





































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































This method could have been used in the past, but
it required the use of PROM programmers and
multiple program selections in the manufacturing
environment. The use of the standard feature set
E2PROMs allows the entire process to be auto-
mated in the following way.

Initially, each board is assembled with the
E2PROM containing a diagnostic program. The
entire board is then tested on an automated board
tester which will use the trace execution of the
diagnostic program in the E2PROM. Once the
board has been tested, the test system holds the
processor in a quiescent state, such as Reset, and
takes control of the bus. The program for the speci-
fic system under test is then loaded into the
E2PROM by the test system. The unitleaves the test
stage fully tested and configured for the end cus-
tomer.

E2PROMSs also allow the system’s software to be
updated remotely, either through a field service
interface or a modem link to a main computer. The
cost of performing a software update in the field is
extremely expensive. A service technician must go
to the site, often in a remote area, and replace the
system's EPROMs or ROMs. E2PROMs make this
scenario much less painful since the new software
can be loaded electrically, as opposed to physically.
These software updates are attractive for a variety
of reasons, including the fixing of software bugs,
updating an older version of the system software,
or changing the system’s configuration or capabili-
ties.

The ultimate flexibility from a systems point of
view is through the use of only E2PROM for soft-
ware storage. Unfortunately, this can get quite
expensive since E2PROMs are still more costly
than EPROMs or ROMS. A “hybrid” approach is the
best solution in many applications, since it
balances the flexibility of the E2PROM with the low
cost of EPROM or ROM. Using both E2PROM and
ROM also eases the update method since the
download software can be stored in the ROM. The
reason for this is as follows. With any of the full-
featured E2PROMSs, there is a period of time during
the internal write cycle that the device is inac-
cessable for either subsequent writes or reads. If
the processor is executing code out of the same
E2PROM to which it is writing, the next instruction
fetch will yield a high-impedance bus, and the
processor will get lost. In the case of a ROM/
E2PROM hybrid design, the actual download rou-
tine can reside in ROM as shown in Figure 6.

ROM E’PROM
“DOWNLOAD" PROCEDURE TO BE
ROUTINE MODIFIED
“TIMING”
ROUTINE
Low

LEVEL

ROUTINES

Figure 6. Memory Map for ROM/E2PROM Hybrid

If only E2PROM is used for the program storage,
the download situation becomes a little trickier. If
the code to be modified is a different chip than the
one that the processor is executing out of, every-
thing is fine. In the case of a single E2PROM design,
the following approach needs to be used. The
memory map in Figure a, b, and c graphically
depicts the different stages.

RAM E’PROM
SYSTEM STACK “DOWNLOAD”
AND DATA STORAGE ROUTINE

“TIMING”
ROUTINE
NEW VERSION OF
PROCEDURE
Figure 7a.

RAM E’PROM
SYSTEM STACK “DOWNLOAD”
AND DATA STORAGE ROUTINE

“TIMING”
ROUTINE
PROCEDURE TO BE
MODIFIED
Figure 7b.
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E*PROM

“DOWNLOAD”
ROUTINE

“TIMING™
ROUTINE

PROCEDURE TO BE
MODIFIED

RAM

SYSTEM STACK
AND DATA STORAGE

“DOWNLOAD”
ROUTINE

“TIMING”
ROUTINE

Figure 7a, 7b and 7¢. Memory Maps for E2PROM Only Imple-
mentation.

In the first step, the download and E2PROM write
procedures are stored in E2PROM. Once the sys-
tem realizes that a new version of internal code is to
be downloaded, the system copies the download
and timing routine into system RAM. At this point,
Figure 7b shows the memory map. The processor
then jumps to the download routine and executes
out of RAM until the download is complete. The
processor then jumps back to the main program in
E2PROM and continues its normal tasks. The RAM
is freed up for other uses, and the new copy of the
downloaded routine is in the E2PROM as is shown
in Figure 7c. It is left as an exercise for the readers
to determine how this technique could be used if
the procedure to be updated is the actual download
procedure. This can be handled by a simple exten-
sion of the above technique.

Now that we have discussed the mannerin which
a system utilizing E2PROM for program storage
can be remotely updated, it is pertinent to deter-
mine how the maximum flexibility can be attained
in a “hybrid” design. As was mentioned before, the
ultimate flexibility can be attained if all of the pro-
gram memory is E2PROM since any portion of it
can be changed in the field; while an all ROM
approach features virtually no flexibility. The secret
is through the use of intelligent software design to
maximize the flexibility of a set amount of E2PROM
storage.

Top-down or structured programming has re-
ceived much attention in the software world due to
its inherent ease of implementation and subse-
quent modification. The key characteristic of such
an approach is that the task to be performed is
broken down into smaller and smaller sub-tasks,
eventually leading to the “bottom” level of the pro-
gram. This “bottom” level is composed of many

short and simple machine language routines,
which in themselves are simple to code and debug,
while together they perform the desired compiex
“uppermost” task. As one can see, this method of
software development lends itself well to the
maximization of flexibility in a “hybrid” system.

As an example, we will use a software segment
which performs commands as they are entered on
a keyboard. The task of interpretation and execu-
tion of the entered commands is broken down into
three routines. The “bottom” level routine “Get-
Character” simply waits for a character to be en-
tered, and then places the character into a buffer.
The next level routine is called “Parse,” and this
routine calls “Get-Character” continuously until a
“Carriage Return” is detected. The “Parse” routine
also eliminates illegal or superfluous characters.
The end result is a syntactically correct command
string in the command buffer. The “uppermost”
level takes the parsed command, searches a table
to see if it is valid, and fetches the appropriate rou-
tine’s address.

Figure 8a shows the address map for a hybrid
system which uses the software described above.
The outermost level, “Command” is stored in the
E2PROM as is the Valid Character Listand the Valid
Command List. A sample entry into the valid
command list is shown forthecommand “GO.” The
entry includes the valid command format as well as
the address of the routine to be executed upon
reception of the “GO” command. The E2PROM
also contains many other High-Level routines as
weli as a patch area that will be explained shortly.

ROM E’PROM
“GET CHARACTER" cC SAMPLE ENTRY
ROUTINE ROUTINE
COMMAND-“GO”
“PARSE” VALID
ROUTINE CHARACTER ey
usT
col #1 ROUTINE 0"
VALID e
COMMAND #2 ROUTINE COMMAND
usT ADDRESS
COMMAND #1

HIGH-LEVEL

Low ROUTINES

LEVEL
ROUTINES

“PATCH”
AREA
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The ROM contains the “low-level” routines
including the “Get-Character,” “Parse” and the
routines for the different commands. Since these
routines are the “lowest” level of the program, it is
assumed that these are relatively stable and will not
need to be changed.

The use of the E2PROM for the storage of the
Valid Character and Valid Command Lists allows
them to be easily updated as the system’s vocabu-
lary is expanded.

One of the characteristics of a “top” level routine,
such as the “command” routine, is that it mainly
consists of calls to other routines. If an error is
found in the “command” routine, it can be easily
changed to execute the called routines in a dif-
ferent order, etc. . .

If one of the lower level routines needs updating,
such as “Parse,” the new version of the routine can
be loaded into the “patch” area of the E2PROM.
Any references to the “Parse” routine are then
changed to point to the new version in the E2PROM
rather than the old version still in ROM. Figure 8b
shows the address map after such a “patch” has
been performed.

E’PROM

ROM
“GET CHARACTER” “COMMAND" SAMPLE ENTRY
ROUTINE (OLD) ROUTINE
COMMAND-“GO”
PARSE VALID
ROUTINE (OLD) CHARACTER —
LIST G
COMMAND #1 ROUTINE VALID A.c(; -
COMMAND
COM {o]
‘OMMAND #2 ROUTINE, st ADDRESS
HIGH-LEVEL COMMAND #1
Low ROUTINES
LEVEL .
NEW “PARSE”
ROUTINES noUTIHE
PATCH AREA

Figure 8b. Memory Map After “Parse” has been Patched.

In a similar fashion, if one of the command rou-
tines is found to be in error, the new routine is
loaded into the “patch” area of the E2PROM, and
the reference to the routine in the Valid Command
List is updated to point to the new routine. Figure
8c shows the address map after a patch has been
made to command routine #1.

ROM E’PROM
“GET CHARACTER" COMMAND SAMPLE ENTRY
ROUTINE (OLD) ROUTINE
COMMAND-“GO”
PARSE VALID
ROUTINE (OLD) CHARACTER —
LisT G
COMMAND #1 (OLD) o
VALID o
COMMAND
COMMAND #2 LisT ADDRESS

Low
LEVEL
ROUTINES

HIGH-LEVEL ROUTINE COMMAND #1
NEW “PARSE”
NEW COMMAND #1

PATCH AREA

Figure 8c. Address Map After “Parse”and “Command#1”are
Patched.

It can be seen that this implementation is quite
flexible in terms of remote software alteration. This
is a direct result of the “Top-Down” structure of
the software. The added benefit of this software
technique is that it is easier to create, more
modular, easier to debug and easier to verify. One
can extend the concepts discussed here even
further into the E2PROM'’s impact on threaded-
code interpretive algorithm implementations, but
that is beyond the scope of this paper.

The impact of the standard feature-set E2PROMs
has not yet been fully seen. One can see that the
availability of such devices will influence not only
the hardware aspects of a system design, but the
software aspects as well. The present generation of
E2PROMs has finally reached the density level and
feature set that allows it to become a medium for
use in program storage applications. Once the final
unresolved issue of endurance specification is
cleared up and designers understand the benefit
that can be realized in all areas of system design,
manufacturing and maintenance, the E2PROM will
be perceived as one of the most important ad-
vances in semiconductor history.
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THE NOVRAM FAMILY
A NEW DOMAIN OF
SYSTEM POSSIBILITIES
JULIE BENNETTS CONKLIN

INTRODUCTION

The first nonvolatile memory device to be de-
signed and manufactured by Xicor was the X2201A,
a 1K x 1 NOVRAM. The design concept of the
NOVRAM evolved from the combined talents of
Richard Simko and William Owen, two of Xicor's
founders. Simko was the process developer of the
Intel double-poly FAMOS 2708 ultra-violet EPROM
and Owen was the circuit designer of the Intel
HMOS 2147 RAM.

The NOVRAM is a static volatile RAM overlaid
bit for bit with a nonvolatile E2PROM “shadow”
memory. The NOVRAM is reprogrammable in cir-
cuit using a single 5 volt supply. Figure 1 shows
the functional layout of the NOVRAM.

CONTROL

STATIC
RAM

ARRAY
RECALL

EEPROM
SHADOW

|
|
|
MEMORY |

Figure 1.

Data is written to and read from the static RAM
portion as if the device were a RAM. Data is trans-
ferred between the RAM and nonvolatile E2PROM
memories in parallel in one store or recall opera-
tion.

Xicor was founded in 1978, and the first X2201A
was shipped in 1980. In 1981, the NOVRAM family
was expanded to include an X2210 (64 x 4) and an
X2212 (256 x 4). In 1983, the X2400 series (16 x 16)
of serial input/output NOVRAMSs was introduced.
And, 1984 brings the “byte-wide” series — the
X2001 (128 x 8), the X2002 (256 x 8), and the X2004
(512 x 8).

In addition, Xicor also manufactures a family of
nonvolatile E2PROMs — the X2804A (512 x 8), the
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X21816A (2K x 8), and the X2864A (8K x 8). Xicor
E2PROMs also are reprogrammabile in circuit using
a single 5 volt supply.

THE NOVRAM TODAY

Xicor NOVRAMs are manufactured using the
same reliable triple polysilicon floating gate
N-channel MOS technology pioneered with Xicor's
X2201A.

5V Only

The NOVRAM is read to and written from as if it
were a static RAM. The device is fully TTL compa-
tible and needs no high voltages — a single 5 V
power supply is all that is needed for any function.
The nonvolatile E2PROM stores data via Fowler-
Nordheim electron tunneling. This function is
performed by the device in circuit using only the
5 V chip power supply. An onboard charge pump
provides the internal store voltage.

Nonvolatile Data Storage

The nonvolatile E2PROM polysilicon floating
gate is isolajed by a thick oxide layer (approxi-
mately 800 A) and the programming surface of
the poly layers are textured to enhance tunneling.
Figure 2 shows a cross section of a floating gate,
and these textured programming surfaces.

FLOATING TEXTURED
PROGRAMERASE GATE SURFACES

LINE
‘OXIDE +
J‘ POLYSILICON
.
»
SR LEvey b P
rammin
¢ - Prog g

$ SILICON SUBSTRATE

CII—_:—.(_L_J;:(:fll-—

Figure 2.

Data is stored and erased in the nonvolatile
E2PROM via Fowler-Nordheim electron tunneling
between these layers. An erase leaves Poly 2 posi-
tively charged; programming leaves Poly 2 nega-
tively charged.

The NOVRAM cell is composed of a 6 transistor
volatile static RAM and a nonvolatile “shadow”
E2PROM. The RAM portion acts as a latch holding
data for storage and receiving data when it is re-
called from the E2PROM. See Figure 3.




+_‘—\ Nzﬁl ] %m ,—-|_*
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STORE VOLTAGE
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o
G
ez ey
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Figure 3.

Store Operation

A STORE cycle is initiated by a low signal on the
STORE input to the NOVRAM. Once initiated, the
STORE cycle will automatically time out until
completed. A STORE transfers data bit for bit from
the volatile static RAM to the nonvolatile E2PROM.
The internal storage voltage is generated on-chip.

There are two types of storage mechanisms
which will occur during the STORE operation, and
each bit will experience only one. This is deter-
mined by the state of each bit (floating gate) prior to
the STORE and the desired state after the STORE.

If the state of a particular bit is to remain un-
changed by the STORE operation, no tunneling
will occur at that location. Xicor NOVRAMSs detect
charge or lack of charge on the floating gate and
will not perform a repetitive function, thereby
extending the endurance of each bit.

Should the state of the floating gate need to be
changed, it will either be programmed (charged)
or erased (discharged).

WORD Veea

LINE
szlﬁl—lmsn
05 1
As shown in Figure 4, when programming a cell,
N1 goes low and Q7 is off causing the junction

between CC2 and CC3 to float. The combined
capacitance of CCz and CCgis greaterthan Cp (the

WORD
LINE

1

1—1._,{

BIT
LINE

el

1l

BIT

LINE INTERNAL

STORE VOLTAGE

Ce

ELECTRONS
TUNNELED \/

Figure 4.
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capacitance between Poly 1 and Poly 2). This
causes the floating gate to follow the internal store
voltage when it goes high. Poly 2 then becomes
negatively charged due to the tunneling of elec-
trons from Poly 1 to Poly 2 and the floating gate is
programmed.

chT

WORD
NZ@ Low

WORD
L!NE

LINE

Wﬁﬂi

BIT
LINE

BIT

INTERNAL LINE

STORE VOLTAGE

—
|
|
4

Ce
OLY |
ELECTRONS

: QTUNNELED
! V
Figure 5.

As shown in Flgure 5, when erasing a cell, N1
goes high and Q7 is turned on causing the junction
between CC2 and CC3 to goto ground. The capaci-
tance of CCz is greater than that of CE (the capaci-
tance between Poly 2 and Poly 3). Poly 2 remains
low and Poly 3 now follows the internal store vol-
tage when it goes high. Poly 2 then becomes
positively charged (discharges) due to the tunnel-
ing of electrons from Poly 2 to Poly 3 and the
floating gate is erased.

Recall Operation

To recall data from the nonvolatile E2PROM
array to the volatile static RAM, a low level signal
is sent on the ARRAY RECALL input to the
NOVRAM. As with the STORE operation, two
types of Recall mechanisms will occur depending
upon the state of each bit/cell:

o yaE

LOW —"\—r

WORD
LINE

WORD
LINE

BIT
LINE

BIT
LINE

STO R E VOLTAG E

Figure 6.



As shown in Figure 6, when recalling a pro-
grammed cell, the memory array voltage VCCa
goes low momentarily to equalize the voitages at
nodes N1 and N2. Then, VCCais allowed torise. If
the floating gate on a particular bit cell is pro-
grammed (negatively charged), Q8 is off. This
allows N2 torise more rapidly than N1tothe VCCa
level and the “latch” (the static RAM) is set with N2

high and N1 low.
V“‘T —/—. WORD

WORD
LINE

MEAW mﬁﬁ L

sn °‘ @ sn
LINE INTERNAL LINE
srons VOLTAGE
PO[V 3
E +V
C - Gy

Figure 7.

Again, VCCa goes low momentarily to equalize
N1, and N2 is then allowed tdorise. In this instance
(Figure 7), the bit cell is erased (positively charged)
and Q8is on. With Q8 on, C2and N2are connected.
N1 is then able to rise more quickly to VCCa than
N2 and the latch is set with N1 high and N2 low.

Both the STORE and RECALL operations trans-
fer the data array from one memory location (RAM
or E2PROM) to the other in one operation.

TECHNOLOGY AND
RELIABILITY

There are two aspects of nonvolatile memory
reliability that are of concern:

1) Data Retention = time elapsed before first bit
in array fails.
2) Endurance.

Xicor technology excels in both aspects as
shown by the following data:

Data Retention

The combination of thick oxide (800 ,&) and
textured programming surfaces in the floating
-gate cells creates an environment that is ideal for

Fowler-Nordheim tunneling. The textured
(“bumpy”) poly surface concentrates the electric
fields near the regions of high positive curvature
(i. e., near the tops of the “bumps”) as shown in
Figure 8.
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! . ! I
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Figure 8. Si

Fowler-Nordheim tunneling current increases
exponentially with increasing electric field applied
to the emitting surface area. Research done at
Xicor has established an equation that charac-
terizes tunneling current as a function of the
amount of texture on the programming syrface.
The current comparison of flatplate (125 A) and
textured (825 A) surfaces is shown in Figure 9
below.

COMPARISON OF FLAT PLATE (‘THINOX’)
WITH TEXTURED SURFACE STRUCTURE

104

COMMON DESIGN
POINT FOR 1ms WRITE

FLATPLATE ———

10-8-  Tox = 1258

10101

10121

logipJ (ampsicm?)

101 —
TEXTURED SURFACE

Tox: 8258
1016 BASE:  600A
HEIGHT:  300&
NUMBER: 7042
10-18
10-20 L NI | 1
13 15 7 19 21

Ya (VOLTS) Figure 9.

This figure illustrates that the two surface types
do achieve a common design point at the higher
current levels where programming occurs.

The data retention characteristics of a textured
emitting surface versus a flatplate emitting surface
become an issue at the lower values of applied vol-
tage. These lower values are representative of
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typical read and store operations. As shown in
Figure 9, the current emitted by the textured
surface (tunneling) is approximately four orders
of magnitude lower than that of the flatplate surface
at the lower values (9-13 volts) of appled voltage.
This suggests that the textured surface is less likely
to experience tunneling during read and store
operations, and during power up and down situa-
tions thanthe flatplate surface. The thicker textured
Xicor technology provides better data retention.

Xicor has performed extensive testing on
NOVRAMSs using high temperature bakes with the
units stressed and not stressed to support the
statements above with manufactured units.

Figure 10 below shows the results of 100 units
of an X2210 tested for data retention over three
extended temperatures.

10

TIME (HOURS)
3
\
8
g
S

L Ep=17ev

3x10% YEARS
102 R S R S S SO N R S N AT 125°C
5 10 20 30 40 50 60 70 8 %0 95

% CUMULATIVE FAILURES
Figure 10.

As shown, the first bit failure occured at 300°C
only after 2000 hours of testing.

This same data was used to calculate expected
failure rates in time. This data is shown in Figure 11
below.

The Mean Time Between Failures is extrapolated
to 3 million years at 125°C with any activation
energy of 1.7 eV for this sample group.
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Figure 11.

Endurance

As discussed earlier, Xicor devices sense the
state of the nonvolatile E2PROM floating gate prior
to performing a store operation. This characteristic
reduces unnecessary cycling of a given bit in the
array and increases the potential endurance of that
bit. This is a critical point since the endurance limit
of a given device is determined by the first bit failure
that occurs for that device, not the average or
typical value for the memory.

Xicor specifies endurance for NOVRAMSs as two
values:

1) Data changes per bit
2) Store cycles

Xicor’s goal is to specify the maximum number of
data changes per bit possible based upon sampling
data taken from every lot for every NOVRAM.

Xicor data shows that endurance is affected by:

1) Temperature
2) Frequency at which data is changed.

Xicor has recently characterized data endurance
as a function of each of these parameters. The
easiest way to look at this data is using graphs
using ‘Extreme Value Distribution.” The following
graphs each show data collected from X2212
sample lots.

Figure 12 below shows the results of temperature
tests on five 20 unit samples subjected to data
changes at a rate of one per second until each
device failed. Each point marked on the graph is
the first bit failure point for each device tested.
Two points are made by these tests results — the
maximum endurance increases with temperature
and the dispersion of maximum endurance cycles
achieved increases with temperature.

1 510 5057 CUMULATIVE PERCENT

9

@mro=<0 por

REDUCED VARIATE

Figure 12.



Figure 13 shows the results of four 20 unit
samples subjected to four different fixed delays
between data changes. The dispersion of maxi-
mum endurance levels for each fixed delay (0.1 sec,
1 sec, 10 sec, and 100 sec) is represented by the
slope of each line on the graph. Note that as the
time delay is increased, the dispersion decreases,
as demonstrated by the differing line slopes
graphed. Although most applications allow much
more than 100 sec between cycles, this information
is useful for endurance testing of devices. Decreas-
ing the time delay between cycles speeds the
testing process and requires less cycles to reach
the maximum endurance of the device.

CUMULATIVE PERCENT
1510
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Figure 13.

PRODUCTS

The Xicor family of NOVRAMs can be used with
nibble wide (by 4), byte-wide (by 8}, and serial I/0
microprocessors:

By 4’s

Ne [t

jvcc

I H NC a2 17 t] A

a[]s 16]_]as as[]s 16t]A5

a4 15[_]1/04 A |4 15[ o,
X2210 X2212

al]s 14[_Juo, a5 14[Jvos

Ao [: 6 1/0; Ac[ |6 13 Jro.

cs[ |7 170, cs[]7 12[ 1o,

Vsslzs 11:%

ARRAY
0 j RECALL

Vss:
ﬁﬁﬁ:

o)
o
[e]
3|
m
©w
o

64x4

Figure 14. 256x4

e 18 pin plastic and cerdip packages
e 300 nsec Read Access time

300 nsec Read and Write Cycle times

Latched and self timed

Unlimited RAM data changes

Endurance specs for nonvolatile array:

1,000 data changes per bit; 10,000 store cycles
5,000 data changes per bit; 50,000 store cycles
10,000 data changes per bijt; 100,000 store cycles
Infinite Recall cycles

Hardware control over nonvolatile operations

By 8’s

Serial I/0 — X2400 Series
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512x8

256x8
Figure 15.
Plastic package

300 nsec Read Access time
300 nsec Read and Write Cycles times
Unlimited RAM data changes

Latched and Self timed

Software Control over nonvolatile operations
Endurance Specs:

1,000 data changes per bit; 10,000 STORE cycles
10,000 data changes per bit; 100,000 STORE
cycles

128 x8

Y
CE 1 8

sk[]2
o[]s
po[ |4 5

Figure 16.
Serial Interface, three pin control
Low power Standby and Sleep Modes
Unlimited RAM data changes
Low cost
Static timing
Complete store protection
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® Endurance Specs:
1,000 data changes per bit; 10,000 STORE cycles
10,000 data changes per bit; 100,000 STORE
cycles

e Hardware and software controls over nonvolatile
operations

APPLICATIONS

NOVRAMs are traditionally thought of as ideal
nonvolatile memory devices in systems requiring
frequent updates to the Static RAM and nonvolatile
storage or “data capture” of the RAM data in the
E2PROM in the event of system power loss.

There are other application environments also
ideally suited to the NOVRAM since it is actually
two memory arrays in one device.

Dip Switch Replacement

A typical CRT terminal uses dip switches to set
up the terminal configuration data each time the
terminal is turned on. These mechanical switches
take up board space, are vulnerable to contamina-
tion since they are not sealed and must be replaced
once worn out from frequent updates if their appli-
cation calls for such updating. Because these
devices are subject to updating, the terminal itself
often cannot be a completely sealed unit, thus
end users may be permitted access to other por-
tions of the unit’s circuitry.

The Xicor X2400 series of serial interface NOV-
RAMs offers dip switch users a low cost, compact
and reliable alternative. One X2400 device can
replace up to 32 8-bit dip switches. Figure 17 shows
a conventional terminal configuration using one
8-bit dip switch and pullup resistors.

As shown in Figure 18, the X2400 device can be
plugged into the top section of the pullup resistor
socket and the dip switch socket is no longer
needed.

SYSTEM
MEMORY
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ADDRESS
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» RAM AND i
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POWER ONRESET —

Figure 17.
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Ex: Terminal Configuration.

Because one X2400 series 8 pin minidip device
can replace up to 32 8-bit dip switches (256 bits),
and associated circuitry, the terminal board de-
signer needs much less board space on which to
provide configuration storage capability. And,
the end user need not be concerned with access
to the devices for updates since the NOVRAM
contents can be observed via the terminal key-
board. And, because the contents can only be
changed via the keyboard, it is less likely that ter-
minal configuration information will be changed
accidentally or without the knowledge of the
terminal user.

By using the nonvolatile E2PROM portion of the
NOVRAM for storage of the terminal default
parameters, the terminal user can use the RAM
portion for temporary parameters. These tempo-
rary parameters can then be stored in the nonvola-
tile E2PROM at the user’s option (see Figure 18).

Power Fail Tolerant
System
Ex: Industrial Controller

In the event of power failure, many industrial
controllers must be stopped and restarted at speci-
fic program locations to prevent damage to work in
process or to users of the machinery under control.
The NOVRAM can be used in such an application
as both system memory (RAM portion) and a non-
volatile memory (E2PROM portion) storage loca-
tion for the microprocessor program status in



the event of system power loss. This is a classic
example of data capture and storage at power loss.
Figure 19 shows an X2212 used for this purpose.
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Figure 19.

Upon power loss, a Power Fail signal causes the
microprocessor to generate an interrupt. The
system memory contents and the uP stack, which
are both in the RAM portion of the NOVRAM, are
then stored on the nonvolatile E2PROM portion
of the NOVRAM.

Upon return of power, Power On/Reset also
generates a RECALL at the NOVRAM. A power-on
routine verifies that an interrupt did occur at power
loss and a return from interrupt is performed, re-
turning the program to a known function.

Self Calibrating Systems
Ex: Tape drive

Mechanical systems require some method of
measuring, recording and correcting for wear of
mechanical system components. The most common
method of doing this is calibration of potentio-
meters. A repair/service person must make a ser-
vice call, take apart the unit to reach the potentio-
meter(s), adjust spec components to compensate
for mechanical wear and then reassemble the unit.
This service call must occur on a periodic basis and
the expense of these service calls and machine
down time can be costly.

An alternative to the calibration of potentiome-
ters is the use of Xicor NOVRAMs in place of the
potentiometer in applications under microproces-
sor control. Once such application is a computer
tape drive for which potentiometers are traditio-
nally used to calibrate the drive heads, motor and
recording levels. Figure 20 shows a microproces-
sor controlled tape drive using an X2210.
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MODULATOR
- COMM. WITH HEADS

pP [ —_BUS

HOST SYSTEM
INTERFACE

Figure 20.

As shown in Figure 20, the X2210 is part of the
system memory. A debug/calibration routine can
be initiated by a service person via a terminal key-
board panel. The motor and recording setting
levels at which the host system s currently operat-
ing can be read via the D/A converter, reset to
compensate for wear if necessary, and the new
setting values can be written into their correspond-
ing address locations in the RAM portion of the
NOVRAM. Similarly, the modulator provides
information about the drive heads and these too are
self calibrated.

Once the information is in the NOVRAM, at any
time this information can be read from the NOV-
RAM via the keyboard. The unitdoes not have to be
disassembled unless something must be mechani-
cally repaired. The data in the NOVRAM can be
read in seconds, unlike the more time consuming
task of field calibration of potentiometers. And, the
data is stored in the nonvolatile E2PROM during
machine downtime.

SUMMARY

Xicor NOVRAMs are a compact, reliable, cost
competitive and easy to use nonvolatile memory
for use in applications requiring frequent memory
updates or rapid data capture at power down. The
RAM portion of the NOVRAM has unlimited data
change capability. The nonvolatile ' E2PROM is
cycled only when a STORE operation is performed.
Xicor NOVRAM endurance limits are specified in
terms of data change per bitas wellasarray STORE
cycles. E2PROM bit locations are “written to” only if
a data change is required, thereby greatly increas-
ing the potential endurance limit of the device.
Xicor has set the standard for the NOVRAM in
terms of ease of use, reliability, and specifying
maximum device endurance.
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SYSTEM DESIGN) (11000 SUSTENS

NONVOLATILE MEMORY
GIVES NEW LIFE
TO OLD DESIGNS

Terminals and other equipment can be made more flexible,
and product life can be extended by upgrading and
customizing with NOVRAMs and EEPROMs.

bv Richard Urlando, Xicor, Inc., Milpitas, Calif.

The recent appearance of low cost, 5-V nonvolatile
memories has led to design applications that can be
broken into two distinct classes. One class uses non-
volatile memory to store such data as configuration
or calibration parameters. This information can be
updated and then stored in the device for access on
power-up. The second application uses nonvolatile
memory for program storage. Here, the nonvola-
tile memory’s main advantage is that content can
be updated or changed remotely, rather than by
device replacement.

Unfortunately, many end products completed
prior to the availability of these devices are threat-
ened by newer designs. The latter take advantage of
the added flexibility and features afforded by non-
volatile memory. There are, however, ways to add
nonvolatile memory to existing designs without a
major redesign.

For example, consider the schematic of an intel-
ligent terminal design, which will be used to illus-
trate methods that improve the flexibility of almost
any microprocessor-based design (Fig 1). Here, the
6800 processor is the source of the ‘‘intelligence’’ in

Richard Orlando is product marketing manager at Xicor,
851 Buckeye Ct, Milpitas, CA 95035. He holds a BS in
computer systems engineering from the University of
Massachusetts at Amherst.

the design. The serial communication channel is
through a 6551 asynchronous communication inter-
face adapter (ACIA), which features an onchip baud
rate generator. A 2716 erasable PROM is the program
store for the 6800, and the two 2114 RAMSs provide
1 Kbyte each of buffer, stack, and parameter
storage. The keyboard is an ASCIl-encoded type
whose inputs are fed through one port of a 6821
peripheral interface adapter (PIA). The other port
of the 6821 receives the dual inline package (DIP)
switch settings for such user-defined operational
parameters as baud rate, parity, and protocol
selections.

Video control is provided by a 68045 (or 6845) CRT
controller. The display RAM interface is set up as
a tightly coupled, shared RAM interface. The timing
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Fig 1 The original terminal design has dual inline package (DIP) switch settings that must be read by the processor.

They are then parsed to determine setup parameters invoked from the terminal program contained in the EPROM.

is such that the CRT controller only accesses the data
in the display RAM during the bus ‘‘dead’’ time of
the 6800. This allows the processor to access the data
in the display RAM at any time, regardless of the
state of the CRT controller. The CRT controller can
access the RAM transparent to the processor, and
thus can relieve the processor of any access arbitra-
tion tasks.

Improving the design

Although the design serves its initial purpose,
several areas, which will make it more flexible and
possibly extend the life of the product, can be
improved. Intended for use in a variety of applica-
tions, the original design relies primarily on software
for its characteristics and ‘‘feature set.”” Simple
changes to the erasable PROM containing the 6800’s
software allow such terminal ‘‘customization.”” This
approach is adequate when end-user needs are
known prior to manufacture. However, if a user
wants to upgrade an existing terminal, someone must
perform a costly EPROM change in the field. The
same penalty applies to the manufacturer who wishes
to “‘upgrade’’ the software of the existing units in
the field, in order to increase performance or to
eliminate possible errors.

The second area in need of improvement is the
DIP switch used for the input of user-definable
parameters. It creates many manufacturing
problems, since most DIP switches cannot be

handled by automated assembly equipment, such as
insertion machines and wave solderers. Additionally,
because someone must manually toggle the switch
through a sequence of positions in order to fully test
the boards, DIP switches slow down automated
board testing. Also, to change parameters, a DIP
switch requires the terminal user to remove an access
panel and manipulate switch toggles while referring
to a manual. As the range of user-definable
parameters expands to include such features as emu-
lation modes, the problem becomes even more
awkward.

In the example terminal, added features and
enhancements can be made in two ways. The first
involves replacing the DIP switch with an X2443 serial
NOVRAM, which is used to store user-defined setup
and configuration parameters. The second replaces
the EPROM with an electrically erasable PROM.

The NOVRAM, a 256-bit serial device, is organized
as 16 words of 16 bits each. All communication
between the device and the processor is done in a
bit-serial fashion using the data in input, data out
output, and the synchronous clock lines shown in
Fig 2. All operations are controlled by the micro-
processor through the serial interface. Read and
write operations are executed through the transmis-
sion of a specific 8-bit instruction code with an
embedded address of the word to be accessed. In
the write operation, the processor follows the write
command with 16 bits of data to be written. In the
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read operation, the processor supplies the read in-
struction, and then gives the X2443 16 clock cycles,
which the device uses to output the data to be read.
The NOVRAM also includes several non-data types
of instructions to control the nonvolatile operation
of the part, the part’s power consumption, and the
write/store lockout feature.

The X2443 is designed to interface with single-chip
microcomputers when the main consideration is
minimizing 1/0 lines and software overhead. This
device also works well in microprocessor-based
designs requiring upgrading with minimal design
changes. It consists of a serial static RAM overlaid
or ‘‘shadowed’’ bit-for-bit with a 5-V EEPROM
array, as shown in Fig 2. The execution of a store
operation, either from the input STORE or by the
execution of the software store instruction, trans-
fers the current contents of the SRAM en masse into
the nonvolatile EEPROM array. In a similar manner,
the execution of a recall operation, via the RECALL

input, transfers the contents of the nonvolatile
EEPROM array into the SRAM array. On power-up,
the contents of the EEPROM array are automatically
loaded into the RAM array for a default
configuration.

When using the X2443 to replace an existing DIP
switch, it is advantageous to drop the NOVRAM into
the existing switch ‘‘footprint.”” Fig 3 shows the
simple conversion of the existing site or socket (a)
to accept the X2443 (b). Four of the eight 6821 1/0
lines used to read the DIP switch are already mapped
into pins 1 through 4 of the NOVRAM.These lines
originally input the current settings of the DIP
switches, but can be configured through the 6821’s
data direction register to serve as the three outputs
and one input needed for interfacing the NOVRAM.
Since hardware STORE and RECALL signals are not
needed in this application, they are simply tied to
Vcce. All nonvolatile operations occur through soft-
ware control, whose requirements are relatively

Fig 3 Within both the original DIP interface (a) and the X2443 implementation (b), the interface is serial. Therefore,
only the clock, enable, data input, and data output lines need to be used.
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Fig 4 When using a header for a parsing program used
with the pIP switch configuration, the possible parameters
are limited to 8 bits, and an elaborate software routine is
needed to interpret them.

to make switch operation straightforward in the
user’s manual.

Replacing the DIP switch with the NOVRAM has
several significant advantages. The 256-bit nonvola-
tile storage leaves adequate room for storing an
“‘image”’ of all interface circuit registers. Thus, the
parsing problem of the DIP switch implementation
is eliminated. Even the control registers that do not
need to be user-programmable can benefit from this
imaging, since they can be changed remotely in the
field for hardware or software updates. This method
simplifies field upgrading when compared with the
usual method of storing these register images in the
program store ROM or EPROM.

New images can either be down-loaded remotely
or loaded through a diagnostic mode using a direct-
connect RS-232 interface. Examples of where this
capability is beneficial are numerous, and include
changing interface protocols, data formats, or other
hardware, interface, or networking options.

The use of the device for storing setup parameters
also allows a more user-friendly operator interface.
Software in the original design includes routines that
allow random placement of the cursor or text
through the use of a ‘‘go to X-Y’’ routine. It
becomes a fairly trivial task to implement a menu-
driven setup mode. After entering a certain escape
sequence, the user is placed in the configuration
mode, which presents an English menu.

The return key increments the cursor position to
the next setup area where the current setting is
displayed, and the spacebar key increments that set-
ting through all possible choices. Once the user has
set up the parameters for a particular session,
depressing the escape key writes the current settings
into the RAM section of the NOVRAM. With this
operation, the user can set up a temporary configu-
ration without changing the default parameters in
the EEPROM section of the NOVRAM. Default set-
tings are changed only when the user executes a
certain control sequence (such as control X and
then the escape). In some applications, it may be
desirable to allow only certain users to change these
default parameters before entering a special code.

straightforward (as described). With this software
in place, the communication between the processor
and the device simply becomes a series of reads or
writes to the appropriate serial device locations.
The original design only allowed eight user-
definable inputs, since only one DIP switch is used
in the terminal. The meaning of the various input
conditions is shown in the DIP switch map portion
of the program header in Fig 4. Since the single 8-bit
input is used for so many functions, parsing the input
byte into the appropriate setup parameters requires
an extensive piece of code. The problem with this
implementation is the extensive software required

Replacing the DIP switch with the
NOVRAM allows increased design
flexibility, as well as reduced
manufacturing and testing costs.

Since the x2443 has a much larger capacity than
actually needed for this application, the remainder
of the nonvolatile storage can hold such data as serial
number of the individual unit, revision level, and
hardware configuration diagnostic parameters.
Otherwise, it can be reserved for future expansion.
The Table shows a sample address map for the
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device, with the associated data stored in each of
the 16-bit locations. The end results of replacing the
DIP switch with the NOVRAM are increased design
flexibility, as well as reduced manufacturing and
testing costs.

Program storage considerations

The second aspect of improving the terminal
design involves the program store for the 6800
microprocessor. The original design uses a 2716
EEPROM since the software requirements for the
terminal are not extensive. The feature set of the
X2816A EEPROM makes the replacement easier be-
cause EEPROMs of the X2816A generation incor-
porate high voltage generation, address and data
latching, and the write-cycle timing circuitry on the
memory chip. During read operations, the device
functions just like the 2716 EPROM in its use of chip
enable (CE) and output enable (OE) signals. During
a write operation, the x2816A latches the addresses
on the bus during the high to low transition of the
write enable (WE) signal, and then latches the data
to be written on the rising edge of the WE signal.

The duration of this signal is not important, since
the EEPROM only uses it to initiate the write cycle;
the timing for the write operation is generated on-
chip. The processor needs only to ignore the
EEPROM for 10 ms during the write cycle, and the
device does the rest. The latched and self-timed na-
ture of the x2816A allows it to be placed in a 16-K
SRAM socket and be read and written with the same
signals used for the SRAM.

The read operation of the X2816A is the same as
that of the 2716 EPROM, so this part of the EEPROM
operation is of no concern. The only changes
required to the existing circuitry involve the write
operation. The first change allows the processor to
write to the EEPROM, and the second protects the
EEPROM from unwanted write operations during
power-up and power-down.

The memory map for the original design was not
very full, so only large blocks of the address map

are decoded for each memory device and 1/0 chip
on the bus. The 2716 logically resides at addresses
F800 through FFFF since the 6800 reset vectors must
be included. The physical decoding for the 2716
includes the address range of F000-FFFF since only
the microprocessor’s two most significant address
lines A15 and A14 are used for the decoding.
Since line A14 is used to drive the OE line of the
2716, the EPROM is selected whenever A15 is a logi-
cal one. Possible conflict with the system RAM resid-
ing at 8000-81FF is avoided by restricting the
processor’s access to the 2716 in the logical F800-FFFF
range. Since the processor can now read and write
to the logical address range of the 2716 socket, the
CE must also be derived from the A15 and Al4
address lines. And, since CE is active low and the
address line is active high, a simple NAND gate will
suffice (Fig 5). Luckily, an extra NAND gate in the

Fig 5 The EEPROM control logic uses the processor’s
high order address lines to map the device into the proper
address range and enable it at the same time.

5-115




Fig 6 Address maps for updating EEPROM software are
kept in EEPROM (a) and copied to RAM (b) when needed.

design can be used as an inverter. The inverter used
for the CE is no longer needed, and therefore can
replace the NAND gate. The inverter on A14 must
remain intact since it is used in the 2114 RAM decode
circuit.

The WE line for the X2816A EEPROM can be
derived from the composite RAM write signal used
for the 2114 RAMs. This signal is the logical OR or
the R/W output from the 6800 and the Phase 1 clock
signal. This qualification of the R/W line ensures
that the addresses are valid on the high to low transi-
tion of the WE signal. Therefore, they can be latched
into the EEPROM. This ORing connection also guar-
antees that the data to be written is valid on the rising
edge of the composite WE signal. The OE signal on
the EEPROM can simply be driven from the comple-
ment of the R/W signal from the processor. This

technique requires that all accesses to the EEPROM
be made in the logical address range of F800-FFFF
to avoid bus contention with the system RAM.

Discussion of the circuitry needed for the OE
signal also must include another important issue:
ensuring that the chip does not experience an
accidental write cycle during power-up or power-
down. Even though the chance of CE and WE going
low during power-up or power-down is rather
remote, the possibility must be eliminated.

The EEPROM simplifies write protection by in-
cluding an onchip voltage sensor that monitors the
Ve input level and automatically disables writes
from occurring when vgc falls below 3 V. Also, a
noise filter on the WE input prevents a write from
being initiated by a low spike. Functional interac-
tion of the control inputs on the chip allows a low
level on the OE to disable any write operations
regardless of the state of the CE and WE inputs. By
holding OE low while V¢ is between 3 and 4.75 V,
inadvertent write cycles are inhibited.

The power supply must be modified to generate
an active low signal whenever Ve is below a
specific level. This signal disables the write opera-
tion during both power-up and power-down. Be-
cause this signal is wire-ANDed with the control
signal driving the OE signal, all writes to the chip
are disabled when Vcc is below the 4.75-V limit.

Software modification

Once hardware changes have been made, in-
factory modifications and in-field modifications
must be addressed in order to take full advantage
of an X2816A. In-factory modifications can be han-
dled in many ways. If the terminal configuration is
known at assembly time, the appropriate software
can be loaded into the EEPROM through the use of
a standard PROM programmer. However, this
method does not take full advantage of the features
of the in-circuit reprogrammability inherent in the
X2816A. A more advanced approach also makes
automated board testing easier.

For example, the EEPROM can be initially
installed with a diagnostic program for testing the
completed terminal board with an automated test
system. Once the board has been tested, the tester
controls the 6800 processor by holding it in a quies-
cent state such as reset or halt. The tester then
assumes control over the terminal bus and writes the
actual terminal software into the EEPROM. This
greatly reduces the overhead required to manufac-
ture a variety of different configurations or
‘‘models’’ on a single assembly line. In-line program-
ming also allows for the verification of the EEPROM
write operation and control circuitry.

The real advantages of the EEPROM surface when
it comes to modifying software in the field. In this
case, the terminal is placed in a down-load mode,
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and the software revision is loaded through the
. RsS-232 interface, either from a service ‘‘box’’ or re-
motely via a modem. The X2816A allows the termi-
nals in the field to be called over phone lines for
loading new operating software, thereby greatly
reducing the cost and impact of a software update.

Although full-featured EEPROMs such as the
X2816A simplify this task significantly, there remains
one software issue to be resolved. While the
EEPROM is performing its internal write cycle, it is
unavailable for further writes or reads. For exam-
ple, the processor, executing out of a program stored
in the EEPROM, might perform a write cycle to the
chip and then fetch the next instruction. Since the
X2816A is occupied with its internal write cycle, the
next instruction fetch will yield a high impedance
bus. The processor will take this data as its next in-
struction and enter the ‘“‘catch fire and die’’ mode
of operation.

To avoid this situation, a very compact routine
fetches the byte to be written into the EEPROM from
a given location, writes the byte into the EEPROM,
and then enters a timing loop to wait the 10-ms
period required to complete the write. Since the
RS-232 interface supports full handshaking, there is
no chance of overrun from the down-loaded data.
This routine is initially loaded into the EEPROM, but
it is never executed from this device. Instead, another

‘‘copy to RAM’’ routine copies the routine from
EEPROM into RAM, from which it is executed.

Since the terminal has 1 Kbyte of RAM capacity,
there is ample room for storing such a routine during
the EEPROM write cycle. Fig 6, shows address maps
for both the EEPROM (a) and the RAM (b) prior to
and during the execution of the EEPROM write
routine. This method works especially well with the
6800 since its architecture is that of a von Neumann
machine, and can therefore execute program seg-
ments out of the memory space reserved for RAM
data storage.

In-field terminal upgradeability has two important
benefits. If the terminal software is upgraded or
revised after the unit is sold, the new software can
be added to the existing units in the field at minimal
cost. This method also eases the addition of optional
hardware in the field, since the new software sup-
porting the hardware option can be down-loaded
instead of replacing the terminal EPROM.

Reprinted with permission from Computer Design—October 1, 1984 issue.
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Save volatile
data during

power loss

Nonvolatile-storage devices give you a
medinm in which to store data during
power loss. By combining these devices with
power-sensing civcuits and supplying the
necessary contvol signals, you can design a
system that transfers data secuvely between
volatile and nonvolatile memory during
power loss.

Christopher Lopes, Xicor Corp

To protect volatile data during power loss, you need to
transfer that data reliably to nonvolatile memory dur-

. ing the transient and return it to RAM after power is
restored. A system that performs this function includes
two subsystems. The first reports power status, indi-
cating when power is lost and when it is restored; the
second handles the data transfer, using the power-
status signal to generate the appropriate store and
retrieve commands.

Sense power failure

To transfer data reliably after power loss, a system
must have enough time to copy data from RAM to
nonvolatile memory before the supply voltage drops
below a certain level. The sensing circuit must recog-

nize the power loss and generate a power-loss signal
promptly, giving the storage subsystem enough time to
effect the data transfer. In fact, in some systems, you
may have to complete your transfer within a single
write cycle to ensure a reliable transfer.

Your first step in designing the sensing subsystem is
to choose a sensing point. You could use the 5V regula-
tor’s output as a sensing point, but this output will not
indicate power loss as quickly as will either the ac input
line to the power supply or the unregulated de voltage
supplied to the regulator.

To sense ac loss on the power supply’s ac input line,
you can monitor either the input or the output to the
power transformer. If you monitor the transformer’s
input side, you must electrically decouple the sensing
circuit’s signal from the system’s de portions (by using
optoelectronic isolators, for example). If you monitor

5.5V

DC SUPPLY sV
45V

ri—————- 10 MSEC————p~
STORE PULSE ——l_I

NOTE: MINIMUM RELIABLE WRITE VOLTAGE =4.5V

Fig 1—The system characterized by this timing diagram must
detect a power loss early enough to allow it to generate a store pulse
10 msec before the dc supply drops to 4.5V.
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+5V SUPPLY

, TO
INTERRUPT

Fig 2—This zero-crossing detector monitors power-supply status at
the transformer’s ac output. The two diodes isolate the detector from
the main power supply’s unregulated dc bus.

POWER FAIL

Once you've chosen a sensing point, you must choose
a detector. If you've chosen to detect ac loss, consider
one of the following four methods. The first is a low-cost
zero-crossing detector (Fig 2), in which two diodes
isolate the detector circuit from the filter capacitor (Cy)
that’s ahead of the regulator. When a power loss
occurs, the full wave’s rectified ac drops to zero,
inhibiting base current to transistor Q;. This causes Q/’s
output to go high, thereby generating an interrupt
signal at point B.

NOW GOOD TEST &

POWER
STILL
BAD

ISSUE
STORE

Fig 3—In a typical p.P system that tests for power loss, once the
processor receives an interrupt indicating a power loss, the system
initiates a subroutine that tests for a true power loss. The subroutine
first produces a delay of about 2 msec; then the system looks again at
the power detector’s output. If that output is still asserted, the system
decides that the power loss is real and sends a store pulse to the
nonvolatile RAM.

the output side, you must isolate the detector circuit
from the main power supply’s filtered unregulated de
circuit, because that circuit’s response to a line fault is
slow. To isolate the circuit, you can use either a
separate transformer tap or two extra diodes between
the bridge and the detector.

Alternatively, you can use the unregulated dc voltage
ahead of the regulator as a sensing point. The regulator
maintains its regulated output as long as its input
voltage remains within a certain range. To make sure
that the system will have time to respond to a power
loss, you should set your trip point below the normal
input voltage. This allows you to send your store signal
early enough to ensure a reliable transfer to nonvolatile
memory. Consider, for example, the timing diagram in
Fig 1 and assume that the minimum reliable write
voltage of the memory in the system it characterizes is
4.5V. Because this system’s de supply drops to 4.5V 10
msec after initiation of the store pulse, the system must
complete a write operation to nonvolatile memory with-
in this 10-msec period.

+5V
R

R, 2%

12k
O— AWV —

TO INTERRUPT
/'

120V o
s r S 22
o = =
(a) 2x 4N25

A
1nnnr——

DELAY

WITHOUT CAPACITOR

®)

O +5V

PULSE
INPUT

TO INTERRUPT

3.3k SR,
< TIME DELAY 2 mSEC

f} S—
, v

(©)

Fig 4—You can connect a detector like this one, (which contains
optoelectronic isolators with their diodes connected back-to-back)
directly to the ac line through o resistor (a). The circuit produces an
output pulse that can interrupt a wP each time the input waveform
crosses zero, or every 8.3 msec (b). Instead of allowing the sensor to
interrupt the WP every 8.3 msec, you can feed these pulses first to a
555 timer that's configured as a missing-pulse detector. It issues an
interrupt only when the input pulse train is interrupted (c).
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When it receives an interrupt, the system initiates a
subroutine that tests for a true power loss (Fig 3). The
subroutine delays the store signal for about 2 msec and
then looks at the detector again. If the output is still
high, the system decides that the power loss is real, and
it sends a store pulse to the nonvolatile RAM. Resistor
R: in Fig 2 limits the transistor base current.

Capacitor C; is essential in this circuit because it
filters the power supply’s half-cycle pulses before
they’re applied to Q. (If you were to fail to filter these
pulses, the wP would receive an interrupt signal every
8.3 msec, whether or not a power loss had occurred.
Without C;, as much as 25% of your available processor
time would be spent responding to false interrupts
generated by the power-loss detector.) The value that
you choose for C, depends on the power supply’s holdup
time, the values of R, and R,, and the delay that you
want between the loss of ac and the triggering of the
store signal.

Use optoisolators

The second technique for sensing ac power loss uses
two optoelectronic isolators between the detector and
the ac power line (Fig 4a). This technique produces a
positive output pulse at each zero crossing on the ac
line, or at 8.3-msec intervals (Fig 4b). The problem
with Fig 4a’s circuit is that the interrupt signal occu-
pies the pP’s time while the rest of the system is
resampling the detector’s output. To solve this prob-
lem, you can add a missing-pulse detector similar to the
one shown in Fig 4c.

A third detector that relies on direct ac-line connec-
tion uses General Instrument’s MID 400 power-line
monitor. When you use this device, you need to add
only two resistors to ensure a clean interrupt signal

TO INTERRUPT

To ensure that yow'll be able to transfer
data reliably from RAM to EEPROM,
you need to maintain power for at least 10
msec after a power loss.

(Fig 5). You can adjust turn-on and turn-off delays by
adding a capacitor across R,.

The fourth detector (Fig 6) uses a CMOS Schmitt
trigger as a full-wave, low-voltage, missing-pulse de-
tector. To avoid latch-up, and possible damage to the
CMOS circuits, you must make sure that the input
voltage to the CMOS Schmitt trigger does not exceed
the 5V supply voltage. You can meet this requirement
by inserting a resistor between the Schmitt trigger and
the bridge’s output. To obtain narrow pulse widths
from the first gate, keep the ac input voltage as high as
possible. R; and C, determine the output’s delay, which
must be longer than the first gate’s pulse width.

Sensing dc power loss

If you've decided to sense dc loss instead of ac loss,
you don’t have to worry about capacitor delays or
missing pulses. Consider the sensor in Fig Ta, for
instance. The sensor generates a negative interrupt
pulse when it senses dc loss; it uses a zener diode to set
the trigger point. On one hand, you should set the

p——0+5V

1/6 CD40106

D TO
INTERRUPT

(a)

AC

20v

A

3 B I

AN Ao
b —"’i / e—DELAY

®)

Fig 5—To incorporate the MID 400 detector in your sensing
subsystem, you need to add only two external resistors that you
connect directly to the ac line. You can control the on and off delays at
the output by connecting a capacitor across R,.

Fig 6—When you use two Schmitt triggers to detect ac loss (a), the
delay produced by R, and C; must be longer than the first gate’s
output pulse width. The timing diagram (b) shows the circuit

. waveforms.
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Fig 7—Using zener diodes you can configure a power-supply detec-
tor circuit to produce either a negative (a) or a positive (b} interrupt
pulse when the trigger point is reached. You can configure the op amp
shown in ¢ to produce either a positive or a negative output pulse

polarity.

trigger point as high as possible (to allow the circuit to
sense the power loss as early as possible). On the other
hand, you must still set the trigger point low enough to
fall below the lower boundary of the supply’s upper
unregulated limit (to prevent false triggering). Re-
member that the diode’s voltage rating should equal the
desired trip-point voltage minus the 0.7V base-emitter
drop.

In the dec detector circuit shown in Fig 7b, when the
unregulated dc voltage drops, a pnp transistor turns on
and produces a positive pulse. Here, the zener diode’s
rating is equal to the trip-point voltage minus 5V, plus
0.7V for the base-emitter drop.

The circuit in Fig 7c trips when the dc level at R/’s
and Ry’s junction drops to the zener’s voltage rating.
You can provide either a positive or a negative inter-
rupt signal, depending on the operational amplifier’s
input configuration.

To ensure that the regulator operates long enough
to perform a reliable transfer to nonvolatile memory
once a store pulse is sent, you need to use a large filter
capacitor. The capacitance depends on the desired trip
point, the lowest input voltage to the regulator, and the
load. For example, a system with a 10-msec transfer
time, a 300-mA load, a 15V trip point, and a minimum
regulator input of 7V requires a 375-uF capacitor; you
can derive the capacitor’s value from the equation
i=Cdv/dt.

Once you've chosen a sensing point and a sensing
circuit, the next step is to develop a subsystem that
uses the power-status signal to generate save and

-
l 3 3
ADDRESS
DECODE SYSTEM GENERAL-
POWER FAIL ROM PUF:/F('JOSE m
M ADDRESS
DATA
6809 4P
RESET
]
L]
PORT A
POWER-ON RESET

Fig 8—This industrial controller’s storage architecture uses a« NOVRAM as both the volatile and

Tatile "
Y

storage el ts.
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restore signals. These signals tell the storage subsys-
tem to transfer data from RAM to nonvolatile memory
during power loss and return data to RAM after power
has been restored.

The type of system you design will depend largely on
the type of nonvolatile storage that you plan to use with
that system. For instance, you could use battery-
backed RAM, or you could use a NOVRAM like the one
used in the industrial controller shown in Fig 8. The
industrial-controller design takes advantage of the non-
volatile RAM’s ability to transfer data between RAM
and EEPROM in a 10-msec single write cycle (see box,
“NOVRAM architecture”).

The nonvolatile RAM provides both the system stor-
age (RAM portion) and the nonvolatile program stor-
age (EEPROM portion) for power losses. The pP
supplies a low-going TTL store signal (100-nsec min
duration) to the nonvolatile RAM’s store input. During
the 10 msec that the nonvolatile RAM requires to
complete its data transfer, you must keep the power
supply’s voltage within the specified operating toler-

Monitoring the ac line in front of the
main supply’s power transformer gives you
the fastest warning of a power loss.

ance. Once the system initiates a store cycle, the store
cycle can’t be terminated.

When the system loses power, the sensor sends a
power-failure-detection interrupt to the wP. Once the
processor acknowledges the interrupt, it branches to an
interrupt routine that writes the current stack pointer
and a test byte to the nonvolatile RAM (to signify that a
power failure has occurred) and generates a store
signal. The power supply holds V¢c above 4.5V for 10
msec after it generates the power-fail signal. During
the store operation, the nonvolatile RAM I/O lines
maintain high impedance, allowing the uP to complete
other tasks. After the system completes a store opera-
tion, it must drive the store input high before perform-
ing subsequent store operations.

When power is restored, the power-on-reset routine
sends a recall signal to the nonvolatile RAM. The
routine in the wP then checks the nonvolatile RAM’s
test byte to see if the previous process had been
interrupted by a power failure. If so, the processor
saves the current processor state and loads the address

NOVRAM architecture

A NOVRAM (nonvolatile RAM)
is a memory device comprising a
static RAM overlaid bit for bit
with an EEPROM (electrically
erasable programmable ROM).
A typical nonvolatile RAM, the
Xicor X2212, contains 2k bits or-
ganized as a conventional 1k-
byte static RAM overlaid with a
1k-byte EEPROM.

The operation of the RAM
portion is identical to that of
other static RAMs. However, in
addition to CS (chip select) and
WE (write enable) pins, nonvol-
atile RAMs also have store and
recall pins that control data
transfers between the RAM and
EEPROM. Because the pulse
widths of the control and data
inputs are less than 450 nsec,
most wP-based systems don’t re-
quire wait states during the data
transfers.

A store operation transfers
the entire RAM contents to the
EEPROM in a single 10-msec
write cycle. After the NOVRAM
completes the store operation,
the original data will reside in
both the RAM and the EE-
PROM.

The NOVRAM uses a recall
operation to transfer data in the
EEPROM to the RAM, replac-
ing the RAM’s prior content. In-
stead of moving data on a word-
by-word basis, store and recall
operations transfer the entire
content of the memory simulta-
neously.

NOVRAMs don’t require high-
voltage pulses or high-voltage
supplies: The devices operate
from a single 5V power source
and have no battery backup. All
inputs and outputs are TTL
compatible. The RAM portion’s

cycle time is 300 nsec, and the
common data input/output is 4
bits wide.

On-chip protection

A built-in V¢c sensor protects
the NOVRAM from spurious sig-
nals often initiated during pow-
er-up and power-down. The sen-
sor establishes a threshold
supply voltage of 3V. When the
supply voltage falls below 3V,
store operations to the EE-
PROM and write operations to the
nonvolatile RAM are blocked.

A noise filter built into the
EEPROM prevents glitches on
the WE line from initiating a
write cycle. This filter makes
the device ignore pulses of less
than 20 nsec so that noise spikes
will not be interpreted as write
commands.
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An alternative to monitoving ac power at
the power transformer is monitoring the
unvegulated dec power to the vequlator.

SYSTEM
STORE

WE STORE
EOWER, RECALL

Fig 9—By NANDing the store, WE, and power-status signals you
can protect the NOVRAM from false store commands. In this
configuration, all three inputs must be true for a store operation to
occur.
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CE OR WE (OR STORE)
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Fig 10—In a hold-low protection scheme (a), a nonvolatile memo-
ry's array-recall pin is pulled to logical zero when the supply voltage
falls below 5V. In hold-high protection (b), when power is lost, either
the WE or CE pins are held high.

of the saved processor state onto the stack. It then
executes a return from interrupt and resumes the
previously interrupted process.

Beware false commands

One of the biggest obstacles you'll face in deriving
reliable store and save signals will be to avoid false
store commands. Because most wP-based systems don’t
operate in ideal environments, they often generate
false signals during power-ups, power-downs, brown-
outs, and power failures. However, these signals are
generally nonperiodic in nature, so the system usually
recognizes them as by-products of a faulty memory
device and disregards them.

Sometimes, however, these signals are periodic and
turn out to be unintended write/store commands. After
a system reset, for example, the wP’s erratic behavior
may cause the registers that usually contain the system
information to contain false write-store commands in-
stead. Therefore, when the system addresses those
registers, those registers issue a false store command.

You can use several system techniques to avoid these
errant commands. (For a discussion of on-chip protec-
tion features, see box, “NOVRAM architecture.”) One
technique for protecting the NOVRAM from errant
commands takes advantage of the fact that even though
most pPs can issue spurious addresses, they don’t
usually issue false write commands. By ANDing the
system write command with the system store com-
mand, you can make sure that the nonvolatile RAM will
respond to a store signal only during a write cycle.

Nevertheless, glitches can still appear at the store
pin during power up, even if no write command is
received at any of the 3-state TTL gate inputs. One way
to solve this problem is to use an open-collector NAND
gate, one of whose inputs indicates the power supply’s
status (Fig 9). This method ensures that the store pin’s
voltage follows the power supply’s voltage as the volt-
age increases. o

If you hold one NAND gate’s open-collector input
low, the output transistor is turned off. Pulling the
gate’s output voltage to the nonvolatile RAM’s power
supply through a pullup resistor ensures that the
output follows the power supply with no glitches. You
can also use the power supply’s status signal to hold the
recall pin low and the store pin high. This technique
gives you better control over the nonvolatile RAM
because it uses two conditions to prevent an inadver-
tent store operation. All you need to do is to connect the
status signal directly to the recall pin.
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Two additional methods of preventing unintentional
nonvolatile data changes during power transitions are
hold-low and hold-high protection. When you use hold-
low protection (Fig 10a), the array recall pin is pulled
to logical zero whenever the supply voltage falls below
the 5V—10% threshold. The Intersil ICL8211, an 8-pin
miniature DIP, provides the voltage reference and
gives a zero output whenever the supply falls below its
threshold. When the sensed voltage rises above the
selected threshold, the device produces a logical one.

(Fig 10b) gives an example of hold-high protection.
ICL8211 keeps the voltage on the nonvolatile RAM’s
store pin (or the WE or CE pins) near the power
supply’s voltage level. This blocks the low pin voltage
that’s necessary for a write or store operation.

The power-supply output that ICL8211 senses is a
sawtooth waveform. ICL8211’s output is a logical 1
while the supply output is above 4.5 volts. Below 3V,
the nonvolatile RAM’s internal protection circuitry
prevents inadvertent writes or stores. In the critical
unprotected range between 3 and 4.5V, ICL8211 pro-
vides a zero output to prevent writes or stores.

An alternative to ICL8211 in these applications is the
SGS L487. The SGS L487 is a 500-mA precision 5V
voltage regulator that includes an open-collector power-
on/power-off reset output pin that protects nonvolatile
memory the same way the ICL8211 does.

Other schemes that protect systems from inadver-
tent store operations employ jumpers, cables, and
switches. You transmit the store signal through a
jumper or switch that you hold open unless you're
changing data in the EEPROM. During normal opera-
tion, the.only component attached to the store pin is a
resistor to the power supply. EDN
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Product Bit Maps
On the following pages are individual device bit maps. Figures 4 and 5 illustrate the location of individual bits within
These bit maps are supplied to aid in the development of a byte for columns 1-15 suppressed. The bit locations in
test programs. these fifteen columns is identical to column 0.
Figures 1, 2 and 3 illustrate the physical proximity of indi- Figure 6 is a bit map for the X2864A and illustrates the rela-
vidual bit cells within the memory array of the X2201A, tive physical location of all bytes within the array. The actual
X2210 and X2212 respectively. bit locations within each byte are identical throughout
the array.
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Product Bit Maps

b,b,Db,0,0,D0,D0,0,D,0,D,D,D,D,D, D, A,

1 o 1 0o 1 0
1 1 o o0 1 1
1 1 1 1 0 O

2

COL4 COL3 cCOL

D; = ith Data Line (1/0 Line)
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Product Bit Maps
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Figure 3: X2212 (256 x 4) Bit Map
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INTRODUCTION

This report is an accumulation of reliability testing
data taken on the Xicor X2210 and X2212 NOVRAM
memories. In these memories, each memory bit inte-
grates one bit of static RAM and one bit of electrically
erasable-programmable ROM (E?PROM) into one
cell. The controls STORE and RECALL cause the
data to be transferred in parallel from all RAM bits
into the associated E2PROM bits and back again.
These devices, which exemplify Xicor's innovative
technology, require only a 5V power supply and TTL
level signals for all operations, including STORE and
RECALL. Both devices employ the same design and
processes and are organized 64 x 4 and 256 x 4 for
the X2210 and X2212, respectively. Figure 1 shows
the pinout for the two parts, as well as for the X2201A
(1K x 1) NOVRAM. Figure 2 shows the logic diagram
for the X2212 (256 x 4); Figure 3a and 3b show the
package dimensions for the packages which are
common to the X2201A, X2210 and X2212. The bit
maps for the three devices shown in Figures 4-6 illus-
trate the physical location of the various address bits.

1024 x 1

] Vee e a [t
a] A [(Ine a2
2] a [as al]s
&[] A [Jivos Al |4

A‘[j A Mo, al]
[ A {Jvo, as[e
sToRe[| D t]uo‘ s[]7
we[] % Cwe vs[ {8

vis [ cs | Jarmay  STORE( |

RECALL

PIN NAMES
Ao—Ag Address Inputs
1/0y—1/04 Data Input/Output
WE Write Enable
CS Chip Select
ARRAY RECALL Array Recall
STORE Store
Vee +5V
Vss Ground
NC ~ NoConnect

Figure 1: X2201A, X2210, and X2212 pin assignment drawings
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Figure 2: Functional diagram of X2212 memory
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Figure 3b: Package outline drawing for memories in plastic
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Figure 6: X2212 physical address map

TECHNOLOGY

Xicor NOVRAM memories store their nonvolatile
data on electrically isolated polysilicon gates. These
gates are islands of polysilicon surrounded by about
800A of Si0,, one of the best insulators known. This is
similar to the structure used in UV light erasable
PROMs (UVEPROMS).

Electrons once trapped on the floating (isolated)
gates will remain there unless they receive a large
energy input from an outside source (e.g., an
ultraviolet photon in the case of UVEPROMSs), or until
a sufficiently high electric field is applied to distort
the energy bands suffICIentIy to allow Fowler-
Nordheim tunneling to occur.

Fowler-Nordheim tunneling, which will be dis-
cussed in more detail later in this report, is the
mechanism employed to charge and discharge the
floating storage gate of Xicor's NOVRAM memories.
The storage gate is formed in the second of three
layers of polysilicon as illustrated in Figure 7. Elec-
trons move to the floating gate by tunneling from
POLY 1 to POLY 2. When the high fields which are
used to cause the desired tunneling are not present,
the electrons remain trapped on POLY 2.

As Figure 7 illustrates, the NOVRAM memory cell is
a conventional six transistor static RAM cell to which
a floating gate E2PROM cell containing two transis-
tors has been added. During the normal READ/
WRITE operations, memory array power supply




(Vecn) is fixed at the positive supply level (nominally
5V) and the Internal Store Voltage is fixed at ground.
Only the six transistors of the static RAM cell are ef-
fective and the operation is exactly that of a conven-
tional six transistor static RAM.

WORD Veea

LINE

LINE

ﬁi

G BIT
LINE

STORE VOLTAG E

POLV [ POLY 3]

[POLY 1]

R

Figure 7: Schematic diagram of a NOVRAM memory cell showing how a
standard six-transistor static RAM cell is merged with a floating gate
E2PROM cell.

The RECALL operation depends on capacitance
ratios. The value of C, in Figure 7 is larger than that
of Cy. When the external RECALL command is
received, the memory array power supply (Vcca) is
initially pulled low to equalize the voltages on nodes
N; and N,. These nodes equalize quickly to Veca
through the depletion transistors Q; and Q,. When
Veea is then allowed to rise, the node with the lighter
capacitive loading will rise more quickly and turn on
the pull down transistor on the opposing side, which
will keep the more slowly rising node clamped low. If
the floating gate is charged positively, Qg is turned
on, which connects C, to N,. Thus N;, which is

loaded by the smaller capacitor C,, rises more-

rapidly, causing the latch to set with N, high and N,
low. If the floating gate is charged negatively, Qg is
turned off, which isolates C, from N, and allows N, to
rise more rapidly than N;. Thus the latch is set with N,
high and Ny low. During the RECALL operation the
Internal Store Voltage remains at ground.

The STORE operation also utilizes capacitance dif-
ferences to transfer data from RAM to E2PROM.
When node N, is low, transistor Qy is turned off. This
allows the junction between capacitors CC, and CC4
to float. Since the combined capacitance of CC, and
CC; is larger than that of C, the capacitor between
POLY 1 and POLY 2, the Foatlng gate follows the
potential of the Internal Store Voltage. Thus when the
Internal Store Voltage becomes high (several times
Vee), a sufficient field exists between POLY 1 and
POLY 2 to cause electron tunneling and the floating
gate is charged negatively.
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When node N;y is high, transistor Q; is turned on
which grounds the junction between CC, and CC,.
Since the capacitance of CC, is larger than that of
Cg, the capacitor formed between POLY 2 and POLY
3, CC, holds the floating gate near ground when the
Internal Store Voltage goes high. In this case the high
field exists between POLY 2 and POLY 3 and elec-
trons tunnel from POLY 2 to POLY 3, which dis-
charges the floating gate.

The Internal Store Voltage is at ground except dur-
ing the STORE operation. Moreover, during the
STORE operation all bits are stored simultaneously,
which is possible because the RAM bit associated
with each E2PROM bit acts as a data latch.

TUNNELING PHYSICS

Because the innovative aspects of the NOVRAM
memory revolve around the nonvolatile storage pro-
cedure, it seems appropriate to discuss the storage
phenomenon in more detail. As was mentioned
above, the storage occurs via a tunneling mech-
anism first described by Fowler and Nordhelm in
1928 and subsequently named after them.! The
basic idea isillustrated in Figure 8. The energy differ-
ence between the conduction and valence bands in
Si is about 1.1 eV; the energy difference between
those bands in Si0, is approximately 9 eV. When the
two materials are joined, the conduction band in Si0,
is 3.25 eV above that in Si. The differences in valence
band energies is even larger (approximately 4 eV).
Since the thermal energy of an electron averages
only 0.025 eV at room temperature, the chances of an
electron in silicon gaining enough thermal energy to
surmount the barrier and enter the conduction band
in Si0, is exceedingly small. This case is illustrated in
Figure 8.

Si Si0, si
3.25ev
CONDUCTION
BAND © o ©0006--
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VALENCE
BAND
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a b

Figure 8: Energy band diagrams of the Si/Si0, system in the neutral state
(a), and during the store operation (b).



Fowler and Nordheim pointed out that in the pre-
sence of a high electric field, the energy bands will
be distorted as illustrated in Figure 8b. Under these
conditions there is a small but finite probability that
an electron in the conduction band in the silicon will
tunnel through the energy barrier and emerge in the
conduction band of the Si0,, as illustrated in Figure 8a.

Fowler-Nordheim emission was observed early in
this century for the case of electrons being emitted
from metals into vacuum, and in 1969 Lenzlinger and
Snow observed this phenomenon for the Si-Si0,
system.?2 The Fowler-Nordheim current increases
exponentially with applied field and becomes readily
observable (i.e., J ~ 107 A/lcm?) for the Si-Si0, sys-
tem in which the Si surface is smooth for fields on the
order of 10 MV/icm.

It has been known for some time that “enhanced”
electron emission currents could be observed for
Si-Si0, systems for which the Si surface has a tex-
ture. (Texture in this context means that the Si surface
has features on the order of a few hundred
angstroms.)®® These enhanced currents occur at
applied fields with values smaller than one quarter of
those necessary for the same current from a smooth

surface. It has been thought that the enhanced emis- .

sion occurs because of locally enhanced fields near
the top regions of the features on the surface.

Lewis attempted to model Fowler-Nordheim tun-
neling from a textured surface by calculating current
from a number of hemispheres set in a plane.®
Attempts to quantitatively fit experimentally ob-
served currents with this model have not been very
successful. Hu, et al, for example, found that to fit
their data to existing theory it was necessary to as-
sume an energy barrier of app‘roximatel7y 1 eV be-
tween conduction bands in Si and Si0,.” Even with
this assumption, the fit was poor because the mea-
sured current increased more rapidly than the calcu-
lated values, as is illustrated in Figure 9.

Because of the importance of tunneling to the
operation of its products, Xicor decided to
adequately characterize and model tunnef emission
from textured polycrystaliine silicon (poly) surfaces.
One avenue of exploration was to characterize the
physical topology of the tunneling structure. Figure
10 is a scanning electron micrograph (SEM) of the
emitting (top) surface of a layer of polysilicon from
which the oxide has been removed for clarity. As
shown in the micrograph, this surface is composed
of a densely packed array of features reminiscent of
a cobblestone street. A count of these features on
SEM photos of material from several lots determined
that there is an average of about 50 features per
square micron. A transmission electron microscope

(TEM) cross-section of a tunneling structure is shown
in Figure 11. This photo demonstrates the conformal
nature of the structure. The top surface of the prior
deposition of polysilicon is formed into a series of
“hillocks” 200-300A high and 1000-15004 across the
base. The free surface of the oxide grown on this sili-
con replicates the silicon surface. Thus, polysilicon
deposited atop the prior polysilicon layer sub-
sequent to oxidation has dimples on its undersurface
occurring over the already existing “hillocks”.

The topology of the polysilicon surfaces causes
the electric field lines to nolonger be parallel as in the
case of parallel emitting and collecting surfaces, but
rather to diverge and converge in response to the
local topology asis illustrated in Figure 12. As shown,
the field lines converge near surfaces of positive cur-
vature (i.e., bumps) and diverge near surfaces of
negative curvature (i.e., dimples). Since Fowler-
Nordheim tunneling depends exponentially on the
electric field at the surface of the polysilicon, a good
model of the electron emission requires an accurate
knowledge of the field over the complete surface.
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Figure 9: Current vs. applied voltage for current from textured poly sur-
face emitted through 1760 A of thermal Si0, compared with calculations
based on previously available theory.
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Figure 10: Scanning electron microscope (SEM) photograph of top
emitting textured poly surface with oxide removed. The 0.5u-long bar
gives the scale.

Figure 11: Transmission electron microscope (TEM) photograph of a
cross-section through a textured tunneling structure. The one micron-
long arrow shows the scale.

Si

Figure 12: Sketch illustrating the manner in which field lines converge
near convex feature and diverge near concave features.

Until recently, this field problem was one of the
unsolved problems of mathematical physics. (It is
classically known as the “lighting rod problem”.)
Roger Ellis, a member of the Xicor staff, has solved
this problem.® The technique used differential geo-
metry to transform Euclidean space into a space in
which the field lines were parallel. The electrostatics
problem was solved in this space and the solution
transformed back into the original space. The tunnel
current was found to be described in a spherical co-
ordinate system by the equation:

32 _ 2, 32
s[ 8?rhE¢a expg Mzg;:qE%st] emitting
Jeollecting = (1)
[fs ds] collecting
where the electric field, E, is given by
. Va (d_@2> . L:‘ 12 e @)
E(s2) — E(s1)L\ ar r? do
and
-1 de @y
_df | do
de

is the curvature of the surface at which the field is
evaluated.®

This expression has several interesting properties.
One is that the field depends on the difference of the
curvatures of the emitting and coliecting surfaces.
Another is that the electric field also depends on the
derivative of the curvature of the emitting surface.

To verify the accuracy of this expression, the
current-voltage (J-V) characteristics of a textured
polysilicon tunnel structure were experimentally
determined and compared with those predicted by
equation (1). Because of the field enhancement on



the bumps, a higher current is expected at a given
applied voltage polarity which causes electron emis-
sion from the bumps than for that polarity which
causes emission from the dimples. Thus, by analogy
with a diode, the polarity with the bumps negative
(higher current emitted) is called the forward bias
direction and the other polarity is called the reverse
bias direction. _

Figure 13 shows the results of comparing experi-
mental and calculated values for the forward bias
condition. As can be seen, theory and experiment
agree within about 20% over seven orders of mag-
nitude in current. The parameters used in calculating
the predicted currents were not arbitrarily chosen.
The value of the oxide/silicon conduction band bar-
rier, Jg, was taken to be 3.15 eV as measured by
Weinberg™. The feature density (50u)? and the
bump base and height are typical of those seen on
SEMSs and TEMs such as Figures 10 and 11, respec-
tively. The dashed line in Figure 13 is the current
which would be predicted if the top (i.e., collecting)
electrode were flat rather than dimpled. This illus-
trates the effect of the collecting surface curvature on
the field at the emitting surface.
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Figure 13: Forward tunneling characteristic comparing the measured
data with curves calculated for a concave and a planar collecting
surface.

To further verify equation (1), the reverse bias
current was measured on the same device used for
the forward bias case. The results are compared with
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the predicted current in Figure 14. This shows about
20% agreement over eight orders of magnitude in
current with the same parameters used as in cal-
culating the forward bias case. Clearly, the model
does an excellent job of predicting the measured
current.
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Figure 14: Reverse tunneling characteristic comparing the measured
data with curves calculated for a concave and planar emitting surface.

Several points of interest can be observed in Fig-
ure 14. One point is that at a voltage at which the for-
ward current is saturating (25V), the reverse current
is unobservable (extrapolation of the measured cur-
rent predicts ~ 10727 A). Another point is that the
current emission predicted from a flat top surface is
greater than that predicted from a dimpled top sur-
face. Moreover, the current emitted from a flat top
surface decreases more slowly with decreasing vol-
tage than that from a dimpled flat surface. This latter
fact is important for data retention as will be dis-
cussed in the next section.

In summary, Xicor is able to accurately model the
tunnel current emitted fromr textured poly surfaces
through Si0, layers. The magnitude of the tunnel cur-
rent as well as its voltage dependence are depen-
dent upon the surface topology. Thus, we have the
means to optimize the emission characteristics.
Lastly, the asymmetric nature of the tunnel emission
makes possible cell designs which are better
adapted to particular requirements than is possible
with symmetric tunnel characteristics — just as a
diode offers more design possibilities than does a
resistor.




DATA RETENTION

As was suggested in the previous section,
textured poly tunneling structures have a significant
advantage in data retention, in comparison with
those employing flat surfaces and thin oxides. One
basis for this advantage is illustrated in Figure 15, in
which the current-voltage (J-V) characteristics of a
tunneling device which employs a thin oxide be-
tween planar surfaces is compared with a tunneling
device which employs a thick oxide between tex-
tured silicon surfaces. For this comparison we match
the currents in the high current region since most
memories are designed to program in about the
same time period (~ 10 msec). As can be seen, the
same current can be obtained from a smooth surface
with 125A thick tunnel oxide or from a textured sur-
face with an 825A thick tunnel oxide. Note however,
that at lower values of applied voltage typical of read
and storage conditions, the current emitted from a
textured surface is approximately four orders of
magnitude lower than that from a smooth surface.
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Figure 15: Comparison of calculated tunneling J-V curves for emission
from a planar and a textured structure. The devices were designed to
have the same emission in the high current regime where programming
takes place.
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These differences may become even more signifi-
cant as devices are scaled. Itis clear that, in order to
scale the memory properly, lower programming volt-
ages are needed so that the isolation widths and
device channel lengths can be reduced both in the
memory array and in the peripheral circuitry. How-
ever, for a typical part which stores data in 3 msec.
and must retain it for 10 years, the tunneling current
under storage and reading conditions must be at
least 10" times smaller than under programming
conditions because the retention time is 10" times
longer than the storage time. Actually, for margin,
one would design for a difference in currents of 10"
to 10", For planar surface tunneling structures, this
may be a difficult design constraint because the
slope of the J-V curve is fixed, which means that the
maximum allowed read voltage drops with the
programming voltage on a volt-for-volt basis, not
proportionately. On the other hand, textured surface
tunneling structures, in their current manifestation,
have a steeper J-V characteristic than planar ones
and the J-V characteristic of a textured structure can
be tailored to yield a steeper curve if desired. This
means that for a given maximum read voltage, a tex-
tured structure requires a lower programming voltage
which leads to better scaling.

To verify the excellent data retention expected of
Xicor NOVRAMSs, a study was carried out to measure
data loss as a function of temperature. Figure 16
shows log cumulative data loss vs. log time for 100
samples of X2210's at each of three temperatures.
Data loss is defined as occurring when the first bit in
the array loses data. As shown in Figure 16, high tem-
peratures were required to obtain appreciable data
loss in experimentally useful times. Note that even at
300° C, 2000 hours (~ 3 months) are required to
begin to see data loss. Figure 17 shows the result of
calculating failure rates based on these resuits and
plotting vs. inverse temperature. Since the rates fall
on a straight line, we can extract an activation energy
and extrapolate to lower temperatures (see the next
section for a discussion of activation energies). The
result is that the experimental value of the activation
energy is 1.7 eV and the mean time for data loss for
this mechanism (which we believe to be the funda-
mental loss mechanism of this technology) is 3 mil-
lion years for data retention at 125°C.
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Figure 17: Log data loss rate vs. inverse temperature for X2210's.

BASIC RELIABILITY
CONCEPTS

There are several concepts basic to most reliability
work. One is the long established observation that
failure rates follow the bathtub-shaped curve illus-
trated in Figure 18. There is an infant mortality region
characterized by a rapidly declining failure rate as
the “weak” parts are eliminated from the population,
a random failure characterized by an invariant or
slowly declining failure rate, and a wearout region
characterized by an increasing failure rate as the
units reach the end of life.

INFANT
MORTALITY

RANDOM

FAILURES WEAROUT

FAILURE
RATE

LOG TIME

Figure 18: lllustration of bathtub curve of failure rates showing regions in
which infant mortality, random failures, and wearout mechanisms domi-
nate the failure rate.

Each region of the failure rate curve has specific
failure modes which predominate. For example, the
infant mortality region is dominated by failures which
arise from manufacturing defects. Table | gives a
summary of common failure mechanisms and
stresses which may be used to accelerate the failure
rates of the various mechanisms which have been
culled from the literature. '

The classic parameter used to accelerate failure
rates is temperature. It is known that a very broad
class of failure mechanisms have a temperature
dependence proportional to exp (—E./kT) where E,
is called the activation energy, k is Boltzmann's con-
stant, and T is the absolute temperature. This is true
because a number of basic physical phenomena
such as diffusion rates and chemical reaction rates
have this dependence. The significance of this is that
if the activation energy is known for the failure
mechanisms in question, then the failure rates aris-
ing from these mechanisms can be measured at ele-
vated temperature where they are high enough to be
conveniently measured and extrapolated back to




lower operating temperatures where the failure rates
may be so low as to require an inconveniently large
number of device hours to measure. The relationship
which allows one to translate failure rates from one
temperature to another is known as the Arrhenius
relation. Figure 19 illustrates this relation for a
number of common values of activation energy.

10-8

10-7

10-¢

10-5

10-4

10-3

ACCELERATION FACTOR

10-2

10

150
TEMPERATURE (°C)

100 25

Figure 19: Acceleration factor vs. temperature calculated for various
activation energies from Arrhenius relation.

RELIABILITY TESTING

Five types of tests were conducted to establish the
reliabilty of the devices:
1. High temperature dynamic lifetest
2. Data retention bake
3. High temperature reverse bias
4. Lifetest monitor
5. Environmental
These tests are discussed after Table |.
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Failure A ion Detecti
Mechanism Type Energy Method
lonic Infant/ 10eV High Temp.
Contamination Random/ Bias
Wearout
Surface Wearout 05-1.0eV High Temp.
Charge Bias
Polarization Wearout 10eV High Temp.
Bias
Electro- Wearout 10eV High Temp.
migration Operating Life
Microcracks Random - Temperature
Cycling
Oxide Infant/ 03eV High Temp.
Rupture Random Operating Life
Silicon Infant/ 03eV High Temp.
Defects Random Bias
Oxide Defect Infant/ 06eV High Temp.
Leakage Random Operating Life
Electron Wearout - Low Temp.,
Trapping In High Voltage
Oxide Operating Life
Table I: MOS Failure Mechanisms
-
High Temperature

Dynamic Lifetest

This is the usual data from which failure rate pre-
dictions are made. For this to be a valid predictor of
failure rate, the parts must function as they would in
normal operation. Thus, overly elevated tempera-
tures at which the unit does not function internally are
to be avoided since this may lead to overly optimistic
predictions.

Xicor gathers this data at 125°C ambient which is
within the known operating range of the units under
test. The stimulus pattern consists of recalling a
known pattern, writing an all one’s pattern over the
recalled pattern bit by bit, reading the all one’s pat-
tern, writing its complement, reading the comple-
ment and then beginning over again.

The units in lifetest are tested at 168, 500, 1000,
and 2000 hours to verify that they are still within
specification. The first step of the readout tests is to
recall the information stored in the nonvolatile section
of memory to verify that the previously stored pattern
is still retained. If so, the memory is completely exer-
cised over voltage including verification of the
STORE function. Finally, the predetermined patternis
restored to memory for the next lifetest period.



Data Retention Bake

This test is sometimes referred to as a storage
bake. The term “data retention bake” better de-
scribes the principal function it serves in the case of
electrically programmable nonvolatile memories
which is to measure how fast charge leaks away from
the floating gate.

In this test, a pattern which represents all floating
gates charged positive is stored and the devices are
baked at 250°C for the cerdip (ceramic dual-in-line)
package and 150°C for plastic (dual-in-line) pack-
age with no bias applied. At intervals the memory is
removed from bake, and the nonvolatile data
recalled and checked for accuracy. The data is not
restored at readouts in order to ascertain the worst
case retention. Since Xicor warrants cycling endur-
ance of various values, this test was performed on
parts specified for 1000 cycle endurance which had
performed 1000 complete data alterations, as well as
on parts which had not received this treatment.

HTRB

HTRB stands for High Temperature Reverse Bias,
a term which originated with bipolar circuits, in which
case the test reverse biased the junctions of all of the
input stages. For MOS circuits, a better term would
be high temperature static bias. In this stress, which
Xicor carries out at 150°C, Vg is grounded and a sta-
tic positive voltage is applied to all of the inputs and
outputs, as well as to Vgc. This has the effect of
applying a static bias equal to the power supply
across the gate oxides of the circuit transistors. This
stress is intended to expose failures which might
occur as a result of drift of mobile ionic contaminants
or latent defects in the gate oxides.

It is known that many defects are accelerated by
voltage as well as temperature. For example, it has
been shown by Crook that the failure rate of oxide
defects increases 107 times per MV/cm increase in
the electric field.™ For this reason, HTRB stresses
were conducted with both 55V and 7.5V bias
applied to the units under test.

Life Test Monitor

In order to assure a continuous supply of the high-
est quality and reliability possible to our customers, a
weekly life test monitor is maintained.

This monitor is used at Xicor for two purposes.
First, it is used to monitor the infant mortality rate
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which is an indicator of manufacturing defects. If an
unusually high failure rate were to be observed, a
corrective action could be taken before defective
units are shipped to customers. Secondly, a long
term failure rate is also monitored. This establishes a
way to ensure that long term reliability is maintained.

Each week approximately 250 units of X2212
devices are placed in a dynamic life test at 125°C for
168 hours. Also, monitor units ofthe first week of each
period remain in dynamic life test for up to 1000
hours.

Package Environmental
Tests

MIL-M-35810 and MIL-STD-883, Method 5005,
Group C and D have been the guide for environmen-
tal testing for the cerdip package. Table Ii lists the
tests, the test conditions and test results. All lots
passed the 883 qualification criteria.

Because of the nature of the plastic package,
additional tests were done. These tests are 85°C/
85% RH (both biased and unbiased) life test, temp
cycling (200 cycles) and saturated storage test at 2
ATM (autoclave).

RESULTS

Tables IHA and llIB exhibit the results of dynamic
life test of X2210 and X2212 in cerdip package and
plastic package, respectively. Table IlIA shows zero
failure result in 6 x 10° device hours on 1700 units of
X2210 and X2212. Table 11IB shows two failure results
in 1.7 x 10° device hours on 5055 units of X2210 and
X2212. The causes of the failures were also listed in
Table IlIB. In addition, Table lIIB includes life test
monitor data since plastic units are used.

Tables IVA and IVB show the results of 150°C static
life test at 5.5V for cerdip and plastic. No failures
were detected on both package types, out of 121
units for cerdip and 245 units for plastic.

Tables VA and VB show the results of 150°C static
life test at 7.5V applied bias. Increasing Ve from
5.5V to 7.5V increases the field across the gate oxide
from 6.875 x 10° V/cm to 9.375 x 10°V/cm. According
to Crook this increase in field should accelerate the
failure rate by about 56 times. In cerdip, one failure
was observed at the 48 hour readout. For oxide
breakdown, out of 250 units tested in plastic, no fail-
ures were seen.




Mil-Std-
883 Test Accept
Test Method Conditions LTPD # |Results
Temp. 1005 Test ConditionC 15 0/15 | 0175
Cycling (10cycle
—6510125°C)
Constant 2001 Test Condition E 0/175
Acceleration (30,0009
Y1 axis only)
Seal 1014 Test Condition B 0/175
—Fine (5 x 10~ 8ce/min)
—Gross Test ConditionC 0/175
Lead 2004 Test Condition B2 15 0/15 0/213
Integrity (Lead Fatigue)
Seal 1014
—Fine Test Condition B 0/213
—~Gross TestConditionC 1/213
Thermal 1011 Test Condition B 15 0/15 0/203
Shock (15¢cycles
-55°Cto 125°C)
Temp. 1010 Test ConditionC 0/203
Cycling (100 cycles)
Moisture 1004 0/203
Resistance
Seal 1014
—Fine Test Condition B 0/203
—Gross Test ConditionC 0/203
internal 1018 5,000 ppm max. — 0/3 0/6
Water water content at or
Vapor 100°C 1/5
Content
Mechanical | 2002 Test Condition B 15 0/15 0/192
Shock (1500 g peak
3axis)
Vibration 2007 Test Condition A 0/192
Variable (20 g peak
Frequency 3axis)
Constant 2001 Test Condition E 0/192
Acceleration
Seal 1014
—Fine Test Condition B 0/192
—Gross Test Condition C 0/192
Salt 1009 Test Condition A 15 0/15 | 0144
Atmosphere
Seal 1014
—Fine Test Condition B 0/144
—Gross Test ConditionC 0/144
Adhesionof | 2025 15 0/15 0/18
Lead Finish (#of
leads
from3
devices)
Lid Torque 2024 — 0/5 0/15

Table Il: Environmental Test for 18 Lead Cerdip Package
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48 Hr. 168 Hr. 500 Hr. 1000 Hr. Total
#Fail| #In | #Fail| #In ||#Fail| #In || #Fail| #In | Hours
Lot #1(2212) 0 | 403 0 | 383 0 29 0 97 1.3E5
Lot #2(2212) 0 | 350 0 | 324 0 99 0 98 12E5
Lot #3(2212) 0 [338 0 |[334 0 99 ] 98 1.2E5
Lot #4 (2210) 0 | 294 0 | 284 0 99 0 97 1265
Lot #5 (2210} 0 315 0 312 0 99 0 98 1.2E5
TOTALS 0 |1700| O |1637(| O | 495 0 | 488 || 6.0E5
Table IllA: Stress Dynamic Life Test at 125°C — Cerdip Package
48Hr. 168 Hr. S00Hr. (| 1000Hr. || 2000Hr. || Total
#Fall| #In |[#Fail| #In || #Fall| #In (| #Fait| #in || #Fail| #in || Hours
Lot#1(2212) || 0 |575]| o [573f| o |99 | o |97 o |97 |f 255
Lot#2(2212) || 22 [570| o [ses|| o |99 | o || o |98 || 255
Lot #3(2212) 0 577 0 577 0 99 0 96 0 96 2.5E5
Lot#4(2210) |t o [573|l o [s570) o |99 ) o |99 o [se8]f 255
Lot#5(2212) || 0 {570]| o |570| o (9 f o |99 | o e8| 25e5
Lot#6(Monit) || 0 [2190|| o |2183]| o [297| o [297| — | — || s.1E5
TOTALS 2 |50s5| o |[so38| o |7e2|l o |7ss| o |487| 1.7E6
a = one x-decoder failure due to blown oxide 0.3 eV
one word line failure due to blown oxide 0.3 eV
Table 11IB: Stress Dynamic Life Test at 125°C — Plastic Package
48 Hr. 168 Hr. 500 Hr. 1000 Hr. 2000Hr. Total
#Fail | #In (|#Fall| #In (|#Fail| #In || #Fail| #In || #Fall| #In || Hours
Lot#1(2212) || o |25 o |23 o {23 o 23| o |23 | 4489
Lot#2(2212) || o |25 || o |25 o |25 o |25 o |25 | 48800
lot#3(2212) || 0 {25 o [23fl o |23 || o |23 o |23 44806
Lot#4(2210) || 0 |25 o |25 o [25| o |25 o |25 48800
Lot#5(2210) || 0 | 25| o |25 o [25| o 25| o | 25| 48800
TOTALS 0 |125] o |121| o [121| o [0 o |121| 24E5
L
Table IVA: Stress 5.5V HTRB at 150°C — Cerdip Package
48 Hr. 168 Hr. 500 Hr. 1000 Hr. Total
#Fail| #In || #Fail| #In || #Fail| #In ||#Fail| #in | Hours
Lot #1(2212) 0 50 0 49 [} 49 0 49 46648
Lot #2(2212) 0 50 0 50 0 50 0 49 47100
Lot #3(2212) 0 50 0 50 0 50 0 50 47600
Lot #4(2210) 0 50 0 50 0 50 0 50 47600
Lot #5 (2212) 0 50 0 49 0 a7 0 47 44984
TOTALS 0 [250 0 (248 0 |246 0 (245 || 2.3E5

Table IVB: Stress 5.5V HTRB at 150°C — Plastic Package




48Hr. 168 Hr. 500 Hr. 1000 Hr. Total 48Hr. 168 Hr. 500Hr. 1000 Hr. 2000 Hr. Total
#Fail| #In || #Fail| #In |#Fail| #in ||#Fail| #In || Hours #Fall| #In |[#Fail| #In || #Fail| #in ||#Fail| #in ||#Fall| #In || Hours
Lot#1(222) || 0 | 25| o |25 o | 25| o | 25 | 23800 Lot#1e212) || o |so| o |50 o |50 o |49l o |48 es100
Lot
Lot#2(2212) | 12| 25 || 0 |24 || 0 |24 || o | 24 | 20848 or#2(22i2) i 0 1 50| 0 |50 f| 0 |80 || 0 |50 1 |47 94600
tot#3z212) || o [so | o |so)l o |sof 1 {50l 1 | 48] eseoo
Lot#3(2212) || 0 | 25 | O | 25 || O |25 ) O | 25 | 23800 Lot#a(2210) || o |50l o [sof o [sof o |50 o |50/ 97600
Lot#4(2210) p 0 | 25 0 | 25 0 |25 0 | 25 || 23800 Lot #5 (2210) o |50 o |50 o |s0]) oas] o |a9] ss100
Lot#5(2210) || 0 | 25| 0o |25 o |25 | o | 25 || 23800
TOTALS 0 250 0 250 0 250 1 248 2 242 4.8E5
TOTALS 1 |125] o |24 o 124 o |24 12E5
. Table VIA: Stress Bake at 250°C — Cerdip Package
a = blown oxide 0.3eV P 9
Table VA: Stress 7.5V HTRB at 150°C — Plastic Package
48H. 168Hr. || 500Hr. | 1000Hr. || Total
#Fall] #In || #Fail| #In || #Fail] #In || #Fail| #in | Hours 48Hr. 168Hr. | SO0Hr. | 1000Hr. | Total
#Fail| #In || #Fail| #In | #Fail| #In ||#Fail| #in | Hours
Lot#1(2212) | o |50 | o | 48] o |48 | o | 48 | 45696
Lot#22212) || 0 |50 | o [ 50| o |50 o |48 | 46600 Lot#1(2212) | 0 | 25 | 0 | 25 ) 0 |25 ) O | 25 23800
Lot#3(2212) || 0 [ 50 | o |50 | o |50l o |50 47600 Lot#2(2212) | 0 | 25 || 0 | 25 | 0 | 25| O | 25} 23800
Lot#4(2210) || o |50 || o |s0] o |50 o |50 47600 Lot#3(2212) || 0 | 25 || 0 | 25 )} O | 25 || O |25 || 23800
Lot#5222) || o |50 || o |48 | o |48 o | 48 | 45696 Lot#4(2210) | 0 | 25 || O | 25 || O |25 || O |25 | 23800
Lot#52212) | 0 |25 || o [ 25| o |25 | o | 25 | 23800
TOTALS 0 |250( o 246 o |246| 0 |244| 23E5
TOTALS o |25| o |125] o |125]| o |25 1265

Table VB: Stress 7.5V HTRB at 150°C — Plastic Package
Table VIB: Stress Retention Bake at 150°C — Plastic Package

Tables VIA, VIB, VIIA and VIIB show the results of
250°C and 150°C retention bake for cerdip and plas-
tic, respectively. Retention bake was done both
before and after 1000 data change cycles on units

that are rated for 1000 data change cycles. At 150°C 48Hr. || 168Hr. || 500Hr. || 1000Hr. | 2000Hr. || Total

no failures were detected before nor after 1000 data #Fail] #in || #Fail| #1n || #Fail| #n || #Fail] #in | #Fail] #in | Hours

changes on a total of 125 units for 1000 hours. At ot#1@212) || 0 |25 o |25l 1 |24 o |23 1 | 23] asaes

250°C, the data on uncycled devices shows 3 units Lot#2(212) || o |25 (| o |25 o |25 o |25 o |25 48800

failed from 250 units for 2000 hours. The data on Lot#3(@212) | 1 |25 0 |24 | O 24 1 }24] 0 |23 45848

cycled devices shows 4 units failed from 125 units for Lot#4(2210) ) 0 125 | 0 |25 || 0 25 0|25 0 |25 48800

2000 hours. These results do not have statistically Lo#S@) )| 0 |20 0 |40 (B O]9 | e

significant differences in overall failure rate. Close TOTALS tolies )0 |r2all 1o p123| 9 |12 1 |21 || 2485

examination shows a tendency for the cycled failures

to be more scattered, while uncycled failures are Table VIIA: 250°C Retention Bake — Cycled Cerdip Unit

more concentrated at 1000 and 2000 hour readouts.

This kind of data should not be surprising, as an

oxide defect, which had been accelerated by the

high electric field, became manifest during store

operation. The retention failure rate for 1000 hours at 48Hr. || 168Hr. | SO0Hr. | 1000Hr. | Total

250°C is at the range of 1 t0 2%, which is about half of #Falll #n [#Falll #in |#Fall #in |#Falll #in | Hours

that previously reported for EPROMSs.'® Retention Lot#1(2212) ||l 0 | 25 || 0 | 251 0 | 25 | 0 | 25 | 23800

data reported for other E2PROM technologies would Lot#2(2212) || O |26 | O | 25 ) 0 | 25§ O | 25 | 23800

indicate that the present NOVRAM retention results Lot#3(2212) | 0 | 25 f O 26 4 0 |25 O | 25 { 23800

are greatly superior.” Lot#4(2210) | 0 |25 || o [25| 0 [ 25| o | 25 | 23800
Table Vil and IX represents 85/85 life test with and Lot#5(2212) || 0 |25 | 0 | 251 0 | 25§ 0 | 25 | 23800

without voltage bias, respectively. As indicated by TOTALS 0 l1s] o 125l o l125| o |4125 1285

the data, no failures were observed in both the 5.5V

i H 5
biased and the unbiased groups for a total of 5 x 10 Table VIIB: 150°C Retention Bake — Cycled Plastic Unit
device hours.
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500 Hr. 1000 Hr. Total
#Fail #In #Fall #In Hours
Lot#1(2212) 0 50 0 50 41600
Lot#2(2212) 0 50 0 50 41600
Lot#3(2212) 0 50 0 50 41600
Lot#4(2210) 0 50 0 50 41600
Lot #5(2212) 0 50 0 50 41600
TOTALS 0 250 0 250 2.1E5
Tabie VIiI: Biased 85/85 — Plastic Units with Voo =5V
500Hr. 1000 Hr. Total
#Fall #In #Falt #In Hours
Lot#1(2212) 0 50 0 50 41600
Lot#2(2212) 0 50 0 50 41600
Lot#3(2212) 0 50 0 50 41600
Lot #4(2210) 0 50 o] 50 41600
Lot #5(2212) 0 50 s} 50 41600
TOTALS 0 250 0 250 2.1E5
Table IX: Biased 85/85 — Plastic Units with Voo =0V
200 Cycles
#Fail #in
Lot#1(2212) 0 50
Lot#2(2212) 0 50
Lot #3(2212) 0 50
Lot #4 (2212) 0 50
Lot #5(2210) 0 50
TOTAL 0 250
Table X: Temperature Cycles (Method 1010) — Plastic Package
48Hr. 168 Hr. 500 Hr. 1000 Hr. Total
#Fall| #In ||#Fail| #In | #Fail| #In |#Fail| #In | Hours
Lot#1(2212) 0 25 0 25 0 25 0 25 || 23800
Lot #2(2212) 0 25 0 25 Q0 25 0 25 23800
Lot #3(2212) 0 25 0 25 0 25 0 25 23800
Lot #4 (2210) o] 25 0 25 4] 25 0 25 23800
Lot #5(2212) 0 25 0 25 0 25 0 25 23800
TOTALS 0 | 125 0 | 125 0 | 125 0 |[125]) 1.2E5

Table XI: Dynamic Life Test at 10°C — Plastic Packaged Units

Figure 20 shows a bar graph of the autoclave
results for plastic package. Cumulative failures
steadily increased for the first 400 hours with sharp
increase at approximately 500 hours. Figure 20
shows the 500 hour mark for the plastic package in
the 24% range. The discrepancy between autoclave
and 85°C/85% RH life test results can be explained
by the two causes of failure. During the saturated
storage (autoclave), failure rate is dependent on the
galvanically induced ionic currents flowing in a layer
of water on the surface of the die. This layer of water
is accumulated after plastic has debonded from the
die which causes corrosion to concentrate on the
bonding pad. The 85°C/85% RH life test produced
more widespread corrosion due to phosphorous in
the passivations, and debonding is not a prerequis-
ite for this type of failure.2" 22 Since corrosion on the
bonding pad is only one of the failure modes which
can occur in 85°C/85% RH life test, it would be a bet-
ter indicator for normal operation.?'

Table X shows the result of the temperature cycling
for plastic packages. No failures were observed. The
test used 200 temperature cycles for +125°C to
—65°C, air to air. (MIL-Std-883, Method 1010) indi-
cates that the plastic packaged device would per-
form very well under normal temperature variations.

Table XI shows the results (no failures) of low
temperature dynamic life test. The lack of failures
indicates that typical semiconductor failure modes
are not a factor in this technology.
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Figure 20: Pressure Pot Result



CALCULATION OF
PREDICTED FAILURE RATE

There is no simple, one-step formula for inferring a
predicted failure rate from the experimental data. In-
stead, the failures of each individual activation
energy must be treated differently. The first step is to
calculate the equivalent device hours at the ambient
temperature of interest, utilizing the Arrhenius rela-
tionship discussed earlier on pages 8 & 9. This cal-
culation should be carried out for every mechanism
observed or expected. For example, the calculation
for the 0.3 eV activation energy oxide rupture mech-
anism should be carried out whether this failure
mechanism s observed or not, since this mechanism
is always anticipated in MOS integrated circuits. The
extrapolation should be carried out utilizing the junc-
tion temperature at the ambient temperature of inter-
est and not the ambient temperature itself. The upper
confidence limit is then calculated for the failure rate
for each activation energy. The upper confidence
limits for the various activation energies are then
summed for a total failure rate prediction. The mean-
ing of the “upper confidence level” is that with a cer-
tainty, or probability, of a certain level we can say that
the true value is less than the stated value. Thus, the
confidence level rate calculated is non-zero even for
the case where no failures are observed because we
can't be sure that there will be none.

Two calculations were performed to separate short
term failure rates (infant mortality) and long term fail-
ure rate (expected failure rate). This was done to
obtain a better picture of the expected failure rates.

Long term failure rates are tabulated in Table XIl
based on the data in Tables Ill-V. Voltage accelera-
tion is applied for the 0.3 eV activation energy failure
mode typical of oxide breakdown. No voltage accel-
eration is applied to the 0.6 eV and 1.0 eV failure
modes because the dependence for these has not
been established. These data lead to a predicted
long term failure rate in plastic of 39 F.1.T. (0.0039%/
1000 hr) at 60% UCL at 70°C ambient and 18 F.I.T.
(0.0018%/1000 hr) at 60% UCL at 55°C ambient. In
cerdip the corresponding values are 85 F.I.T
(0.0085%/1000 hr) at 60% UCL at 70°C ambient and
45 F.I.T. (0.0045%/1000 hr) at 60% UCL at 55°C
ambient. From these numbers, it should not be con-
cluded that the parts are more reliable in plastic than
in cerdip but rather that since there are more hours in
plastic than cerdip the uncertainty is reduced and
hence the UCL (upper confidence level) is lower. The
best single point estimate of the reliability of the part
is probably obtained by combining the data on the
units in plastic and cerdip packages. This leads to
estimated failure rate of 39 F.I.T. (0.0039%/1000 hr) at
70°C ambient and 60% UCL and 16 F.I.T. (0.0016%/
1000 hr) at 55°C ambient and 60% UCL.

The above calculations of long term failure rates
were done excluding the data for the first 48 hours of

PLASTIC
Expected 60% UCL Expected 60% UCL
Equivalent Value of Faiture Equivalent Value of Failure
Activation Hours at Hours at Number of Hours at Failure Rate Rateat Hours at Failure Rate Rate at
Energy 125°C 150°C Failures 70°C at70°C 70°C 55°C at55°C 55°C
0.3eV 1.75x10° 4.91x10° 0 9.31x107* — 9.8 1.40x10° — 7
06eV 1.75x108 4.91x10° 0 3.94x107 — 26 8.86x10” — 10
1.0eV 1.75x10° 4.91x10° 0 3.07x108 — 3 119x10° — 1
TOTAL — 39 — 18
CERDIP
Expected 60% UCL Expected 60% UCL
Equivalent Value of Failure Equivalent Value of Failure
Activation Hours at Hours at Number of Hours at Failure Rate Rateat Hours at Failure Rate Rate at
Energy 125°C 150°C Failures 70°C at70°C 70°C 55°C at55°C 55°C
0.3eV 6.05x10° 3.66x10° 1 4.86x107* — 4 7.45x107 — 27
0.6eV 6.06x10° 3.66x10° 0 2.26x107 - 40 5.30x107 — 17
1.0eV 6.05x10° 3.66x10° 0 2.11x108 = 4 8.75x10° — 1
TOTAL — 85 — 45

*0.3 eV equivalent hours includes voltage acceleration for 7.5 eV stress.

Table XlI: Long Term Failure Rate (Not Including 48 HR Data Point)
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dynamic lifetest. (Note: all units going into other tests
received this stress as a preconditioning.) The short
term failure fraction, sometimes called infant mortal-
ity percentage, can be estimated from these data in
Tables llIA, B. In cerdip, no failures were observed
from 1700 units. In plastic, there were 2 failures in
5055 units or 396 PPM. If the data from all packages
is combined, a single point estimate is 296 PPM.

These results show that Xicor NOVRAMs have
attained failure rates comparable, if not better, to
those reported by major suppliers of standard vol-
atile memory products. 1820

SUMMARY

The data presented in this reliability report show
that the data retention of Xicor's NOVRAM technol-
ogy is excellent. Even at a high temperature (300°C),
only about 2% lose data in 1000 hours. Theoretical
grounds for expecting this result are discussed. Two
calculations were done, one for short term (48 hours)
failure rate and one for long term expected failure
rate. These show an overall long term failure rate of
16 F.IT. at 55°C, 60% UCL and an infant mortality of
less than 300 PPM. The cerdip packaging employed
is shown to be capable of passing the Group D qual-
ification requirements of MIL-Std-883, Method 5005.
Finally, the plastic packaging employed shows
excellent 85°C/85% RH result.
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Cover Photo: Figure 7 Data retention vs. temperature for memory arrays
fabricated with Xicor's technology.

This report is based on data collected through September, 1983.
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X2816A/04A PRELIMINARY RELIABILITY SUMMARY

by Bruce Prickett &
John Caywood

Introduction

The X2804A and ‘?816A are 4K and 16K electrically erasable programmable
read only memories (E“PROMs) organized as 512 x 8 and 2K x 8. These memories
operate on a single 5 volt power supply for all operations. Figures 1 and 2
show the pin configurations of the X2816A and X2804A and the functional
diagram of the X2816A. Figure 3 is the package outline drawing for these
parts. Figure 4 and 5 are bit maps which illustrate the physical location of
the memory bits of the X2804A and X2816A respectively.

Although Xicor introduced its X2816A and X2804A EZPROMS only recently,
Xicor is an experienced manufacturer of E“PROMs. This is because the family
of NOVRAMs _(X2201A,X2210 and X2212) which Xicor introduced earlier all
contained EZPROMs integrated together with static RAM on a bit-for-bit
basis. The process technology and the 5 volt design tecgniques which had been
deve]oped for the NOVRAMs were carried over to the E“P QM products.  This
experience enabled Xicor to introduce these 5-Volt only E“ PROMs with a self
timed write cycle that includes Tlatched address and data buffers. By
producing parts with these_features in production quantities, Xicor has set
the industry standard for 2 PROMs.

Technology

These EZPROMs employ the same triple poly n-channel process which Xicor
developed previously for NOVRAMs. With this technology, data is stored as the
presence or absence of charge on a piece of second-level polysilicon which
acts as a gate for a readout transistor. This piece of polysilicon is
completely surrounded by ~ 1000 A of thermally grown Si0,, one of the best
electrical idinsulators known. Charge is transferred on%o and off of the
storage gate by means of a quantum mechanical phenomenon, called Fowler-
Nordheim tunneling. This phenomenon has been described in detail in recent
publications.*”

The operation of the cell can be explained in terms of the schematic
diagram shown in Figure 6. First consider the left-hand read section. When
the word select line (which is fabricated in third level polysilicon) is de-
selected (i.e., low), the READ transistor is off. When the word select line
is selected (i.e., high), conduction through the READ transistor depends on
the charge on the floating storage gate. If the floating gate is charged
negatively, the channel beneath it is in accumulation and no conduction
occurs, This is read as a "0". If the floating gate is charged positively,
the channel beneath it is in depletion and the channel conducts. This is read
as a "1". The floating gate 1is programmed (i.e., charged negatively) by
taking the Word Select line and source lines high while the poly 1 WRITE BIT
line is held low. The floating gate is erased (i.e., charged positively) by
taking the word select line high while holding both the source and WRITE BIT
lines low.
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As was explained in an earlier publication, tunnel current emitted from a
textured surface inherently decreases more rapidly with decreasing _voltage
than does emission through thin oxide grown on a planar surface.>  This
results in lower leakage currents from the floating gate during storage and
during the read operation of_the part. The excellent data retention which
users may expect from Xicor E“PROMs is shown in Figure 7 where the log of the
measured data loss rate is plotted vs. inverse temperature. The slope of a
straight Tine passing through these data gives the thermal activation energy
for intrinsic data loss in Xicor's technology: 1.7 eV. Extrapolation of this
line to lower temperatures suggests that the mean time before data loss should
be 3,000,000 years at 125°C. Such extrapolations cannot be taken literally
but clearly show that data will be retained. as long as anyone cares for
temperatures within the specified storage conditions. '

Xicor's textured poly technology also yields E2PROMs whose ability to be
re-programmed (usually called "endurance") is good. Figure 8 shows the
current conducted by a typical cell as a function of the number of times that
cell had been programmed to a "0" or erased to a "1". As can be seen, the
current conducted in the erased state begins declining noticeably at greater
than a million cycles of data change, but after ten million cycles, the cell
current in the erased state is still about 70 uwA while the current in the
programmed state is zero. These values provide good margin to the 50 uA value
which is the nominal value at which the sense amplifier circuit distinguishes
between "1" and "Q".

Reliability Study and Results

As was mentioned above, Xicor's E2PROMs use the same process technology
and design techniques as the Xicor family of NOVRAMs. Additionally, these
products are fabricated in the same wafer fab facility and assembled in the
same assembly area with the same ?ssembly technology and controls as the
NOVRAMs . For these reasons, the E“PROMs should be expected to exhibit the
same excellent 1long term reliability already demonstrated by Xicor's
NOVRAMs, The reliability studies reported here were designed to corroborate
this assumption.

One further note is that the X2804A is a smaller version of the X2816A,
created by designing a mask set which is just like the X2816A except tnhat 3/4
of the array and two address buffers are removed (i.e., the X2804A is not a
fallout die from the X2816A production). Thus, the reliability study focused
on the X2816A as the more sensitive reliability indicator since it has four
times as many memory bits and about twice the active silicon area.

Since the study illustrated in Figure 7 showed a strong acceleration in
data loss at elevated temperatures, data retention was measured at 250°C.
(For an gctivation energy of 1.7 eV, data loss at 250°C is accelerated
1.4 x 10> times with respect to 125°C.) Table 1 shows the results of data
retention testing on two lots of material which was not intentionally cycled
and on two lots after 10,000 program/erase cycles. Although the sample is
small, in neither case was any data loss observed, which corroborates the
results of Figure 7.

Two other types of stress tests which were conducted on the X2816A were
high temperature reverse bias (HTRB) at 150°C and dynamic life test at
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125°C. The bias and timing diagrams used for these stress tests are
schematically illustrated in Figure 9 and 10. Tables II and III exhibit the
results for the HTRB and dynamic life tests, respectively. As these results
show, no failures were observed in these tests for HTRB, and three units
failed in 890,000 device hours of 125°C dynamic life test.

The failure rate of the 2816 was estimated based on the data in Tables II
and III. The method used is that discussed in some detail in RR502. The
results, shown in Table IV, predict an expected failure rate of 15 F.I.T.
(.0015%/1000 hr.) at 70°C and 3 F.I.T. (.00032%/1000 hr.) at 55°C. The

extrapolated value for the 60% UCL of the failure rates are 260 F.I.T.
(.026%/1000 hr.) and 140 F.I.T. (.014%/1000 hr) at 70°C and 55°C ambient,
respectively, The large difference between expected failure rate and 60%
confidence level for the failure rate are an indication of the enormous number
of device hours necessary to confirm the Tow failure rates observed.

Summary

The technology used in producing the Xicor X2816A and X2804A are
reviewed. The reasons for expecting excellent data retention and good
eadurance are discussed. Finally, data are shown which confirm that these
E

PROMs share the excellent long-term reliability already demonstrated by
Xicor's NOVRAM family.
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Table 1

250°C RETENTION BAKE

48 HOUR, 168 HOUR 500 HOUR 1000 HOUR]{ 2000 HOUR TOTAL
#FATL] #IN|[#FATILY #INJI#FAIL] #INJ[#FAIL| #INJ[#FAIL{ #IN HOURS
Lot #1 0 50 0 50 0 50 0 50 0 50 97600
Lot #2 0 24 0 24 0 24 0 24 0 24 46848
(Cycled)
Lot #3 0 20 0 20 0 20 0 20 0 20 39040
Lot #4 0 55 0 55 0 55 0 55 0 55 1.1 x 10°
(Cycled)
TOTALS 0 149 0 |149 0 (149 0 |149 0 1149 2.9 x 105
Table 11
STRESS 5.5V HTRB AT 150°C
48 HOUR 168 HOUR 500 HOUR 1000 HOUR TOTAL
FEATL] #FINT{#FATL] #IN][#FAIL] #IN[[#FAIL] #IN HOURS
Lot #1 0 25 0 25 0 25 0 25 23800
Lot #2 0 25 0 25 0 25 0 25 23800
Lot #3 0 |105- 0 105 0 |105 0 |104 99460
Lot #4 0 25 0 25 0 25 0 25 23800
TOTALS 0 180 0 |180 0 |180 0 179 1.7 x 105
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Table III
DYNAMIC LIFE TEST AT 125°C

168 HOUR 500 HOUR 1000 HOUR 2000 HOUR TOTAL
#ERTC| #INV[#FATC| #FIN[[#FATL] #INJ[#FAIL] #IN HOURS
Lot #1 o {159 || o |8s|| o |s8al|l o |sal]1.7x10°
Lot #2 0 |152 0 | 93 o |93 12 | 93 || 1.9 x 10°
Lot #3 0 75 0 75 0 75 0 75 1.5 x 105
Lot #4 0 |388 0 | 99 1¢ | 99 0o |98 || 1.3x10°
Lot #5 1° 1387 || o [126 0 |126 -l 1.5 x 10°
TOTALS 1 |ue1{| o {a77 1 (477 1 |350 {] 8.9 x 10°
a = column failure; ionic contamination;l eV
b = stuck row; ionic contamination; 1 eV
¢ = single bit retention failure; non-repeatable ionic contamination; 1 eV
Table IV
) ] Expected 60% UCL Expected 60% UCL
Activation Equivalent| Vvalue of Failure Equivalent value of Failure
Energy Hours at | Hours at Number of| Hours at |Failure Rate Rate Hours at |[Failure Rate Rate
(eVL 125°C 150°C Failures 70°C at 70°C at 70°C 55°C at 55°C at 55°C
.3 8.9 x 10° }1.7 x 10° 0 |a.78 x 105 o0%/1000 |.0195%/1000 |7.60 x 10%| 0%/1000nr .012/1000hr
.6 8.9 x 105 1.7 x 105 0 2.26 x 107 0%/1000 .0041%/1000 (5.73 x 107 0%/1000 .0016/1000hr
1.0 8.9 x 105 1.7 x 105 3 1.97 x 108 .0015%/1000 .0021%/1000 19.29 x 108 .00032%/1000 |.00044/1000hr
TOTAL 3 .0015%/1000 |.0257%1000hr .00032%/1000 |.014%/1000hr
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The arrangement of bits within

X2804A physical bit map.
byte are displayed for column p and suppressed for the other

columns in which the arrangement of column p is duplicated.
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The arrangement of bits within

X2816A physical bit map.
each byte are displayed for column P and suppressed for the other

Figure 5:
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Figure 6:

E2 cell schematic
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Figure 9: Dynamic 1life test set-up showing the circuit
configuration (a) and the timing (b). The clock frequencies of
higher order address signals are divided down in binary sequence
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Figure 10: Static life test bias diagram
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This report is based on data collected through February, 1984.

Cover Photo: Figure 6. Endurance data from a lot of Xicor X2816A E2PROMs.
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INTRODUCTION

Endurance is a property unique to nonvolatile
memories. It describes the ability of the nonvolatile
memory section of the chip to sustain repeated data
changes without failure. Such a data change occurs
when a stored “1” is changed into a “0”, or when a
stored “0” is changed into a “1”. Continual changes
from “1” to “0” to “1” to “0” are called write-erase
cycling, or just cycling.

In this work, endurance will first be defined. A
quantitative method for characterizing endurance is
described and applied to the characterization of
endurance as a function of temperature and time
between store events. Data on the endurance of a
selection of Xicor's products is presented. Finally, the
application of this information to the calculation of
system failure rates is described. A general problem
in discussions of endurance is that various people
mean different things when they speak of endur-
ance. One meaning which has been used is that
endurance is the number of nonvolatile data changes
to a “typical” cell before the cell dielectric fails or the
programming window closes. Figure 1 shows such
data for a typical Xicor E2PROM cell showing that
after greater than 107 data changes the cell still has
good margin with respect to the 50 uA trip point of
our sense amplifier. Many other suppliers have
presented similar data. Unfortunately this data is of
little help to the user who doesn’t buy one “typical”
cell, but rather an array containing a large number of
cells, some of which will not be typical.
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Figure 1. E2PROM cell current vs. write/erase cycles. 50 uA is the trip
point of the cell.
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Xicor's definition of the endurance of an individual
memory is that the limit of endurance is reached
when, under conditions specified by the data sheet
for normal operation, the first bit on any chip is found
to be in error after a required data change. This limit
of endurance, or endurance forshort, is expressed in
terms of cycles. By this definition then, endurance
(in cycles) is the number of data changes per bit that
occurred without error before the first failure took
place.

When a nonvolatile memory chip is operating
within a given application, it can be expected that
some bits on that chip will experience more data
changes than other bits, unless particular attention
has been paid to even out their use throughout the
chip. Within a given chip the endurances of individual
bits have a small range of values, and it is pure
chance whether a highly cycled bit has an endurance
on the high end or the low end of that distribution.

Xicor's approach to this problem is that the lowest,
the worst case endurance on any given cell in the
array, defines the endurance of that chip. In order to
test for the bit that causes the worst case endurance,
each bit on that chip must be subjected to the same
number of data changes during cycling. When the
first bit on that chip fails, all other bits have been
cycled without failure at least the same number of
times. While these other bits may have much higher
endurance limits, the endurance of the chip under
test is defined as that of the one worst case bit.

Knowledge of the statistical distribution of the
worst case bit from each of thousands of devices
makes the endurance of a given chip statistically
predictable. We have found that our endurance data
fit a known statistical distribution — it is the log-
arithmic “Extreme Value” distribution. Its properties,
and the handling of cycling data to derive its param-
eters for a given lot, are described in Appendix A.




The Measurement
of Endurance
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Figure 2. Typical endurance plots of two lots of Xicor X2212 NOVRAMs.
The upper horizontal axis gives the cumulative percent of failures.

The graph in Figure 2 shows the plots of endur-
ances of two different lots of Xicor's X2212
NOVRAMs. This graph is an example of endurance
plotted using an extreme value distribution. The
meaning of the lower horizontal axis, the linear
extreme value variate, is explained in Appendix A.
The upper horizontal axis, however, has intuitive
appeal. It is the cumulative failure percentage. The
plots are well distributed around a straight line. This
indicates that they originate from an Extreme Value
distribution. They differ somewhatin slope (whichis
the measure of spread, or dispersion of the distri-
bution). They are also offset in the vertical direction,
which indicates that the maximum of each distri-
bution is different. Since the cycles are plotted as
their logarithms, this difference is about 40%.

Implicit in this discussion is the assumption that
the endurance performance of lots can be described
as the result of a relatively small sample. This has
been proven correct experimentally and has been
used to establish correlation between different
pieces of equipment used for the determination of
endurance. A successful application of this is shown
in Figure 3.
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Figure 3. Correlation between endurance data obtained by Xicor and
by one of Xicor's customers for Lot ZAA204. Each test is based on 28
data points. Most of Xicor’s points are coincident with the customer’s
so that they are hidden.

The graph in Figure 3 shows the outcome of an
endurance correlation exercise between Xicor and
one of its customers. The first set of points (black
squares) was established from a 30-device sample of
X2212s from lot ZAA204 cycled out at Xicor. Over-
lying most of these original points are a second set
(open squares) which were generated by endurance
measurements on a separate 30-device sample from
the same lot at the facility of the customer. It can be
seen that the signatures of the two samples match
faithfully, except at both extremes. At the left hand
side, the difference can be explained by the in-
creased scatter of any distribution at its extremes. At
the right hand side, a slight difference was introduced
when the customer stopped cycling before the last
three devices had failed. Evenifitis assumed that the
match would not have improved by further cycling,
the agreement for 27 out of 30 points, or between 5%
and 95% of the sample, is excellent.

6-34



ENDURANCE VARIABLES

The existence of an inherent limit to endurance is
a universal property of nonvolatile semiconductor
memories. Regardless of the materials used and of
the details of the cell design or the semiconductor
manufacturer, there is a measurabie upper limit to
the number of data changes that such a memory cell
can sustain and still meet the data retention specifi-
cation. The exact number of cycles, however, is
dependent on all the elements that go into the con-
struction and operation of a given cell design.

The reason for an endurance limit arises from the
basic physics of nonvolatile semiconductor mem-
ories. All such memories depend on the highly non-
linear conduction properties of the solid-state
dielectrics employed to form the memory cells. At
high electric fields, these dielectrics permit a pre-
dictable current to pass from one electrode to
another. This is used to program or erase such a
device. At low electric fields, essentially no electron
is transmitted. Therefore charges transferred at high
fields to locations isolated by this type of dielectric
will remain there indefinitely. But during the transfer
of charge at high fields, a very small fraction of the
electrons passing through becomes trapped in the
dielectric. The many thousands of times that this
happens during the life of a memory contribute more
and more trapped charge, creating an electric re-
tarding potential in the dielectric, until the device
cannot function as a memory any more. Then its
endurance limit is reached.

The nonvolatile cells used in Xicor memories make
use of the special characteristics of its microtextured
surface. The many tiny regions of gently curved
features are particularly effective as non-linear
conduction elements. As a result of the combination
of surface curvature and thick oxide, they require
relatively low voltages for programming, and provide
excellent retention of data. The physics of the pro-
gramming process as well as the excellent data re-
tention measured for Xicor memories have been
described in a recent publication.!

If all these features were identical, if the thickness
of the dielectric over them were the same, and if the
details of the high voltage generator on the chip were
precisely reproducible, then every device on the
same silicon wafer, and in the same manufacturing
lot would have identical endurance limits. In the real
world, there are small variations in the results of the
intricate fabrication steps of the silicon chip. These
give rise to a range of endurance values for all the
nonvolatile memory cells on the same chip. Addi-

'XICOR Reliability Report RR502.

6-35

tional small variations will occur from chip to chip
over the whole silicon wafer, and from wafer to wafer.
All of these define the details of the distribution that
describes the endurances of allthe memory cellsina
device lot. Once the chips have been fabricated, the
average and the dispersion of this distribution have
been fixed by the interaction of cell design and the
fabrication process with its small variations. These
are the fixed internal parameters of endurance. The
dispersion is an indicator of the process variation.

There are, however, variations that can be super-
imposed on the fixed characteristics by the
conditions that accompany the normal use of the
nonvolatile memory devices. The temperature of
operation is one of these. Both the details of the
charge transfer process in the nonvolatile memory
cell, and the operation of the high voltage generating
circuit should be affected in some way by this condi-
tion. Another externally controlled parameter is the
frequency of the cycling process. At the end of a
storage cycle the newly trapped electrons are in a
relatively high free energy state. Longer periods
between cycles give these charges and their envi-
ronment more time to relax into alower energy state.
This should also affect the measured endurance
parameters.

The control of these external parameters is essen-
tial when exact correlation of endurance data must
be obtained. Their knowledge is also important to
optimize performance and predict reliability in any
application.

The Effect of Temperature
on Endurance

The endurance of a lot of nonvolatile memories
can be described concisely by the constants defining
its statistical distribution. For the simple “Extreme
Value” distribution pertinent here, these constants
are its mode and its dispersion. This distribution
can be used to assist in the characterization of
endurance.

Five 20-device samples from the same lot of X2212
NOVRAMs were subjected to continuous data
changes, each at a different temperature, until all
devices had failed. The temperature levels were
-55°C,-10°C, +25°C, +70°C, and +125°C. The delay
between data changes for all devices was one
second. The endurances of individual devices were
plotted in the form of a probability plot, as shown in
Figure 4.




50 57 CUMULATIVE PERCENT

omro<0 O0r

J
[
d
-
1
1

A

i | Il I | |

0 1
REDUCED VARIATE

Figure 4. The effect of temperature on endurance: the endurance
doubles for every increase in temperature by 50°C.

The y-axis gives the logarithm of the number of
cyclesthat each unit had at the end of its endurance.
The straight lines shown were least-squares fitted to
each set of data. The correlation coefficients for lines
ranged from 97% to 99%. The results can be sum-
marized as follows:

1) There is an increase in the endurance with
increasing temperature.

2) The dispersion is essentially constant at and
below room temperature and increases some-
what above room temperature.

Over the range of the data, the logarithm of the
endurance is linearly related with temperature. The
coefficient is 0.0062/°C, but as a simple rule, the
endurance doubles for every increase of temperature
by 50°C.

The Effect of Data Change
Delay on Endurance

The baseline values of endurance can also be
modified by the length of the delay between con-
secutive data changes.

In the determination of the endurance of a lot there
is a premium on getting the job done as rapidly as
possible. This means that only minimum delays can
be added between STORE signals. Typically, the
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devices in a lot of our current NOVRAMs have
endurances between 10,000 and 100,000 cycles. The
time to cycle a lot of devices will be 3 hours if the last
device to fail had an endurance as low as 100,000
cycles for delays between data changes of 0.1 second
even if all devices are cycled in parallel. This total
cycling time increases to 28 hours for a delay of 1
second, to 12 days for a delay of 10 seconds, and 120
days for a delay of 100 seconds. Even a 1000 second
delay is at the low end of the type of write frequency
to be expected in most applications, and this would
take in excess of three years to document. For this
reason we have limited the experimental work on the
effect on lotendurances to delays of 0.1, 1, 10, and 100
seconds. The shortest delay could not be reduced
much below 100ms, since that is the time required by
the microprocessor which was used in the test to
handle addressing, reading and recording data of the
many devices tested simultaneously.

Four 20-device samples were taken from the same
lot of X2212 NOVRAMSs and then they were cycled
until all devices had failed. The endurance of each
device was recorded. Each of the four samples had
one of the four different data change delays in its
cycling program. The data are summarized in Fig-
ure 5. Individual data points were not recorded on
this graph, since there was much confusing overlap
where the data point from the samples overiay each
other. Instead, the points were replaced with least-
squares fitted straight lines. The correlation coeffi-
cients for these lines were between 97 and 99%.
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Figure 5. The effect of data change delay on endurance: the maximum
of the distribution is unchanged, but it becomes tighter as the delay
increases.



The results can be best expressed in terms of the
constants of the distributions obtained:

1) The mode of the distribution did not change for
the four orders of magnitude of delay tested. This
is shown by the fact that the individual lines cross
near 37% of the cumulative frequency.

2

~

The slope of the distribution decreased 15% per
decade of cycles with each order of increase in
delay. At first sight, this might appear to be a small
change. But in the terms of the definition of
endurance, they are quite important for many
applications. This is because the endurance
change in the region where the majority of the
units have failed is irrelevant. The important
region is that in which only a few per cent or less
have failed. In this region, the effect of the longer
time between store events at a constant endur-
ance level is to decrease the fraction failing by an
order of magnitude or more!

Endurance Status of
XICOR Memories

Figure 4 and 5 lack vertical scales because they are
intended to show general tendencies. The actual
endurance observed on Xicor memories vary from
product to product because of differences in cell
design and to a lesser amount from lot to lot because
of small processing variations. There is also a general
tendency for the endurance to improve with time as a
result of refinements in design and processing
technique.

To give the user a sense of the status of endurance
of Xicor memories as of the date of this report, distri-
bution measurements for several product types are
reported here. All of this data was measured at 25°C
and rapid cycling rates. Figure 6 shows the endur-
ance data measured on a lot of X2816As. The process
average for this lot is about 500,000 cycles with the
5% point on the curve appearing at 200,000 cycles. In
Figure 7 the measured endurance distribution of a lot
of X2443s (a 256 bit serial NOVRAM) is displayed. For
this device the process average was ~ 80,000 cycles
and the 5% point appears at 30,000 cycles. The
measured endurance distribution of a lot of X2212s is
shown in Figure 8. This product exhibits a process
average of about 100,000 cycles and the 5% point
appears at 40,000 cycles.

omrOo<0O Oor
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The data reported here are intended as a status
report. As we further refine our products and
increase the endurance, we intend to issue updates
to this report.
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Figure 6. Endurance data from a lot of Xicor X2816A E2PROMs.
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Figure 7. Endurance data from a lot of Xicor X2443 Serial NOVRAMSs.
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Figure 8. Endurance data from a lot of Xicor X2212 NOVRAMSs.

QUALITY ASSURANCE
APPLICATIONS

One problem any supplier of nonvolatile memory
faces is how to define endurance and how to assure
that the parts reaching the customer actually satisfy
the endurance specification. This task is akin to
assuring the lifetime of a light bulb. If the light bulb is
specified to have a 1000 hour life, one can verify that
the bulb lasts 1000 hours by burning it for that period.
However, one now knows only that the bulb lasted
1000 hours, not that it will last another 1000 hours.
The statistical technique discussed in this report
allows Xicor to perform this difficult and exacting
task. What a Xicor endurance specification means s
that for any lot of memories shipped, fewer than 5%
of the units will cease to cycle before the specified
limit when cycled at room temperature and at the
maximum frequency allowed by the specification.
Xicor continually samples production lots to assure
that this criterion is met.

Let's look at what this means in a typical applica-
tion. Assume that the Xicor memory is used in an
electronic system which contains a number of other
components so that the average chip temperature is
50°C and that the average delay between store
events is some minutes. Examination of Figure 3
shows that raising the chip temperature from 25°C
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to 50°C would decrease the fraction of units not
exceeding the endurance value from 5% to 0.03%.
For data change delays of 100 seconds and longer,
the fraction of the lot not meeting the nominal
endurance value further decreases t0 0.001% or less.

Of course, in a given application the predicted
behavior may be better or worse than that worked
out in the example described above. However, the
information supplied here should be sufficient for
the user to compute the expected endurance failure
rate in a particular application.

One last consideration is how endurance failures
affect the overall device failure rate. Here again, the
calculation is a little application-sensitive, but for
simplicity assume that the system is designed to last
105hours ( ~ 12 years) and that the device performs
nonvolatile writes roughly uniformly over this period.
If the application is designed to use the specified
number of cycles over the life of the part, the addi-
tional endurance-related failure rate is the cumula-
tive failed fraction divided by the time. For our
previous example, this works out to 0.001%/105
hours or 1075%/1000 hours (0.1 FIT). As this illus-
trates, in most well-designed systems the endur-
ance-related failures of Xicor product do not
significantly increase the overall device failure rate.

In all discussions of endurance in this work
NOVRAMs and E2PROMs have been treated as if
they behave the same. From a physical view of the
nonvolatile storage element this is correct. However,
there are two properties of the NOVRAM cell which
may cause it to have significantly enhanced endur-
ance in certain applications. One factor is that the
NOVRAM allows the user to store data in the volatile
latch during normal operation and only transfer data
to the nonvolatile elem=nt prior to power down. In
applications which require a high frequency of data
changes but only relatively infrequent power inter-
ruptions this may be very useful. A second, if less
obvious factor, is that unlike the E2PROMs which
automatically erase each byte prior to each write, the
NOVRAMSs only transfer electrons in the case of a
change in nonvolatile data. This means that only
those cells in which nonvolatile data is altered use up
endurance. In some applications this fact can be
used to greatly increase effective endurance of
the memory.



SUMMARY

A method of characterizing endurance which is of
general applicability has been described here. This
method has been applied to the characterization of
endurance as a function of temperature and time
between store events. The meaning of Xicor's
endurance specification is defined in the framework
of this method. Based on the above, the fraction of
Xicor product which is predicted to fail to store prior
to attaining the specified endurance is predicted to
be less than 0.001% in a typical system in which the
devices experience a 50°C ambient temperature.

APPENDIX A

The Mathematics of
Endurance Characterization

The mathematical characterization of endurance
data arises most elegantly from the definition of
endurance. In an individual device, the endurance is
the minimum number of data changes that all
memory cells can sustain until one cell gives rise to
an erroneous output (due to a permanent change in
its characteristics). The extreme characteristic from
a fixed set of possible values forms a well-known
distribution called the Extreme Value distribution.
This distribution is independent of the distribution
within that fixed set of values. Since by definition, the
endurance of a chip containing 1024 memory cells is
that of the cell with the minimum endurance, it can
be expected that the endurances of the chips from
the same device type will have the Extreme value
distribution.

The formulations of the Extreme Value distribution
are given in Table A. On the left hand side are the
entries for the Extreme Value distribution, and on the
right hand side the corresponding entries for the
Normal distribution.
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STATISTIC EXTREME VALUE NORMAL DISTRIBUTION
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Table A. MATHEMATICAL DEFINITIONS

The cumulative probability @ is defined by a frac-
tion of 1. It defines, towards one side of a distribution,
the fraction of the population ® that has a smaller
value than the variate at that fraction, and towards
the other side, the complement ofthat fraction which
has a larger value than the variate at that fraction.
This is quite often expressed as “fraction with more
than...” or “fraction with less than...”. It can be seen
that the cumulative probability of the Extreme Value
distribution ® gy has a much simpler functional rela-
tionship with its variate Y than the equivalent & with
its variate Z of the Normal distribution. The Extreme
Value variate Y is related by two constants to the
distributed property X. One constant is the maximum
of the distribution U, and the other the dispersion 1/a.
The Extreme Value distribution is not symmefrical
around its maximum (as the Normal distribution is).
Instead, one side is stretched out more than the other.
If the low cumulative probability fraction is on the
narrower end, the maximum of that distribution is
located at the value of 0.366, or 37%.

This is typical of the distributions of low extremes,
and this is the distribution used forendurance values
from NOVRAM chips of the same device type. There
is one more empirical observation: it is not the
number of cycles, but the logarithm of the number of
cyles that has the form of the Extreme Value distri-
bution. The X in the expression forthe variate then is
the logarithm of the observed cycles of individual
chip endurances, «a is the dispersion of the distri-
bution of these endurances, and Uis the observed or
interpolated value of the log of the endurance at
$ =0.366.

The extraction of these two constants from the
data could be a complex calculational procedure,
but by linearizing the variate VY, it becomes as simple
as plotting a straight line. The approach is sum-
marized in Table B.




3, = EXP (-EXP -Y))
Yi =a (X, - U)
=-LN (-LN B}

X;= U+ (1/a) (-LN (-LN®;))
BUT X; = LOG CY;
U =LOG CY,,

LOG CY;=LOG CY,, + (Va) (LV)
CY, = endurance of part;
CY,, = maximum of distribution
(1/a) = slope of line
(LV) = (-LN (-LNg)))

Table B. LINEARIZED PLOT

The first line states once more the cumulative
probability relationship between & and Y, and the
second line the linear relationship between Y and X.
The third line shows that the value of Y can be cal-
culated from the double natural logarithm of §. The
fourth line expresses the second line as a function of
X, and substitutes its functional relationship with ®.
Identification of X with the logarithm of an individual
observation, and U with the logarithm of the max-
imum of the distribution of cycles then leads to the
seventh line which states the desired linear relation-
ship. A typical plot is shown in Figure 9. There is
clearly a straight line relationship. The value of the
maximum occurs at ® = 37%, and the slope of the line
is the value of 1/a.
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Figure 9. Straight line plot of the logarithm of endurance cycles vs. the
reduced variate.
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There remains one more problem, and thatis how
to associate the correct value of ® with a given ob-
served endurance. Thisis accomplished by taking all
the endurances from a group of devices and writing
them down in the order of increasing cycles (this is
called “ranking”). Looking at the data in this way, any
given endurance represents the borderline between
a fraction of the lot that is higher than anything
preceding it, and lower than anything following it.
The approximate value of that fraction is found by
assigning consecutive rank numbers to the ordered
endurances: 1 to the lowest, 2 to the second lowest,
and so on, until the highest endurance ends up with
the rank equal to the total number of devices tested
in that group. Dividing the rank numbers by the total
number of the devices in the group then yields the
“fraction lower than .. . A slightly more exact value
for®isfound by the formula® = (i- 1/2)/N, whereiis
the rank number and N the total number of devices
tested.

RAW DATA | RANKED DATA [ RANK | PLOTTING

(CY) (CY) (i) | POSITION

@=(i-5)/n)
129.50 7.31 1 025
35.95 12.10 2 075
21.95 12.10 3 125
7.31 12.10 4 75
31.95 16.85 5 225
19.65 19.65 6 275
60.75 21.95 7 325
33.95 22.45 8 375
2245 22.95 9 425
85.75 31.45 10 475
12.10 31.95 1 525
22.95 33.95 12 575
12.10 35.95 13 625
79.25 48.25 14 675
52.75 52.75 15 725
209.50 80.75 16 775
16.85 79.75 17 825
12.10 85.75 18 875
48.25 129.50 19 925
31.45 290.50 20 975

PLOT LOG (CY;) vs. -LN(-LN9;)

Table C. DATA PREPARATION
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DETERMINING SYSTEM RELIABILITY FROM E?PROM
ENDURANCE DATA

By Richard Palm

Vol. 3, No. 20

Xicor has published numerous reliability reports
regarding data retention and endurance; however,
the relationship of this data to system reliability war-
rants further analysis and discussion. This paper will
discuss two methods for determining the affect of
endurance on system reliability. The first method will
use actual data collected on the X2816A and the
second method will use data collected on the X2864A.

Definition of Terms

Endurance - is the ability of a nonvolatile memory to
sustain repeated data changes.

Endurance Failure (Level) - is the limit of endurance,
expressed in number of write cycles, when the first
bit of any memory device or memory system is found
to be in error after a required data change.

Write Cycle - to reduce testing time Xicor uses a test
method whereby the entire array of the device under
test is written in a single write cycle. Therefore, all
references to “write cycle” equate to every bit in the
entire array (device or system array) being written.

Cumulative Failure (Probability) - the percentage of
parts not expected to attain a particular goal; i.e.,
endurance level.

Note: all endurance data used in this report were
collected at a cycling frequency of one cycle per
100ms and at +25°C.

Background

There are three reliability categories for nonvolatile
memories: semiconductor, data retention and
endurance.

s Semiconductor reliability pertains to several failure
modes common to all semiconductor devices such
as oxide rupture and micro-cracks.
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= Data retention refers to the capability of a non-
volatile memory device to retain valid data under
worst case conditions.

® Endurance is the ability of a nonvolatile memory
device to sustain repeated data changes.

Xicor reliability reports, RR502A and RR504, detail
these three categories for Xicor devices. Reliability
is easily deduced for semiconductor failures and data
retention. The affect of endurance on reliability is not
so straightforward.

Because endurance screening is a destructive pro-
cedure, Xicor performs endurance life tests on a
sample basis. The data collected from these tests
are then plotted onto an extreme value distribution
graph to determine the endurance distribution for a
particular lot of devices.

Using the Extreme Value Distribution
Data

Figure 1 is an extreme value distribution graph for
twenty X2816A devices and Table 2 (located on the
last page) is the raw data used to generate the
straight line shown.

m |n this sample lot the lowest ranked device (#1)
exceeded 279,000 write cycles before the first bit
failure occurred; however, the graph extends to
the left to show that only ~ .01% of all devices
from this manufacturing lot will fail before 200,000
cycles.

= The maximum of the extreme value distribution
occurs at the 37% cumulative probability point
(statistically, 37% of all devices will fail to reach
this endurance level), indicating that the predicted
most probable endurance of devices in this lot is
460,000 cycles.
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Figure 1: Extreme Value Distribution Graph for One Twenty Piece Lot of
X2816As

Reliability data are generally stated in terms of
percent failures per 1000 hrs. This can be easily
derived from the extreme value graph in a two step
procedure.

The system design parameters for this example
are chosen as follows: the lifetime of the system is
five years; and each X2816A will experience 250,000
write cycles over the lifetime of the system.

= The first step determines the failure rate per 1000
write cycles using the formula W = C/E where:

W = failure rate in %/1000 write cycles

E = endurance level chosen for the system
(250,000 write cycles) divided by 1000.

C = cumulative failure rate at E (in this case .5%).

Therefore W = .5%/250 = .002%/1000 write
cycles.

= Converting this to percent failures per 1000 hours
requires H = W x A where:

H = failure rate in %/1000 hrs.
W = failure rate in %/1000 write cycles

A = number of write cycles per hour. (i.e., 2.5 x 10°
cycles/5 years)
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Inourcase, H = .002 x 5.7 = .0114%/1000 hrs.

In the above example the entire X2816A is being
rewritten at the rate of 5.7 times every hour. In some
applications this could occur, but generally the fre-
quency is much lower. Using the same graph and
arbitrarily choosing the lowest cumulative failure rate
depicted at 200,000 write cycles and performing the
same calculations, the percent failures per 1000 hrs.
drops dramatically.

W = .01/200 = .00005%/1000 write cycles
H = .00005 x 4.56 = .00022%/1000 hrs.

Predicting System Endurance
Reliability Within Design Constraints

This next example is based on data collected on
the X2864A. The system requirements for which the
data were collected are defined as follows: the life
expectancy of the system is ten years; the number
of write cycles is 10,000. Therefore, Xicor cycled five
lots of approximately three hundred devices each,
for 10,000 write cycles. The data were collected by
cycling the devices every 100ms at ~25°C. Table 1
summarizes the data collected.

LOT # #OFUNITS | # OFFAILURES % FAILURES
1 297 4 1.35
2 295 2 0.68
3 295 4 1.36
4 298 6 2.01
5 299 6 2.01
TOTAL 1484 22 1.48

Table 1: Raw Data From Cycling X2864A Devices 10,000 Times

The overall failure rate of devices unable to reach
10,000 write cycles is 1.48%. How does this relate
to system reliability?

= The system is defined as having a life expectancy
of ten years or 87.6 x 10° hours.

= The failure rate in percent per 1000 hours is deter-
mined by dividing the percent of parts unable to
reach 10,000 write cycles by system’s life expec-
tancy in thousands of hours.

Therefore, reliability based on endurance for this
system is:
1.5%/87.6 = 0.017%/1000 hrs.



Temperature

RR504 describes in detail the affect of temperature
on endurance. In general, this report shows that for
every 50°C rise in temperature the endurance rate
doubles. The data collected for the above examples
was taken at +25°C. Therefore, for systems operat-
ing at a more common +40°C the endurance will
improve. Figure 2 illustrates the case for the X2816A.

a The line labeled +25°C is the same as that in
Figure 1.

® The added line is for the predicted increase in
endurance at +40°C.

® The cumulative failure rate at 250,000 write cycles
moves from .5% to less than .01% and the endur-
ance reliability increases as follows:
W = .01%/250 = .00004%/1000 write cycles
H = .00004% x 5.7 = .0002%/1000 hrs.

The failure rate for the X2864A sample lots can be
expected to decrease by a factor of ~ 1.30, for the
increase in operating temperature from +25°C to
+40°C; yielding a failure rate of .013%/1000 hrs. vs.
the unfactored .017%/1000 hrs.
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Figure 2: Affect of Ambient Temperature on Endurance
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Frequency of Writing

Xicor reliability report RR504 describes device op-
eration and the affects of frequency of writing to a
device. Figure 3 is a copy of a graph in RR504,
depicting the relationship of write cycle frequency on
the endurance of a Xicor nonvolatile memory.

There are two key relationships illustrated by the
graph in Figure 3.

m As the frequency of writing decreases the slope
of the plotted line, the extreme value, decreases.

m Although the most probable endurance (the 37%

cumulative failure point) does not show appreci-
able change, the decreasing slope is significant in
the region most concerned with predicting reliabil-
ity, the .01% to 5% region (shaded area of Figure
3).

It is in this region that a system’s reliability is
determined. Arbitrarily choosing the .1% probability
of failure point, Figure 3 shows:

= A write cycle frequency of 1 per 100 seconds in-
creases the endurance level by a factor of 2 over
awrite cycle frequency of 1 per 100 milliseconds.
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Figure 3: Affect of Write Cycle Frequency on Endurance




Conclusion DEVICE THOUSANDS OF
This paper has illustrated two methods for deter- RANK WRITECYCLES
mining system reliability based on endurance. In the 1 297
examples given, the failure rates due to endurance 2 3;5
are well below industry standards for semiconductor 3 e
failures. 5 400
Additionally, by factoring in the affects of both tem- 6 3; g
perature and frequency of writing, the endurance fail- g 450
ure rates for the X2816A system and X2864A system 9 510
may be predicted specifically for the user’s application. :? gzg
12 620
13 650
14 680
15 800
16 820
17 940
18 952
19 992
20 1400

Table 2: Ranked Endurance Data for Twenty Pieces of X2816A Devices
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RADIATION-INDUCED
SOFT ERRORS AND
FLOATING GATE
MEMORIES

J.M. Caywood & B.L. Prickett

ABSTRACT

A new failure mechanism which may be induced in
floating gate memories by ionizing radiation is dis-
cussed. This mechanism, which is designated a
“firm error”, is modeled in some detail. Calculations
which show that the MTBF for alpha particles emit-
ted by ceramic packaging materials is >100,000
years are verified experimentally. The effect of de-
vice scaling on this mechanism is also discussed.

INTRODUCTION

lonizing radiation incident on floating gate non-
volatile memories can give rise to three types of ob-
servable effects. The radiation may induce damage
in the peripheral circuitry (hard errors); it may cause
upset of the sense/readout circuitry (soft errors); or it
may cause data loss by transfer of charge from the
floating gate. The first of these groups of effects is
common to all MOS circuitry and has been inves-
tigated extensively over many years." The second
group of effects was first observed in dynamic RAMs
and has since also been observed in static RAMs
and microprocessors.?®

The third effect, on which this paper will con-
centrate, is qualitatively different than the “soft er
rors” which are observed in volatie RAMs. In the
soft error case, thermalized carriers are collected
from relatively long (~10wm) distances in the Si
substrate which can result in efficient collection of
the charges generated by an alpha particle
(~50%)*. In the case to be discussed here, the carri-
ers collected on the floating gate may come from two
sources. One source is carriers created by the ioniz-
ing radiation in the SiO, which lies between the float-
ing gate and another electrode or the substrate
when they are at a different potential. The second
source is electrons excited in the floating gate which
have enough kinetic energy to surmount the poten-
tial barrier between the conduction bands in Si and
SiO.. As will be developed in this paper, these ef-
fects are relatively inefficient (<1%). Unlike soft er-
rors which are caused by a single ionizing particle,
charge transfer to a floating gate is cumulative so
that effects of many ionizing events occurring over
an extended period of time must be considered.
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To differentiate this phenomenon from soft errors
which, if they occur in floating gate memories, are
dependent upon the design of the readout circuitry
and are temporary read errors which can be cor-
rected by re-reading the floating gate, and from hard
errors which render all or part of the memory in-
operable, we shall call it “firm error”. This firm error
has the operational characteristics that it causes a
read error which cannot be corrected by re-reading
the floating gate, but it can be corrected by re-writing
the cell or cells in question to provide a completely
functional memory.

MODELING THE
CHARGE TRANSFER

Figure 1a shows a typical cross-section through a
floating gate memory structure where the + and —
signs indicate that electron-hole pairs are created
along the track. Figure 1b shows a potential diagram
of the same structure. Clearly electron-hole pairs
created in the oxides on both sides of the floating
gates will drift apart and tend to discharge the gate.
Similarly electrons injected from the floating gate
into either oxide will discharge the gate. The prob-
lem can therefore be broken into that of computing
the charge created in the oxide and that of estimat-
ing the charge injected from the Si into the oxide.

1a.
( S, PO )|
(A S ) Si02
Si0z N
Si \ Si

2a.

| OXIDE 1

| I |
FLOATING
GATE

Figure 1: Cross section and potential diagram of a typical floating gate
memory transistor; a) the cross section is cut through in the direction of
current flow; b} the potential diagram is shown for the case that the
floating gate is programmed and the access gate grounded.




INJECTION OF CHARGE
FROM Si INTO SiO,

Emission of excited electrons from Siinto SiO,is a
complex process. Some of the phenomena occur-
ring are illustrated schematically in Figure 2. Hot
electrons created by the ionizing particle may be
scattered by acoustic or optical phonons, other elec-
trons, or the surface itself. The requirement for elec-
trons to reach the surface with sufficient crystal
momentum, k, normal to the surface to surmount the
barrier («§ /2m*>pg where k | is the component of

k normal to the surface, m* is the effective mass,
and &g is the barrier height between the conduction
bands’in Si and SiO,).6 Phonon scattering may be
considered to be elastic since the phonon energies
are small with respect to the barrier height. However,
an electron scattering off another electron may lose
up to one-half of its kinetic energy. Hence, electron-
electron scattering rapidly thermalizes hot elec-
trons.” The escape length of electrons is long for
energies near the fermi level but drops rapidly and
forms a broad U between 20 A and 5 A over the
energy range 10 eV to 1000 eV.? Escape depths of
25 A'and 12 A are reported for electrons 5.8 eV and
11 eV above the valence band maximum,
respectively.®1°

OPTICAL
PHONON}~

ACOUTIC
PHONON_¢

BARRIER

ATTERI
ELECTRON SCATTERNG

Si02

Figure 2: Schematic illustration of scattering process which contributes
to small escape depth of electrons from Si.

The ideal situation would be to have electron yield
curves as a function of energy for various charged
particles of interest incident upon a biased oxidized
silicon surface. Unfortunately, we lack such a com-
plete data base, so we shall estimate the yields from
data on optically stimulated emission. Figure 3
shows energy distribution curves (EDCs) for three
photon energies plotted versus the energy of the
states from which the electrons are excited for

photons incident on clean Si.'' By integrating the
EDCs and dividing by the incident photon energy,
the yields in terms of electrons emitted per electron
volt of incident photon energy are found to be 6.7 x
104, 8.9 x 10*, and 8.7 x 10™ for photons with
energies of 8.6 eV, 10.2 eV, and 11.8 eV, respec-
tively. For lower energy photons, the yields drop
precipitously.® It is known that the optical absorption
length, 1/a, in Si is 80 A for 12 eV photons.'?
Moreover, the electron escape depth at 11 eV is 12
A.1° This implies that one factor limiting the yield is
that most of the electrons generated within the bulk
of the Si relax via electron-electron scattering. Thus
an estimate that a charged particle yields 107 elec-
trons for every electron-volt of energy lost within 80
A of the surface is probably an upper bound for
emission from silicon into a vacuum.

< 3 10.2eV
X | w=11.8eV
o \
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INITIAL STATE ENERGY (eV)

Figure 3: These energy distribution curves give electron yield vs. the
energy of the initial state for photons incident on clean Si. (Data from
Spicer, ref. 11).

Because the barrier between the conduction band
in Si and the conduction band of SiO, is ~0.9 eV
lower than that between the conduction band of
silicon and the vacuum level, the yield in the Si/SiO,
system should be higher than that estimated
above.®'3 The magnitude of the yield increase can
be estimated two ways. Callcott measured the effect
of applying 0.16 monolayer of Cs to a Si surface. He
found that the vacuum barrier was lowered by 1 eV
and the photon yield was increased by 2.6 times.'*
Another estimate comes from the observation that
for 6 eV photons, Powell reports ~13 times higher
quantum yield for the Si/SiO, system than does
Broudy for the Si/vacuum system.®'® Since Powell
applied a field of 3 x 10°V/cm (~5x that present in a
typical floating gate memory), the barrier between Si
and SiO, was lowered by 0.45 eV. This implies that
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the ratio of the Powell and Broudy results is clearly
an overestimate of the yield enhancement. Based
on these data, we shall use 10x as a generous esti-
mate of the magnitude of the yield increase between
the Si/SiO, system and the Si/vacuum system. Our
estimate of the yield of electrons emitted over the
Si/SiO, barrier as a result of an incident ionizing
particle is 10" electrons for each eV of energy lost
within 80 A of the Si/SiO; interface.

COLLECTION OF
CHARGE GENERATED
IN THE SiO,

The experimental evidence for collection of charge
generated within SiO, is much more direct than for
charge injected from the Si/SiO, interface. Measure-
ments of Srour, Curtis, and Chiu show that the col-
lection efficiency of electron-hole pairs generated by
4-5 keV electrons in SiO, varies from very low at low
fields to ~20% at 5 x 10° V/cm to ~100% at 5 x 10°
V/em."® From calculations based on these measure-
ments, Ausman and McLean have deduced that cne
electron pair is created for each 18 eV lost in the
Si0,."® Since typical fields occurring in floating gate
memory devices during read or storage operations
are 5 x 10° V/cm, we shall assume that one pair is
created for each 18 eV of energy lost in the oxide
and that 20% of the charges created are collected at
the electrodes.

ENERGY DEPOSITED
FROM IONIZING
RADIATION

lonizing radiation can be generally separated into
that involving massless particles (X-ray, Gamma-
rays, etc.) and those which have mass (mesons,
electrons, protons, atomic ions, etc.). The absorp-
tion cross-sections of the massless particles are
quite small and decrease with increasing energy.
For example, the k. line of Mo occurring at 20.03
keV has a mass absorption coefficient of ~4cm?/g."”
This means that approximately 1mm of Si is required
to absorb 63% of the energy of a Mo X-ray beam.
Since the cross-section is proportional to the cube of
the wavelength, high energy photons lose even less
energy per unit of length traveled through a solid.
Because of this, it is expected that large fluences of
X-rays would be required to transfer significant
charge from the gate of floating gate memory.
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For particles with mass, the stopping cross-
section varies in a systematic way. This is illustrated
in Figure 4 where we have plotted calculated energy
loss rates in silicon for particles of differing mass
using the Bethe-Bloch formalism.'® As can be seen,
for each mass patrticle, there is a peak in the curve of
stopping power vs. energy which shifts to higher en-
ergy and becomes larger as the particle mass in--
creases. Because of the log-log nature of the plot
shown in Figure 4, it implies that there will be a high
density of carriers created at the end of the particle
track. This feature is called the Bragg peak.

Since the charge generation rate is maximum for
particles with energies in the neighborhood of the
Bragg peak, it is illuminating to calculate the charge
transferred from a fairly conventional floating gate
for two of the particles shown in Figure 4.

Alpha particles are known to be the chief cause of
soft errors in volatile memories so their effect will be
calculated. The other particle we will consider is an
A1 ion, both for itself, since it may be generated as a
result of muon capture by Si, and as a proxy for both
the Si recoil ions which may be generated in various
nuclear reactions and Mg which may also result from
muon capture, 920
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Figure 4: Energy loss rates vs. particle energy for particles with various
masses calculated from Bethe-Bloch theory.

The Bragg peak for a’s in Si occurs for particle
energies in the neighborhood of 0.5 MeV. The en-
ergy loss rate for o’s in Si is ~28 eV/A in this
range.?' The energy loss rate for a compound such




as SiO, can be found from Bragg’s rule which post-
ulates the linear additivity of the energy loss cross-
sections of the constituents of the compound, viz.

e(XmYn) = M &(X) + nely)

Applying this to SiO, we find that the energy loss
rate for alpha particles in SiO, near the Bragg peak
is ~10.6 eV/A .22 Similar calculations for Al ions give
approximate loss rates of 300 eV/A and 110 eV/A
for Si and SiO,, respectively.

Putting all of this together in the context of Figure
1, we can see that the total charge collected per
incident particle should be given by:

_Nox(g) dox1 QE_
Q= 18 / cosH (dx Si0, dp
Nese (r(9E dE
+ Y5510, cess' L ax i 9P+ (Gx Jsil dP
(] . d dE
Mox* ™" ox2 ac
g ! coso (dx SiO, dp

where mqy is the field dependent collection efficiency
for pairs generated in the oxide, dox1 and doy, are the
thicknesses of the first and second oxides, A is the
effect escape depth for electrons generated in the
Si, 6 is the angle of the particle path to the normal,
Ysi.sio, i the yield (for normal incidence), and the
integrals over path are needed because dE/dx is a
function of energy and hence position.

SAMPLE CALCULATION

As one example, let’s calculate the probability of a
floating gate device similar to those in current pro-
duction being upset by alpha particles emanating
from the packaging material. We will assume that
the floating gate poly measures 5pu x 14 x 0.4p,
that the transistor gate size is 5w x 5p, that the gate
oxide and interpoly oxides are both 1000 A thick and
that the field oxide is 1um thick. We also assume
that there is 2. of SiO, deposited after the access
gate is defined.

Figure 5 shows the algha particle spectrum mea-
sured by Meieran et al.2® The alpha spectrum is a
result of the decay change of thorium and uranium
which are present in the alumina which is used for
hermetic packaging as trace impurities. For simplic-
ity of calculation, we shall approximate this spectrum
as two superimposed step functions. The high en-
ergy step begins at 8.6 MeV and the lower energy
step at 7 MeV, the high and low energy steps have
the relative weights of 3 to 7. Since it is known that
the total emission rate of alumina ranges from 0.1 to
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1.0 a/cm? « hr., the integral over the approximation
will be taken to be 1 a/cm? « hr.
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Figure 5: Spectrum of alpha particle emission rate vs. particle energy
from an alumina lid. (Data from Meieran et al, ref. 23).

The maximum charge transfer which can occur as
a result of a single particle is caused by a particle
coming in at such an angle that the complete path
length is within the gate oxide. (This requires that
6>88.85°. However, 6<89.43° because for larger
angles, the path length of the overglass is so long
that no particles get through. Moreover, at §=89°,
the particle energy must be greater than 6.8 MeV to
penetrate the glass.) If such a particle were to hit a
cell so that 5p of path length lay within the cell it
could lose ~1.4 MeV. This implies a transfer of
15,550 electrons. The gate which is under consider
ation requires ~450,000 electrons to charge the
state (assuming internal 2 V margin) or about 30 of
these pathological alphas. Because the number of
pathological alphas needed is >1, we can turnto a
calculation of the average energy loss/particie.

We make the simplifying assumptions that the
fraction of particles lost in the overglass from each of
the two step functions contributing to the energy
spectrum is given by the ratio of the path length in
the overglass to the range of the highest energy
particle in the step function, and that the energy loss
rate in the effective charge collection region is that
for 1 MeV. The first assumption causes an underes-
timation in the particles stopped in the overglass,
and the second overestimates the energy contrib-
uted to charge generation. Under these assump-
tions the charge transferred from the floating gate by
No alpha particles is given by:

max
Q=2No 21 3% (9E); ¢;f SN0 [1. gcos]de
i i dx o cosf



where r; are the relative contribution of the two com-
ponents in the spectrum; £; is the effective path
length for charge generation; C; is the conversion
factor from energy loss to collected charges; B; is the
fraction lost in the overglass; and 6,,, is taken to be
the angle whose tangent is the gate length divided
by the sum of the gate electrode and gate oxide
thicknesses.

From this, one can find that the average alpha
particle causes 580 electrons to be transferred from
the floating gate. This means that about 750 alpha
particles must hit the gate to change its state.

The problem becomes that of finding the probabil-
ity that at least one cell has been hit 750 times, given
that the average cell has been hit n times. For
tunately, the numbers are large enough that we can
invoke the law of large numbers and approximate
the distribution as normal with variance V/n. If the
array contains m cells then the probability that at
least one cell is hit n.,;; times is given by:

- _m 0 -t2/2dt m -22/2
Q=vam e =g Ve e

whenz = (N -n)/Vn

as long as Q<1.24

If n = 500, then Q < 1.84 x 1073 for a 16K chip
and Q<5.1 x 1072 for a 64K chip. For the chip size
and alpha flux assumed, the expected period for the
average alpha count per cell to reach 500 is 7 x 108
hours. Given the approximations we have made, this
probably understates the actual time by about an
order of magnitude.

Turning briefly to carriers created by Al ions, we
note that very few ions have energies in excess of 3
MeV."® Since this energy is below the Bragg peak for
Al in Si, the ions stop fairly quickly. Nonetheless, the
maximum energy loss rate is ~120 eV/A in SiO,.
Since the maximum energy of the Alions is ~3 MeV,
the maximum charge which would be collected from
this ion is about 30,000 electrons which is still small
enough that we can use normal statistics. Because
of the small cross section for creation of these ener
getic ions, we can neglect this mode of charge gen-
eration for devices operating in normal terrestrial
environments.

SCALING

The effect of scaling on the firm error rate on float-
ing gate devices is interesting because it is very dif-
ferent from that which occurs in volatile memories. If
we assume that both lateral and vertical dimensions
are scaled by a factor A, then the storage capaci-
tance decreases as \. However, since the charge .
collection is dominated by generation in the oxide, it
decreases like \3. If the voltage margin decreases
like X, the expected time for upset increases as 1\, if
the voltage margin is held constant, the expected
time for upset increases like \2. Thus, scaling should
decrease the firm error rate.

EXPERIMENTAL
RESULTS

To verify the theoretical results presented here,
floating gate nonvolatile memories have been
exposed to two types of radiation: gamma rays, rep-
resenting massless particles, and alpha particles,
representing massed particles. Table | gives the
results. The devices tested contained a checker
board pattern to look for firm error sensitivity for ei-
ther bias of the floating gate.

As can be seen, no firm errors could be observed.
The gamma radiation caused the devices to fail to
meet the output leakage specification after 12,000
RAD. Measurement of the threshold of the output
transistors showed that the thresholds had dropped
from ~0.7V to ~0V.

The alpha particle fluence to which these devices
were exposed was approximately that which would
be seen after 200,000 years in a dirty package (1
a/cm?« hr) or 2,000,000 years in a clean (0.1 a/cm? s
hr). These resuits are in good agreement with the
predictions.

TABLE |
Radiation Energy/ Integrated #Units #Firm Part
Type quantum Surface Flux Tested Errors Type
Gamma Radiation 58.6 keV 12,000 RAD 10 0 X2212
Alpha Radiation 5.3 MeVv 2.6 x 10° a/cm? 5 0 X2816
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SUMMARY

The question of “firm” errors in floating gate non-
volatile memories has been treated. A firm error is
defined as a change of data occurring as the result
of transfer of charge from the floating gate by ioniz-
ing radiation. The rate of charge transport by various
forms of ionizing radiation is discussed. The case of
alpha particles is worked out in some detail as an
-example. Experimental results of exposure of units
to gamma and alpha radiation are shown which sup-
port the theoretical predictions. The units in test
survived exposure to 12,000 RADs and 2.6 x 10°
a/cm? without firm errors. The alpha fluence is equiv-
alent to that emitted by a typical ceramic package in
about a million years.

REFERENCES

1. e.g.,, Roger Freeman and Andrews Holmes-
Siedle, |IEEE Trans. Nucl. Sci. NS 25, 1216
(1978); J.M. Aitken, J. Electronic Mat. 9, 639
(1980).

2. T.C. May and M.H. Woods, Proc. 16th Annual
International Reliability Physics Symp., 33
(1978).

3. D.S. Yaney, J.T. Nelson, & L.L. Vanskike, |IEEE
Trans. ED26, 10 (1979).

4. C.M. Hsieh, P.C. Murley & R.R. O’'Brien, Proc.
19th Annual Reliability Physics Symp., 38
(1981).

5. R.P. Capece, Electronics 52, Mar. 15, p.85

(1979).
6. R.M. Broudy, Phys. Rev. B1, 3430 (1970).

7. For more sophisticated treatments of electron
emission from solids cf. Leon Sutton, Phys. Rev.
Lett. 24, 386 (1970); C.N. Bergland and W.E.
Spicer, Phys. Rev. 136, A1030 (1964); Sven
Tougaard and Peter Sigmund, Phys. Rev. B 25,
4452 (1982).

. Lindau and W.E. Spicer, J. Electron Spectros-
copy and Related Phenomena 3, 409 (1974).

6-50

10.

11.

12.

13.
14.
15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

. G.W. Gobeli and F.G. Allen, Phys. Rev. 127, 141

(1962).
W.E. Spicer, J. Physique 34, C6 (1973).

W.E. Spicer, in “Optical Properties of Solids
—New Developments”, ed. B.O. Seraphin,
p.658, North-Holland: Amsterdam (1976).

H.R. Phillips and H. Ehrenreich, Phys. Rev. 129,
1550 (1963).

R.J. Powell, J. Appl. Phys. 40, 5093 (1969).
T.A. Calicott, Phys. Rev. 161, 746 (1968).

J.R. Srour, O.L. Curtis, Jr., and K.Y. Chiu, IEEE
Trans. on Nuclear Science NS-21, 73 (1974).

G.A. Ausman, Jr. and F.B. McLean, Appl. Phys.
Lett. 26, 173 (1975).

Robert B. Leighton, “Principles of Modern
Physics”, pp. 421-425, McGraw-Hill, New York
(1959).

Hans A. Bethe and Julius Ashkin, in “Exper-
imental Nuclear Physics”, ed. E. Segre, John
Wiley, New York (1953).

J.F. Ziegler and L.A. Langford, Science 206, 776
(1979).

E.L. Petersen, IEEE Trans. on Nuclear Science
NS 27, 1494 (1980).

W.K. Chu and D. Powers, Phys. Rev. 187, 479
(1969).

J.E.E. Baglin & J.F. Ziegler, J. Appl. Phys. 45,
1413 (1974).

E.S. Meieran, P.C. Engel, & T.C. May, Proc.
17th Annual Reliability Physics Symp., p.13
(1979).

Marvin Zelen and Norman C. Severo, in Hand-
book of Mathematical Function, eds. Milton
Abramowitz and Irene A. Stegun, p.926, Na-
tional Bureau of Standards (1964).



ENDURANCE MODEL
FOR TEXTURED-POLY
FLOATING GATE
MEMORIES

H.A. Richard Wegener

ABSTRACT

Textured Poly Floating Gate (TPFG) memories
are beginning to dominate the commercial market.
This is due to many of its inherent strengths. One of
these is the consistency of its endurance. Its predict-
ability is here developed theoretically. Starting with a
model of emission from bumps based on the radial
solutions of LaPlace’s and Poisson’'s equation in
spherical coordinates and the use of an Extreme
Value distribution for the bump radii, an expression
for charge build-up at constant current fits experi-
mental data very well. This charge build-up is
proportional to fluence. When these results are used
in a model for continuous data changes, an expres-
sion is developed that relates endurance exponen-
tially to a ratio of internal voltages.

INTRODUCTION

The basic features of the TPFG technology have
been described in previous publications (1-4). The
action of three polysilicon levels in charging and dis-
charging the floating gate is shown in Figure 1.
FLOATING TEXTURED
GATE

PROGRAM/ERASE SURFACES
LINE

Charging OXIDE

The
Floating
Gate

POLYSILICON

Programming

L
7

Discharging
The Floating
Gate

Figure 1: TPFG Cell Operation

Electron emission occurs only from a lower poly
layer towards an upper poly layer. The oxide layers
in between are in the 55 to 75 nm range, compared
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to the 8 to 11 nm required for the other common
floating gate technology. The reason is simple: the
surfaces of the poly layers are textured to form many
small bump-like features, whose curved surfaces
enhance applied fields by factors of 4 to 5. The
modeling of these fields is an important part of the
analysis to follow.

ENDURANCE

The term endurance has become accepted for a
property common to all current nonvolatile memory
technologies. It describes the number of data
changes that a memory device can sustain without
failure. In MNOS technologies, the failure is
sometimes an inability to maintain the memory state
for the required retention time; in thin oxide floating
gate technologies it is often the breakdown of the
fragile dielectric. In the TPFG technology, the end of
endurance is generally caused by “trap-up”, which
prevents the transfer of charge to the floating gate.
Trap-up is caused by the accumulation of trapped
negative charge in the dielectric due to the repeated
passage of current. These charges create a poten-
tial that opposes the potential necessary for tunnel-
ing. When this opposing potential reaches the
voltage supplied on the chip, tunneling can no longer
occur, resulting in the end of endurance. This paper
describes a model for trapped charge build-up in
TPFG devices.

FIELD MODEL

Electron emission by Fowler-Nordheim tunneling
requires the knowledge of the field at the surface of
the bump. This model assumes a bump with a
spherical tip, which permits the use of solutions of
LaPlace’s and Poisson’s equations in spherical coor-
dinates. It is further assumed that the emitting
surface (cathode) is radially conformal with the
collecting electrode (anode), so that only the radial
parts of both equations need to be employed. This
leads to a solution of the form

(1) E; = —VJ/[R(1-R/Ry)]
+ (0/K) Rq (1-R4/Ra)/[Rc (1-R/Ra)]

where E is the field, R the radius, K the dielectric
permittivity, o a charge density per unit area, sub-
script ¢ denotes a quantity at the cathode, and sub-
script a is a quantity at the anode. The first term
describes the field in a dielectric free of charge, and
the second has been cast in a form that the trapped
charge distribution can be described by its charge
density o located at the centroid radius Rg.




FORMALISM FOR TRAP
GENERATION

There is a body of experimental data for parallel
plate structures (5,6) that clearly indicates that the
amount of trapped charge is proportional to the
amount of charge that has passed through as
current:

(2) Qi =b {f Jdt} (4 = RZ) (s/4)

where Q, is the charge trapped, and [ J dt is the
current density that passed through the dielectric in-
tegrated over time (termed “fluence”). The quantity
b is the ratio of trapped charge to fluence. The
second bracket converts charge density into charge,
and (s/4) is the fraction of a full sphere that actually
emits electrons. When this charge is concentrated at
the centroid raduis Ry, then

(3) Qu = (0) (4 7 R%) (s/4)

Equating Q; with Qq, solving for &, substituting into
eq (1), identifying the denominator of the second
term of eq (1) as Vq, and approximating Rq with Ro/2
results in

(4) Vo = {J J dt} (b/K) (R%/Ra)

FORMALISM FOR
VARIATION OF BUMP
SHAPES

All of the preceding derivations require two perfect
concentric spherical shells to be applicable. To ac-
count for deviations from sphericity, and the distribu-
tion in the sizes of real bumps, as many as four
constants might be necessary. But as a first ap-
proach it was decided to view the bumps as a distri-
bution of perfectly spherical surfaces of limited area,
with the hope that the dispersion parameter of the
distribution of spherical radii would absorb the ef-
fects of contour variations. The distribution chosen
was the Extreme Value distribution (7-9). lts sam-
pling function has the form (10)

(5) R = Re - BB{log [-log (i- 0.5) /k]}

where R, is the radius at the maximum of the distri-
bution (the mode), BB is the dispersion parameter, k
is the number of samples chosen, and i is the rank
number of the particular item of k samples chosen.
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CONSTANT CURRENT
CHARACTERISTICS OF
“TPFG” MEMORY TEST
STRUCTURES

TPFG memory devices are operated by linear volt-
age ramps, which result in a forced constant current
through the dielectric. A useful concept in this mode
of operation is the “tunnel voltage” V+y, which is the
voltage that must be applied to sustain a specific
constant current. For purposes of characterization,
simple test structures are subjected to a set of
forced constant currents, and the tunnel voltage Vyy
is recorded vs fluence. Such a characteristic is
shown in Figure 2.

18
1=10-5 amps
16 /‘ 1
=10-6 ampy
i =
Hotiege YIU r 1210-7 amps
to Maintain
Cc 2 ‘
Current | 4 T=10°8 amps
10 b
S 1=10-9 amps
” —

3x108 107 3x107 10-6 3x10-6 105  3x10-5
Fluence ([Idt) in Coulombs

Figure 2: Tunnel Voltage vs. Fluence at Constant Current. Lines are
experimental data, solid circles are calculated from eq (8).

With representative bump radii chosen by the sam-
pling function the field at bump i is

{6) Eq = [-V1ui + Vaill Ra (1-R/Ra)], where
(7) Vai = {2 Jeni At} (b/K) (RZi/Ra).

Fluence is now expressed by its sum over time
increments. The measured current is the sum of the
currents from the number of all individual bumps G.
The current density emitted by tunneling must be
multiplied by the active spherical surface area. This
leads to

k
(8) | = (G/k) h) (4 ’ITchi) (5/4) Jeni, Where
i=1

(9) Jeni = A EZ; exp -B/Eq.



The initial modeling was done with a program in
BASIC on a personal computer. The area of the
structure was 0.1mm?, the number of bumps per
square micrometer was 50, the-oxide thickness was
59 nm, which translated into a value for R;=R. +
59 nm. Following (11) the FowlerNordheim con-
stants were set at A=6.5E-7 amps - cm/V? - sec and
B=2.52E + 8V/cm. The dielectric permittivity was
K=3.5E-13. The best fit was obtained for R,,=15.4
nm, BB=4.8 nm, b-2.0E-8, and s=0.03. The calcu-
lated values are shown as circles against the contin-
uous experimental data on Figure 2. The value R, is
consistent with values obtained from T.E.M. cross-
sections, the calculated dispersion has an analog in
the estimated dispersion of bump base diameters,
and b agrees very well with data presented at
IEDM81 (6) for parallel plate structures. There is
now a good basis for describing the processes oc-
curring in TPFG memories. A pertinent example is
shown in Figure 3. Here a constant current plot was
calculated as a function of the number of samples
representing the same distribution. While it is an in-
dication that, indeed, 1024 samples are necessary
to accurately depict conduction at fluences as low as
1E-8, it also clearly shows that during the latter part
of the life of the devices, all those different bumps
can be represented by bumps of the same radius
Rm. This should make the prediction of endurance
somewhat less complex.

- /
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at Constant ,, | number.
Current ot Bumps
ol /
—7
® 7%
u gy
16
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14 F255:
[~1024°
109 108 107 106 10-5 104 103 10-2

Fluence (fIdt) in Coulombs

Figure 3: Effect of Number of Samples k on Calculated Tunnel
Voltage

VOLTAGE-TIME
RELATIONSHIPS DURING
PROGRAM-ERASE
CYCLING

This analysis is based on the assertion that trap-
up is the cause of the end of endurance. Since the
build-up of traps is the result of current through the
tunnel dielectric, this analysis is concerned only with
the time interval during which tunneling occurs. As
an aid to understanding, reference may be made to
Figure 4.

Voltage Vv —+
at ——— T
Cathode Ve // I
—— —— !
Vru Vo IConstant
V1yp—+ B N -+ Tunnel
' \ | Current
First Cycle /,' ! \ I cdv
s AN |t
s o] \ !
ey AN
& Second’  / AN :
1/ CYC'/e/ / AN
Time }‘_M'_"l

Figure 4: Voltage vs. Time Relationships at Floating Gate

The heavy line describes the (absolute) potential at
the cathode (which may be poly 1 or poly 2) during
the course of the first ramp to be applied to an un-
tested structure. When the tunnel voltage V1, is
reached, a current flows that remains constant until
the maximum voltage (internal to the tunnel
structure) Vy, is reached. The constant current is
indicated by a superimposed plot in broken lines ref-
erenced to the right. When V), is reached, the volt-
age stays constant for a “flat top” period. During this
time, the current decreases exponentially, since any
transferred charge reduces the tunnel potential.
Since tunnel current flows during this first pulse, its
fluence gives rise to trapped charge, which in turn
causes an opposing voltage Vq. Therefore, during
the second pulse, the net potential on the cathode is
reduced by Vq. This can be indicated by a second
ramp offset downwards by Vq. The tunnel voltage
for the same constant current is then reached later,
and the time to reach the end of the ramp is shorter.
As cycling proceeds, the time interval during which
tunneling occurs becomes shorter and shorter. This
simple picture neglects one important element of en-
durance cycling: each cycle of one polarity must be
followed by a cycle of the opposite polarity. The
charge stored during the previous cycle affects the




potential of the cathode during the following cycle.
The amount of charge stored during each cycle can
be picked off Figure 4 by looking at it in another way.
Instead of offsetting all succeeding ramps, one may
consider them all superimposed, and recognize that
the tunnel voltage V1 increases with each cycle.
Then the tunnel voltage can be viewed as the sum of
V1uo and Vq. Conversely, the charge transferred to
the floating gate Vg is the difference between V)
and Vry.

ENDURANCE MODEL

The change in V1 per programming pulse on one
bump is

(10) d Vyu/dn= AVq = {Jen At} (b/K) (RZ/R,)
where At is the total time during which current flows.
(11) At = (Vrge + Vere + Viwp - Vrup + VETp)/N,

where r is the ramp rate dV/dt, subscript p refers to
the programming step, and e to the erase step. Vege
+ Vi is the floating gate voltage left over from the
erase step. Ve, is the charge added to Veg, during
flat top. From previous analysis, Vige = Vme - VTue
+ Vi Let the structure be symmetrical so that all
subscripts are interchangeable. Eq (11) be can now
be written

(1 2) dVTu/d n = a(VM'VTU+VFT) where
(13) o = 2b Jen R2/K 1 R,

Integrating (12), setting Vry = Vyyo When n=0, set-
ting Vu-Vry + Ver = Vus Whenn = N, and rearrang-
ing, results in

(14) N = (/&) [1n (Vm+ Vet = Vrue)/ Vsl

Here N is endurance expressed as the number of
data changes before trap-up, and Vg is the mini-
mum voltage on the floating gate to be sensed as
the correct state.

Near the end of endurance, according to Figure 3,
after a fluence of about 1E-4 coulombs has been
accumulated, the build-up of traps follows a path as
if all bumps had the same radius R,,. This permits
the exact substitution for R, and R, in Eq (13), and
the calculation of V1, in Eq (14) with the help of Eq
(9). Vet can be calculated exactly, depending on flat
top time and floating gate capacitance; it is of the
order of 0.1-0.3 volts. V\y depends strictly on internal
voltages and coupling ratios. Vys depends on coup-
ling ratios, the threshold voltage of the floating gate
transistor, the minirmum voltage required to ac-
complish sensing at the circuit sensing device.
Memory cells operating within real circuits require

the establishment of both programming and erase
voltage quantities to fit in Eq (14). Endurance dis-
tributions as a function of temperature have been
recorded experimentally for specific TPFG products
(12). Their modes are consistent with tunneling cur-
rents as determined from the measured ramp rates
in circuits operating at different temperatures.

CONCLUSION

There are three major results of this calculation.
First, it indicates that textured surface emission can
be modeled adequately by spherical geometrics, if
modified by the dispersion of an Extreme Value dis-
tribution of the bump radii. Second, it confirms that
TPFG memories are a part of the same universe as
other silicon-to-silicon-dioxide tunneling structures,
exhibiting the same mode of trapping (proportional
to fluence), with a trapping ratio (b=2E-8) that is
essentially identical to that for parallel plate
structures. Finally, on the basis of these results, a
model for TPFG endurance based on charge build-
up has been developed that appears well supported
by experimental results.
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ORDERING INFORMATION

XICOR NOVRAMSs
PART NUMBERING SYSTEM

X{2(2(1|2 D|M|{B|/|[1}]0]-]3]|SF5
L J L L1l ] L ]

Generic Part # '~ Access Time

X2001  X2004 X2210 X2210A

X2002 X2201A X2212 X2212A l'——————— Endurance

/5 = 5,000 Data Changes/Bit

Package /10 = 10,000 Data Changes/Bit

P = Plastic Dip E = Ceramic LCC Blank = 1,000 Data Changes/Bit

D = Cerdip H = Die

Prc ing Level
Blank = Standard

Temperature Range B = 883Class B

Blank = Commercial (0° to +70°C)
| = Industrial (—40° to +85°C)
M = Military (—55° to +125°C)

LIMITED WARRANTY

Devices sold by Xicor, inc. are covered by the warranty and patent indemnification provisions appearing in its Terms of Sale only. Xicor, Inc. makes no warranty,
express, statutory, implied, or by description regarding the information set forth herein or regarding the freedom of the described devices from patent infringement.
Xicor, inc. makes no warranty of merchantability or fitness for any purpose. Xicor, Inc. reserves the right to discontinue production and change specifications and prices
at any time and without notice.

Xicor, Inc. assumes no responsibility for the use of any circuitry other than circuitry embodied in a Xicor, Inc. product. No other circuits, patents, licenses are implied.

LIFE RELATED POLICY
In situations where semiconductor component failure may endanger life, system designers using this product should design the system with appropriate error
detection and correction, redundancy and back-up features to prevent such an occurrence.

Xicor's products are not authorized for use as critical components in life support devices or systems.

1. Life support devices or systems are devices or systems which, (a) are intended for surgical implant into the body, or (b) support or sustain life, and whose failure to
perform, when properly used in accordance with instructions for use provided in the labeling, can be reasonably expected to result in a significant injury to the user.

2. Acritical component is any component of a life support-device or system whose failure to perform can be reasonably expected to cause the failure of the life support
device or system, or to affect its safety or effectiveness.
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ORDERING INFORMATION

XICOR SERIAL NOVRAMs
PART NUMBERING SYSTEM

] LF' L 1
Generic Part #
X2444
Package ———— Endurance
P= Plastjc Dip H = Die /5 = 5,000 Data Changes/Bit
D = Cerdip /10 = 10,000 Data Changes/Bit
Blank = 1,000 Data Changes/Bit

Temperature Range
Blank = Commercial (0° to +70°C)

I = Industrial (—40° to +85°C)

M = Military (—55° to +125°C)

LIMITED WARRANTY

Devices sold by Xicor, Inc. are covered by the warranty and patent indemnification provisions appearing in its Terms of Sale only. Xicor, Inc. makes no warranty,
express, statutory, implied, or by description regarding the information set forth herein or regarding the freedom of the described devices from patent infringement.
Xicor, Inc. makes no warranty of merchantability or fitness for any purpose. Xicor, Inc. reserves the right to discontinue production and change specifications and prices
at any time and without notice.

Xicor, Inc. assumes no responsibility for the use of any circuitry other than circuitry embodied in a Xicor, Inc. product. No other circuits, patents, licenses are implied.

LIFE RELATED POLICY
In situations where semiconductor component failure may endanger life, system designers using this product should design the system with appropriate error
detection and correction, redundancy and back-up features to prevent such an occurrence.

Xicor's products are not authorized for use as critical components in iife support devices or systems.

1. Life support devices or systems are devices or systems which, (a) are intended for surgical implant into the body, or (b) support or sustain life, and whose failure to
perform, when properly used in accordance with instructions for use provided in the labeling, can be reasonably expected to result in a significant injury to the user.

2. Acritical component is any component of a life support device or system whose faiture to perform can be reasonably expected to cause the failure of the life support
device or system, or to affect its safety or eftectiveness.
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ORDERING INFORMATION

XICOR SERIAL E?PROMs
PART NUMBERING SYSTEM

Process Technology
Blank = NMOS I’"Ll
C = CMOS

L L1 ITl L

Generic Part #
X2404 X24C04 X24C16

Package
P = Plastic Dip H = Die
D = Cerdip

Processing Level

Blank = Standard
B = 883 Class B

Temperature Range
Blank = Commercial (0° to +70°C)
| = Industrial (—40° to +85°C)

M = Military (—55° to +125°C)

LIMITED WARRANTY

Devices sold by Xicor, Inc. are covered by the warranty and patent indemnification provisions appearing in its Terms of Sale only. Xicor, Inc. makes no warranty,
express, statutory, implied, or by description regarding the information set forth herein or regarding the freedom of the described devices from patent infringement.
Xicor, inc. makes no warranty of merchantability or fitness for any purpose. Xicor, Inc. reserves the right to discontinue production and change specifications and prices
at any time and without notice.

Xicor, Inc. assumes no responsibility for the use of any circuitry other than circuitry embodied in a Xicor, Inc. product. No other circuits, patents, licenses are implied.

LIFE RELATED POLICY

In situations where semiconductor component failure may endanger life, system designers using this product should design the system with appropriate error

detection and correction, redundancy and back-up features to prevent such an occurrence.

Xicor's products are not authorized for use as critical components in life support devices or systems.

1. Life support devices or systems are devices or systems which, (a) are intended for surgical implant into the body, or (b) support or sustain life, and whose failure to
perform, when properly used in accordance with instructions for use provided in the labeling, can be reasonably expected to result in a significant injury to the user.

2. Acritical component is any component of a life support device or system whose failure to perform can be reasonably expected to cause the failure of the life support
device or system, or to affect its safety or effectiveness.

7-3




ORDERING INFORMATION

XICOR E?PROMs
PART NUMBERING SYSTEM

Process Technology
Blank = NMOS |—-L|
C = CMOS

Generic Part # Access Time
X2804A X2816B X2816H X2616 X28C64 —20 = 200 nsec
X2816A X2864B X2864H X2664 X28C256 —25 = 250 nsec
X2864A Blank = 300 nsec
X28256 —35 = 350 nsec

Package —45 = 450 nsec
P = Plastic Dip E = Ceramic LCC J = Plastic LDCC
D = Cerdip H = Die

Temperature Range
Blank = Commercial (0° to +70°C) Processing Level

| = Industrial (—40° to +85°C)

M = Military (~55° to +125°C) Blank = Standard

B = 883 Class B

LIMITED WARRANTY

Devices sold by Xicor, Inc. are covered by the warranty and patent indemnification provisions appearing in its Terms of Sale only. Xicor, Inc. makes no warranty,
express, statutory, implied, or by description regarding the information set forth herein or regarding the freedom of the described devices from patent infringement.
Xicor, Inc. makes no warranty of merchantability or fitness for any purpose. Xicor, Inc. reserves the right to discontinue production and change specifications andprices
at any time and without notice.

Xicor, Inc. assumes no responsibility for the use of any circuitry other than circuitry embodied in a Xicor, Inc. product. No other circuits, patents, licenses are implied.

LIFE RELATED POLICY
In situations where semiconductor component failure may endanger life, system designers using this product should design the system with appropriate error
detection and correction, redundancy and back-up features to prevent such an occurrence.

Xicor's products are not authorized for use as critical components in life support devices or systems.

1. Life support devices or systems are devices or systems which, (a) are intended for surgical impiant into the body, or (b) support or sustain life, and whose failure to
perform, when properly used in accordance with instructions for use provided in the labeling, can be reasonably expected to resultin a significant injury to the user.

2. Acritical component is any component of a life support device or system whose failure to perform can be reasonably expected to cause the failure of the life support
device or system, or to affect its safety or effectiveness.
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PACKAGING INFORMATION

8-LEAD HERMETIC DUAL IN-LINE PACKAGE TYPE D

. -393(9.982)
~387 (9.829)

I.: .288+ (7.315)
.282*(7.1 62)

| 4 165 (a.191)
SEATING i 140 (3.556)
_PLANE L Xy
150 (3.810) } ) -gfg E-gg?;
125 (3.115_)_" N 050.(1.270)
-110 (2.794) H‘ <= o4 (i.117)
o%0 (2288) [ | | | ! 020 (.508)
1016 (-406)
062 (1.574)
1058 (1.473)
325 (8.255)

<7300 (7.620)

00

15°
010 TYP. —/|e— /
(.254) |

NOTE: ALL DIMENSIONS IN INCHES (IN PARENTHESES IN MILLIMETERS)
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PACKAGING INFORMATION

8-LEAD PLASTIC DUAL IN-LINE PACKAGE TYPE P

- .430 (10.922) -
.360 (9.144)

. 1

0.092 (2.337) 1
DIA. NOW. \\ .255 (6.467)
245 (6.223)
PIN 1 INDEX—>o0
T = ==
062 (1.574)
~.058 (1.473)
HALF SHOULDER WIDTH ON -140 (3.556)
ALL END PINS OPTIONAL 7130 (3.302)
A
SEATING T
PLANE E ' .020 (.508)
150 (3.810) 4 f 015 (.381)
125 (3.175) y
o] |<_ 080 (1.524)
Il 7020 (.508)
.020 (.508)
.110 (2.794) )
.090 (2.286) .016 (.406)
.325 (8.255)

7300 (7.620)
l . ‘ J’ .015 (.381)
L—1=2 ——r MAX.

|

, o

010 TYP. . 15
(259 [~ \‘=

NOTE: ALL DIMENSIONS IN INCHES (IN PARENTHESES IN MILLIMETERS)
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PACKAGING INFORMATION

18-LEAD HERMETIC DUAL IN-LINE PACKAGE TYPE D

- .920 (23.000) L
880 (22.352)
s I i T e e I s BN s B o |
) 310 (7.874)
265 (6.731)
e d — L L
PIN 1
I 1 .165 (4.191)
SEATING — | | "140(3.556)
PLANE S
.150 (3.810) A
BEIAB Y 1020 (0.508)
062 (1.574) 7015 (0.381)
0@ 058 (1.473) Y |
7090 (2286) 1020 (0.508)
1016 (0.406)
.325 (8.255)
.300 (7.620)
m
|
010 TYP. i5°
(0.254) [ \: /

NOTE: ALL DIMENSIONS IN INCHES (IN PARENTHESES IN MILLIMETERS)
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PACKAGING INFORMATION

18-LEAD PLASTIC DUAL IN-LINE PACKAGE TYPE P

.905 (22.987) .
- 895 (22.733) -
o T o B e B | L i oo T
.255 (6.467)
P 245 (6.223)
PIN 1 INDEX—>O l
f:. | T gy mmm gy | ==
1
0.060 (1.524)
.800 (20.320) REF. ~050 (1.270)
<«————.800 (20.320) REF.———— .050 (1.270)
130 (3.302)
SEATING * ¢ 120 (3.048)
PLANE
150 (3.810) &
020 (0.508)

.125 (3.175) 1]

.110 (2.794)
.090 (2.286)

L

062 (1.574)
058 (1.473)

.325 (8.255)

~ 7300 (7.620)

010 TYP. _

(0.254)

! 0°
-~ 15
[

015 (0.381)

.020 (0.508)
.016 (0.406)

NOTE: ALL DIMENSIONS IN INCHES (IN PARENTHESES IN MILLIMETERS)




PACKAGING INFORMATION

24-LEAD HERMETIC DUAL IN-LINE PACKAGE TYPE D

1.285 (32.639) N
o 1.235 (31.369) >
/M [—/_rr — .
.600 (15.240)
515 (13.081)
- L.l Jj U D NN Ry SN Ry S
PIN 1
- 1.100 REF. Al - .090 (2.286)
(27.940) ' .040 (1.016)
P | L .175 (4.445)
SEATING - \ y 140 (3556)
PLANE Y v
150 (3.810) 4 ——"—L
125 (3.175) y .030 (.762)
062 (1.574) 015 (0.381)
058 (1.473)
—
110 (2.794) %2%5‘%
.090 (2.286) 016 (0.406)
.620 (15.748)
.600 (15.240)
010 TYP. _, : / 15
" (0.254) -

NOTE: ALL DIMENSIONS IN INCHES (IN PARENTHESES IN MILLIMETERS)
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PACKAGING INFORMATION

24-LEAD PLASTIC DUAL IN-LINE PACKAGE TYPE P

1.250 (31.750)
=~ 1.235 (31.369)

| T T o T T s T e O s O s O e O e O s N e

- 550 (13.970) -
D 535 (13.589)
(o]
PIN 1 = e e e e e e e e
INDEX 1
3 .160 (4.064)
SEATING t
oL ANE _L_,__ .140 (3.556)
.150 (3.810) | _f 030 (.762
125 (3.175) | .015((0.381))
110 (2.794) 080 (2.032)
1090 (2.286) ’ l" ™ _" 065 (1.651)
.062 (1.574)
.058 (1.473) .020 (.508)
™1™ ~016 (-406)

.625 (15.87)
1600 (15.24)

.010 TYP.
(254)

NOTE: ALL DIMENSIONS IN INCHES (IN PARENTHESES IN MILLIMETERS)
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PACKAGING INFORMATION

28-LEAD HERMETIC DUAL IN-LINE PACKAGE TYPE D

1.485 (37.719)
1.435 (36.449)

.l 1 s N e T e Y o |

) .600 (15.240)
.515 (13.081)

l

T 1 3] gy sy e gy
PIN 1
| 1.300 REF e .085 (2.159)
' (33.020) .035 (0.889)
C 1 A 175 (4.445)
SEATING == { y 140 (3.556)
_PLANE | —
.150 (3.810) 030 (.762
125 (3.175) o015 (6381))
- «_ 062 (1.574) s
058 (1.473) ) e
.020 (0.508
110 (2.794) —oﬁ%“mT;
.090 (2.286) ' )

620 (15.748)
.600 (15.240)

010 TYP. __, : VAL
. e 5°
(0.254) S

NOTE: ALL DIMENSIONS IN INCHES (IN PARENTHESES IN MILLIMETERS)
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PACKAGING INFORMATION

28-LEAD PLASTIC DUAL IN-LINE PACKAGE TYPE P

1.460 (37.084)

« 1.400 (35.560)

i I e e O B s o Y B O e B s W O e B

D

PIN 1
INDEX YO

.550 (13.970)
510 (12.954)

| -
LI LI LI LI IJL I L JL I LJLJ

1

A 160 (4.064)
SEATING J y 125 (3.175)
PLANE
.150 (3.810) 1 T__ .030 (.762)
015 (.381)

-125 (3.175) — |<- |  |e—.110 (2.794)
.020 (0.508) 090 (2.286)

.016 (0.406)

—_—

.062 (1.574)  .085 (2.159)

050 (1.270) .040 (1.016)

.610 (15.494)

590 (14.986)
T
/
010 TYP. !
(.254) -~ \I

NOTE: ALL DIMENSIONS IN INCHES (IN PARENTHESES IN MILLIMETERS)

1
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PACKAGING INFORMATION

32-PAD CERAMIC LEADLESS CHIP CARRIER PACKAGE TYPE E

<—— 420 (10.668) —|
.020 (0.506)
010 (0.254) (<=
—»| =—.040 (1016) BSC || :2200:506)
V I 070 (0.253) |
.040 (1.016) BSC IV — (2.667)
[} 077 (1.955)
¥ 012
.050 (1.270) B ~—.000
(1.270) *sc 000
V 055
Yy 1045
T TYP4 PLCS
028 (0.711)
022 (0.558) A
32 PLCS <—.300 (7.620)» )
.073 (1.854)
458 (11.633) 059 (1498)—>| |=<
442 (M223)— .085 (2.159) -
415 (10.541) 069 (1.752) ™

|<—.4‘_o4 (10.261)—

NSNS TSV AS N

- A
.400 (10.160) 520 (13.200)
REF
.518 (13.157) .560 (14.224)
.502 (12.750) .540 (13.716)
\ ( ) |

32 1 : PIN 1

INDEX CORNER

NOTES:
1. ALL DIMENSIONS IN INCHES (IN PARENTHESES IN MILLIMETERS)

2. TOLERANCE: +1% NLT +.005 (.127)
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PACKAGING INFORMATION

28-LEAD PLASTIC LEADED CHIP CARRIER TYPE J

045 (1. 143)
—|

1

\

| SN QN O R WU Ruy W puy un gy um gy - |

.045 (1.143)
.450 *.002
(11.430) = (.050)
.490 +.005
(12.436) = (127) pypone

-

.050 +.001
PIN(1) *‘-L 1.270) = (025) BC
o ) l (1 270) =(.0 ) {

LINE

o o

L-l_.l o Ll L LI
.010 (.:254) MAX. —= |= 450 + 002

3PL =~
(11.430) £(.050) 440 . 005
(12.446) * (127)

(‘

010 (:254) 035 (.889)

TH:(V_ RAD

1

420 +.005
(10.668) = (127)

_LBC OF

-——-—-T BEND RADII

022 (.558)

<«—.035 (.889) MIN.

.102 (2.590)

180 (4.572)
.170 (4.318)

NOTES:
1. ALL DIMENSIONS IN INCHES (IN PARENTHESES IN MILLIMETERS)
2. DIMENSIONS WITH NO TOLERANCE FOR REFERENCE ONLY.
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icor

Sales Offices

U.S. Sales Offices

Eastern Area

Xicor, Inc.

Montvale Executive Park

91 Montvale Avenue

Stoneham, Massachusetts 02180
Phone: 617/279-0220

Telex: 322889

Southeast Area
Xicor, Inc.

201 Park Place

Suite 203

Altamonte Springs
Florida 32701

Phone: 305/767-8010
Twx: 510-100-7141

Mid-Atlantic Area

Xicor, Inc.

Patriot Square

39 Mill Plain Road

Danbury, Connecticut 06810
Phone: 203/743-1701

Telex: 853137

Central Area

Xicor, Inc.

943 North Plum Grove Road
Suite D

Schaumburg, lilinois 60195
Phone: 312/490-1310

Twx: 910-997-3663

South Central Area
Xicor, Inc.

9451 LBJ Freeway
Suite 220, Office 231
Dallas, Texas 75243
Phone: 214/669-2022
Telex: 758760

Southwest Area

Xicor, Inc.

4000 MacArthur Boulevard

Suite 3000

Newport Beach, California 92660
Phone: 714/752-8700

Telex: 182737

Northwest Area

Xicor, Inc.

851 Buckeye Court
Milpitas, California 95035
Phone: 408/946-6920
Twx: 910-379-0033

International Sales Offices

Northern Europe Area
Xicor, Inc.

29A, Market Square
Witney

Oxon 0X8 6PD
England

Phone: 011.44.993.5198
Telex: 946240

Southern Europe Area
Xicor, Inc.
Forsthausstrasse 1

D8013 Haar bei Muenchen
West Germany

Phone: 011.49.8946.3089
Telex: 5213883
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