the observations made during the life tests indicate that recon-

duction of NiCr fuse links may be unstable and probably results from incom-

pletely programmed links (see Section 7). The failure mechanisms for NiCr ‘
fuses were thoroughly discussed in the earlier report by Hughesq and

references to many other discussions are given in the recent paper by
0

r~

Franklin.

Fourteen die-related malfunctions of NiCr PROMs were recorded in the
recent Reliability Analysis Center (RAC) report. i Half of these were on
parts having gold-doped transistors, which were used on the parts from one
vendor in the previous evaluation of PROMs by Hughc's.q Less than four of
these seven failures were related to a fuse link but at least one of them was
a ''growback'' (reconduction) of a fuse on a 256-bit part. Another 14 recon-
duction failures under 125°C burn-in conditions were reported by users,
Details of these failures are given in the Table on User Test Results, in

Section 7,

2
'“‘)l’, Franklin, ""A Reliability Assessment of Bipolar PROMs " Proc.
IEEE 1976 Reliability Physics Symposium (IEEE | N,Y. 1976).
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Schottly-clamped transistors ave used in all of the NiCr fuse PRONG
coraluated in thin progeam and in the PRONg obtained from Veondor N tor (e
\
previous evaluation, None ol the seven malfunctions reported hy RAC (or

Schottky PROMs involved the NiCr fuse links. According to the PROM life
data summarized in the RAC report, i the number of failures of all types
per part-hour during static and dynamic tests at 125°C is similar for the
two transistor technologies. There should be no reason to expect that the
recent change from gold-doped to Schottky transistors (see Section 2) will
affect the reliability of NiCr PROMs,

The mechanism of failure due to corrosion of NiCr is guarded against
by coating the PROM with a passivation film of phosphosilicate glass (see
Section 2). The adequacy of the overlay passivation was tested by the
procedure in MIL-M-38510/201, which is a specification for 512-bit NiCr
PROMs. Samples of 1024, 2048, and 4096-bit PROMs were tested, one of
each size from Vendor A and two of each from Vendor B. The procedures

used are listed below,

1. Electrical read-out to verify that device is unprogrammed.

2. Temperature cycling from -65°C to +1500C, per MIL-STD-883A,
Method 1010.1, test condition C.

3. Ireeze-out test, per MIL-M-38510/201, paragraph 4.3e.
4. Electrical read-out to see if any changes occurred.

5. Open package by grinding off the ceramic lid or by unsoldering
the metal lid, as appropriate.

6. Water drop test, per MIL-M-38510/201, paragraph 4.4.2c.
7. Electrical read-out to see if any changes occurred.

8. Inspect with an optical microscope and perhaps with a scanning
electron microscope to identify the nature of any changes that
occurred,

The purpose of the temperature cycling is to stress the device and

produce cracks in the passivation glass if possible. The freeze-out test is

R

e

intended to produce a film of water on the chip while power is applied, thereby

producing electrocorrosion of metal lines through any pinholes or cracks in

the passivation glass. The water drop test is a destructive test in which an

attempt is made to produce electrocorrosion by applying high resistivity

water directly onto the PROM chip while power is applied.
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No electrical changes as a result of temperature cycling and the

freeze-out test were detected on any of the samples, After the water drop
tests, no changes occurred on any of the three parts from Vendor A, On
one 2048-bit part from Vendor B, a portion of the aluminum vcc bus was
etched away without any electrical change because an underlying diffused
conductor was in parallel with it, On one 4096-bit part from Vendor B, four
multi-bit electrical failures and one single-bit electrical failure were caused
by etching of Al lines, Scanning electron microscope photographs of the
single-bit failure are shown in Figure 28, The flaky residues in 28a were
left after the water drop evaporated, These photos indicate that the failure
resulted from a pinhole in the passivation glass on top of the Al line where
it contacted the end of a NiCr fuse link, Corrosion during the water drop
test apparently dissolved away the Al under the pinhole and destroyed the
A1-NiCr interface, judging from the partial corrosion of the underlying NiCr
that is shown in Figure 28b. (The hole in the Al was enlarged by etching the
part for two minutes in HC1 before the passivation glass was removed.) No
changes were observed in the other four parts from Vendor B,

The test results of the NiCr fuse overlay indicate that the passivation is
adequate. No corrosion failures of the NiCr fuse links were observed either

in these tests or in the life tests conducted during this program. No evidence

of cracks was seen in the passivation glass at the edges of the Al metallization

lines that contact the ends of the fuse links. Occasional pinholes were detected

in the passivation layer, which is considered normal for integrated circuits,
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b, After Al etch, followed by glass etch,
Figsure 28. Aluminwn metallization failure
; made during water drop test on nichrome

fuse PROM, (Diagonal aluminum line width
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7. BURN-IN AND LIFE TESTS

LIFE TESTS AND GENERAL INFORMATION

A 20lb-hour life test was performed on 99 parts, approximately 25 parts
from cach of the four vendors included in this study., The purposc of this test
was threefold: first, to learn as miuch about the failure rate of these devices
as the limited sample size would permit; second, to determine the effective-
ness of the burn-in screen and third, to cvaluate the cffects of required time
to program on the reliability of programmed memory clement To acconi-
plish this, the samples were programmed under varying conditions as will
be described below, The number of pulses required for programming cach bit
was recorded. All bits were programmed for each device. The programming
was verified, and the samples were entered into a dynamic life test chamber

=0 S -
at 125°C, The samples were periodically removed from the test and the stored

data re-verified at room temperature to monitor the approximate time at which
failure occurred, After 2016 hours, the devices were removed from test and
the failed devices were analyzed to determine the cause, All of the failures
were found to be individual bit changes. Selected failed devices were further
analyzed with findings reported below,

4 The programming was done on a specially constructed fixture which per-
mitted adjustment of the programming parameters, in particular the pro-
gramming pulse amplitude, Associated with the programmer was an automatic

rccording device which monitored the number of pulses required to program

each bit and printed on paper tape a coded number reflecting the approximate
number of pulses required along with the cctal address of that bit. Fig-

ure 29 shows a sample of this tape and an explanation of the code. The code
is scaled tc allow pulse counts up to 65,536.

The bits were programmed in two groups. The first group was pro-
grammed in accordance with the vendor's specifications. (The exact program-
ming conditions are shown in Appendix III.) These bits were used to determine
the failure rate of a properly programmed device. The second group of bits was
programmed with programming pulse amplitude deliberately reduccd below the

recommended level, The result was to increase the number of pulscs reguired

5
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for programming and the purpose of doing this was to deliberately induce
marginal or failure prone memory eclements, such as might result {ron th
use of improper programming equipment, By noting the occurrence tine of
failures in the dynamic life test, the effectiveness of the burn-in screen
could be evaluated.

After programming, the samples were inserted into burn-in sockets
which provided the proper signals and biases for dynamic read operation, .
The Vcc bias was set at 5.5 V and the address inputs were cycled at a 1 MHz |
rate. The racks were placed in an oven at 125°C. The sampl were
removed from the oven and reverified after 24 hours and at increasing
intervals over the 2016 hour test. Verification was done at room temperature
and,in cases where the vendor recommended it, at reduced \.cc levels,

The results of the 2016 hour life test revealed no failures for the
memory elements in the first group, which had been programmed according
to the vendor's recommendations. The results of this portion of the tests
are summarized in Table 9, As was expected, the second group produced a
number of failures of the programmed fuses, The failure results for the
second group are listed in Table 10, No failures were experienced in cither
group for the AIM devices, The same number of devices were life tested
from each group. In general, half the bits from each group were programmed
according to the vendor's specifications and the other half were programmed
with long blow-times.,

After completion of the life test, measurements were taken to further
characterize the failures prior to delidding. It was found that increasing the
Vcc bias to 5.5 V would correct several of the errors. Increasing the case
temperature on devices from vendors A and B had a similar effect. Simul-
taneously raising the temperature and the VCC bias would correct the majority
of the errors. Conversely, lowering the temperature at reduced \'CC bias
would cause new failures to appear.

Other anomalies were also observable., The number of errors observed
at room temperature would sometimes change after a cycle of operation

at high or low temperature, A high temperature cycle could result in a
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reduced room temperature error count, and in a very few cases, a low

temperature cycle would produce new errors at room temperature, Several
months after the completion of the life test, the devices were againerror
checked., Still further changes in the error count were observed,

The unstable character of the some of the failed bits, as e¢videnced by

these measurements, suggests that for many fuses a niarginal failure
condition exists as opposed to a solid data reversal, In this condition,

even a slight change in the internal parameters caused by variation of tem-

perature or voltage bias or by the progress of some physical process could

result in a reversal of the output state, If the difficulties were caused by

malfunction of the addressing or sensing circuitry, it is expected that the

errors would lie in an orderly pattern, i.e,, within a certain row, column,

or bit. Since the location of the errors was more or less random, it appeared

that the problem lies in the fuse elements themselves.

One sample from each of three vendors using fusible links was delidded
and probed to determine the resistance of the fuses at the failed address

locations., Table 11 gives the results of the measurements, The probing

operation is rather difficult on these devices because of the minute size of
the metallization areas, It was necessary to force the probe through the
overglass to make electrical contact, as it was felt that chemically stripping
: the glass would modify the fuse resistance and obscure the results, Even so,
it is possible that the delidding and probing operations could have affected

| a tenuously conducting fuse. Even though the data is not entircly consistent,
it does present evidence that the failures were caused by fuses whose resis-
tances were very low compared to that of a properly programmed fusc., The
fuses that measured in the Megohm region are not readily explainable, It
can only be speculated that the fuses were probably disturbed and the low

resistance connections reopened.
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TABLE 11, RESISTANCE MEASUREMENI'S ON
FAILED FUSE ELEMENTS
Vendor X Vendor B Vendor A
(PPolysilicon) (Nichrome) (Nichrome)
20082 >1 megQ 250082
15042 >1 meg 210092
90082 >1 megl 2500%2
150Q >1 meg 24008
3008 >1 meg¥? 2100%
1002 84082 300042
6002 2000%2 1900
>1 meg 200082
>1 megf 250082
2100¢:

The samples showing temperature dependent errors provided an oppor-
tunity to check another aspect of device behavior., Vendors A and B for

nichrome PROMs recommend that after programming, verification should

be carried out at reduced VCC bias levels. Since this verification is generally
performed at room temperature, it is important to know how effectively this
test screens for marginal fuses over the full temperaturce range and normal
VCC tolerances, Using devices from Vendors A and B in which marginal
fuses had been deliberately programmed as described above, the critical

vcc level at which the output data reversal occurred was meceasurced. This
measurement was repeated at -550C, ZSOC, and 125°C. The results are
plotted in Figure 30 for two fuses which fail near the 4.5 V level at

-55°C., A polysilicon fuse device was measured but only minor temperature

effects were noted.
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Figure 30. Critical V.. bias versus temperature for marginal

nichrome fuses (critical V.. = bit reversal point).

Using these data, the critical Vcc level at 25°C could be estimated
which would correspond to a failure at exactly 4.5 V at -55°C, The values
obtained were 3.83 V for Vendor A and 3.96 V for Vendor B, These arc
somewhat below the upper limit of the minimum \Y‘cc range allowed by the
vendor's recommendations, It should also be noted that the above estimated
values contain no safety rargins to allow for drift in the fuse resistance or
sense circuit parameters over the life of the devices,

Thus, if areduced Vcc test is used as a substitute for full range tempera-
ture testing after programming, it would be necessary to further reduce the
test level of the VCC bias., This introduces the danger of rejecting good
devices, since other parts of the circuitry may show malfunctions at very
low levels of Vcc which do not correlate to a low temperature failure,
Perhaps a second screening of the failed devices, at Vet 4,5 V and -55°C,

would be cost effective in saving the good devices,

The verification should not be performed immediately after programming
while the device is still at the elevated temperature caused by the high

programming currents. This would lead to falsely optimistic results,
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A separate life test was run to evaluate the stability of the programmed
storage elements in the AIM devices. In these devices the resistance of a
programmed element can be measured indirectly by desele~ting the chip,
addressing the desired word, and injecting 20 ma into the appropriate output
terminal, This technique is used for verification during the programming
operation, The resulting voltage measured at the same output terminal is an
indirect measure of that across the storage element, but differs by the
voltage drop across a base-emitter junction and two saturated transistors
that lie in series along the current path. The pass-fail level this voltage
during programming verification is approximately 7,0 V,

In the stability test, several locations on one device were programmed
for vary.ng lengths of time so that the voltages measured as described above
ranged from 5,1 to 8.0 V. The device was then entered into dynamic life
for 1147 hours, during which time the voltage was periodically monitored.
The results of the measurements are shown in Table 12,

The resistance of the programmed devices seems to be very stable,

The variations ranged from 1.2 to21percent. Thelocation that was initially pro-
grammed to the 8.0 V level showed the greatest fluctuation. However, ele-
ments showing a verification voltage above 7.0 V would not occur in a
correctly programmed device,

In addition to the tests described above, a survey of the testing experience
of other users was made as described in Section 4 of this report. Th«
results are summarized in Table 13, Based on the user data, the field
experience appeared very good, In addition to other failures a number of

! : : B
reconduction failures occurred in 125 C burn-in tests,
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FTABLE 12,

168 hours

Location Initial
1 T TaEr
2 6. 6.7
3 6. a5
B 7 7.0
5 7 4 7.0
6 y i 1.0
7 8 T
8 5 5.6
. 5 5.6
10 D, 5.6
11 5l 5.7

336 hours

VOLTAGE MEASUREMENTS FOR STUDY OF 5 FABI
RESISTANCES OF PROGRANNDMED AIN MENORY

595 hours

RS

N

AN
'S

Measured Output Pin Voltage (20 mA Interrogation Current)

1147 hours
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TABLE 13, USER TEST RESULTS
] Device _ No. of
Size Manu-"~ Quality Parts
Fechnology (Bits) facturer Level Tested Test Number of Failures
Polysilicon 1K X Commercial 10 125°C 3 - fuses measured
168 hours 500 to 900 ohms
on one part
2K X Commercial 27 125°C 0
700 hours
Nichrome 1K D 38510-B 41 175°C 3-f ional at
Equivalent 72 hours 25, =55 & I25°C
4 - intermittent at
-55°C
. 3 - functional at
-55°C but
passed with VIii
increased by
10%
2K A Commercial 29 125°C 0
700 hours
B Commercial 30 125°C 1 - bit line leakage
700 hours at 65 hrs,
1 - reconduction
at 537 hrs.
B Commercial 22 125°C 1 - bit line leakage
4 day I - reconduction
burn-in (20 burned-in parts
used in field with-
out failures)
B 38510-B 1 474 125%6 6 - bit line leakage
Equivalent 4 day 2 - word line
burn-in leakage
12 - reconduction
(80 burned-in parts
used in field with-
out failures)
Polysilicon IK Many Commercial 900,000 Commercial Replacement rate
Nichrome equipment is approximately
Titanium- in field 50 parts per
Tungsten month.
AIM
"D = Fairchild, see page 5 for other codes.,
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BURN-IN ANALYSIS

For a test designed to study the effects of burn-in, it is necessary that
some failures occur during the burn-in period of.the test. For the number
of devices and memory elements available for this study, the quantity is not
sufficient for accumulating any burn-in failures if the memory elements
were programmed with the manufacturer's recommended methods, It was
the consensus of the industry that the fuse reconduction problem is brought
on by marginally blown fuses due to low current reaching the fuses, There-
fore, for this study an effort was made to produce marginal fuses or AIM
elements by means of lower than standard voltage pulses and the associated
longer blow-times. No failure of any AIM device was experienced. However,
for the fuses so blown with longer blow-times, there were many reconduction
failures from the 125°C 2016 hours life test,

The numbers of device failures due to bit changes are tabulated in
Table 14, The device is considered failed if it has one or more bit changes,
The absolute numbers of failures with respect to the device types are not
meaningful because the number of devices used and the number of bits pro-

grammed with long blow-times vary from type to type. However, the relative

TABLE 14. DEVICE BIT CHANGE FAILURES OF DEVICES
PROGRAMMED WITH LONG BL.OW-TIMES

Cumulative No. of Device Failures at various hours
Device of 1259C Life Test
Capacity
I'echnology (Bits) Mfg. | 24 hr, 168 hr, 336 hr. &2 hr. 1344 hr, 2016 hr.
Nichrome 1K A 1 5 6 6 6 6
B 1 3 3 3 5 3
2K A 0 1 3 3 3 4
B 0 0 1 1 1 1
4K B 1 2 3 3 3 3
Polysilicon 2K X 0 2 2 2 2 2
Total 3 13 18 18 18 19

86




values with respect to test time within a device type or for the composite
total are of interest. Table 15 gives percentages of cumulative failures with
respect to the total number of failures at the end of the 125YC life test,
Except for the 2K devices, which behave differently (as shown in Table 15),
most of the failed devices occurred within 168 hours of test. The composite
total showed that 68 percent of the failures occurred within 168 hours of

test. A curve for the cumulative composite number of failures is plotted in
Figure 31. This curve shows a distinct knee around 200 hours. By noting
the occurrence of new device failures and the elpased time i+ ‘ach interval,

a relative failure rate can be calculated for each interval. These relative
failure rates are plotted in Figure 32. In the relative failure rate curve a
knce appears around 300 hours. It indicates that after 300 hcurs, the occur-
rence of device failures settles down to a low and almost constant failure
rate, This low failure rate is about 1/20 of the failure rate of the first day of
life test, From a ''total number of failures'' view point, by 200 hours of opera-
tion a large percentage of the device failures would have occurred and further
burn-in would be less efficient for screening out additional failures, However,
from a failure rate standpoint, 300 hours would have been a better stopping
point as the failure rate decreases to a low level without much change

after this point, The exact burn-in time to be selected will therefore depend
on the criterion one wishes to use, e.g., 200 hours for cost effectiveness

and 300 hours for high reliability achievement. From a practical view

TABLE 15, PERCENTAGE CUMULATIVE DEVICE BIT CHANGE
FAILURES OF DEVICES PROGRAMMED WITH LLONG
BLOW-TIMES

Percentage of Cumulative No, of Device Failures at

various hours of 1259 lL.ife lest
Device

Technology Capacity 24 hr, 168 hr, 336 hr. b2 hit. 1344 hr, 2016 hr,
Nichrome IK 22 39 100 100 100 100

2K 0 20 75 15 75 100

4K 33 66 100 100 100 100
Polysilicon 2K 0 100 100 100 100 100
TFotal 16 68 95 95 95 100
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CUMULATIVE NUMBER OF DEVICES FAILED
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Figure 31. Composite cumulative number of fuse link
devices failed because of bit changes as a function of
life test time. (Devices were programmed with long
blow-times.)
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CUMULATIVE NUMBER OF
FUSGE RECONDUCTION FALLURES

point the standard burn-time of 168 hours is very close to the knee and as
indicated before 68 percent of the failures would have been screcened out at
168 hours. Therefore, 168 hours or the 160 hours MIL-STD-$83 figure
appears to be a good ballpark number for burn-in duration.

Eight of the failed devices contained more than one fuse failure by the
end of the 2016 hour test, There were 19 failed devices as indicated in
Table 14 and 38 failed fuses. With the larger number, i.e,, 38 instead of
19, some mcaningful analyses can be done at the device type level,

The fuse failures are tabulated in Table 10, Figure 33 gives a plot of
the cumulative number of all of the reconduction fuse failures as a function
of life test hours. This curve shows a rather distinct knee around 250 hours,
The corresponding relative failure rates are plotted in Figure 34, In the
relative failure rate curve a knee appears around 500 hours. Thus, after
500 hours, the occurrence of reconduction failures setties down to a low and
almost constant rate, Again this low rate is about 1/20 of the failure rate
of the first day of life test, The differences in the knees of the curves for the
devices and the fuses are attributed to the fact that many of the second,
third, etc. fuse failures onthe same device occurred later in time during the

test, thus moving the knee out for the fuse failures. These knees of the

1 o, | 1

o
0 500 1000 1500 2000 2500

128°C LIFE TEST HOURS

Figure 33, Composite cumulative number of fuse recon-
duction failures of NiCr and Si PROMs specially programmed
with long blow-times as a function of life test time.
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Figure 34, Composite relative fuse rcconduction
failure rate of NiCr and Si fuses specially pro-
grammed with long blow-times as a function of
life test time,

curves are dependent upon how the life test is conducted. ‘Ihe ife et
condition needs to be examined further.

The report '"Reliability Evaluation of Programmable Read-Only Mcmo-

ries''? postulated that fuse reconduction is akin to the breakdown of diclec-
tric thin film and that the elapsed time between application of voltage to

actual breakdown varies inversely as the applied voltage and temperature,
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The applied voltage in the life test was the interrogation voltage., The bits
were cyclically interrogated one at a time during the life test, As a first
approximation, the duty cycle of the voltage applied on a fuse is inversely
proportional to the number of bits to be cycled throuvgh., Therefore, if the duty
cycle of a 1K device is D, then it would be D/2 for 2K devices and D/4 for

4K devices., This duty cycle would directly affect where the knee would
develop. In order to study this effect, cumulative fuse reconduction failure
curves were separately plotted for 1K, 2K and 4K NiCr PROMs and are

shown in Figures 35, 36 and 37, respectively,
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Figure 35, Cumulative number of fuse reconduction
failures of 1K NiCr PROMs specially programmed
with long blow-times as a function of life test time,




CUMULATIVE NUMBER OF FUSE RECONDUCTION FAILURES

1 1 1 |

0 500 1000 1500 2000
125°C LIFE TEST HOURS
Figure 36, Cumulative number of fuse reconduction
failures of 2K NiCr PROMs specially programmed
with long blow-times as a function of life test time.
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Figure 37, Cumulative number of fuse reconduction
failures of 4K NiCr PROMs specially programmed
with long blow-times as a function of life test time.
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The 1K PROM curve shows a knee around 250 hours, Because of the
large number of failures, the 1K PROM dominated the composite curve of
Figure 33, The 2K PROM curve shows a rather soft knee around 500 hours,
This differcence in the knee points checks well with the duty cycle concept
as the time to failure of the 2K PROM fuses would be twice that of the 1K
PROM because the application duty cycle of the 2K PROM is one half of the
1K PROM, Based on the same reasoning the knee of the curve for the 4K
PROM should occur at 1,000 hours, i.e., twice the knee of the 2K PROM,
However, this did not occur. Figure 37 shows that the knee occurs around
500 hours. Further analysis of the circuits revealed that although the bits
were interrogated one at a time, the voltage across the fuses was applied

a word at a time., The organization of the bits is as follows:

1K: 256 words X 4 bits
2K: 512 words X 4 bits
4K: 512 words X 8 bits

Since the 2K PROMs and the 4K PROMs have the same number of words,
the duty cycle of the voltage applied across the fuses will also be the same.

This explains the similarity in appearance of the curves in Figures 36 and 37,

Another critical factor is temperature., The temperature used in the
life test was 125°C, If a higher temperaturc is used, the knee would
occur carlicr,

Aside from voltage and temperature effects, another critical question
is how representative are these slow-blow fuses with respect to typical
marginal fuses blown with manufacturer's recommended methods. In order
to evaluate typical marginal fuses, thousands of normally programmed
devices would need to be life tested in order to collect sufficient numbers
of failures for meaningfulanalysis. Group B life test data could be accumulated
from all the lots for this purpose,

Most of the above remarks refer to fusible link devices. In the case of
of devices utilizing AIM technology, no failures were observed in the life
test and the stability tests produced no evidence of drift in the programmed
element resistance, In view of this, perhaps the best conclusion that can

be drawn is that the memory elements of the AIM devices do not contribute
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appreciably to the failure rate and in regard to burn-in, these devices

should be treated as any other semiconductor device of similar complexity,

PROGRAMMING TIME EFFECTS ON RELIABILITY

By use of lower programming pulse voltages, marginally programmed
fuses were produced, After the lZSOC, 2016 hours life test many recon-
duction failures occurred in these fuses. An attempt will be made here to
correlate the failure rate with the time required to blow the fuses. As was
discussed in the programming section the fuscs were blowny 1 a sequence
of pulses instead of onc long current pulse, For convenience of prescntation,
the number of pulscs required to program will be considered instead of blow-
times,

Table 16 is a tabulation of fuse reconduction failures and number of bits
programmed in each category of pulses required to program the bits. It
should be kept in mind that the pulse durations, voltages and shapes are
different for the different vendors as described in Table 3, However, for
the same vendors the programming conditions are essentially the same for
devices of different bit capacities, The AIM devices, which did not have
any failures, have been included in Table 16 to show that although long
blow-times were also used on the AIM PROMs, apparently no marginal
memory elements were created for these devices, This was confirmed by
the identical appearances of the aluminum lumps at the emitter contacts for
both the normally blown AIM junctions and the junctions blown with lower
current pulses as discussed in the section on programming mechanisms,

In Table 16 it is observed that for vendor B nichrome 1K and 4K devices
and vendor A nichrome 1K devices sufficient numbers of failures had occurrcd
to cnable calculation of failurc rates and plotting of failure rate curves, The

failure rate F is calculated by:

F = NBT (failures per bit per hour)

where B = Number of bit reversal failures
N = Number of bits programmed

T = Test time in hours, i.e. 2016 hours for the life test conducted,
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Confidence limits on the number of bit reversals were first determined
prior to the failure rate calculations, 7The resultant failure rate plots are
shown in Figures 35 through 41, All of these plots show an increasing tailure
rate for the fuses hlown with higher number of pulses, [t i1s important that no
reconduction failures were experienced for the 40,449 nichrome fuses pro-
grammed with less than 10 pulses. It should be noted that two vendors are

included in the composite curve of Figure 41, The programming pulse
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Figure 38, Reconductance failure rate versus number
of pulses required to program for nichrome vendor B
1K devices. (Reduced voltage used in programming. )
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widths, voltagces and shapes are different for these two vendors, Merging
the data according to the number of pulses required to program would have

a smoothing cffect on the curves. For example, if the knees of the individual
curves were different, the merged curve then would have a softer knee.

The lifetest was conducted at 125°C, The failure rates at lower tem-
peratures such as a 25° to 50°C could be several order of magnitude lower
than the 125°C figure. Although a fuse is like a resistor, the failed portion
of a programmed fuse is an insulator, This insulator would 5e akin to the
insulation in some types of capacitors such as electrolytic, glass or ceramic.

Temperature greatly affects the failure rates of these capacitors., It is also
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belicved that thermal cycling would have a large effect on failure rate, The

life test was essentially conducted under a 125°C constant chamber tempera-
ture condition, It is believed that the interrogation voltage across the pro-
grammed fuse eventually causes the breakdown, The duty cycle of interroga-
tion in actual usage would be a great deal lower than the duty cycle of interro-
gation done in the life test,

Since no failures occurred for fuses programmed within 10 pulscs, the
failure rate for this category could very well be zero rather than indicated
by the interpolated curves in the figures, Consequently, the failurce rate
shown in Figurcs 38 through 41 should not be used without consideration for
other critical factors,

Table 4 of the Programming Section has been reproducced here as Table 17
side by side with Table 16 to compare data between normally programmed
bits and the slow-blow bits.

It appears that the relative number of pulses required to blow with
respect to the required number of pulses to blow under normal conditions
is more critical than the absoluate number for predicting probability of
failure, As an example, Table 17 indicates that for vendor B nichrome 1K
devices, all of the bits were programmed within 10 pulses under the normal
condition, Table 16 shows that one reconduction failure occurred for the
group programmed between 10 and 100 pulses and more failures occurred
for the higher pulse count categories, On the other hand, the 2K devices of
vendor B had bits that required a large number of pulses (some over 10, 000
pulses) to program for the normal condition (Table 17) and only onc failurce
occurred in the over 10,000 pulses category (Table 16,) The polysilicon
PROMs exhibited similar behavior, The 1K and 4K devices of vendor X
required a larger number of normal pulses to program. No reconductions
were ex[;erienced on these parts, However, the 2K devices of vendor X
showed requirements of fewer numbers of normal pulses to program (Table 17)
and failures began to occur for bits purposely programmed with greater than
1000 pulses (Table 16), One explanation might be that the manufactured fuse
properties (sheet resistances, cross-section, etc.) determine their basic
programming characteristics, i.e,, number of pulses to blow under normal

condition, The relative figure for number of pulses with respect to the
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TABLE 16.
2016 HOURS, 125°C LIFE TEST AND COUNTS OF NUMBER OF
BITS PROGRAMMED WITH REDUCED PULSE VOLTAGES AS
WELL AS NORMAL PULSE VOLTAGE

COUNTS OF NUMBER OF BIT REVERSALS AFTER

Categories according to number of pulses
required to program

Device 100 1000
Manu- Capacity to to Over
Technology facturer (Bits) 1to9 10 to 99 999 9999 10,000
Nichrome B 1K No. of Bit
Reversals 0 I 1 4 2
No. of Bits
Programmed 6245 871 12 14 1275 687
2K No. of Bit
Reversals 0 0 0 0 1
No. of Bits
Programmed 4822 5695 4140 2838 937
4K No. of Bit
Reversals 0 1 5 3 0
No. of Bits
Programmed 10862 2178 3592 3149 699
A 1K No. of Bit
Reversals 0 0 9 8 0
No. of Bits
Programmed 2669 364 3863 3206 138
2K No. of Bit
Reversals 0 4 0 0 0
No. of Bits
Programmed 5318 5378 4114 337k 251
4K No. of Bit
Reversals 0 0 0 0 0
No. of Bits
Programmed 10583 818 3444 5424 21}
Polysilicon X 1K No. of Bit
Reversals 0 0 0 0 0
No. of Bits
Programmed 0 0 & 276 660
2K No. of Bit
Reversals 0 0 0 & 1
No. of Bits
Programmed 650 4079 4183 10398 1170
4K No. of Bit
Reversals 0 0 0 0 0
No. of Bits
Programmed 0 10 16479 2579 1412




————

(Table 16, concluded)

Categories according to number of pulses
required to program
Device 100 1000
Manu- Capacity to to Over
Technology facturer (Bits) 1 to9 10 to 99 999 9999 10,00
AIM ¥ 1K No. of Bit
Reversals 0 0 0 0 0
No. of Bits
Programmed 2580 2192 1316 3228 924
2K No. of Bit
Reversals 0 0 0 0 0
No. of Bits
Programmed FTL5 1780 4558 9272 1155
4K No. of Bit
Reversals 0 0 0 0 0 |
1
No. of Bits ]
Programmed 6867 1754 6409 840 513
i
TABLE 17. DISTRIBUTION OF NUMBER OF BITS PROGRAMMED b

WITH VENDOR RECOMMENDED METHODS AS A FUNCTION OF

PULSES TO PROGRAM

Number of Bits
Categories according to number of pulses
Device required to program
Capacity
Technology Manufacturer (Bits) 1to9 10to 99 100 to 999 1000 to 9999 Over 10,000
Nichrome B IK 6044 0 0 0 0
2K 4631 3474 1785 33T 13
4K 10024 207 9 0 0
A 1K 2560 0 0
2K 5120 0 0
4K 10240 0 0
Polysilicon X 1K 0 0 6076 66 6
2K 354 3717 1049 0
4K 0 10 10225 0
AIM Y 1K 2048 1002 22 0
2K 3715 1405 0 0
4K 6796 1395
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normally required number of pulses is a measure of how much current reached
the fuse., In other words, the current starved condition of a fuse blown with
1000 pulses is a group that normally blows for 100 pulses is the same as one
blown with 100 pulses in a group that normally blows for 10 pulses. If this
explanation is correct then manufacturing variations could greatly modify the
failure rate curves with respect to the absolute values of number of pulses to
program. The shape of the curves however, should remain the same. It is
important to note that the key factor for blowing a fuse is energy which can be
applied by means of multiple short pulses or a single long p' e,

Based on these results, it appears to be important to place a limitation
on the allowed number of pulses used to program a fusible link, keeping in

mind that the limits could change when the chip design changes, A decision

on the exact number of pulses permitted would be the result of a trade-off
between cost and reliability, since decreasing the number of pulses will
adversely affect the programming yield while increasing it will result in a
higher operational failure rate, Extensive programming yield and field
failure data would be required to exactly quantify this trade-off. The data
shown in curves such as that of Figure 41 reflect the worst - worst case
conditions of continuous high temperature operation and maximum interro-
gation voltage application and as such the absolute failure rates displayed are
extremely pessimistic and cannot be used directly to quantify the trade-off.
However some conclusions as to relative failure rates can be drawn. Since

the completion of the first HAC PROM evaluation® extensive progress has

been made in the area of Nichrome PROM technology. Most of the fuses of
the newly designed parts from Harris and MMI can be blown with a single
100 ps pulse, This is quite contrary to the earlier parts which required
millisecond pulses to program. Furthermore, the circuit breakdown prob-
lem due to fast risetime of the programming pulse also does not exist in
the new parts, Therefore the old recommendation of using millisecond
pulses with no longer than 100 us risetimes is no longer applicable. Refer-
ring to the curve in Figure 41, it appears that for NiCr PROMs the 10 pulse
level may be taken as a break point. A limitation of ten pulses would pro-

duce a failure rate reduction of five to one over unrestricted programming.

This represents a level not to be exceeded and should only be used in
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non-critical applications. It is to be noted that this selection ot a maximum ot
10 pulses is not a black and white decision, For example if 20 pulses were
used only a few percent more failures would occur. Reducing the allowed num-
ber even further will rapidly decrease the relative failure rate with a 50 to 1
ceduction predicted for a very few pulses. The best approach would seem
to be to reduce the pulse limit to as low a level as reasonable programming
yield considerations will permit. At the present time perhaps a fair judgment
would be to allow 10 pulses in non-critical applications and to reduce the limit
to one or two pulses for high reliability applications. The method of two
pulses would be to hit each fuse with one pulse and then those that did not
program the first time with a second pulse, FEach vendor has its own unique
PROM design. The way programming current is directed to the fuse and the
required fusing energy differ between vendors, It is important that the vendor
recommended pulse shapes be used for programming.

While the above paragraph discussed the case for NiCr PROMs, the
same reascning applies for polysilicon PROMs except that as many as
1000 pulses should be permitted as evidenced by the number of pulses nor-
mally required to program (Table 17) and the failures which occurred for
only bits programmed with higher than 1000 pulses (Table 10},

Since no failures were experienced for AIM PROMs programmed with
large number of pulses, no maximum number of programming pulses nced
be set for AIM PROMs.
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8. SCREENING TESTS

Programmable read-only memories are one type of microelectronic
device. As such, they are subject to the screening for all microelectronics
specified in MIL-STD-883, Method 5004. Additional screening tests are
sometimes specified in the MIL-M-38510 detail specifications (siash sheets).
The details of various tests and analyses pertinent to screening are contained
in the sections on Programming, Memory Element Failure Mechanism, and
Burn=-In and Life Tests. The use of such additional tests is scussed below
for each of the PROM technologies.

CORROSION RESISTANCE SCREENING (CRS) TESTS

CRS Tests for Polysilicon Fuse PROMs

For NiCr fuse link PROMs, an additional screening test, the freeze-out
test, a Group B inspection test, and the water drop test are specified to test
the adequacy of the passivation overglass. These tests should not be neces-
sary for polysilicon fuse link PROMs because polysilicon is resistant to
corrosion, due to its self-passivating oxide, and because the amount of
material in the fuse link is much larger than in the case of NiCr fuses.
However, the overglass passivation is removed from every polysilicon fuse
link during manufacturing in order to facilitate programming. Therefore the
freeze-out and water drop tests were performed on some polysilicon fuse
devices to verify that corrosion is not a threat to these devices, as described
in the section on failure mechanisms. No corrosion of polysilicon was
detected in those tests, so there is no apparent reason for special screening
tests of the corrosion resistance of these devices.

No other special screening tests were investigated for polysilicon fuse

PROMs and none is recommended.

CRS Tests for AIM PROMs

No additional screening tests have been specified in MIL-M-38510/202,

the detail specification for 1024-bit AIM devices. None were found to




warrant investigation during this study and no test in addition to Method 5004

is recommended as a result of this study.

CRS Test for NiCr Fuse PROMs

The current detail specification for 512-bit NiCr PROMs, MIL-M-38510/
201, specifies a screening test, the freeze-out test (paragraph 4, 3e), in
addition to Method 5004. This test is intended to evaluate the moisture con-
tent inside the device package and the adequacy of the passivation glass which
is supposed to protect the NiCr fuse links against corrosion, as well as
provide mechanical protection to the circuit. Corrosion of an unprogrammed
fuse link would result in its conversion to an apparently programmed link
and thus failure of the device. Since there have been failures of this type
reported2 and there were similar problems with NiCr resistors in other
applications, the addition of the freeze-out test was a reasonable precaution.
However, it does require time and expense to perform, so its use merits
reevaluation.

All of the nine NiCr PROMs put through the freeze-out test during this
study (see the section on failure mechanisms of this report) passed that test.
Furthermore none had any NiCr failures during the more severe water drop
test. Inspection of these devices did not reveal any cracks in the passiva-
tion glass edges of the Al metallization lines where they contact the NiCr.
Thus the passivation glass appears to be effective in the devices examined.
However, the small number of devices included here does not allow any
valid determination of the overall need for the freeze-out test.

The water drop test of the Group B inspection (paragraph 4. 4. 2(c) of
MIL-M-38510/201) is also intended to evaluate the passivation integrity of
each lot of Class A devices. If no failures of the freeze-out test have
occurred for recent lots which passed the water drop test, then the possi-
bility of drc;pping the freeze-out test for Class A devices should be considered.
On the other hand, it would not be appropriate to delete the water drop test
and retain only the freeze-out test for Class A devices, as is done for
Class B and Class C devices (paragraph 4. 4. 3f). This is because the

freeze-out test requires two factors for failure: a dew point inside the
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package of -10°C or above and a defect in the passivation glass over a NiCr
fuse link. If a device passes this test only because of a low dew point, mois=
ture may subsequently leak into the package and cause a failure by corrosion
i through passivation defects. If the lot from which that device was drawn
had been subjected to the water drop test the defective glass passivation
: that permitted the subsequent failure could have bcen detected and the lot
[ rejected initially.
; No other screening tests in addition to those in Mcthod 5004 were
; investigated during this study and none in addition to the freeze-out and water
: drop tests is reconunended for the NiCr fuse technology.
1 BURN-IN SCREENING TESTS
A question frequently arises as to whether burn=-in should be performed
' before or after programming of fusible link PROMs. Ir situations where
the user stockpiles parts which he would iater program according to need,

logistics are simplified by a pre-programming burn-in, perhaps performed

by the vendor. However, in view of the results of this study, as reported

™

in the Burn-In and Life Test Section, this increases the probability that an

(

imnproperly programmed fuse might go undetected and be sent into the field.
I y I g 2 g

is therefore recommended that burn-in be performed after programming,

1

at least until experience clearly establishes that control of programming

parameters and limitation of the allowed number of programming pulses

L o

ill eliminate the possibility of an improperly prog rammed fuse.

Based oi alyses reported in the section on Burn-In and Life Tests,
» 168 hr 1 g irn=in uld d o ) 70 percent of the 1 ha
‘ il Tobul ¢ 154 ring gram-=
e P ) 3 €
1i e
perie Y da
stanl )1 con with respect t he standé burn-in time, t 1S
recommended the h standard MIL-STD-88 burn-in times emali nchar £

The burn-in should be done after programming for fuse link type PROMs,

For AIM type PROMs it may be done either before or after programming,

L
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TEMPERATURE SCREENING TESTS

In specifying the functional testing to be performed, consideration
should be made of the temperature dependent behavior of marginally pro-
grammed fuses (see section on Burn-In and Life Tests). Itis frequently
observed during this study that devices programmed and tested at room
temperature do not necessarily operate properly over the full military
temperature range.

This is true of devices utilizing AIM technology as well as fusible link
devices. In the case of the AIM devices, this may be due to the fact that
these devices, which are programmed in an incremental fashion, depend on
correlation of the special verification procedure used during programming
to assure proper functional performance over the full temperature range.
The verification reference point might not provide sufficient margin tc
assure full temperature range operation.

While it may be possible to devise more stringent room temperature
tests which assure full temperature range operation, at present functional
testing at the temperature extremes is an important safeguard against the
deployment of improperly programmed devices, (00 percent full temperature
tests are recommended for all of the ‘levice types covered in this study if

no temperature screening will be done at the asserably level.
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9. SUMMARY, CONCLUSIONS AND RECOMMENDA TIONS

The pertinent findings, conclusions and recommendations for the

three PROM technologies studied are summarized in Tables 18 - 20,

109




TABLE 18, POLYSILICON Fi

Memory Element

Programming

Programming Mechanism

Memory Element
Failure Mechanisms

This technology uses as memory e¢lements fuse
links of polycrystalline silicon material. The
fuses are approximately 0.35 pm thick and 2.2 um
wide at the neck. To facilitate programming, the
passivation glass is removed at the fuse locations.
Thus the fuses are exposed to the atmosphere of
the device cavity, The unprogrammed fuse link
resistance is approximately 100 ohms, When pro-
grammed the fuses are blown via electric current
to an open condition of greater than one meg-ohm,
The minimum resistance for a fuse to appear pro-
grammed is in the 1000 ohm region. Bur;

Programming pulse widths beginning with 1 gs and
then increasing linearly to 8 ps maximum in 100 ms
are used in standard programming. 99.64 percent
of the fuses were programmed within 1000 pulses.
Programming yields of 97 percent and 90 percent
were reported by users for the 1K and 2K devices
respectively using multiple pulses, It is recom-
mended that a maximum of 1000 pulses be allowed
for programming devices from this technology.
Vendor recommended pulse shapes should be

used,

After the programming current melts the polysili-
con fuse, its surface tension pulls it into a few
rounded lumps at the center of the fuse, Subse - Scre
quently, the thinned region between the central
lumps and the emitter end of the fuse opens. This
results from the migration of silicon away from
that region under the influences of the electric
field and the thermal gradient in that region. Oxi-
dation of the hot silicon may also contribute to
interrupting the e¢lectrical conductivity of the fuse.
The apparent gaps in the programmed fuses are
very narrow.

The polysilicon fuse is self-passivating and is not
as liable to corrode as some other fuse links. Its
thickness also helps to resist any corrosion dam-
age. IFreeze-out and water drop tests did not
cause failures even though the fuses were not pro-
tected by any passivation layer., However, the
exposed fuses are subject to the hazard of loose
particles inside the package, shorting adjacent

i
|
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18. POLYSILICON FUSE TECHNOLOGY
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Burn-In and Life Tests

Screening Tests

clements., Reconduction of programmed fuscs
has been reported in the industry, By limiting
current, a marginal fuse can be c¢reated that
would reconduct after operation for some time.,
Such marginal [uses showed very narrow gaps.
Reconduction may result from conductance
through the thin dielectric in the narrow gap at
high temperatures and finally electrical break-
down. Melting is possibly involved at the end to
form a permanent reconduction,

A 2016 hour, 125°C life test was conducted on
ten 1K, ten 2K and five 4K devices. The bits 1n
these devices were programmed in two groups.
Group I was programmed with vendor recom-
mended method and Group II was programmed
with reduced pulse voltage to induce marginal
fuses. No failures were experienced in the
Group I fuses, The Group II fuses showed fail-
ures in two devices with a total of three fuse
failures., All of the failures occurred prior to
168 hours of test. Some reconducting fuses
would occasionally open again, indicating that
these fuses were probably in a marginal condi-
tion. None of the bits programmed under 1000
pulses failed.

The special freeze-out test and water drop test
are not applicable to this technology and should
not be used. The standard MIL-STD-883, Method
5004 tests should be conducted. Burn-in time of
168 hours at 125°C with dynamic addressing
should suffice. The burn-in should be done after
programming, Full military temperature range
testing after programming should be done until
sufficient information exists to prove otherwise.
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TABLE 19, AVALANCHE-INDUCED

Memory Element

Programming

Programming Mechanism

Memory Element
Failure Mechanisms

This technology uses floating base n-p-n
transistors as memory elements, The base thick-
ness is approximately 0.3 pym. The military AIM
devices are passivated with a | pm thick CVD
overglass of a sandwich structure of 5102, P-SiO,
and SiOa. The resistance of( the unprogrammed
element is approximately 107 chms. When pro-
grammed the emitter-base junction is blown via
electric current to a short condition of less than
10 ohms.

Programming current pulse width of 7, % us is
used in standard programming. 99,87 percent of
the memory elements were programmed within
100 pulses. Programming yield of 96 perc o nt
was reported by a large quantity user for IK
devices using standard multipulse programming,
It is recommended that no limitation be placed on
the total number of pulses used for programming.

The programming mechanism involves rapid
migration of Al from the emitter contact through
the emitter-base junction. This migration occurs
at a hot spot where most of the electric current
passes through the reverse biased emitter-base
junction simultaneously. Si diffuses out of the
emitter region into the Al emitter contact because
of the concentration gradient. After the junction
is shorted by the Al 'finger, ' the region cools
rapidly, preserving the inhomogeneous structures
observed as white lumps on emitter contacts and
Al "fingers' in sectioned devices.,

Possible failure mechanisms are growth of alloy-
ing pits to short the emitter-base junction of an
unprogrammed element or the further diffusion

of the aluminum spike through the collector-base
junction of a programmed element. However, no
failures related to the first failure mechanism
have been reported. The second failure mechan-
ism may not be a problem because the aluminum
spike diffusion may only increase the local carrier
concentration of the p-type base region and push
the base-collector junction further into the collec-
tor without causing a short. There have been no
definitive memory clement failures reported in
the industry.

B
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AVALANCHE-INDUCED MIGRATION (AIM) TECHNOLOGY
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Burn-In and lLife Tests

Screening Test
(=)

A 2016 hour, 125°C life test was conducted on ten
1K, ten 2K and four 4K devices. The bits in these
devices were programmed in two groups. Group I
was programmed with the vendor recommended
method and Group Il was programmed with reduced
current pulse amplitude to attempt to induce mar-
ginally programmed memory elements. No fail-
ures were experienced for elements programmed
in either group.

Another special life test of 1147 hours at 125°C
was performed on one device with 11 elements
programmed to verification voltages of 5.1 to
8.0 volts to study the stability of the resistance
of the programmed elements, The verification
voltage is a measure of the element resistance.
The variations on the verification voltages during
this life test ranged from 1.2 to 21 percent,
which is not high enough for concern,

No tests other than the standard MIL-STD-883,
Method 5004 tests are recommended. Burn-in
times should follow standard practice for semi-
conductors., Burn-in may be done either before
or after programming. Full military tempera-
ture range testing after programming should be
done until sufficient information proves other-
wise,

|
|
|
|
|
I
|
I
|
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TABLE 20, NICHROME FUSE

Memory Element

Programming

Programming
Mechanism

Memory Element
Failure Mechanisms

This technology uses fuse links of nichrome material Bun
as memory elements. The fuses are typically about Test
200 nm thick and 4 pm wide at the neck, Ni:Cr ratio

and dimensions vary among manufacturers. The

fuses and the overall chip surface are typically pro-

tected by a layer of phosphosilicate glass 1 pm thick.

The typical unprogrammed fuse link resistance is

400 ohms. When programmed, the fuses are blown to

an open condition of greater than one meg-ohm. The

minimum resistance for a fuse to appear programmed

is in the 4000 ohm region.

Programming pulse widths of 67 pus and 100 ps were
used. A sawtooth waveform was used with the 67 pus
pulse. All of the fuses programmed within 10 pulses
for one vendor. For the other vendor 78 percent of
the fuses programmed within 10 pulses. Program-
ming yields of 85 to 95 percent were reported by large
quantity users for 1K and 2K devices using multiple
pulses. Small quantity experiment by a user experi-
enced 50 to 80 percent yield on 2K devices using single
pulse programming

For non-critical usage a maximum of 10 pulses
may be used. Vendor recommended pulse shapes
should be used.

Investigation by Kenney, Jones and Ogilvie has Scre
resulted in a detailed description of the programming

mechanism. This involves melting of the NiCr film

by Joule heating, expansion of holes in the liquid film

due to its surface tension, and breakup of the peram-

eters of the holes by perturbations, resulting in

symmetrical filaments of NiCr in the fuse gap. The

filaments may in turn break into droplets. The spinel

(oxide) film left in the gap may also melt and break up

in a similar fashion.

Two failure mechanisms were identified in the earlier
study, namely corrosion of the fuses caused by water
penetrating through the passivation layer and recon-
duction of programmed fuses. There have been no
failures due to corrosion reported by the industry in
the last two years. However, there were reconduction
failures reported. By limiting current to a fuse a
marginal fuse can be created that would reconduct
after operation for some time.




20, NICHROME FUSE TECHNOLOGY
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A 2016 hour, 125°C life test was conducted on 21 1K,
19 2K and 10 4K devices, with the devices roughly
divided equally between the two vendors utilized. The
bits in these devices were programmed in two groups.
Group I was programmed with vendor recommended
methods and Group II was programmed with reduced
pulse voltage to induce marginal fuses. No failures
were experienced in the Group I fuses., The Group II
devices showed 35 fuse failures in 17 devices. 65 per-
cent of the device failures occurred prior to 168 hours
of test and 94 percent prior to 336 hours. Some recon-
ducting fuses would occasionally become open again,
which indicates that these fuses were probably in a
marginal condition. None of the fuses programmed
within 10 pulses failed. Cumulative fuse failure
curves were analyzed. The curve for 1K devices
showed a knee around 250 hours of test and the curves
for 2K and 4K devices showed knees around 500 hours.
This phenomenon agrees with the reconduction theory
of dielectric breakdown developed in the earlier study.
In this theory the time to failure varies inversely as
the applied voltage and the length of time the voltage
is applied. The voltage stress in this case is the
interrogation voltage. Due to the word organization,
the duty cycle of the interrogation voltage on the bits
of the 2K and 4K devices is one half of that of the 1K
device.

The MIL-STD-883, Method 5004 tests, the freeze-out
test and the water drop test should be continued for
this technology. Burn-in time of 168 hours at 125°C
with dynamic addressing could weed out 65 percent

of the marginal fuses., Extending the burn-in times
to 240 hours for Class B devices might be desirable.
However, from a practical and standardization view
point it is recommended that the Method 5004 stan-
dard be maintained. The burn-in should be done after
programming. Full military temperature range test-
ing after programming should be done until sufficient
information proves otherwise.
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10. RECOMMENDATIONS FOR FUTURE STUDY

Pertinent information has been derived from this study to qualitatively
indicate that the specific parts utilized from the three technologies (poly-
silicon fuse, nichrome fuse and AIM) have reasonable programming yield
and reliability characteristics; and fuse reconduction failures can be aggra=-
vated by limiting programming currents to the fuses and high temperature
operation of devices, To project this information for use with PROMzs
programmed and operated under standard conditions, further study on a
large sample basis will be required. There are many more types of PROMs
now available in the market. Similar evaluations should be done on these
new types to assess their reliability before actual usage in production sys=

tems. The following are recommendations on future studies.

1. Large Sample Correlation Study |

During the present study, fuse type PROMs with long blow times,
which were blown with low programming currents, were found to

be associated with higher reconduction failure rates. In order to
verify this with normal programming methods, a study may be
conducted with a large number of PROMs programmed with standard
methods, In this study the number of pulses required to program
each fuse should be recorded, The PROMs are then operated under |
normal conditions, The recorded failures are then correlated back |
to the number of pulses to program data, The output of this study |
will give both programming yield data and failure rate data as |
functions of number of pulses to program., This study can best be
done by firms that are already using large quantities of PROMs and |
are logging the operating time and failures.

(3%}

Burn-In Study

For fuses blown with reduced currents, the 125°C burn=-in time
appeared to be optimal around 250 to 500 hours. In order to verify
this optimum time for fuses blown with standard methods a large
amount of test information needs to be collected. Such information
is available in the Group B Life Test data from the manufacturers.
The Life Test data should be collected and analyzed for both opti-
mum burn-in time determination and failure rate determination.

3. Accelerated Tests on AIM PROMs

The present study indicates that the memory elements of AIM
PROMs have relatively few failure mechanisms, and that these
mechanisms are insensitive to programming variations. Thus it
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APPENDIX I

USER INFORMATION SURVEY FORM
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PROM Reliability Information Collection Form

(Please use one form for each part type)

1 1.1 Generic PROM family:D NiCr Fuse;DSi Fuse;C]TiW Fuse;DAIM
. 1.2 No. of bits: J256: [ 512; [1k; [J2k; (Jax; [sk.

1.3 Manufacturer: Part No.:

1.4 Quality level of parts: DCommercial; 38510 or equivalent DA;

s; Oe. ';

2.1 No. of parts programmed: When:

2.2 Programmed by: DManufacturer; DDistributor; :'User

e et

2.3 Programming method: DMfg. 's Standard; DOther (Please describe
below).

2.4 Do you limit programming to: DOne pulse; DOthers ; D No limit.

2.5 Programming equipment used:

2.6 Chip usage - rough percentage of bits per part required to be

programmed %.

2.7 Programming Yield: % (Part basis) f

3.1 Tests Conducted: (Please describe screening, life or other test
conditions, test times, number of parts tested, g
when tests were conducted, etc.) }

3.2 Failures experienced from tests: (Please describe symptoms, when
failures occurred, functional test ;
condition, etc.) :
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8.3

4.0

Failure analysis results: (Please describe failure analyses, measure-
ments, etc.; attach photo if available. )

Field or usage experience: (Operating conditions, operating time,
failures, failure analyses, quantity of
parts used, etc.)

Your name: Titles

Company:

Address:

Zip Code

Telephone: ( )

Normally we do not publish data sources in the report unless

permission is obtained from the contributors.
Would you want your name mentioned as contributor: Dyes; :}no
Would you want your name associated with this data: r]yes; {—]no

Would your company want to have its name associated with this data:

D yes; Dno

Other information you wish to supply:
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APPENDIX II
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Jack Craig, Lockheed Missile and Space Company, Sunnyvale, California
Howard Gerwin, Sandia Laboratories, Albuquerque, New Mexico
H. Y. Ho. Xerox Corp., El Segundo, California
Roger S. Mo, Xerox Corp. El Segundo, California
Roger Mobley, Collins Radio, Cedar Rapids, Iowa
Dave O'Connor, General Electric, Pittsfield, Mass.
Dale Platteter, Naval Weapons Support Center, Crane, Indiana.

Robert Raichlin, Hughes Aircraft Company, Culver City, California
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Polysilicon Fuse Technology
(Reprinted from vendor brochure)

ROM AND PROM PROGRAMMING INSTRUCTIONS

1I.  Manually Programming the 3601 (or 3601-1)

The 3601 may be programmed using the basic circuit of Figure 1. Address inputs are at standard TTL levels. Only one output
may be programmed at a time. The output to be programmed must be connected to Ve through a 3006 resistor. This will force
the proper programming current (36 mA) into the output when the Voe supply is later raised to 10V, All other outputs must be
held at a TTL low level (0.4V).

The programming pulse generator produces a series of pulses to the 3601 Ve and CS; leads. Vee is pulsed from a low of
4.5 + 25V to a high of 10 + .26V, while 3 is pulsed from a low of ground (TTL logic 0) to ahigh of 15 * 0 5V. (1t is important
to accurately maintain these voltage levels, otherwise, improper programming may result. The pulses applied must maintain a duty
cycle of 50 + 10% and start with an initial width of 1 (* 10%)us, and increase linearly over a period of approximately 100ms to a
maximum width of 8 (+ 10%)us. Typical devices have their fuse blown within 1ms, but occasionally a fuse may take up to 400ms.
During the application of the program pulse, current to CS; must be limited to 100mA. The output of the 3601 is sensed when
€8, is at a TTL low level output. A programmed bit will have a TTL high output. After a fuse is blown, the Vcc and CS7 pulse
trains must be applied for another 100us. One circuit which can be used to generate this pulse train is shown in Figure 2, while
the characteristics of the pulse train are shown in Figure 3.

o My
s. Vee
(pn 16) @ My
"o
100 an
RS O 00 b &,

(pin 14)

© Sensed o
g e b Output e -.L__,_ /
:: iof 2 A | Waeveform o~ (RIS PROGR A D 811

2,0 36013011 | UNPROGRAMMED 81
WORD e ey o
SELECTION 4, O— oo WA d. Programming - woTES
2y 0— Pa Puise Width waximm 3 50N TIN Vet
8 2 R ot § o T (wa—— o
ag 0— (Ve and CS2) 10.90% pomul 1000 e
o=l &, B versus PULSE WIOTH s i

17, Ovestte Tama!
Programming b g e
Time 4 o e v o e E3,

» 134
GNOD s
0w man 878V
. O .

PROGRAMMING £LAPSED TitE

Figure 1. 3601 Programming Figure 3. Pulses During Programming
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: ROM AND PROM PROGRAMMING INSTRUCTIONS

III. Manually Programming the 2K and 4K Bipolar PROMs

The Intel 2K and 4K bipolar PROMs may be programmed using the basic circuit of Figure 1. Initially all bits (either
2048 or 4096) are in a logic 1 (high) state. Only one output may be programmed at a time. The programming cucrent
(5mA +10%) is forced into the output to be programmed by a current source. The current should be clamped 1o Ve by
a silicon diode. All other outputs must be allowed to float such that the outputs are allowed to rise one diode above
Vee (12.5V).

For simplicity of the programming description, reterence will be made only to Ve, however, this term includes both
the Vcey and Veep of the 4K PROM. There is only one Ve for the 2K PROM. Programming pulses must be applied to
both Ve and CS. A series of pulses is applied to the Ve and €5, feads as shown in Figure 3a and 3b respectively The
pulse applied must maintain a duty cycle of 50 +10% and start with an initial width of 1 (+10%) us, and increase linearly
over a period of approximately 100ms to a maximum of 8 (+10%) us. Typical devices have their fuse blown within Tms,
but occasionally a fuse may take up to 400ms. During the application of the program puise, the Ve¢ current must be

’ limited to 600mA and the C§1 current to 150mA. A programmed bit will have a TTL low level * r a fuse is blown,
the V¢e and ulse trains must be applied (the pulse width still linearly increasing to a maximu 8us) for another
CcC P
100us
24V ol Ty o
PROGRAMMING » Ve (2K o B [ ‘uv ™\ / \ _
PULSE GENERATOR CURRENT ot
(Sew Frgure 2) SOURCE Veer Veaz 45:028v | \____/
1 T o 1508V ! el
1150mA MAX |
& Ve § f v S, ST J——\—//,—
o— == 15v
- 5 i % . v - o
k. . wv
3 v ADORESS ﬁ /—
3 ¢ SELECTION * . ©  SENSED OUTPUT % et \T/ I
. . o UNPROGRAMMED B1Y ’
. S PROGRAMNM: [ 81T
. MAXIMUM 6 NOTES
1 o—4 o, 4 S, AND Voiivee, 1 Duty cycle 50 108
E CS, CS, CS, Voca) PROGRAMMING o o 2 Ruse anc fail 1
i PULSE WIOTH VERSUS  piy st WIDTH (e 0 trom 10
L7 NOTE PROGRAMMING TIMING
The exampie shows O beeng. 3 %
wmmed e un
1 S oxehad bisacs Wasine MINMU | 4 PR iy eteosan i siing
0 U T 1 €8y anet v
£S, CS, CS, ARE ONLY o 100 00 ' .:: <
FOR THE 4K PROM PROGRAMMING TIME (msc 505 man W8 LY
i'igure 1. 2K and 4K Bipolar PROM Programmer Figure 3. Pulses During Programming
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AIM Technology
(Reprinted from vendor brochure)

For LK and 2K devices

PROGRAMMING CHARACTERISTICS (T, =25°C, Ve = 5.0V)

SYMBOL CHARACTERISTICS TYP UNITS CONDITIONS
ton Time to Electrically Alter a Bit at 200 Us Using INTERSIL, INC
1 Logic “0" to Logic “1" Programming Equipment

PROGRAMMING SPECIFICATION

To correctly program the IMS603A or IM5623, 1t 1s imperative that this specification be rigorousiy adhered to. intersi/, Inc_,
will not accept responsibility for any device found to be defective if it were not programmed according to this specification

CHARACTERISTICS LIMIT UNITS NOTES

Programming Pulse:

Amplitude 200 5% mA Constant Current
Voltage (clamp) 28.0 +0% -2% Vv Voltage limit of current source.
Ramp Rate dv/dt 70 max. Vius
Pulse Width 7.5 5% us 15V points, 15052 load
Duty Cycle 70% min.
Sense Current 20.0 £0.5 mA The sense current must be interrupted after each

address change for 10us min. The sense current
ramp rate dv/dt must be <70V/us, and clamped
to 28.0V +0% -2%.

Programming Vcc 50 +5% -0% v

Maximum Sensed Voitage 70 +0.1 \" A bit s programmed when two successive sense

for a programmed ‘1" readings 10us apart with no intervening programm:-
ing pulse, pass the limit. When this condition has
been met, 16 additional program pulses are applied
and the pulse train is then terminated.

Delay from trailing edge 0.7 min us

of program pulse before
sensing output voltage.

I o { e ° I
t.r._ — GO
oy
~f 0%

| compant . ANO Veruus

A SENSE SLSE AISE TIME Ve ROV/e

B G00 mA PROGRAM AND 20 mA SENSE PULSE TRAIN

C WO SUCCESSIVE SENSE READINGS WHERE Vo, Vormas ©
O 16 ADDITIONAL PROGRAM PULSES

T SENSE CURRENT INTERRUPTED DURING ADORESS CHANGE

TYPICAL VOLTAGE WAVEFORM DURING PROGRAMMING

NOTE: For information on prog Q2 of IM5603A or IM5623 units mounted cn a board, contact Intersil
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For 4K devices

PRELIMINARY PROGRAMMING SPECIFICATION

IM5G05A, IM5625 PROGRAMMING CHARACTERISTICS

PIN CONDITIONING

—_— ] v 1 Ohip enstie (gun J0 8 211 righ (0e seiec 1aa | B g pring #mmng G e el ver ty
‘cmumcrsmsnc p—-ﬁﬁ"':::s SEC T CONDITIONS i Crup anabie (D 19 & 16) High 'se1ect) o g b og amming #nd 1o al ve |
LN | NOW | | i . PYEC 1psn 22) v0 VIEC dui g privp amming ana grownd cat vensty {
1 1 e v - > g
Programmung { | Conglant current 1o DE 1upp!eo ! i
Current Puhies { 190 200 210 | mA | overa 10V 10 28V range Set | {
| | nom value with 1001} BW losd 1 , |
| | 8. \
- ‘ E 20V | POST PROGRAMMING LOGICAL VERIFICATION
IV“;:'W o ¥ R A S e e In order to assure data sheet performance of a part under worst
constant curient saurcel | 2 2 i i i arase:
| | | currnet of 200 ms nom value | case operating conditions, certain lest conditions and limits are
ena e ) |
| { | e recommended for logical werification testing after programming
| Rise cate dv/di (progra VGliage 1@ rate is messured by
Jouwre o - v ol fcesiainy - mad ek | Both High (Vgu) and low (Vo sve! should be tested st hig
| mu vage v (Veen!) and (Vo) low sup lages as specified below
| Puise wactit X o s During logical verification the e i state of the part mus
- )
- . estaéblishea by forcing the specified enabling logical levels
Serse Wedin ' e Chip Enable pins.
e lwer J eng 200 r
" A ! LIMITS
Vs ¢ ' CHARACTERISTIC Fim o T ] WNiTs CONDITIONS
- " £ & MIn O AX
e g low AV i VEC "tou et 10 De
woie . P Funcuon Test a 4\ 42 |
" & v R T V out low (Comparata s i
. " ' et | reterencel fu 7] 5 B 5 |
e i 40Ce ¥OI V0 v |
Sonse Cu wre . |
Amph ude - ton (Force Curreni 19¢ 200 | 214 e - 4
i
. “ | - |
. ™ v 1 a2 !
c - { - !
Rump Rate voitage naf ate meosusu
Isere cure & i igh g Do 10 i
5K lwim e Man V out igh (Comparatar !
o retorence) for logicsl 4z a5 46 v
PRE wred froe ~e g .
pe ] . age e - sewiching greater thar the V out hugh
« sors roem 200 210011 parator reterence
6w 100 asistor Wores wed i o | 100 110 wa | Constant curvent 1o be sups
Program N 5% Ve 10 the part under program | Over a4 &0 T v range a3 {
ng Lmn curren 200 ma ‘ the nom.nal vaiue | X
Prog emming Tme Maximum time oflowed 1o pr | Vcc high 165 | VRT sl 3 Oy foren thig
AiosenoniB bram s bt ! ;'nnr'.n Test 64 | 65 | 66 VeC high test
Eova P g Bxachure number of progeam | ¥ out tow e Refer 10 Vo fow 1
fost . atitn || ihag puRatio by avaed M rance) for logeeal O 750 800 850 v ‘
| ™he bt Gutou | s Lost sensed as { toL Horce curee 190 00 | 70 me Reter 10 V - tow '
sprogrammes 't This oecurs ) [ teh oo 69 | o » Reles 10V - low 1# |
| when the serieg voltage ¢ less | ! ieacth o og {
i | than the comparator reference t | ol - E ) |
{ | voitage | | 'oLx Worcocurcont) | 90 0 ¢ | we 1 Re'e ow 1es |
| PR SNEESIE, S T 1
TYPICAL VOLTAGE WAVEFORM DURING PROGRAMMING
=80 5 _ o PROGRAMMING
w PULSE WIDTH

/ 200MA &

JSE bed UL

Uk JICRAMMED
20M A APPLIED

| == SENSE (Vgy7 VS VREe!. 20MA APPLIED
2 5
SENSE
WIOTH

XTRA | ,;‘N::rxf?\_/:,nourxm» [4THEXTRAY / ,20MA
PULSE W pulse Ve

1. OUTPUT BEING READ FOR
TURNOFF PTS

PROG/UNPROG BIT. 20MA TURNED ON
T —o NEXT 2 NOMINAL PROGRAMMING PULSE WiDTH
V. BIT 3 20MA SHUTOFF MUST PRECEDE AN i
/ ADDRESS CHANGE
ADDRESS
@ cnanae
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Nichrome Fuse Technology, Vendor A
(Reprinted from vendor borchure)

PROGRAMMING

The Generic PROM's are manufactured with all bit</outputs Logical “17 (Qutput High) Any desired bit/output can be pro
grammed to a Logical "0 (Qutput Low) by following the simple procedure shown below. One may build his own programmer
to satisty the specifications described in Table 1, or buy any of the commarcially available programmers which meet these spec

fications These PROM's can be programmed automatically or by the manual procedure shown below

PROGRAMMING SPECIFICATIONS SCHEMATIC DIAGRAMS
TABLE 1

RECOM ¢ OPEN COLLECTOR QUTPUT
MEND
PARAMETER SYMBOL VALUE

Address Input Vin 50

Voltage tn ViL 04
- —

Programniing/ Venly Veu 120

Voltage to V¢ (2) VL 40

Programming
Voltage Current
Limit

Programming Wee!
Voltage Rise and
Fall Time

Programming 10 Cuip
Delay SELECTS

Programming
Puise Width
First Attempts

H Programming

[y e )

PROGRAMMING (IRCUITRY

THREESTATE QUTPUT

Pulse Width
Subsequent

Pragramming
Ouiy Cycle

>0u|p|; Voll-;
Enahle
Ursable )

SRS O a5 = - fagu
Oultput Voltage 0 o st
Enabie Current Limi

Case Temp Tc 2% % oc

A 1. Address and chip select should not be left open for Vin:
kG 2 2 Venification st Ve = 4.0 ¢ .25 Volts, Ty = 26°C s
1 ded to gu d performance over full tem-
¢ Pperature and voltage rangs.
3. Disable condition will be met with output open circuit.

r

| R s

10 (WP
SELECTS

—— —
RAMINNG CIRCUTAY
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Cod e el O ES AN I LR Sk i ST
I "2R0GRAMMING PROCEDURE

"

1 Address the PROM with the bmary address of the
selected word to be programmed Address 1npuls afe
[TL compatible  An open circurt should not be used Lo
address the PROM p

2 Disable the chip by applying input highs (Vy) to the
€5 mputis) €S nputs (HM-7640/41 onlyl must re
main at Vi, for program and venly The chip select
1s TTL compatible. An open circurt should not be used
to disable the chip

3 Disable the programming circuitry by spplying an Qut
put Voltage Disable of less than Vgpg to the output
of the PROM. The output may be ieft open circuit to
achieve the disable

4 Raise Voo 1o Vpy with rise time egual to t
After a delay equal to or greater than ty, apply a pulse
witn amplitude equal 1o VOPE and duration of !U‘ 10
the cutput seiected for programming Note that the
PROM s supplied with fuses intact generating an output
high. Programming a fuse will cause the output to go
low 1n the verify mode

6. Other bits in the same word may be programmed while
the Vg input is raised to Vpy by applying output

enable pulses 'c each output which i3 be progia

med The aulput enable puises must Le separated by &
minunum interval of T4

Lower Ve 10 40 % 25 Votts following a delay of 1y
fram the last programming enable pulse appled o ai

output

Enable the PROM for verdication by applying & log:

8~ VVHA’ to the (—,'—S.‘n.;.nm

if any bit does not verify as programmed, repeat steps
2 (hrough 8 using an output eneble pulse width of 1

for up to 15 additional pulse:
speed |f the bit is still unpre

hance programming
ed, follow with et
least 16 repetitive puises of th2 i width to achieve
high programming yield. in the event thet the bit s
still unprogrammed, the part is considered a program
ming reject and should be returned to the factory
The address and incorrect and desired contents of &
location in which a programming failure has occured in
any returned device must be included with that return
Repeat steps 1 through 9 for all ather bits to be pro-
grammed in the PROM.

RECOMMENDED PROGRAMMING CIRCUIT

The circuit and timing diagram shown n Figures 1 and 2 will establish the proper programming condition fur the
output enable pulse. This allows the yse of standard TTL parts far all logic wguts ta the PRAM. Nate the gate which
senses the output must he input protected to withstand input up to 12.5 Volts during programming.

FIGURE 1

<
®:
<
>

Vee

DEvICE
BEING
PRO

GRANMED OATA 2

—— QATA L

HIGH
VOLTAGE LURRENT
1TLGaTE

SENSE GATE
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Michrome Fuse Technology, Vendor B
(Renrint: 4 trom wondo» brochure|

For 1K devices

PROGRAMMING INSTRUCTIONS

AL DEVICE DESCRIPTION

The dev o s manutactured with atputs hugh .n all storage focations To make an output low at a particular word, a nichrome
fusitile « must pe changed from a low resistance to a high resistance. This procedure is called programming There are 1024 fusible
Links on the chip Programming equipment can be obtained from Monolithic Memories Inc

2) PROGRAMMING DESCRIPTION

To select a particular fusible ink for programming, the ward address is preserted with TTL leveis on Ag through A7.a Ve of 550 V
s applied or eft applied, and the program  « 'Enatile Ey) and the cutput to be programmed are taken 1o an elevated volitage to
supply the required current *o program he *nse The outpurs must he programmec one 2atput It @ Lime, since (nternai lecoding

ety 8 canabie A1 sinking Gy SHE Gnd T T ragramming current ar 4 tme

b ENABLE €,

Enabite Ta o *4) s 8 'OQic #natday anit s a6 seC duniNg programmung. t may e high, Gw or open during programm o ng Mhen

- 25 0 b

Checw g fa A Jutput s programmed At b o calies veritication erabies S+ and E9 must be (0w 10 activate the device Since Fo

! most e tow cunra verfieatien ayd the stale o arelevant Jucng Jrogramming, (he :mirest procedure s *C Jrount o furing

SOogTAMIM rg ane wetl catuon
|
! 9 TIMING

The sriramming orockdure involves the use of he wogram pin an enabilel and the Sutput pin. n order to guarantee that the

! Wt rarsistor s ot Setore increasing the voitage on the nutput pin “he program pin's voltage puise must come before the “utput
Ay orogramming Julse ane asve after the output pin's Programming pulse 100 ns deiay s adequate The programrning pulse
2PpHEd 10 the culpu? P ann program pin must have 8 SC 10 70 microsecorxds rise ime 3ee Sigure 4.

5] JERIFICATION

i Atte programming a device t car e checked for a low output by taking hoth anables iow Since we must guarantee operaton at
I mimum o maximum Ve oad current and temperature, the device must be required rosink 12 mA at 420 V Vo ano (12 mA
2LBOV Voo at uom temperaure

t 5) 40ARD PRAOGRAMMING

L mey be prograrmmed 2l the Doard ‘evel by bringing the program pin of each nackage to the card connector. Te prograrm a
l maricuiar package AT the program nin of package A and one output of package A, which may Jr may not be “OR’ tied to cter

cackages, are 1aken to the isouired programming roltage. An alternate procedure 1s to tie the enable and outputs together as rec . rea
Ly “he system function ana ounly apply ver to the device to be programmed. The number ¢t units soidered on a hoara shouid ne
cansistze? with expected programming v eids  a aviia rework,

7 tUNPROGRAMMABLE JNITS

Vosual aspect o a1 200X prear te encapsularan, fest fuses and decoding circuitry tests are used t0 guarantee a high pregramming
yeld 5t the gevice in ~he el Hcwever, ecause of random defects, 1t is impossible to guarantee that a iink will open withou!
actuaily programming .t UNITS RETURNED TO MMI AS UNPROGRAMMABLE MUST BE ACCOMPANIED BY A COMPLETE
DEVICE TRUTH TABLE WITH THE LOCATION WHICH COULDN'T BE PROGRAMMED, OR WHICH FALSELY PROGRAMMED,
CLEARLY INDICATED

FROGRANM

______ 0 WORD DECODE

TOENARLY J

cCImcuITaY

FIGURE 3
The word decode circuitry selects transistor Q3 to be turned on, and the bit decode circuitry allows the base of Qq to rise 1023
other fuses are half selected or not selected The program pin supplies base drive to Qq and the output pin supplies collector current
to Qy so that Qq'g emitter can deliver the required current to open the fusible link.

OPERATION

\ PROGRAMMING EQUIVALENT CIRCUIT FOR ONE MEMORY OUTPUT ,
ZENER
M- O MENMORY OUTPUT Pin
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PROGRAMMING INFORMATION

PROGRAMMING SPEED

Typicaily fuses will blow on the rise time of the pulse

In autometed programmers which must copy devices in a short time because of production requirements, the following pulse and
voltage sequences have been found to maximize relisbility, programming yield, and thruput. The device should be verified after each
programming attempt and is advanced to the nexi bit if the device has programmed

-

PULSE NUMBER DURATION PROGRAM PIN VOLTAGCE OUTPUT VOLTAGE
T3 95 us 27v 20V
406 95 us v 23V
7w9 95 us a3V 2V
PROGRAMMING TIMING
TIL HIGH —
ADDRESSES x
TTLLOW
Voo Trp 60t 10 us
Tep 95+ 15us
Tp 7+ 1us
Tp, 80 10us
T 100 ns min.
vour 02
e *NOTE: Output Load = 0.2 mA during 6 0 V check
check
'l A
v Output Load = 12 mA during 4.2 V
cC
check
a2v
—={ CHECK |- CHECK
TROBE® TILWGH
g TN = — = = s = — = =
FIGURE 4.
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PROGRAMMING INFORMATICON

e ——————————————

PROGRAMMING PARAMETERS - Do Not Test These Limits or You May Program the Device

o e——— 5 & T ey ’”
| LIMITS |
| 1
symeoL | PARAMETERS - TS CONTIEN TYPICAL UNITS |
MIN. OR MAX. !
Y, O & l—~- e OPTIMUM Q}
! Iop | Current into Program Pin During Vee =55V 0 mA
‘\ | Programming, Before and After Fuse Has |Vout = 5.0V 10 25 V
} | Blown - Vpp = 450 V
| Vpp =29V 77 mA
E2 | —
lout 1 Current into Output During Programming VDD =29V, Vgec =550V 01 mA
] Before the Fuse Has Programmed Vour =90V
| Vout = 20 V 16 mA
lout TCurrcm into Output During Programming | Vpg =29 V, Vg = 20 V 0.1 mA
1 Atter the Fuse Has Programmed Vee =550V "
TRe [ Rise Time of Program Pulse Applied to the 50 60 70 us
Data Out or Program Pin From5 V 10 20 V
Veer V¢ Required During Programming 540 5.50 5.60 v
oLV, | Qutput Current Required During Both Chip Enables Low 1" 12 13 mA
Verification Ta=25°C,Vcc=42V
loLv, | Output Current Required During Both Chip Enables Low 0.19 0.2 021 mA
Verification TaA=25°C,Vgc =60V
MDC Maximum Duty Cycle During Automatic Tp 25 %
Programming of Program Pin and Output 1?
Pin
Vpp Required Programming Voltage on 27 27 33 v
Program Pin
Vout Required Programming Voltage on the 20 20 26 v
Output Pin I
I Required Current Limit of the Power Vpp =33V 150 mA
Supply Feeding the Program Pin and the Vout =26V
Qutput During Programming Vec =550 Vv
Top Required Coincidence Among the 80 95 110 us
Program Pin, Output, Address snd Ve
for Programming
To, Required Time Delay B Disabling M at 10% Levels 70 80 90 us
the Memory Output and Applicaticn of
the Output Programming Pulse
To, Required Time Delay B: R J M e at 10% Levels 100 ns
of Programming Pulse and Enabling the
Memory Output

SUGGESTED IMPLEMENTATION OF THE VERIFICATION CIRCUITRY

FOR PROPER THRESHOLD ADJUSTMENT
INSERT A INGD4 GERMANIUM TRAN
SISTOR WITH COLLECTOR AND EMiT

Vcc TER SHORTED SO THAT T LOOKS LIKE
A DIODE IN SERIES WITH PIN 7 OF TwE
7407 10 GROUND
] ‘rr
(n s ' ple——oO0ve
3 Ay 0 <
2 A )
L
Ay — o
ADORE 3
SS Ay —y WXL o
| Ay ——i? 10
i
| Ay 1 " D) 0
A
ey - TR e ey
'
Li our
o
+ < Vour STROBE
FIGURE 5.

THE 1N4001 DIODE PROTECTS THE INPUT OF THE 7402 FROM THE HIGH PROGRAMMING VOLTAGES
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For 2K devices

PROGRAMMING INSTRUCTIONS

1) DEVICE DESCRIPTION

The device 1s manufactured with all outputs high in all storage locstions. To make an output low at a particular word, a nichrome
fusible link must be changed from a low resistance to a high resistance. This procedure s called programming. There are 2048 tusible
links on the chip. Programming equipment can be obtained from Monalithic Memories Inc.

2) PROGRAMMING DESCRIPTION

To select a particular fusible link for programming, the word address 1s presented with TTL levels on Ag through Ag. a Ve of 550 v
is applied or left applied, and the program pin (Enable Ey) and the output to be programmed are taken to an elevated voltage to
supply the required current to program the fuse. The outputs must be programmed one output at a8 time, since internal decoding
circuitry 1s capable of sinking only one unit of programming current at a time

3 TIMING

The programming procedure involves the use of the program pin (sn enable) and the output pin. In order to guarantee that the
output transistor is off before i ing the voltage on the output pin, the program pin‘s voltage pulse must come before the output
pin’s programming puise and leave after the output pin's prog g pulse. 100 ns delay is adequate. The programming pulse

applied to the output pin and program pin must have a 50 to 70 microseconds rise time. See Figure 4.
&} VERIFICATION

After programming a device, it can be checked for a low output by taking the enable low. Since we must guarantee operation at mini-
mum and maximum Ve, load current, and temperature, the device must be required to sink 10 mA at 4 20 V Ve and 0.2 mA at
6.0 V Vcc at room temperature.

5) BOARD PROGRAMMING

Units may be programmed at the board ievei by bringing the program pin of each package to the card connector. To program a
particular package ‘A", the program pin of package A and one output of package A, which may or may not be “OR"’ tied to other
packages, are taken to the required programming voltage. An alternate procedure is to tie the enable and outputs together as required
by the system function and only apply Vcc to the device to be programmed. The number of units soldered on a board should be
consistent with expected programming yields to avoid rework.

6) UNPROGRAMMABLE UNITS

Visual inspection at 200X prior to encapsulation, test fuses and decoding circuitry tests are used to guarantee a high programming
yield of the device in the field. However, because of random defects, it is impossible to guarantee that a link will open without
actually programming it. UNITS RETURNED TO MMI AS UNPROGRAMMABLE MUST BE ACCOMPANIED BY A COMPLETE
DEVICE TRUTH TABLE WITH THE LOCATION WHICH COULDN'T BE PROGRAMMED, OR WHICH FALSELY PROGRAMMED,
CLEARLY INDICATED.

OPERATION

PROGRAMMING EQUIVALENT CIRCUIT FOR ONE MEMORY OUTPUT

zenen

—O MEMOAY OUTRUT Pin

70 tnaABLE EESESS /SR

CiRCUITRY

10 01
€ CO0E

FIGURE 3
The word decode circuitry selects transistor Q2 10 be turned on, and the bit decode circuitry ailows the base of Qj to rise 2047
other fuses are half selected or not selected. The program pin supplies base drive to Q¢ and the output pin supplies collector current
to Qq so that Qyg emitter can deliver the required current to open the fusible link.
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PROGRAMMING INFORMATION

PROGRAMMING SPEED

Typically fuses will biow on the rise time of the pulse.

PULSE NUMBER PROGRAM PIN VOLTAGE
1103 27v
46 30V
7109 33v

In automated programmers which must copy devices in s short time because of production requirements, the following pulse and
voltage sequences have been found to maximize reliability, programming yield, and thruput. The device should be verified after each
programming attempt and s advanced to the next bit if the device has programmed.

OUTPUT VOLTAGE
20V
23V
26V

PROGRAMMING TIMING

TYL HIGH
ADORESSES X
TTLLOW

oo
T oW
Your
vour ‘
TTL oW '0‘.‘"
—of 104
40> gov
vee
a2V
el CHECK e = CHECK [
TIL HIGH
STROBE"

TIEEON = — = — — = = s

FIGURE 4.

TRP
Tep
Tp

TD1
To;

60t 10 us
95 + 15 us
7+ 1us

80+ 10 us
100 ns min.

*NOTE: Output Load = 0.2 mA during 6.0 V check

check

Output Load = 12 mA during4.2 V
check
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PROGRAMMING INFORMATION
PROGRAMMING PARAMETERS Do Not Test These Limits or You May Program the Device P~
[ I LIMITS I
e e Bl
| symsoL | PARAMETERS b oLl [ Tvpicar | | UNITS
| e MIN. | OR MAX. |
! | | oPTIMUM | |
| Ipp ‘; Current into Program Pin During Vee =550 Vv 0 ] mA
Programming, Before and After Fuse Has Vg, 50V 1025V | E
Blown | Vpp 450V ‘ |
il B R DRGRRE MR i ]
| IV 27V { 150 T ma
_—— oo e iy S R [0 e T e —
lout | Current into Output During Programming Vop 27V,Vec =550V | 0.7 T mA |
x |
| Before the Fuse Has Programmed l/oul =90V lr £ o e b
Vout =20V | | 16 mA
— —- —- ————————— —_—— i +— e e |
| lout Current into Output During Programming | Vpp = 27 V. Vg =20V | | 01 b ok
i | After the Fuse Has Programmed Vee = 550 Vv | | |
| TRp | Rise Time of Program Pulse Applied to the 50 T 60 T 0 us
L iData Qut or Program Pin From 5 V to 20 !4»— L + SRt | st
Veep Ve Required During Programming | 540 | 5.50 | 560 | v |
}-— — + —
IGLvy | Output Current Required During [ Chip Enable Low R 12 | 13 mA
Verification A 25°C.vec =42V
1oLV, | Output Current Required During | ChchEnubln Low 0.19 | 0.2 | o1 mA
Verification l TA=25C.Vcc =60V 1 e R | g}
MDC Maximum Duty Cycie During Automatic Tp | 26 %
Programming of Program Pin and Output T‘E |
Pin |
+ —_— e
{ Vop Required Programming Voltage on | 27 27 33 v
| | Program Pin % | SN =
[ Vout Required Programming Voltage on the | 20 | 20 | 26 \
| Output Pin l |
T = B
I Required Current Limit of the Power Vpp =33V | 240 | | mA
Supply Feeding the Program Pin and the Vout =26 V | | |
Output During Programming Vee =550V | ‘ ‘
Top Required Coincidence Among the 80 95 [v 110 I Hs ] :
Program Pin, Output, Address and V¢ | t
for Programming l i
2| e | I | !
T01 Required Time Delay B Disabling M at 10% Levels 70 80 [ 20 us | ! 1
the Memory Output and Application of |
the Output Programming Pulse |
- S
To, Required Time Delay Between Removal Measure at 10% Levels 100 | ! | ns
of Programming Pulse and Enabling the | H
Memory Output J | i
|
SUGGESTED IMPLEMENTATION OF THE VERIFICATION CIRCUITRY |
FOR PROPER THRESHOLD ADJUSTMENT l
NSERT & ONJOE GEAMANIUM THAN |
SISTOH \\»—'N ¥ ““vl,f,:l“‘,“ A,:': !M."
e K CIhE KRt s PN e e ’
7402 TO GROUND |
‘pp !
A —4s 6 3le——0OVie l
[ ip— <
A, —47 ;' |
ADDRESS ¢ ::—‘; s12xa ! !
Ay ——q2 10p—0 [ :
PIu—— np—o
o e e 12p—0 NG00 e | %
Ay e 14 A ‘ £
'our
» O | ¥
£3 Vour STRUSE } s
FIGURE 6. ? -
THE 1N4001 DIODE PROTECTS THE INPUT OF THE 7402 FROM THE HIGH PROGRAMMING VOLTAGES |
- J
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For 4K devices

PROGRAMMING INSTRUCTIONS
1) DEVICE DESCRIPTION

The device is manufactured with all outputs high in all storage locations. To make an output low at 8 particular word, a8 nichrome fusible link
must be changed from a low resistance to a high resistance. This procedure is called programming. Programming equipment can be obtained
from Monolithic Memories Inc.

2) PROGRAMMING DESCRIPTION

To select a particular fusible link for programming, trle_word address is presented with TTL levels on Ag through Ag. a Veoc of 550 V is
applied or left spplied, and the program pin (Enable E2) and the output to be programmed are taken to an elevated voltage to supply the
required current to program the fuse. The outputs must be programmed one output at a time, since internal decoding circuitry is capable of
sinking only one unit of programming current at a time.

3) ENABLES Ej, E3, AND E4

Enables Ey, E3, and E4 are logic enables and are not used during programming. They may be high, low or open during programming. When
checking that an output is programmed (which is called verification) ensbles Eq and E2 must be low and E3 and E4 must be high to activate
the device. Since E7 must be low and E3 and E4 must be high during verification and their states are irrelevant during programming, the
simplest procedure is to ground ET and tie E3 and E4 to 5.0 V during programming verification.

4) TIMING

The programming procedure involves the use of the program pin (an enable) and the output pin. In order to guarantee that the output
transistor is off before increasing the voltage on the output pin, the program pin‘s voltage pulse must come before the ou'tput pin‘s program-
ming pulse and leave after the output pin's programming pulse. 100 ns delay is adequate. The programming pulse applied to the output pin
and progiam pin must have a 50 to 70 microseconds rise time. See Figure 4.

5) VERIFICATION

After programming a device, it can be checked for a low output by taking both enables low. Since we must guarantee operation at minimum
and maximum Vg, load current and temperature, the device must be required to sink 12 mA at4.20 V Vgcand 0.2 mA at 6.0 V V¢ at
room temperature.

6) UNPROGRAMMABLE UNITS

Visual inspection at 200X prior to encapsulation, test fuses and decoding circuitry tests are used to gusrantee a high programming yield of
the device in the field. However, because of random defects, it is impossible to guarantee that a link will open without actually programming
it. UNITS RETURNED TO MMI AS UNPROGRAMMABLE MUST BE ACCOMPANIED BY A COMPLETE DEVICE TRUTH TABLE WITH
THE LOCATION WHICH COULD NOT BE PROGRAMMED, OR WHICH FALSELY PROGRAMMED, CLEARLY INDICATED.
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viwoan |
O ot
- ZENER o |
PROGRAM o TO OUTPUT
PN BUFFER
2 |
<
J 3 |
|
TO ENABLE
CIRCUITRY
TO BIT
DECODE
TO WORD
DECODE

OPERATION

The word decode circuitry selects transistor Q2 to be turned on, and the bit decode circuitry allows the base of Q1 to rise 4095 other fuses
are half i lected or not selected. The program pin supplies base drive to Qy and the output pin supplies collector current to Qq so thet Qq's
emitter can deliver the required current to open the fusible link.

PROGRAMMING SPEED
Typically fuses will biow on the rise time of the pulise

In automated programmers which must copy devices in a short time because of production requirements, the following puise and voltage
sequences have been found to maximize reliability, programming vield, and thruput The device should be verified after each programming
attempt and is advanced to the next bit if the device has programmed.

PULSE NUMBER PROGRAM PIN VOLTAGE OUTPUT VOLTAGE
1t03 27V 20V
4t06 vV 23v
7t09 33v 8BV

PROGRAMMING TIMING

TTLHIGH 1
ADDRESSES X ] |
TTL LOW

r—'no—-l : |
0% Voo |
Voo Tre |
TTLLOW L :
| _.| -Top |
[
| gl |
%0% Vour [
vout | Tre |
|
TTL Low LL l

Tor 60V

vee

Trp 60 ¢ 10us

{ CHECK [=—
Tpp 95+ 15us FTNON TTL HIGH 1
Tp TTLLOW — — — — — o e — o

7+ 1us
Tpy 80:10us
Tpz 100 ns min. *NOTE: Output Load = 0.2 mA during 6.0 V check

Output Load = 12 mA during 4 2 V check
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PROGRAMMING PARAMETERS Do not test these limits 01 y 0w may program the Jew e

semm——————————

1 - r '

TYPICAL .
T 1 i
PARAME TERS SSS'. C?ND""O" MIN OR MaN UNGTS $
W i) $
s OPTIMUM e ¢
'on Current into Program Pin During vVee 550 V 0 A
Progeammung, Betore and After Fuse Has Vout 50V 1o 25V
Blown Vpp 450 V
Vop - 27V 25 A
Loyt Current into Qutput During Programming Vpp ~ 29 V. Vee - 550 v. 7 mA
Betore the Fuse Has Programmed Vout - 90 V
Vout = 20 V i 50 mA
lout Current into Output During Programming Vpp = 27 V. Vgyr - 20V 35 mA
After the Fuse Has Programmed Vee - 550 v
‘ — -~ - +— " + “
TRe Rise Time of Program Pulse Applied to the 50 60 70 us
Data Qut or Program Pin from 10% to 9C%
| + - - - - . S— + 4
| Veep Ve Required During Programming 540 S 50 5 60 v
| + — e - - - B —- -
i loLvy | Output Current Required During Chip Enabled 11 12 13 mA
| Verification Ta = 25°C. V =42V | ”
! Rl ST o b b AT Gllee st N 2 —
| lgryvy | Output Current Required During ‘ Chip Enabled 019 9.2 021 mA
| Verification Ta = 25°C, Vee =60V
| 1 2 — A e e : ==
MDC Maximum Duty Cycle During Automatic | Tpp | 25 %
| Programming of Program Pin and Output f(‘:' |
| Pin |
« . _
Vop Required Programming Voltage on i 27 27 33 Vv
L Program Pin
Vour | Required Programming Voltage on the | 20 20 26 Vv |
| Output Pin !‘
I Required Current Limit of the Power Vpp =33V 150 | mA .
{ Supply Feeding the Program Pin and the Vour = 26 V |
Output During Programming Vee = 550 Vv ;
Top Required Coincidence Among the 80 95 110 HS .
Program Pin, Output, Address and Vce |
for Programming
Toy Required Time Delay Between Disabling Measure at 10% Levels 70 80 90 s
the Memory Output and Application of
the Output Programming Pulse
To2 Required Time Delay Between Removal Measure at 10% Levels 100 ns
of Programming Pulse and Enabling the |
Memory Output
SUGGESTED IMPLEMENTATION OF THE VERIFICATION CIRCUITRY
FOR PROPER THRESHOLD ADJUSTMENT
INSERT A 2N404 GERMANIUM TRAN
SISTOR WITH COLLECTOR AND EM:T
vee TER SHORTED SO THAT (T LOOKS o ikf
Q A DIODE 1N SERIES WITs PIN 1 OF TmE
7402 10 GROUND.
) 8
ag—- o 9
Ay 6
Ry —
ADDRESS § Ay ——] 4
o SR 1 ;
Ag 2
A, 1
8 2315 20 21 3
lf i
e ot oM
il The 1N4001 Diode protects the input of the 7402 from the High Programming Voltages
FIGURF &
\ i »
|
|
|
- S *
R— -~ :
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