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7.1.3 Ionizing Dose Damage 

Ionizing radiation produces hole-electron pairs in semiconductors and insula­
tors. When these carriers recombine or are swept out of the semiconductor, the effect 
is transient and no permanent damage can result. However, if some of these carriers 
are trapped, they can produce significant changes in electrical properties and result in 
permanent damage. The energy levels of the trapping centers vary from shallow to 
deep with respect to conduction and valence bands. This leads to a wide variation in 
annealing properties. 

The trapping states at the silicon-silicon dioxide interface exhibit a complex 
time-dependent buildup. The interplay between time-dependent buildup and anneal­
ing processes makes ionizing dose damage in semiconductor devices a complex 
phenomenon [7.8]. There is no such thing as a unique "total dose" response for 
semiconductor devices. Ionizing dose quasi-permanent damage is a function of the 
dose-rate time history, the total dose, and the time after irradiation at which the 
device is measured. Other important variables include the bias voltage applied and 
the temperature. The existing ionizing dose database must be used very cautiously. It 
can only be legitimately extrapolated to environments that closely approximate the 
dose rate at which the data were taken, as well as the total dose. Often, the dose-rate 
information is not available; most of the available data are from Co60 irradiations 
done at approximately 300 Rads(Si)/s. The accumulation rate of ionizing dose in 
space is roughly four orders of magnitude lower, making it virtually impossible to 
extrapolate the existing data and necessary to obtain additional test data applicable 
to space dose rates. 

A similar problem exists for extrapolation to weapon environments where the 
prompt dose is delivered in microseconds and the accumulation rate is six to twelve 
orders of magnitude greater than typical Co60 test data. This problem is further 
exacerbated since some semiconductor devices damage more at Co60 rates than at 
lower dose rates, whereas others damage less. A similar statement holds for higher 
dose rates compared to Co60 rates. A considerable research effort is currently 
ongoing to improve this situation, with support from the major using agencies, 
including DOD, DOE, and NASA. At this time, a revision of Mil. Std. 883, 
Method 1019.4 is planned, which will contain an added anneal step to ensure that 
the Co60 test will yield data that are always more conservative than exposure to 
either much lower or much higher dose rates. 

7.1.3.1 T1·apping in Bulk Si02• Most silicon dt;ride layers encountered in 
modern silicon semiconductor devices trap substantially all of the photo generated 
holes, whereas, nearly all the photogenerated electrons are swept out by the field in 
the oxide. The net result is an accumulation of trapped holes. In N-channel transis­
tors, this accumulation occurs close to the silicon-silicon dioxide interface where it 
causes a substantial negative shift in threshold voltage and an increase in leakage 
current. In p-channel devices, the accumulation of trapped holes occurs close to the 
gate electrode-silicon dioxide interface where it produces a much smaller negative 
shift in threshold voltage. 
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Hole trapping in field oxides produces large voltage shifts that cause leakage 
current increases. The substrate oxide in silicon-on-insulator (SOI) material is 
believed to trap both holes and electrons. The majority of hole traps are shallow 
and are characterized by a distribution of energy levels. As a result, substantial 
annealing occurs even at room temperature and can be accelerated at elevated tem­
peratures. The accumulation of holes is proportional to the ionizing dose, and the 
annealing rate is proportional to the density of trapped holes. Therefore, the density 
of holes at any time after the start of irradiation can be obtained as the linear 
convolution of the dose rate and the unit impulse response. The unit impulse for 
threshold voltage shift, which is proportional to trapped hole density, is 

(7.6) 

where y 0 is the impulse dose,~ Vto is the threshold voltage shift, tis time in minutes, 
ta is one minute, and C1 and C2 are constants that depend on the manufacturing 
process [7.1]. 

7.1.3.2 Trappi11g at the Si02 -Si I11terface. Many modern MOS devices 
also exhibit a buildup of electrons trapped in interface states. This buildup is a 
complex two-stage phenomenon that leads to a time-dependent buildup, as well as 
time-dependent annealing behavior. The electron traps are significantly deeper than 
the hole traps, so that annealing effects at ordinary device application temperatures 
are dominated by annealing of trapped holes. The trapped holes and electrons tend to 
cancel each other in terms of their effect on threshold voltage shift. 

Interface states tend to be amphoteric, and p-channel devices usually exhibit a 
buildup of trapped holes. These traps add to the effect of the holes trapped in the 
silicon dioxide. 

Interface state charge, either holes or electrons, is effective in reducing channel 
mobility, transconductance, switching speed, and increasing channel resistance [7.8]. 

7.1.3.3 Device Effects. The degrading effects of ionizing dose on semicon­
ductor devices are extremely complex and poorly understood. The radiation effects 
community continues to utilize a "total dose" terminology that is almost completely 
incorrect for describing ionizing dose damage. The majority of ionizing dose damage 
measurements have been made in Co60 at approximately 300 Rads(Si)/s. These data 
can be used to make relative hardness comparisons between devices where the 
damage is caused primarily by hole storage in the oxide. Linear convolution can 
usually be relied on for extrapolation to much higher and much lower dose rates for 
devices where hole storage is the dominant failure mechanism. For devices where 
hole storage in the oxide and interface charge storage make significant contributions, 
both effects must be measured and the Co60 data cannot be used either to make 
relative hardness assessments or to extrapolate to other dose rates. 

Hole storage and interface charge effects can be measured using special techni­
ques. The damaging effects of hole storage on devices can be determined by a 
technique that rapidly irradiates the device and then measures the affected para­
meters before the interface charge buildup occurs. The damage caused by interface 
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states can be determined by irradiating the device and then storing the device at 
elevated temperatures. The storage temperature and time are selected to anneal 
substantially all of the oxide charge and allow the buildup of interface states to go 
to completion. This selection is tricky because too long a time or too high a tem­
perature can also anneal part of the interface states. A storage of 24 hours at 125°C 
has been used successfully. The best high temperature storage procedure is probably 
different for different manufacturing processes. 

Ionizing radiation effects are poorly understood. There is still no combination 
of measurements (electrical, chemical, or physical) which can be made on a semi­
conductor device and used to predict its response in an ionizing radiation environ­
ment. This is in marked contrast to neutron, SEU, and dose-rate effects, where our 
understanding allows reasonable predictions based on device measurements. The 
microscopic nature of the hole traps and the interface traps is unknown, although 
a number of models have been proposed in the literature. A quantitative relationship 
between the density of traps and the manufacturing process is needed, and this must 
be supplemented by a quantitative relationship between the ionizing dose, density of 
traps, and trapped charge. The totality of data available suggests that "pure silicon 
oxide" contains a negligible trap density and that the traps actually observed are 
crystalline defects, which are strongly affected by the high-temperature processing 
steps, and chemical defects, which can be inadvertently introduced at many of the 
process steps. Today, radiation hard processes combine reduced high-temperature 
processing steps with ultra-clean manufacturing processes to reduce trap densities at 
the interface and in the oxide. Some success has also been reported by introducing 
dopants to neutralize interface states. 

The effects of ionizing radiation on devices must be obtained by lot sample 
testing units from a production process and the use of statistical techniques to 
extrapolate the behavior to be expected from the rest of the lot. 

Bipolar devices are relatively unaffected by ionizing radiation. At high levels, 
however, the current gain is reduced because charge trapping increases the surface 
recombination velocity at the emitter periphery. Leakage current increases are also 
experienced in some bipolar structures. Finally, the introduction of oxides as isolat­
ing regions in modern bipolar ICs introduces leakage problems; SOI devices are a 
good example. 

MOS devices suffer increased leakage, negative threshold voltage shifts, 
decreased transconductance, reduced speed, and increased channel resistance. 
These are the most important failure mechanisms, but it should be remembered 
that all of the specified electrical parameters will show,,Gllanges. Figure 7.7 shows 
threshold voltage changes as a function of ionizing dose for various bias conditions 
[7.8]. 

Two insidious results of the complex damage phenomena will now be high­
lighted. First, the dose-rate dependence makes the total dose failure threshold a 
strong function of the dose-rate used to test the device. Second, some devices 
show a failure window. That is, they do not fail until a critical dose level is reached; 
then they remain in a failed state until a second higher critical dose level is reached; 
then they again become operative; and finally, they fail again at a third critical dose 
level. Ionizing dose tests must consider both of these problems to ensure that the test 
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Figure 7.7 Threshold voltage shifts as a function of ionizing dose for tran­
sistors biased on and off and switched at a 100 kHz rate. 

results are truly applicable to the specified scenario. Figure 7.8 shows ionizing dose 
failure threshold as a function of exposure rate for a typical unhardened silicon IC 
[7.8]. 

Unhardened MOS devices have failure thresholds that range from 500 Rads(Si) 
to about 50,000 Rads(Si), with PMOS devices about 10 times as hard as comparable 
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Figure 7.8 Ionizing dose required to produce failure as a function of the 
dose rate at which the radiation is delivered. 
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NMOS devices. Most unhardened MOS devices can be used in tactical .and avionic 
applications, although they often require hardness assurance tests. They can also be 
used in moderate space environments, especially when sufficient shielding is available 
and hardness assurance tests are incorporated. 

Hardened MOS devices are available at ionizing dose levels up to about 1 x 106 

Rads(Si). Research programs have yielded operable devices up to 100 x 106 

Rads(Si). 

7.1.4 Dose-Rate Effects 

Dose-rate effects describe the transients excited in devices by bursts of ionizing 
radiation from nuclear explosions or from simulators such as LINACs and Flash X 
rays. Photocarriers (hole-electron pairs) are generated in semiconductors and insu­
lators by the ionizing radiation. These carriers are immediately accelerated by the 
built-in fields and the applied fields resulting in photocurrents. Usually, the magni­
tude of these photocurrents is well within safe operating limits for semiconductor 
devices, and no permanent damage results. Frequently.,"b.owever, these currents 
exceed the levels required to switch logic devices, and logic errors result in digital 
circuits. At very high dose-rate levels, for devices biased at high-voltage levels, 
burnout can occur. This is usually not a problem at tactical and avionic levels but 
can be a very important problem for space applications with a nuclear weapon 
specification. At dose-rate levels above 1 x 108 Rads(Si)/s, ICs with parasitic 
NPNP or PNPN parasitic paths can be caused to latch up. Latchup can be cata­
strophic if the product of the holding current and the applied voltage exceeds the 
device power-handling capability. In any case, the device, when in the latched con­
dition, will not respond to input signals. 
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7.1.4.1 Generation Rates. The generation energies for photocarriers in sili­
con, silicon dioxide, and silicon nitride are 3.6 eV, 18 eV, and 10.8 eV, respectively. 
The generation constants are silicon-4.2 x 1013

, silicon dioxide-8.4 x 1012
, and 

silicon nitride-1.4 x 1013 photocarriers per cm3 per Rad. When photocarriers are 
created in the vicinity of a P-N junction, a photocurrent is generated, which behaves 
in the same manner as junction leakage current. The equilibrium photocurrents are 
proportional to the dose rate, the generation constant, and the effective volume [7.1]. 
The effective volume is the junction area times the sum of the junction width and the 
effective diffusion lengths on both sides of the junction. Thus, 

Ipp = qgyA(w + Lp + Ln) (7.7) 

where q is electron charge, g is the generation constant, y is the dose-rate, w is the 
junction width, Lp is the hole diffusion length on the N side of the junction, and Ln 
is the electron diffusion length on the P side of the junction. For short pulses of 
radiation (pulse width, tp, less than the minority carrier lifetime, 'T), the photocurrent 
is given by 

Ip= Ipp(tp/'T) 112 

where Ip is the prompt photocurrent [7.1]. 

(7.8) 

7.1.4.2 IEMP. Internal electromagnetic pulse (IEMP) is created by radia­
tion pulses when they penetrate the walls of an electronic system and the package 
surrounding an electronic device [7.1]. The EMP is created by Compton electrons 
and photoelectrons accelerated across cavities in the electronics. The magnitude of 
the effect depends on the energy, magnitude, and type of incident radiation flux, the 
thickness and composition of the walls and packaging materials traversed, and the 
dimensions of the cavity. A thorough discussion of these effects is beyond the scope 
of this work and can be found in referenced literature. IEMP effects are usually 
insignificant in tactical and avionic applications (although they cannot be completely 
neglected), but they are extremely important in space applications that have a 
nuclear weapons survivability requirement. IEMP effects can be minimized by 
emphasizing good electromagnetic design practices such as minimizing ground 
loops, keeping all components close to ground planes, and using dense layout 
designs to minimize volume and void regions. 

7.1.4.3 Burnout. Radiation pulses can cause burnout in electronic devices 
when they are in a powered-up or biased condition. If the pulse energy is high 
enough, burnout can occur in unpowered electronics. However, the required levels 
are above those normally encountered in nearly all applications. Radiation pulses of 
interest are so short that the energy has a very limited time to be diffused by thermal 
conduction. In the adiabatic limit, all of the energy goes into a temperature rise in the 
affected volume. Failure usually occurs in metallization runs, vias, or p-n junctions. 
The energy dissipated during the pulse can be estimated as the product of the 
resistance, pulse width, and photocurrent squared for resistive elements such as 
metallization stripes and vias. The resulting temperature rise is the product of the 
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energy dissipated and the mass involved, divided by the specific heat. For p-n junc­
tions, the energy dissipated is the product of the bias voltage, pulse width, and 
junction photocurrent. If the bias voltage is not "stiff," it may sag or collapse during 
the pulse, and under these circumstances, the dissipated energy is reduced. The 
temperature rise is again approximated as the product of the energy dissipated 
and the mass of the junction, divided by the specific heat. Device failure threshold 
can be estimated by comparing the temperature rise to maximum device temperature 
specifications, the intrinsic temperature for the semiconductor resistivities involved, 
or the melting temperature for the regions involved. 

Many modern semiconductor devices exhibit a photoresponse that follows the 
prompt pulse, whereas others produce photocurrents that persist long after the pulse 
is over. The extended response comes from the lifetime of photocarriers in extended 
bulk silicon or substrate regions. Devices that show this response, such as monolithic 
CMOS ICs, are much more susceptible to burnout than are devices such as CMOS­
SOI or CMOS-SOS ICs. The pulse widths encountered are often sufficiently long, 
especially considering the extended response, so that thermal conduction is possible 
in one dimension. In this case, a solution to the thermal continuity equation results 
in a temperature rise proportional to the product of the power per unit area (P/A) 
and the square root of the pulse width, tp [7.1]. This result has been applied to 
semiconductor devices, and measured values of the Wunsch-Bell constant are avail­
able in several industry data bases. Thus, 

(7.9) 

where .6. Tr is the temperature rise at failure, K is the Wunsch-Bell constant, Pr is the 
power at failure, and A is the junction area. Values of .6. T which result in device 
failure range from about 100°C to 1400°C. the values of K tabulated in databases 
are usually worst case measurements and can be used to estimate survivable levels of 
P/A. 

7.1.4.4 Latchup. Some modern IC families are subject to latchup. Latchup is 
caused when a radiation pulse or an electrical transient turns on a PNPN or an 
NPNP parasitic path within the monolithic structure [7.1, 7.8]. Bulk CMOS ICs are 
particularly susceptible, whereas CMOS-SOS, CMOS-SOI, PMOS and NMOS ICs 
cannot latchup. Latchup can be suppressed on bulk CMOS ICs by utilizing lightly 
doped epitaxial silicon on heavily doped starting wafers. This approach is coupled 
with frequent body and substrate ties to reduce parasitic resistance enough to elim-.,@,, 
inate latchup. Other logic families, such as low power Schottky TTL ICs, have a low 
probability of latchup. Latchup can be catastrophic if the power dissipated in the 
latch up path is sufficient to cause failure. Otherwise, the applied bias can be 
removed, thus breaking the latchup path. Subsequently, the bias can be reapplied 
and the device will function normally. While a device is latched, it will not respond to 
input signals to the affected regions. 

The electrical requirement for latch up is that the product of the common emitter 
current gains in the interconnected parasitic PNP and NPN transistors be greater 
than unity. Current gain increases with bias current, so that any transient, electrical 
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or radiation, that increases the current through the parasitic latchup path may cause 
latchup. Current gain also increases with temperature, so that it is possible for a 
device which will not latch at room temperature to exhibit latchup at elevated 
temperatures. The internal biases on the latchup path are affected by series and 
parallel resistances that can shift as a function of radiation and temperature. 
Thus, devices may exhibit latchup windows as the dose rate increases. These devices 
show no latchup up to a threshold value; then they exhibit latchup up to a higher 
value of dose-rate, and they do not latch up at even higher dose rates. These com­
plexities make it virtually impossible to design a cost-effective, but highly reliable, 
hardness assurance screen. 

The latchup problem can be most effectively resolved by using a combination of 
the following proven techniques: (1) use only ICs from families that cannot latch up, 
(2) use a power-sequencing scheme to immediately remove bias after a prompt 
radiation pulse and restore the bias no sooner than 100 microseconds later, and 
(3) place a resistor or inductor in series with the IC to ensure that the current is 
restricted to a value significantly less than the measured holding current of the 
latchup path. 

7.1.4.5 Upset. Upset usually refers to a logic change produced in a digital 
device. Frequently, the term is extended to include an output transient that exceeds 
the device noise margin. There is no general definition of upset for analog circuits, 
although, for unique applications, an output transient that is large enough to cause 
functional degradation is often referred to as upset. For the great majority of cases, 
the transient produced in analog circuits by a short burst of radiation does not cause 
significant functional degradation and acts much like a large noise pulse. Industry 
data banks contain upset thresholds for nearly all IC families and a large amount of 
data on individual devices. The usual hardening techniques are to design the circuitry 
so that it is fail safe when upset and to go through an appropriate reset procedure to 
mitigate the effects of the data loss caused by the upset. For serious problems, such 
as autonomous computer systems in ICBMs, a circumvention subsystem is used. A 
radiation detector disables the computer logic and clamps the I/Os, and a software 
program reinitializes the computer to the last valid data set stored in hard memory. 
The normal computer program then takes over. Upset thresholds vary from approxi­
mately 107 Rads(Si)/s in unhardened logic families to 1011 Rads(Si)/s in hardened 
CMOS-SOS and CMOS-SOI families [7.1]. 

7.1.5 Single-Event Phenomena 

The trend to higher and higher densities in modern ICs has reached the point at 
which the ionization produced by the passage of a single cosmic ray, or ex particle, 
through the active volume of a logic device can deposit a charge significantly greater 
than the charge that maintains the logic state. Under these conditions, the device can 
be upset. In some cases, the resulting photocurrents can trigger latchup or second 
breakdown, leading to catastrophic failure [7 .1, 7. 8]. 
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7.1.5.1 Single-Event Latchup/Burnout. Latchup has been observed in 
some monolithic CMOS ICs after the passage of a high-energy ion through the 
device. This would obviously be catastrophic in the space environment. Therefore, 
susceptible devices must be eliminated in the design phase, or the system level fixes 
discussed in Section 7.1.4.4 must be employed [7.8]. Burnout has been observed in 
MNOS and SNOS memory devices from a high-energy ion when in a relatively high­
gate bias condition typical of the write cycle. The burnout path has been identified 
through the gate dielectric by subsequent failure analysis. Burnout has also been 
observed inn-channel power MOS transistors. The high-energy ion triggers a second 
breakdown, or possibly, a parasitic latchup path leading to burnout. Since n-channel 
devices are significantly more susceptible than p-channel devices, the second break­
down explanation is probably correct. Power MOS transistors such as HEXFETs 
are actually composed of thousands of transistors in parallel. The ion track from a 
cosmic ray particle is capable of triggering the burnout in a single transistor, which 
then spreads to produce a large burnout area involving many of the neighboring 
transistors. Hardened n-channel power transistors have been designed which vir­
tually eliminate this failure mode. 

7.1.5.2 Single-Event Upset. Single-event upset is of concern in micro­
processors and memories. Upsets in a microprocessor invalidate the calculation 
currently underway, and the only effective mitigating techniques are to use redun­
dancy with recalculation when indicated, or triple redundancy and voting. Upsets in 
a memory can be detected and corrected using error detection and correction 
(EDAC) software, with only a small penalty in overhead. The basic technique 
requires that the bits in a word be separated so that the probability of the same 
cosmic ray causing multiple bit errors in the same word is vanishingly small. This is 
readily accomplished, for example, by using sixteen 256 K x 1 memory chips in 
parallel to form a 256K x 16 memory. Each 16-bit word then has one bit in each 
chip. The simplest EDAC technique detects two bit errors and corrects one. Because 
the SEU rate in space is low for even the most sensitive memory chips, presently this 
technique is completely adequate. 

CMOS-SOS and CMOS-SOI memories show much lower SEU rates than 
monolithic CMOS ICs. An effective hardening technique has been developed 
which consists of adding cross-coupled resistors to SRAM cells. These resistors, in 
combination with the cell capacitance, act as a low-pass filter and prevent the high­
frequency transient caused by the cosmic ray particle fromettpsetting the cell. Cross­
coupled capacitors can also be used to lower SEU error rates. The Miller effect 
multiplies the effective capacitance by the voltage gain of the cell, and the enhanced 
capacitance filters the cosmic ray transient, preventing cell upset. Transistor feature 
size must be below 10 microns before SEU rates become significant. Therefore, many 
older generation IC memories are intrinsically hard with respect to SEU. This is an 
attractive hardening possibility if the amount of data that must be protected is 
relatively small. The transient photocurrents generated by a cosmic ray track are 
essentially over in less than a nanosecond for small particles, such as ex particles, and 
can persist for several nanoseconds for larger particles, such as iron ions. 
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7.2. FLOATING GATE RADIATION EFFECTS 

Several significant hardening efforts have been directed toward EPROMs or 
EEPROMs, and hardened devices may soon become commercially available [7.10, 
7.11]. EPROMs are normally erased by exposure to ultraviolet light, whereas 
EEPROMs can be erased electrically. However, both device types use a similar 
gate structure so that their radiation response is similar. The failure threshold in 
an ionizing dose environment is approximately 5 KRads(Si) and may be extended up 
to approximately 100 KRads(Si) by use of special circuit design and device-hard­
ening approaches. The ionizing dose environment is the most critical problem for 
floating gate devices, and so, it will not be necessary to evaluate neutron, dose rate, 
and SEU response in detail. Unhardened floating gate devices are suitable for use in 
most tactical and avionic applications, as long as a hardness assurance program is in 
place to ensure adequate survivability. It should also be possible to use them in low 
to moderate ionizing dose environments in space by using appropriate shielding in 
combination with a hardness assurance program. These devices are unsuitable for 
use in severe radiation environments. 

The floating gate c.ontains a polysilicon layer insulated from both the gate and 
the silicon channel by silicon dioxide layers. A "one" is stored in the memory cell by 
increasing the electron charge in the polysilicon layer, thereby establishing a rela­
tively high positive threshold voltage for then-channel transistor. A "zero" is stored 
by removing the electrons or adding holes, thereby establishing a negative threshold 
voltage for the transistor. Ionizing radiation tends to reduce the electron charge on 
the floating gate when a one is stored and to increase the electron charge when a zero 
is stored. This drives the transistor to an intermediate value of threshold voltage and 
destroys the stored information. 

7.2.1 Basic Effects 

MOS transistor threshold voltage is a function of the charge on the floating gate 
and is given by 

(7.10) 

where Vt is threshold voltage, Vto is the initial threshold of the transistor, er is the 
charge density on the gate, d is the oxide thickness between the control gate and 
the floating gate, and e is the oxide dielectric constant. Three processes contribute 
to the net loss in electronic charge produced by ionizing radiation on the floating gate; 
(1) hole injection from the oxides on both sides of the floating gate, (2) hole trapping 
in the oxides, and (3) electron emission from the floating gate. For the relatively low 
values of field normally encountered in floating gate memory devices, hole injection 
and hole trapping are proportional to the field, E. 

f(E) = 1- exp(-kE) ~ kE for E:::; 0.5 MV/cm (7.11) 

At high levels of ionizing radiation, the three processes reach an equilibrium 
characterized by an equilibrium threshold voltage, Vte· The continuity equation can 
be solved for the threshold voltage as a function of ionizing radiation for these 
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conditions [7 .12]. The combined effects of endurance and radiation have also been 
. ,analyzed and measured [7.13]. 

7.2.2 Response to Ionizing Radiation 

Ionizing radiation reduces the threshold voltage of the transistor in the "one" 
state toward the equilibrium state value and increases the value of the threshold 
voltage in the "zero" state toward the equilibrium state value. Radiation therefore 
closes the window between the two states of the memory. Thus, 

(7.12) 

where D is the ionizing dose in Rads(Si02) and A is a constant of proportionality 
that depends on the specific manufacturing process. This relatively simple result gives 
excellent agreement between measured and predicted results using only the fitting 
parameter A, as is shown in Fig. 7 .9. The basic process at work is simply the change 
in charge on the floating gate which can be accurately modeled as a one-dimensional 
capacitor. The charge is proportional to radiation dose, and its subsequent motion is 
closely approximated as being proportional to the field. However, the process-depen­
dent constant A reflects the type, quantity, and energy levels of the traps in the oxide 
regions. Very little is known about these traps, and it is their mitigation that is 
essential to hardening floating gate memory devices. It is noted in passing that the 
ultraviolet radiation used to erase EPROMs is really a massive dose of ionizing 
radiation that creates the equilibrium threshold voltage, Vte, without damaging the 
device in any permanent fashion. 

4 

-Model x, o,+,odata 

-s~~~~~~~~~~~~~~~~~~ 

100 101 102 103 104 105 

y, Total dose [rad(Si)] 

Figure 7 .9 Agreement between predicted and measured shifts in threshold 
voltage as a function of ionizing dose for a floating gate memory 
device. 
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7.2.3 Hardening of Floating Gate Devices 

Normally, reading the floating gate memory devices is accomplished by com­
parison with a reference level. Above this level, read "one"; below this level, read 
"zero." Obviously, a differential sensing scheme could be used to read the memories, 
and the radiation failure threshold could be significantly increased. However, this 
would substantially complicate the memory design and the read circuitry. The mem­
ories could be set to a significantly higher "one" threshold by increasing the write 
cycle drive, thus widening the initial window. This could produce a substantial 
improvement in radiation failure threshold. Perhaps hardened oxide technology 
can be applied to the oxides on both sides of the floating gate, but this would require 
major process modifications. For the foreseeable future, it may be possible to 
increase the radiation failure threshold by a factor of ten. 

7.2.4 Dose-Rate Response 

The radiation-induced changes in charge on the floating gate occur extremely 
fast and will, therefore, follow the radiation pulses normally encountered. The 
change in threshold voltage will therefore depend on the total ionizing dose in 
the pulse and will be independent of the dose rate. The dose per pulse is approxi­
mately equal to the product of the maximum dose rate and the pulse width (full 
width-half maximum). For nearly all applications, floating gate memory devices 
will be limited by the ionizing dose failure threshold and not by dose-rate effects. 
In most applications, the logic device composing the rest of the digital system will 
upset at relatively low dose-rates. Therefore, from a system standpoint, dose-rate 
effects will be very important, even though they will not directly erase the floating 
gate memories. 

7.2.5 Other Radiation Effects 

The present relatively low iomzmg dose failure threshold for :floating gate 
devices makes it unnecessary to evaluate the neutron failure threshold in detail. 
For any practical exposure scenario, the ionizing dose failure threshold would be 
reached while the neutron fluence was below the level that would produce any 
measurable changes. A semiquantitative neutron failure threshold can be estimated 
as approximately 1014 n/cm2

, at which level the accompanying ionizing dose would 
be approaching the failure threshold. At 1015 n/cm2

, the transconductance and chan­
nel resistance would also show significant degradation. Floating gate memories are 
not directly susceptible to SEU since the ionizing charge released by even the highest 
energy cosmic rays in the vicinity of the floating gate will not cause a significant 
change in threshold voltage. Again, however, it must be noted that SEU in the 
controlling logic could result in an erroneous write. 
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7.2.6 System Considerations 

Floating gate memories have a long-term retention problem in that the charge 
tends to leak off the floating gate under normal operating conditions. This is not 
a problem for most applications. Radiation also causes charge to leak off the 
gate. Both of these problems can be mitigated by using a refresh cycle similar to 
that used for dynamic memories. In fact, it is probably necessary for space appli­
cations in which the ionizing radiation accumulates over time. Ionizing radiation 
effects are known to be strong functions of temperature. The radiation analysis 
and characterization of floating gate devices have primarily been considered at 
room temperature. This is probably adequate for many applications, but it should 
be noted that elevated temperatures will significantly enhance both normal and 
radiation-induced leakage. 

7.3. SNOS RADIATION EFFECTS 

Silicon-nitride-oxide-silicon (SNOS) memories have been the traditional devices 
used where a programmable radiation-hardened nonvolatile memory is required. 
The silicon-nitride-silicon dioxide gate dielectric sandwich has been effectively 
used to harden some MOS devices. Adjustment of the oxide and nitride region 
thicknesses makes the device an effective EPROM. The device is similar to a floating 
gate device. However, the charge that controls the memory state is a sheet at the 
nitride-oxide interface. SNOS memories have achieved ionizing dose failure thresh­
olds in excess of 1 MRad(Si). 

7.3.1 Basic Effects 

Again, the effect of ionizing radiation is to create hole-electron pairs in the gate 
oxide and nitride. This charge drifts to the oxide-nitride interface where it reduces 
the threshold voltage if the gate is initially in the "one" state and increases the 
threshold voltage if the gate is initially in the "zero" state, thus reducing the window. 
At very large values of ionizing radiation, the threshold voltage reaches an equili­
brium value and the stored information is lost. Charge storage must occur in a sheet 
at the interface between two insulators of different dielectric constants to satisfy the 
fundamental laws of electrostatics. The problem of dominant radiation effects comes 
from ionizing dose, and so a detailed discussion of dose-rate, neutron, and SEU 
effects will not be necessary. Write voltages of 10 to 20 V are used in SNOS mem­
ories. Memory gate dielectric burnout from some high-energy ions (typically ions 
with LETs of Argon or greater) will occur for SNOS memories when a write voltage 
is applied to the gate. This limits the safe memory cycling specification for SNOS 
memories in space. For typical applications with less than 104 cycles, failure prob­
abilities are very low, with expected error rates less than 10-13 errors per bit day. 
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7.3.2 Response to Ionizing Radiation 

The continuity equation can be solved in the gate region (see Fig. 7.10), as a 
function of ionizing dose and leads to a relationship similar to Eq. (7.12). However, 
for SNOS devices, a composite solution that combines the effects of normal charge 
leakage and the effects of radiation-induced leakage has been obtained [7.14] and is 
given as 

Vt(D, t) = (Vto - Vv)(t/t0 )a exp(-AD) 
t 

- Be exp(-AD) J D(t)ta exp(AD)dt + Vv 
(7.13) 

to 

where a is a tunneling constant, V vis the threshold voltage before the device has been 
written, erased, or irradiated, Vto is the initial threshold voltage, t0 is the time 
immediately after a write pulse when Vto is measured (typically several seconds), 
A is a process-dependent constant that reflects the type and density of the trapping 
states in the gate, and B is a constant reflecting the normal charge leakage from the 
gate. In the absence of radiation, Eq. (7.13) simplifies to 

a= ln{[V(t) - VvJ/[Vto - Vv]}/ln(t/t0 ) (7.14) 

from which the value of a can be determined by measuring V(t) at two different 
times, for example, 5 and 50 seconds. A simple expression for a device irradiated in 
the virgin state is 

Vt(D) = B{exp(-AD) - I}+ Vv 
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Figure 7.10 Agreement between modeled and experimental changes in 
threshold voltage for an SNOS memory device. 

(7.15) 
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Irradiating a device at two radiation levels, such as 250 KRads and 1 MRad, allows 
the constants A and B to be obtained. At this point, Eq. (7.13) can be used to 
accurately model the time and radiation performance of a SNOS memory device. 
Unfortunately, the integral is not available in closed form, and a numerical integra­
tion must be performed. Again, excellent agreement between this model and the 
experimental results is obtained, as shown in Fig. 7.10 [7.15]. 

7.3.3 Response to Dose Rate 

The SNOS memory device stores such a large amount of charge at the nitride­
oxide interface that the ionization in most prompt pulses of interest cannot degrade 
the memory. However, the dose-rate upset threshold of a SNOS memory will be 
determined by the associated read and write circuitry. 

When SNOS devices are properly designed into computer systems, they provide 
EEPROMs with excellent radiation hardness characteristics. The design must pro­
vide circumvention to protect the memory from invalid write or erase commands 
during a prompt radiation pulse, and software to identify and ignore misreads during 
a radiation pulse. These two requirements are often simultaneously met by the 
circumvention subsystem. 

7.3.4 Response to Neutron Fluence 

SNOS memories have a high degree of inherent hardness to ionizing radiation, 
and so their response to neutrons usually depends only on displacement damage 
effects. Since they are majority carrier devices, the only effect of lifetime degradation 
is a small increase in leakage currents. The displacement damage effects of concern 
are an increase in resistivity and a decrease in channel mobility. These effects were 
discussed in Section 7.1.2, and the data provided can be used to predict the degrada­
tion in transconductance and switching speed, as well as the increase in channel 
resistance. The failure threshold is usually between 1014 and 1015 n/cm2

. The 
response of the transconductance, qm, can be obtained as 

gm= gmo exp-(cp/K) ~ gm0 (l - Kcp) (7.16) 

where K is a function of the SNOS channel resistivity [7.Jl The increase in channel 
resistance is obtained in a similar fashion, as is the reduction in cutoff frequency, 
fc = gm/2nCg, 

(7.17) 

where K' is the sum of Kand the mobility degradation constant for the appropriate 
channel resistivity. Although the radiation effects can be approximately calculated 
from Eqs. (7.16) and (7.17), Kand K' are often obtained as fitted constants from a 
simple radiation experiment [7 .1]. 
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7.3.5 Hardening of SNOS Memories 

The hardening of SNOS memories has proceeded by optimizing the manufac­
turing process to improve the inherent hardness of the nitride-oxide gate dielectric. 
Since these devices are used in hardened processors and computers, a large effort has 
been required to harden the associated microcircuits to a level consistent with the 
SNOS devices. A circumvention procedure is usually required. A detector is used to 
sense the dose rate at a level substantially below that which would cause an upset. 
This activates circuits that clamp the memory to prevent miswrites or erasures and 
activates a software procedure that identifies and ignores any misreads that might 
have occurred during the pulse. It then restores normal function from a valid start 
point. This provides continuous operation with only a very short interrupt. For most 
tactical applications, circumvention is probably not necessary. 

7.4. OTHER NONVOLATILE RAMs 

EEPROM requirements in radiation environments have also been satisfied using 
magnetic memories and hardened RAMs with battery backup. Recently, ferroelec­
tric memories have been proposed for hardened nonvolatile applications. 

7.4.1 Magnetic RAMs 

Magnetic memories include core memories, which have received extensive appli­
cation, and plated wire memories which so far have received limited application due 
to their relatively high cost. Bubble memories have also been used in some applica­
tions. All of these magneto-inductive devices are inherently hard for the normally 
encountered range of radiation environments. However, all of these memories must 
also be protected from invalid write commands and cannot be read in the presence of 
dose-rate environments approaching the upset level of the associated circuitry. 
Another type of memory based on the magneto-resistive effect has recently been 
proposed and is under development. 

7.4.2 Static RAMs with Battery Backup 

Perhaps the most formidable competitors for radiation-hardened nonvolatile 
applications are the new state-of-the-art CMOS-SOS and CMOS-SOI RAMs. 
These devices are not truly nonvolatile but can be designed with battery backup 
to handle temporary power supply failures. They have the same density, speed, and 
power requirements as the associated ICs. 

7.4.3 Ferroelectric RAMs 

Recently, ferroelectric memories have appeared as candidates for radiation-hard 
nonvolatile memories. The basic cell promises to be inherently hard for environ-
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ments of practical interest, but so far the problems of integrating their manufacture 
with the process for silicon ICs has not been completely solved. However, useful 
hardened devices are expected in the foreseeable future [7 .16]. 
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When procuring a microcircuit, many considerations are important. These may be 
divided into two categories: administrative and technical. Administrative issues, such 
as price, delivery, service, and product assurance, are not discussed here; instead, 
technical issues, such as performance, quality, and reliability, are addressed. 

In order to ensure that the manufacturer properly executes technical considera­
tions, the customer should verify the existence and adequacy of the manufacturer's 
product assurance system. Recognized industry standards for quality systems, such 
as IS0-9001 or EIA-599, can be used for evaluation. With the reduction of the 
DOD's microcircuit standardization program and the emphasis on purchasing com­
mercial products, there is no longer an independent body to develop or assess micro­
circuit standards and performance. The user is therefore cautioned to carefully assess 
any given microcircuit's data sheet and actual performance for compliance with 
application requirements. There are neither formal industry standards nor documen­
ted best commercial practices that clearly define or assess device specifications or 
perfonnance. Although IS0-9001 registration will assure the adequacy of a com­
pany's quality systems, there is no assurance of the adequacy of either the commer­
cial data sheet or device performance to meet application requirements. "Best 
commercial practices" are perfectly adequate for many applications; however, appli­
cation requirements, for example, temperature range, endurance, and data retention, 

Silicon Motion - Exhibit 1021 
Silicon Motion v. UTL - IPR2024-00199 

Page 492 of 618



8.1 Commercial Specification Practices 467 

for reprogrammable nonvolatile memories often necessitate that the user clearly 
specify and review device conformance. 

The performance of a microcircuit is evaluated on the basis of parameters 
specified in a data sheet. Quality is a measure of conformance to specification, 
typically expressed in parts per million (PPM) nonconforming, reference EIA 
Standard 554. Quality levels, as maximum PPM lot acceptance guarantees, are 
usually provided in manufacturers' warranty policies. Reliability is an expectation 
of quality over time, typically expressed as a failure rate in %/1000 hours or failures 
in time (FITs), or as a mean time to failures (MTTF). Reliability expectations are 
usually provided in manufacturers' reliability reports for device or process families. 

Reprogrammable nonvolatile semiconductor memories have performance 
values, data sheets, and quality levels similar to other microcircuits. Reliability 
expectations are complicated by considerations of endurance and data retention, 
which have failure mode characteristics that are not applicable to other micro­
circuits. Thus, reprogrammable nonvolatile memories have additional procurement 
considerations that affect manufacturing methods, data sheet specifications, quality 
levels, and reliability. 

The following sections discuss the elements necessary for a complete data sheet, 
critical parameters for evaluating the quality of a device, and a reliability evaluation 
methodology. 

8.1. COMMERCIAL SPECIFICATION PRACTICES 

The industry uses three primary documents to specify microcircuits: data sheets, 
reliability documents, and warranty policies. The following sections describe the 
desired contents of each of these documents. 

8.1.1 Data Sheets 

Microcircuit electrical performance is specified by a data sheet. Data sheets may 
be very simple expressions of "nominal" performance levels or an extensive listing of 
minimum and maximum performance levels under all allowed conditions. The mag­
nitude of testing by the manufacturer usually correlates with the stringency of the 
specification. The most thorough and detailed device specifications were the 
Standardized Microcircuit Drawings (SMDs) provided by the U.S. government. 
Currently, no industry body generates or validates device specifications, that is, 
data sheet format, specifications, or criteria. 

The device data sheet contains a description of how the device performs its 
intended function, for example, how to write to and read from a memory; and a 
list of parameters with performance limits and conditions that define and specify 
how each function is implemented. Testing validates that the circuit performs as 
specified. Data sheet limits and values are based on considerations of device perfor­
mance, system requirements, and test capability. The ability to test parameter per­
formance is critical in understanding various data sheet limits and values. 

Silicon Motion - Exhibit 1021 
Silicon Motion v. UTL - IPR2024-00199 

Page 493 of 618



468 Chapter 8 Procurement Considerations 

Reprogrammable nonvolatile memories have more complicated features and 
functions than most memories, due to the complexities and limitations of the tech­
nologies used to erase and program the memory cell. The wide variety of technol­
ogies used to implement the various features and functions can be confusing or 
conflicting. Although some features, for example, pin-out, page-write, and 
Software Data Protection, have been standardized according to reference JEDEC 
Standard 21-C, there still may be significant differences in performance (e.g., endur­
ance) between manufacturers for supposedly the same device type. In addition, 
major functional differences exist between devices depending on the intended appli­
cation. For example, interfacing the memory to the system may be serial or parallel; 
the number of power supplies required may be one or more; the duration of time to 
erase and program may take nanoseconds to minutes; and the minimum erase/pro­
gram element size may be bits, bytes, pages, sectors, or the entire chip. The user must 
carefully consider the performance of all features and functions when designing with 
reprogrammable nonvolatile memories. 

Device performance will predictably change as a function of environmental 
parameters. For example, with MOS devices, read speed will be slower at high 
temperatures, and power supply current will be higher at low temperatures. 
Therefore, the environment is specified. Device testing by the manufacturer is per­
formed at worst case conditions to assure the user of device conformance to the data 
sheet under all allowable conditions. The power supply level directly affects the 
performance of the device; a lower value is worst case for most parameters because 
of the poorer conductivity of the MOS transistor at lower voltages. This is most 
evident for read access times, which are generally slower at low Yee and high tem­
perature. 

The temperature range is typically specified as commercial, 0 to 70°C; industrial, 
-40 to 85°C; or military, -55 to 125°C, reflecting the severity of the expected applica­
tion. Commercial and industrial temperatures are ambient temperatures; therefore, 
the junction temperature of an operating device will be higher than the ambient, and 
the device must be tested at other than the specified limits. The test temperature can 
be calculated as a function of the specified temperature, the device power dissipation 
at the temperature limit, and the thermal resistance of the package. Military tem­
peratures are case temperatures; therefore, the junction temperature will be the same 
as the case test temperature. For example, the test temperature, and the specified case 
temperature are the same, excluding guardbands. Ambient humidity is a test concern 
because, at low temperatures, frozen condensation can lock the equipment or cause 
leakage paths. 

Devices are typically specified with ± 10% power supplies; however, both 
extremes need not be tested for all parameters. A worst case power supply condition, 
based on characterization, can be stipulated for most parameters. Thus, the worst 
case is the only condition that would be tested in production. 

Reprogrammable nonvolatile memory test parameters fall into three categories: 
AC or timing, DC or parametric, and functional. AC parameters are the maximum 
or minimum timing conditions needed for the device to function, for example, 
address setup times, data hold times, as well as the minimum/maximum responses 
from the device, such as read access times. DC parameters are the static levels on 
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each pin in the various operational modes, including power supply current, input 
levels, and output leakage. Functional parameters include those timing and static 
conditions (i.e., AC and DC parameters) necessary for the device to function in a 
given mode. Specific parameter conditions are usually included in the data sheet and 
should reflect how the device is tested. 

Conventions for measuring parameters should be clearly stated, because device 
performap.ce can change significantly for apparently minor differences in measuring 
methods. The most critical reference points are for AC or timing measurements. 
Timing limits are minimum or maximum timing values for each parameter. Input 
requirements for the device are specified from the external system point of view, that 
is, what the system must provide to the device. Responses from the device are 
specified from the device point of view, that is, what the device provides to the 
system. Timing edge reference points are required to differentiate between the pro­
vided input pulse levels or output levels and their respective (as recognized by the 
device) valid trip points. Edge reference points must be specified relative to where the 
device recognizes a valid signal level. Actual test specification edge reference points 
generally indicate those points that the tester recognizes as the beginning of a transi­
tion for timing measurement, not where the device recognizes a valid signal. The 
difference provides a built-in guardband between test conditions and actual perfor­
mance requirements. The levels specified for DC or static performance may not be 
the same levels specified for AC or timing performance. 

Integral to the testing of an integrated circuit is the test philosophy utilized 
to determine the parameters that are tested and in what manner. Included in the 
philosophy are guardbanding methodologies, interface hardware design rules, test 
routine algorithms, and characterization requirements. 

Guardbanding is the off-setting of a parameter, condition, or attribute accep­
tance level from the specified value. Guardbanding is done to account for variability 
in equipment and device perfonnance or to make test programs more efficient and 
effective. Machine guardbands, implemented in the forcing, measured, or external 
conditions, are required to account for the accuracy and precision capabilities of 
testers, interface hardware, and handlers. Device guardbands are implemented where 
device performance greatly exceeds the parameter limit; thus, an early warning of a 
change in performance is available. Test program guardbands are implemented to 
speed up device testing, where worst case conditions can be applied based on pre­
dictable device behavior, for example, for pattern sensitivities. 

Parameter conformance to specification can be measured in a variety of ways. In 
variate testing, which is generally used only for characterization, the actual value of 
the parameter is determined. For DC parameters, this is;clatively simple because the 
measurement is effectively the output of a voltmeter or ammeter. For AC param­
eters, this can be very complex, depending on the timing signal measured, because a 
narrow strobe must be continuously repositioned until the desired transition is 
detected or the reference edge must be continuously repositioned until the desired 
output is obtained. Various addressing and data patterns can be utilized, which can 
significantly affect test time, for example, a galpat versus an address increment 
addressing pattern. Traditional RAM read/write patterns are not usually employed 
because most reprogrammable nonvolatile memories have much longer write times 
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compared with their read times. Variate testing, whether on an automated tester or a 
bench setup, is used primarily to validate the design and performance models for 
initial device release or after design changes. 

Attribute testing is the comparison of a measured parameter under given con­
ditions to a specified limit. The tested parameter then either passes or fails-go/no­
go. Some parameters are directly compared with the limit, whereas others must be 
"tested by inference" or "tested by the application of specified signals and condi­
tions." Tested by inference is the validation of the performance of a parameter by the 
measurement of the correct performance of a correlated parameter or function. 
Tested by inference also applies when testing a worst case condition; therefore, all 
other conditions need not be tested. Tested by the application of specified signals and 
conditions is the applying of input parameters at their specified minimum or max­
imum and measuring the correct performance of a dependent parameter or function. 
Parameters that are outputs from the device are measured or compared with stan­
dards. Inputs to the device are tested by inference or application of specified signals 
and conditions. 

Data sheets usually reference mechanical specifications for the packages con­
taining the microcircuits. Most packages conform with JEDEC Publication 95. 
Otherwise, the manufacturer should have a similar type of specification that pro­
vides all dimensional and material requirements. Visual and mechanical quality 
characteristics are usually inspected for compliance to the applicable specification 
by the manufacturer before shipment of the devices. Dimensions, such as package 
thickness and lead spacing, may be critical for automatic insertion equipment opera­
tion. Composition, such as lead finish, may be critical for solderability. 
Explicit methodology and criteria for validating mechanical and visual performance 
are contained in JEDEC Standard 22 or MIL-STD-883 for plastic and hermetic 
devices, respectively. 

Data sheets are typically divided into several sections. The following lists and 
describes appropriate sections for reprogrammable nonvolatile memories: 

Product Description: A prose description of each device function and feature. 
Package Pinouts: A drawing of each offered package, with pin assignments. 
Block Diagram: A drawing of the overall logical architecture of the device, 
identifying external control signals and major logic blocks. 
Pin Description: A tabular description of each pin assignment, including symbol, 
name, and function. 

Operation Mode Tables: A tabular description of each functional mode of the 
device, including the status of each externally applied signal and internally 
generated signal. 

Reliability Characteristics: A tabular listing of reliability parameters, including 
endurance, data retention, electrostatic discharge (ESD) immunity, and latchup 
that identifies the specification limit, units, and test method. 
Absolute Maximum Stress Ratings: A list of those parameters and limits, which 
if exceeded, could cause permanent damage to the device. 
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Operating Range: A table of the temperature and voltage operating range limits. 
DC Operating Characteristics: A table listing DC parameters, limits, units, and 
test conditions. Note: "Typicals" should not be listed in this table, but provided 
in the form of a plot of the parameter as a function of key external variables, 
that is, voltage, temperature. 
AC Characteristics: A table listing AC parameters, limits, units, and test con­
ditions. Often, separate tables will be provided for the read and write functions. 
Note: "Typicals" should not be listed in this table, but provided in the form of a 
plot of the parameter as a function of key external variables, that is, voltage, 
temperature. 
AC Conditions of Test: A table and drawing defining the input and output 
conditions and loading during AC measurements. 
Timing Diagrams: A graphical description of each function, showing the level 
and sequence of all signals. 
Flowcharts: A graphical flowchart of the sequence of steps to perform each 
device function. 
Device Ordering Information: A table listing the information necessary to gen­
erate the applicable part number for each device option, for example, package, 
speed, temperature range, and voltage. 

8.1.2 Reliability Parameters 

Reliability evaluation may be divided into two categories: mechanical and elec­
trical. Reprogrammable nonvolatile semiconductor memories are assembled in 
packages using similar materials and processes as other microcircuits; thus, the 
mechanical reliability of the package is the same. Package stresses can be used to 
evaluate thermal and mechanical stress effects on the reprogrammable nonvolatile 
memory die. Of particular concern is data retention, which can be adversely affected 
by thermal or mechanical stresses induced during the package assembly or board 
assembly processes. Adherence to recommended soldering profiles is very important 
to avoid potential adverse effects on data retention. Mechanical reliability evalua­
tions typically use JEDEC Standard 22 or MIL-STD-883 for test methods. 

Electrical reliability for reprogrammable nonvolatile semiconductor memories is 
different from reliability for other microcircuits. Reprogrammable nonvolatile mem­
ory reliability is the summation of the factors of operati\}.gJife (read), data retention, 
and endurance [see Eq. (8.1)]; see reference JEDEC Standards 29, 34, and 47. The 
specific failure modes and mechanisms are described in Chapter 6. The manufac­
turer's reliability assurance program for screening, qualification, and product mon­
itoring must address the specific concerns for each technology, for example, floating 
gate, floating trap. 

Failure Rate (FR) device = FR read+ FR endurance+ FR data retention (8.1) 

The read, endurance, and data retention failure rates are thermally accelerated; 
therefore, failure rates must be given stating the temperature, confidence interval, 
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and apparent activation energy (Arrhenius acceleration) or alternative deceleration 
technique. 

Endurance is the most important failure rate because the actual endurance is a 
direct function of the application, that is, the number of times the device is rewritten 
during system operation. In other words, the total system life can be compromised 
by the endurance capability of the reprogammable nonvolatile memory. Some device 
technologies have known endurance wearout mechanisms, which is not a factor in 
normal operation, but can affect system performance if the specified number of 
endurance cycles is greatly exceeded. 

Endurance is defined as "The measure of the ability of a nonvolatile memory 
device to meet its data sheet specifications as a function of accumulated nonvolatile 
data changes," per IEEE Std 1005-1991, Definitions and Characterization of 
Floating Gate Semiconductor Arrays. The data sheet specifications include write 
functionality, data retention, and read access time. Typically, a nonvolatile data 
change is the completion of an erase/program cycle for each byte, that is, transferring 
charge to and from the storage node in the memory cell. 

Endurance, in floating gate or floating trap MOS technologies, has two primary 
failure mechanisms: charge trapping or oxide damage. Three failure modes can 
result-data retention degradation, access time degradation, or loss of write func­
tionality (including various "disturb" mechanisms). The charge is transferred to and 
from the storage node through an oxide, resulting in the failure mechanisms of oxide 
damage and charge trapping. These mechanisms are caused by the cumulative effects 
of passing a current through a nominal insulator and placing a high electric field 
across an oxide. Thicker oxides have a greater likelihood of measurable charge 
trapping. Thinner oxides require greater care in processing to reduce initial oxide 
defects, which cause yield loss. Endurance cycling over the lifetime of the system will 
cause random oxide damage and charge trapping at some constant low level. Design 
and processing by the manufacturer must be such as to minimize initial defects and 
reduce generated defects to the lowest possible level. Stressing and testing must be 
performed to separate devices with various levels of endurance performance. 

When a high number of endurance cycles (before the onset ofwearout) or a very 
low endurance cycle failure rate is desired, error correction is suitable for random 
failures. Bit or byte error correction methods may be used to improve the endurance 
of devices whose dominant failure mode is random damage to the oxides which 
insulate the storage node. Error correction is not practical for uniform charge degra­
dation mechanisms, for example, charge-trapping induced failures. Note that low 
failure rates during the stipulated useful life region, suitable for most applications, 
are achieved by proper design, processing, and screening without the use of error 
correction. 

Endurance follows the "bathtub" curve, with an infant mortality region gov­
erned by latent defects, a useful life region governed by the intrinsic integrity of the 
design and process (assuming infant mortality has been eliminated by screening), and 
a predictable wearout region governed by the cumulative effects of transferring 
charge through an oxide. The manufacturer eliminates infant mortality during 
screening and testing. The failure rate level in the useful life region is assessed by 
way of product monitors. The onset of wearout is determined by extended endurance 

Silicon Motion - Exhibit 1021 
Silicon Motion v. UTL - IPR2024-00199 

Page 498 of 618



8 .1 Commercial Specification Practices 473 

cycling, including stressing devices past the initial failure. Endurance cycling, as a 
periodic qualification test, has historically been considered the preferred means of 
verifying capability because cycling can be performed in real time and is the actual 
operating mode of the device. 

Data retention has infant mortality, which must be screened in the manufactur­
ing flow. There is a useful life region that is governed by the intrinsic integrity of the 
design and process. Wearout does not occur (in the sense that permanent, nonre­
versible degradation is present) because the storage node may be refreshed. Intrinsic 
data retention, the time the storage node is capable of retaining charge independent 
of the application, may vary by device design and process technology, but for most 
technologies it is essentially very long compared with real-world operating condi­
tions. The extrinsic data retention is a function of endurance-that is, data retention 
degradation introduced by erase/program cycling. Endurance failure rate expecta­
tions should contain the extrinsic data retention failure rate induced by endurance. 
The intrinsic data retention failure rate should be considered independent of 
endurance. 

Test Method 1033 of MIL-STD-883 describes the procedures to be used when 
performing endurance cycling for screening or endurance performance verification. 
Various methods exist to eliminate infant mortality. These methods are a function of 
product design and the dominant failure mechanisms of the process. For example, 
some devices use endurance cycling, and others use a margin test to screen out infant 
mortality. Most device manufacturing flows contain an infant mortality data reten­
tion unbiased bake screen, for example, per JESD-22-A103 High Temperature 
Storage Life. Military requirements contain a periodic Quality Conformance 
Inspection (QCI) that must be performed on SMD or 883 compliant byte-alterable 
EEPROMs to verify operating life, data retention, and endurance. A similar require­
ment could be added for other reprogrammable nonvolatile devices in the applicable 
procurement specification or in the manufacturer's internal manufacturing docu­
mentation. 

Random defects, which occur naturally in the wafer fabrication process, cause 
infant mortality endurance or data retention failures. In neither case is there an 
explicit relationship that correlates infant mortality with device performance in the 
useful life or wearout regions. To improve yields, manufacturers may include redun­
dant memory in the device which is used to repair initial or infant mortality failures. 
For large and complex memory arrays, for example, RAMs, EPROMs, or 
EEPROMs, few device types are shipped that do not include some level of redun­
dancy repair. Due to the localized nature of the randmµ defects that cause initial 
or infant mortality failures, the reliability of repaired and nonrepaired devices is 
equivalent. 

The endurance failure rate of the reprogrammable nonvolatile memories in a 
system increases in importance as a function of the number of times the system 
rewrites the memory during the system's life. System reliability is a function of the 
failure rate in the specified useful life region of the device, not of the time when the 
onset of wearout occurs. Given that the operating life failure rate of an MOS mem­
ory is on the order of 100 FITs (0.01 %/1000 hours) or less, the endurance and 
intrinsic data retention failure rate contributions to the total failure rate should 
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be an order of magnitude or more lower than 100 FITs, that is, 10 FITs or less 
[see Eq. (8.1)]. 

8.1.3 Warranty Policies 

All microcircuit manufacturers provide warranty policies or terms and con­
ditions of sale. These documents are typically divided into three categories: the 
warranty, the guaranty, and the applicable conditions. 

The warranty typically states that any nonconforming device may be returned 
to the manufacturer for credit or replacement. Conformance is to the data sheet or 
other applicable procurement specification and is usually for a term of one year from 
date of shipment. 

The guaranty is for lot acceptance and typically states that any lot that fails the 
lot acceptance sampling plan per the applicable specification may be returned to the 
manufacturer for credit or replacement, within one year from shipment. 

The warranty policy defines those conditions under which devices may be 
returned, including administrative and technical requirements. Administrative 
requirements define the logistics and methodology of documenting and returning 
the affected devices, so that credit may be applied to the correct purchase order. 
Technical requirements include: defining the condition of returned devices (e.g., must 
be testable) and the amount of correlation needed to validate nonconformance. 

Lot acceptance guarantees, specified per the applicable lot acceptance sampling 
plan, define guaranteed quality levels. Typically, the quality level applies to all data 
sheet electrical parameters and the applicable mechanical/visual parameters, but 
does not apply to reliability expectations. Data retention and endurance may be 
treated as quality parameters; thus, they often have lot acceptance guaranty. 
These parameters are conventionally considered reliability expectations; however, 
the number of years for data retention and the number of cycles for endurance 
are typically specified in the data sheet. The relatively quick and simple measurement 
of these parameters allows specific lot acceptance requirements to be stipulated. 

Quality levels, measured in PPM nonconforming, are estimates of the average 
outgoing quality (AOQ) of the manufacturers' production line, after all screening, 
testing, and acceptance sampling have been performed. EIA Standard 554 defines 
how to assess AOQ in PPM for microcircuit manufacturing. Transformation of 
acceptable quality level (AQL) or lot tolerant percent defective (LTPD) sampling 
plans and lot guaranty levels to AOQ values is treated in standard texts on accep­
tance sampling. 

The warranty policy should contain a definition and statement of guaranty for 
endurance and data retention. An example is as follows: 

Endurance is the measure of the ability of a reprogrammable nonvolatile mem­
ory device to meet its data sheet specifications as a function of accumulated 
erase/program cycles. An erase/program cycle is the act of changing data from 
original (e.g., erased) to opposite (e.g., programmed) back to original for all bits 
of the memory array. 
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The memory shall be capable of the specified number of erase/program cycles 
per specified memory element, e.g., byte, sector, page, independent of the erase 
or program method, e.g., byte, page, sector, chip. 
Data retention is the measure of the integrity of the stored data as a function of 
time. Data retention time is the time from data storage to the time at which a 
repeatable data error is detected. 
The device shall be capable of the specified number of years of data retention. 
This applies across the operating temperature range and after the specified 
minimum number of endurance cycles. 
The memory has a lot acceptance guaranty of a 1 % AOQL (LTPD 5/1) for the 
specified number of endurance cycles and data retention years, as verified by the 
specified test methodology (see section 8.4.2). 

8.2. CRITICAL DEVICE PARAMETERS 

Some device characteristics are more important for the operation of the user's system 
than others. The following sections describe those parameters that are deemed most 
critical and require careful evaluation. 

8.2.1 Electrical 

All electrical parameters are important for the correct functioning of a device in 
an application; however, a few parameters tend to be more visible because they are 
the ones that most often appear to fail. 

Critical DC parameters are input/output leakage, for example, Iii, Iih, and 
power supply currents, for example, Ice, IPP' lsb· High input/output leakage levels, 
typically caused by electro-static discharge (ESD) or electrical over-stress (EOS) will 
cause nonfunctionality by address lines, control pins, or outputs being unable to go 
to correct levels. High power supply currents, either active or standby, typically 
caused by EOS, may overload supply lines and damage other components. Logic 
test methods such as lctctq and built-in self test (BIST) are generally not applicable to 
large memory arrays because these test methods are not sensitive or complete enough 
to detect subtle memory cell defects or variations. 

Critical AC parameters are access timing values (e.g:, Taa, Tee), and input/out­
put level conditions (e.g., Vih/Vi!, V 0h/V 0i). Access times are sensitive to data pat­
terns, including checkerboard, diagonal, and address patterns, such as address 
complement and diagonal galpat. If the device is inadequately tested by the 
manufacturer (i.e., not using worst case data and address patterns), it may occa­
sionally read incorrectly in the application. Input/output level test conditions differ 
widely from device to device and from manufacturer to manufacturer. Timing values 
are extremely sensitive to the applied input/output levels. Thus, devices with suppos­
edly the same timing value may function differently in the application because of 
different levels used during manufacturers' testing. 
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All parameters should be controlled by the manufacturer's internal documenta­
tion for how they are tested. Some parameters, such as capacitance, are only tested 
initially and after a design change that affects the parameter. Others should indicate 
whether testing is by inference (e.g., Vih-max), or by application of specified signals 
and conditions (e.g., setup/hold times). The address and data patterns used for 
verifying write and read functionality, as well as appropriate machine, test, or device 
guardbands, should be included in the manufacturer's internal documentation. 

8.2.2 Mechanical/Visual 

Critical mechanical parameters are the package dimensions of thickness and 
lead spacing, which can affect how devices interact with automatic insertion equip­
ment or the dimensions of the application; and solderability, which affects the 
mechanical, thermal, and electrical connection of the device to the application. 

Critical visual parameters are the marking of the device and the marking per­
manency. These clearly and permanently identify the device, as to part number, date 
code, orientation, and the like. 

8.2.3 Reliability 

Critical reliability parameters include endurance, data retention, and package 
integrity. Endurance is application dependent (i.e., how often the device is rewritten) 
and affects the overall system failure rate. Data retention is application sensitive (i.e., 
the intrinsic or extrinsic data retention failure rate of some devices or technologies 
may preclude some applications). Standard package integrity may be application 
sensitive (i.e., concerns with hermeticity, especially for glass-sealed packages, and 
concerns with cumulative exposure to temperature and humidity for plastic 
packages). Plastic package recommended soldering profiles must be carefully 
adhered to in order to prevent thermal or mechanical stress-induced data retention 
degradation. 

Two other issues, though not exactly normal application reliability concerns, 
may be of concern when using nonvolatile memories: radiation tolerance and declas­
sification ability. Radiation tolerance is a measure of how much radiation a device 
may receive and continue to function. In some cases, for similar technologies, radia­
tion tolerance correlates with reliability performance but is not always a means for 
comparing different reprogrammable nonvolatile technologies for reliability. 
Declassification ability is a measure of the difficulty or possibility of recovering 
information that has been supposedly removed (i.e., erased) from the device. 

8.3. MANUFACTURER'S SCREENING 

The manufacturer of microcircuits must include, as part of the test and inspection 
flow, various screens to eliminate latent or generated defects that could cause the 
device to become nonconforming to specification. The following sections describe 
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some of the more common screemng practices for reprogrammable nonvolatile 
memories. 

8.3.1 Electrical 

The manufacturing of microcircuits consists of four major steps: fabrication, 
assembly, screening/test, and quality assurance. Fabrication consists of various phy­
sical, chemical, photolithography, and inspection operations to form die on the 
microcircuit wafer; assembly consists of placing microcircuit die in a package for 
connection to other elements; screening/test consists of applicable stressing of 
devices, then identification of the conformance level of each microcircuit (and 
removing nonconforming devices); and quality assurance of regular sampling to 
verify quality and reliability performance. 

Normal microcircuit manufacturing practices include one or more 100% elec­
trical tests; for example, each device is tested for DC, AC, and functional para­
meters, separating passing devices by performance level. For complex 
microcircuits such as reprogrammable nonvolatile memories, electrical testing before 
assembly (e.g., wafer sort) is done at room temperature, and electrical testing post 
assembly is performed at high or cold temperature or both. Military devices require 
testing at high, low, and room temperatures. Commercial devices usually have a 
single insertion at high temperature and are guardbanded for parameters that are 
adversely affected by lower temperatures. For example, MOS devices are worst case 
at high temperature for speed; however, Ice is worst case at low temperature. 
Therefore, Ice is guardbanded in the high-temperature test. 

Complex devices are tested using automated testers (automated test equip­
ment-ATE) and test handlers with suitable interface hardware. The ATE is con­
trolled by software, called a test program, which contains the various algorithms for 
testing a device. These include the forced and measured values, guardbands, data 
patterns, and address patterns in a sequence sufficient to exercise all functions at 
applicable data sheet limits. In addition, manufacturer's test programs typically 
include special modes that allow operation of the device in a nondata sheet specified 
manner to improve test effectiveness or efficiency, for example, apply an accelerating 
stress for reduced test time. Handlers control the ambient temperature for test and 
segregate devices into various bins by test results. 

Users should verify that the manufacturer has fully documented the test pro­
gram, the interface hardware, the accuracy and precision of the test setup, and the 
operating procedures for performing tests. ' 

8.3.2 Reliability 

Although microcircuits are designed for reliability, variability in manufacturing 
processes could result in degradation of performance sooner than expected. This 
infant mortality is usually the result of random latent defects in manufacturing 
material or processes and may be detected by accelerated stresses. 
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Reprogrammable nonvolatile memories have two major reliability parameters, 
endurance and data retention, both of which require evaluation and possible addi­
tional screening to remove infant mortalities. Screening of other reliability para­
meters should be consistent with that of other microcircuits fabricated with similar 
processes and assembled in similar packages. Test methods should reference MIL­
STD-883 for hermetic devices or JEDEC Standards for plastic devices. 

The manufacturer's test flow should include screens for endurance and data 
retention. Typical endurance screening is the performance of some number of endur­
ance (erase/program) cycles or other oxide stress procedure to accelerate latent 
defects in the charge transmission oxide. Endurance stressing also is used to accel­
erate defects that can cause various disturb failures-for example, read-disturb and 
program-disturb. The number and type of disturbs is a function of the process 
technology and circuit design. Endurance screening is usually followed by a data 
retention stress, such as a high temperature unbiased bake, for accelerating latent 
data retention failures. The manufacturer should be able to provide a methodology 
and data to support whatever endurance and data retention screens are used. Test 
Method 1033 of MIL-STD-883 provides a format for defining the requirements for 
an endurance and data retention screen. 

8.4. QUALIFICATION TESTING 

In order to transfer a microcircuit to production or ship to a customer, manu­
facturers perform some level of qualification activities. The following sections 
describe some of these basic qualification activities. 

8.4.1 Characterization 

Upon identifying a potential device for an application, the devices's adequacy 
for the application must be verified. Given that the application constraints are 
known, this usually consists of characterizing the electrical and reliability perfor­
mance of the proposed device. Before embarking on the very expensive effort of 
device characterization, several other activities should be performed. 

The manufacturer should be audited by the user or users' representative, for 
example, the National Supervising Inspectorate for the IS0-9000 series Quality 
Systems (NSI) for general capability to consistently manufacture a device that con­
forms to all applicable specifications. This includes system capability as well as 
specific technical abilities. The manufacturer may provide information to the user 
that details the manufacturing technology, device performance specifications, and 
reliability expectations. 

Once the user is satisfied that the manufacturer's quality system and the device's 
performance comply with the application requirements, the user should obtain some 
devices for validation of expected results. Testing performed by the user should 
verify device performance to the data sheet or other applicable specification. This 
testing can be used as the basis for establishing a correlation between the manufac-
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turer's inspection and the user's application. Critical electrical and mechanical/visual 
parameters may require extra attention to assure consistency in measurement and 
repeatability in results. 

Reliability parameters should receive characterization, especially endurance and 
data retention. Erase/program cycling and data retention bake should continue until 
the onset of endurance wearout, that is, where the endurance failure rate increases 
with additional cycles. Verification of the intrinsic data retention failure rate should 
establish, using standard deceleration techniques, that the MTTF of the reprogram­
mable nonvolatile memory is greater than the application's required storage time. 
Other reliability parameters, such as life test and package stresses, may use data 
provided by the manufacturer. 

Typical endurance and data retention characterization tests consist of choosing 
two samples. Subject the first sample to the number of endurance cycles at the 
temperature used in the application, followed by a data retention bake that corre­
lates to the storage time required of the application. Subject the second sample to 
increasing numbers of erase/program cycles, interweaved periodically with short 
data retention bakes, until a statistically significant fraction, for example, 20%, of 
the devices have failed two or more bits. Analysis of these data in conjunction with 
the manufacturer's supplied data should validate the feasibility of the proposed 
device in the application. 

8.4.2 Verification 

After characterization verifies that the microcircuit is capable of meeting the 
application requirements, some ongoing testing may be required to assure that pro­
duction deliveries continue to conform to specification. Commonly used methods 
include source inspection, incoming inspection, regular audits, and periodic moni­
tors. 

Source inspection requires the user or designate to witness critical manufactur­
ing or quality assurance operations in order to verify that the shipped product con­
forms to the applicable specification. Incoming inspection accomplishes a similar 
purpose by having the user inspect production material upon receipt. 

In regular audits, the user periodically assesses the manufacturer to ensure that 
manufacturing methods, systems, procedures, and specifications are adhered to in 
the ongoing production of the purchased microcircuits. Periodic monitoring subjects 
a sample to an incoming test or a characterization evaluation. 

Incoming inspection is probably the least productive of the various verification 
methodologies. Regular audits, combined with periodic monitors, are likely the 
most effective, but require a skilled and trained audit and evaluation team for 
implementation. Source inspection is the simplest method for the user to directly 
verify product conformance to specification. The method that is most appropriate to 
a given application depends on the relationship of manufacturer and user, the man­
ufacturing and quality system capabilities of both parties, and any other overriding 
considerations, for example, government requirements. In all cases, regular commu-
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nication between manufacturer and user is vital to ensure ongoing performance 
improvement. 

The user should monitor reliability parameters by periodically reviewing the 
manufacturer's reliability reports, using the following methodology: 

An endurance test, reference Method 1033 of MIL-STD-883, shall be added 
before performing the steady state life test and extended data retention test. 
Cycling may be chip, sector, block, byte, or page on finished devices. The 
following conditions shall be met: 

(I) All bytes shall be cycled for a minimum of the specified number of cycles at 
equipment room ambient. 

(2) Perform parametric, functional, and timing tests at room (high) tempera­
ture, after cycling. Devices having bits not in the proper state after func­
tional testing shall constitute a device failure. Separate the devices into two 
groups for extended data retention and steady state life test, then write 
correct data patterns. 

(3) Perform extended data retention, consisting of high temperature unbiased 
storage for 1000 hours minimum at 150°C minimum. The storage time may 
be accelerated by using a higher temperature according to the Arrhenius 
relationship and an apparent activation energy of 0.6eV. The maximum 
storage temperature in a nitrogen environment shall not exceed I 75°C for 
hermetic or I 60°C for plastic devices. All devices shall be written with a 
charge on all memory cells in each device, such that a loss of charge can 
be detected (e.g., worst case pattern). 

( 4) Read the data retention pattern and perform parametric, functional, and 
timing tests at room (high) temperature, after cycling and bake. Devices 
having bits not in the proper state after functional testing shall constitute 
a device failure. 

(5) Perform steady state life, reference method 1005 condition D of MIL-STD-
883, for 1000 hours at 125°C in a nitrogen environment. The steady state life 
time may be accelerated by using an Arrhenius relationship and an apparent 
activation energy of 0.4eV. The maximum operating junction temperature 
shall not exceed I 60°C. All devices shall be written with a checkerboard or 
equivalent topological alternating bit pattern. 

(6) Read the steady state life pattern and perform parametric, functional, and 
timing tests at room (high) temperature, after cycling and steady state life. 
Devices having bits not in the proper state after functional testing shall 
constitute a device failure. 

(7) The endurance, data retention, and steady state life tests shall individually 
pass a sample plan to an LTPD of 5/1 (sample size = 77, accept = 1), 
equivalent to an AOQL = 1 %. 
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8.5. SUMMARY 

Reprogrammable nonvolatile memories should be procured with the same care 
as other microcircuits. The additional application-dependent reliability parameters 
of endurance and data retention require careful consideration of device design, 
manufacturing methodology, reliability criteria, and documented performance. 
The features and functions of various technology and device alternatives require 
careful consideration before final system design approval. 

The preceding sections have outlined major areas in which microcircuits, in 
general, and reprogrammable nonvolatile memories, in particular, require special 
procurement considerations. 
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Charge-loss mechanisms, 274 
Charge-pump, 105, 172, 244 

Circuits, 108-112, 174, 289, 290 
High-voltage generator, 111 
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Dose failure threshold, 461 
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Photoresponse, 455 
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Electrically Erasable Programmable 
Read-Only Memory (EEPROM), 
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Bit density evolution, 28 
Block diagrams, 173 
Calculated data-loss constants, 184 
Calculated time-to-failure, 184 
Capacitive coupling, 161 
Cell area ratio of CMOS EEPROMs, 

186 
Cell processing, 170 
Cell structures, 157 

Descriptions, 166 
Charge pump, 172 

Circuit 174, 289 
Ramp rate control, 174 
Transfer efficiency, 289 

CMOS process, 170 
Controlled erase, 117 
Corner contact, 171, 172 
Coupling cap·a:citance definitions, 162 
Coupling capacitor, 158 
Current-voltage (I-V) characteristics, 

163 
Curvature-enhanced tunneling, 156 
Data bar polling, 176 
Degradation, 130, 176 

Mechanisms, 130 
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Electrically Erasable Programmable 
Read-Only Memory (cont.) 

Time Dependent Dielectric 
Breakdown (TDDB), 176 

Deselect transistor, 158, 159 
Device description, 157 
Die size versus lithography, 186 
Dielectric breakdown, 176, 182 
Direct write cell, 168 

Cross section, 169 
Plan view, 169 

Early cell, 166 
Erase, 166 
Plan view, 167 
Program, 166 
Read, 167 
Write, 168 

Electric fields, 164, 165 
Electron capture and emission, 132 
Endurance, l15, l16 

Characteristics, 131 
Definition, 181 
Failure, 178 
Failure rate, 183 
Probability, 182 

Enhanced electron tunneling, 158 
Equivalent circuit, 158 
Erase, 159, 160 

Characteristics, 118 
Error correction codes, 180 
Error detection, 180 
Failure event, 182 
Field enhancement, 157, 163 
Flash, 2, 4, 37, 44 
Flat top, 159 
Floating gate, 162-163 

Charge, 162 
Potential, 163 
Transfer curve, 162 

Forecasted market, 3 
Four-byte array, 107 
Fowler-Nordheim tunneling, 156 

Cylindrical surface equation, 166 
Spherical surface equation, 166 

Full-Feature (FF-EEPROM), 2, 3 

Hardware protection, 176 
High-voltage circuitry, 170 
Infant mortality failure, 185 
Latent oxide defects, 179, 180 
Long-term failure, 182 
Manufacturing defects, 181 
Memory array circuitry, 105 
Nonvolatile writing, 159, 172 
Oxide layer thicknesses, 157 
Page writing, 175 

Index 

Performance, textured poly EEPROM, 
181 

Poly-to-poly tunneling, 156 
Post oxidation anneal, 120 
Principles of operation, 157 
Process technology, 118, 170 
Programming, 160 
Radius of curvature, 165 
Reading, 161, 175 
Reliability, 185 
Retention, 147-148, 183 

Characteristics, 14 7, 148 
Definition, 183 
Time, 183 

Scaling considerations, 129 
Scaling factor, 129 

Select transistor, 158 
Software data protect, 176 
Special features, 175 
Surface features, 163 
Technology, 185 

Capabilities, 185 
Cells, 185 
Features, 185 

Textured poly, 156, 187 
EEPROM, 156 
Technology evolution, 187 

Trapped electron density, 133 
Trap-up, 178, 182 
Triple-well CMOS structure, 119 
Tunnel voltage, 159 
Typical characteristics, 180 
Typical operation, 180 
Ultra-thin tunnel dielectric technology, 

119 
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Index 

Electrically Programmable Logic Device 
(EPLD), 25 

Electrically Programmable Read-Only 
Memory (EPROM), 1, 25-27, 33, 
135 

Array, 194 
Bit density evolution, 28 
Electron emission rate, trap, 133 
Electron trapping breakdown model, 

135 
FLOTOX, 37-40 
Forecasted market, 3 
One Time Programmable (OTP), 25 
Split gate, 35, 36 
UV-erasable, 2 

Electrode-limited conduction, 9 
Electromigration, 360, 406, 421-423 

Models, 421 
Testing, 421 

Breakdown Energy of Metal (BEM), 
423 

Isothermal, 423 
Wafer-level, 422 

Testing standards, 422 
Contact, 422 
Interconnect, 422 

Time-to-fail model, 421 
Electron emission, 458 
Electron trap, 450 
Electron trapping, 16, 65, 135, 255 
Endurance, 51, 66, 69, 71, 115, 116, 341, 

345, 360, 365, 373, 378-379, 395, 
471-472, 474 

Catastrophic wearout, 360 
Characteristics, 72, 131, 235, 260, 276, 

327, 343 
Cycling, 373, 430-431 
Definition, 181, 341 
EEPROM, 115, 116 
End-of-life, 178, 181, 182 
Failure, 178, 365, 380, 385 

Rate, 183, 429-430 
Interface states, 345 
NVSM, 66 
Probability, 182 

Energy band representation, 11, 15 
Enhanced Fowler-Nordheim tunneling, 

44 
Environmental parameters, 468 
Environments, 438 

Nuclear weapons, 439 
Erase, 118, 200-203, 212, 217, 219-221 

Block, 336 
Erase circuits, 288 

Drain erase, 288 
Poly-to-poly erase, 288 
Source erase, 288 

Erase/program cycling, 473 
Erase/write, 343 
Erasing, 5, 90 

Bi-level floating gate, 168 
Characteristics, 118 
Controlled, 117 
Fowler-Nordheim tunneling, 30 
Nonplanar floating gate, 159, 160 

Error correction, 472 
Error correction circuits, 402, 404 
Error correction codes, 180, 255 
Error detection, 180 
Error Detection And Correction 

(EDAC) software, 457 
Etching, floating gate, 126 
Evaluation, 471 

Electrical, 4 71 
Mechanical, 471 

F 
Failed part field return, 404 
Failure, 358-360, 365 

Endurance, 365, 385 
Event, 182 
Infant mortality, 185, 375 
Long-term, 182 
Mechanisms, 361, 362 

EPROM, 362, 363 
Random lifetime, 3 7 5 

561 

Rate, 359, 382, 386, 404-405, 428-429, 
471 

Endurance, 183 
Rate unit (FIT), 358, 380 
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Failure (cont.) 
Retention, 360, 385 

Failure modes, 375, 421 
Floating gate, 375 
Floating trap, 380 
High resistance, 421 
Junction leakage, 421 

Failure threshold, 458, 463 
Failure window, 451 
Fast burst reactor, 443 
Ferroelectric devices, 50, 52, 78 

Endurance, 51 
Lead-Zirconate-Titanate (LZT), 51 
Radiation effects, 78 

Ferroelectric Random Access Memory 
(FRAM), 2, 25, 51, 464 

Field-accelerated oxide failure, 388 
Field-Effect Transistor (FET), 4 

Threshold voltage, 5 
Field-enhancing tunneling injector cell, 

223 
Cell structure, 223 

Cross section, 224 
Top view, 224 

Double poly, 223 
Equivalent capacitor-coupling circuit, 

225 
Erase, 224 
Floating gate, 223 
Fowler-Nordheim tunnel erase, 227 
Fowler-Nordheim tunnel program, 

227 
Memory array, 225 
Operating conditions, 226 

Erase disturb, 226 
Erasing, 226 
Program disturb, punch-through, 

227 
Program disturb, reverse-tunnel, 227 
Programming, 224, 226 

Select gate, 223 
Split gate, 223 
Tunneling injector, 223 

Field Programmable Logic Devices 
(FPLD), 99 

FIT, 358, 380, 404, 406, 430, 467, 
473--474 

Flash EEPROM, 25, 30, 33, 91, 393 
Flash, floating gate, 189, 376 

Advanced cells, 245 
Alternate Metal Gate (AMG), 204 
AND cell, 230-232 

Index 

Erase bias condition, 230 
Fowler-Nordheim tunneling, 230 
Low threshold voltage control, 232 
Memory cell array, 231, 232 
Operating conditions, 231 
Page-mode programming, 231 
Program bias condition, 230 
Schematic, 231 
Schematic cross section, 232 

Applications, 190, 289 
Analogy, 293 
Automotive, 291 
Code storage, 290 
Data acquisition, 292 
EPROM replacement, 289 
Logic, 293 
Look-up tables, 292 
Personal systems, 293 
Smart cards, 292 

Architecture, 219, 293 
Cell/array, 219 
New, 293 

Array Contactless EEPROM (ACEE), 
228 

Charge transfer, 229 
Cross-sectional view, 228 
Inhibit condition, 229 
Operating conditions, 228 
Read, 229 
Schematic, 228 

Attributes, 192 
Barrier height versus phosphorus 

doping, 211 
CEIA-HC injectio'n, 215 
Channel Hot-Electron (CHE) 

programming, 194, 196, 218 
Injection, 200 

Comparison to other memories, 192 
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Cross-sectional view, 197 
Current, 198, 208 

Fowler-Nordheim tunneling, 198 
Leakage, 208 

DINOR cell, virtual ground, 235-236 
Cross section of array, 236 
Memory array, 236 
Operating conditions, 236 

Disturb mechanisms, 
Drain disturb, 213, 215 
Gate disturb, 213, 215, 217 

Divided bitline NOR (DINOR), 
233-236 

Cell structure, 234 
Circuit diagram, 234 
Disturb problems, 235 
Endurance characteristics, 235 
Erase voltage condition, 233 
Fowler-Nordheim electron injection, 

233 
Operational conditions, 234 
Program/erase operation, 234 
Program voltage condition, 233 
Schematic drawing, 235 
Substrate disturb, 235 

Drain disturb, 213, 215 
EEPROM, 193, 194 
Erase, 

Algorithm, 207 
Floating gate to erase gate, 217 
Fowler-Nordheim, 201, 212 
Gate to channel, 203 
Gate to drain, 203 
Gate to source, 202 
Interpoly tunneling, 219 
Negative gate, 202, 203 
Poly-to-poly, 217 
Positive drain, 202 
Positive source, 200 
Self convergence, 212 
Threshold control, 206 
Time, 194 
Tunnel, 199, 200 
Tunnel oxide, 200 
Two-step, 209, 214 

Verified, 206 
Virtual ground contactless, 221 

Erase sequence timing diagram, 215 
Evolution, 297 

563 

Field-enhancing tunneling injector cell, 
223-227 

Cell structure, 223-224 
Double poly, 223 
Equivalent capacitor-coupling 

circuit, 225 
Erase, 224 
Floating gate, 223 
Fowler-Nordheim tunnel erase, 227 
Fowler-Nordheim tunnel program, 

227 
Memory array, 225 
Operating conditions, 224, 226-227 
Select gate, 223 
Split gate, 223 
Tunneling injector, 223 

Fowler-Nordheim, 212-213, 228, 230 
Erasing characteristics, 212 
Programming characteristics, 213 
Tunneling, 228, 230 

Gate, 208, 211, 213, 215, 217 
Current versus source voltage, 211 
Disturb, 213, 215, 217 
Merged passed, 208 
Side-wall select, 208 

Gate disturb, time versus cycling, 216 
High Capacitive-coupling Ratio cell 

(HiCR), 237-240 
Array operating conditions, 238 
Array schematic, 238 
Cell cross section, 237 
Cell layout, 237 
Erase schematic, 238 
Fowler-Nordheim tunneling, 237 
Memory array, 239 
Program disturb, 239 
Program disturb Vt shifts, 240 
Program schematic, 238 

High Injection MOS (HIMOS), 
248-250 

Cell cross section, 248 
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Flash, floating gate (cont.) 
Erase, 248 
Fowler-Nordheim tunneling, 248 
Operating voltages, 250 
Program, 248 
Programming characteristics, 250 
Virtual ground array equivalent 

circuit, 249 
History, 195, 196 
Injection, CEIA-HC, 215 
Interface, poly/oxide tunneling, 210 
Leakage current, 208 
Market trends, 298 
Memory array, 204, 221, 295 

Configuration, 220 
Erase Vt profile, 208 
Erase Vt spread reduction, 208 

Merged passed gate, 208 
Multilevel cell, 253-255 

Charge bands, 254 
Error correction, 255 
Multilevel storage, 254 
State assignment, 254 

NAND EEPROM, 198, 241 
Charge pump, 244 
Cross-sectional view, 242 
Disturb mechanisms, 244 
Equivalent circuit, 198, 241, 243 
Erase, 243 
Operating conditions, 243 
Operation, 242 
Program, 243, 244 
Reading, 242 
Special features, 244 
Structure, 241 
Top view, 198, 241 

Negative gate erase, 202 
Gate to channel, 203 
Gate to drain, 203 
Gate to source, 202, 203 

NOR Virtual Ground (NVG), 204 
Array, 205 
Operations, 206 

Oxide, post-gate process, 209 
Phosphorus doping, 211 

Source voltage deviation, 212 
Poly spacer, 197 
Poly-to-poly erase, 217 
Positive drain erase, 202 
Positive source erase, 200 
Program, 197, 207, 213, 217, 221 

Algorithm, 207 
CHE, 217 
Disturb mechanisms, 213 
Fowler-Nordheim, 213 
Source-side, hot-electron, 197 
Virtual ground contactless, 221 

Program disturb, schematic, 216 
Projected prices, 296 
Projections, 297 
Qbd versus annealing, 209 
Read, 222 
Read disturb, 203 
Reliability, 255-281 

Channel Hot-Electron (CHE) 
programming, 255-260 

Data retention, 274-278 
Grounded-gate source erase-

Index 

induced, 261-267 
Poly-to-poly stress, 272 
Read-disturb, 279-281 
Reliability of interpoly dielectric, 

272-273 
Source-side injection, 269 
Stress-induced oxide leakage, 

269-271 
Tunnel oxide stress, 270 

Scaling rules, 296 
Sector erasing, 205 
Self convergence erasing, 212 
Side-wall cell, 252-253 

Array schematic, 252 
Cross section, 253 
Key advantages, 253 
Silicon pillar, 252 

Side-wall select gate, 208 
SISOS cell, cross-sectional view, 199 
Source-Coupled Split-Gate (SCSG) 

cell, 245-247 
Cell operation, 246 
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Cell structure, 246 
Charge transfer, 245 
Drain disturb, 247 
Erasing, 245 
Gate disturb, 247 
Inhibit conditions, 247 
Program inhibit, 247 
Programming, 245 
Read, 247 

Source-side hot electron programming, 
197 

Special cells, 245 
Split-channel structure, 219 
Stacked gate cell, 194, 197 
Tagging, 222 
Three dimensional (3-D) cells, 

251-253 
Side-wall cell, 252 
TEFET cell, 251 

Threshold voltage distribution, 201, 
215 

Timing diagram, erase sequence, 215 
Top view, 197 
Trench-Embedded Field-Enhanced 

Tunneling (TEFET) cell, 251 
Cross section, 251 
Trench technology, 251 
Vertical channel, 251 

Triple-poly cell, 217-219 
Cell/array architecture, 219 
Channel Hot-Electron (CHE) 

programming, 219 
Equivalent circuit, 218 
Erase, 219 
Interpoly tunneling erase, 219 
Memory array configuration, 220 
Memory cell, 220 
NOR, 217 
Operating conditions, 219 
Program, 219 
Read, 219, 222 
Split-channel structure, 219 
Tagging, 222 
Virtual ground array, 220 

565 

Virtual Ground Contactless (VGC), 
219 

Write inhibit, 222 
Tunnel erase, 

Fowler-Nordheim, 201 
Through poly-to-poly oxide, 200 
Through thin oxide, 199 

Tunnel oxide erase, 200 
Tunnel programming, 199 
Two-step erase, 209, 214 

V1m distribution of memory array, 
214 

Why Flash?, 191 
Write inhibit, 222 

Flash X ray, 443, 453 
Flatband voltage, 14 
Floating gate, 362, 458 

Basic effects, 458 
Electron emission, 458 
Hole injection, 458 
Hole trapping, 458 

Doping, 126 
Dose rate response, 460 

Dose per pulse, 460 
Etching, 126 
Failure threshold, 458 
Hardening, 460 
Other effects, 460 

Channel resistance, 460 
Single-Event Upset (SEU), 460 
Transconductance, 460 

Response to ionizing radiation, 459 
Retention failure, 130 
System considerations, 461 

Refresh cycle, 461 
Floating gate Avalanche injection MOS 

(FAMOS), 
Erasing, 8 

Floating gate charge, 162 
Floating gate device/transistor, 6, 52, 

55-57, 60 
Current-voltage (I-V) characteristics, 

60 
Endurance, 69 
Energy band diagram, 56 
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Floating gate device/transistor (cont.) 
Floating gate, 32 

Polysilicon, 8 
Memory characteristics, 62 

Electron trapping, 65 
Interface trap generation, 65 
Modeling, 62-65 

Nonplanar devices, 90 
Peripheral control circuits, 115 
Planar devices, 89 
Radiation, 76 
Retention, 74 

Failures, 130 
Threshold voltage, 55-57 

Fixed oxide charge, 55 
Floating gate Electron Tunneling MOS 

(FETMOS), 40 
Floating gate nonplanar (see Nonplanar 

:floating gate) 
Floating gate Non Volatile 

Semiconductor Memory (NVSM) 
devices, 362 

Reliability, 362 
Floating gate planar (see Planar :floating 

gate) 
Floating gate potential, 163 
FLOating gate Thin OXide (FLOTOX), 

32, 37-42, 67 
EEPROM, 192, 193 
Endurance characteristics, 72 
Id-Vd characteristics, 147 
Programming, 91 
Programming characteristics, 70 

Floating gate transistor, 158 
Floating trap, 362, 363, 394 
Floating trap EEPROM, 309, 362 

Backtunneling, 344 
Blocking oxide, 310, 342, 344 
CMOS compatibility, 349 
Degradation mechanisms, 341 

Endurance, 341, 343 
Retention, 341, 342, 343 

EEPROM, 309 
Low-voltage operation, 347 

Blocking oxide, 349 

Charge pump, 347 
Scaling, 347, 348 
Voltage regulation, 347 

LPCVD, 310 
Memory array circuitry, 332 

NonVolatile Random Access 
Memory (NVRAM), 340-341 

Pass gate array (2TC), 335 

Index 

Single transistor array (1 TC), 339 
Split (merged) gate array (1-1/2TC), 

336-337 
Trigate transistor array (3TC), 332 

Metal-Nitride-Oxide-Silicon (MNOS), 
311 

Multi-dielectric, 310 
NonVolatile Random Access Memory 

(NVRAM) transistor cell, 309, 
328 

Cell electrical characteristics, 
330-331 

Cell operation, 329 
Cell technology, 331 
Memory gate, 329 
Tunnel oxide, 331 

Oxide-Nitride-Oxide (ONO), 310 
Pass gate memory cell (2TC), 317 

Capping (blocking) oxide, 318 
Cell electrical characteristics, 320 
Cell operation, 318 
Cell technology, 320 
Fowler-Nordheim tunneling, 320 
Modified Fowler-Nordheim 

tunneling, 322 
Retention characteristics, 320, 321, 

322-323, 
Silicon-Nitride-Oxide-Silicon 

(SNOS), 319-321 
Threshold voltage shift, 322 
Write/erase characteristics, 320 

Photoelectric effect, 346 
Retention, 344 
Scaling issues, 349 

Blocking oxide, 352 
Gate injection, 350, 352 
Retention, 352 
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Select transistor, 309 
Shadow RAM, 310 
Silicon-Nitride-Oxide-Silicon (SNOS), 

312-316 
Silicon-Oxide-Nitride-Oxide-Silicon 

(SONOS), 309 
Single-transistor memory cell, 328 

Ion implantation, 328 
Source-substrate bias, 328 

Split (merged) gate cell (1-1/2TC), 324 
Cell electrical characteristics, 326 
Cell operation, 324 
Cell technology, 327 
Endurance characteristics, 327 
LDD structure, 324, 327 

Trigate memory cell (3TC), 311-313 
APCVD, 312 
Cell operation, 313 
Cell electrical characteristics, 315 
Cell technology, 315 
Drain-Source Protected (DSP), 311 
EAROM, 311 
LOCOS, 312, 316 
Metal-Nitride-Oxide-Silicon 

(MNOS), 311 
Silicon-Nitride-Oxide-Silicon 

(SNOS), 312 
Tunnel oxide, 310 
Tunneling, 310 
Typical characteristics, 343 

Backtunneling, 344 
Endurance, 345 
Erase/write, 343 
Modified Fowler-Nordheim 

tunneling, 343 
Radiation hardness, 345-346 
Retention, 344 

Floating trap Non Volatile 
Semiconductor Memory (NVSM) 
devices, 362, 363 

Reliability, 362, 394 
FLOTOX EEPROM, 37-40, 272, 

377-378, 394 
Four-byte EEPROM array, 107 
Fowler-Nordheim equation, 166 

Cylindrical surface, 166 
Spherical surface, 166 

Fowler-Nordheim tunneling, 9, 10, 44, 
156, 228, 230, 237, 248, 320, 365 

Current density, 11, 12, 13 
Energy band representation, 11, 15 
Field enhancement, 14 

Factor, 15 
Injection field, 14 
Modified, 322, 343 

Freak (early) population, 412, 414 
Frenkel defects, 444 

567 

Full Feature EEPROM (FF-EEPROM), 
2, 3, 29 

Functional parameters, 469 

G 
Galpat, 469 
Gate disturb, 213, 215, 217, 247 
Gate injection, 350, 352 
Gate oxide breakdown, 69 
Generation, 134, 137, 143 

Hole, 134, 137 
Trap, 143 

Generation rate, 143, 454 
Generation constant, 454 
Photocarriers, 454 
Photocurrents, 454 

Guaranty, 474 
Guardbands, 468-469 

Device, 469 
Machine, 469 
Test program, 469 

H 
Hardening of floating gate devices, 460 
Hardening of SNOS, 464 
Hardware data protection, 176 
Hierarchical calibration, 414 
High Capacitive-coupling Ratio cell 

(HiCR), 237-240 
Array operating conditions, 238 
Array schematic, 238 
Cell cross section, 237 
Cell layout, 237 
Erase schematic, 238 
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High Capacitive-coupling Ratio cell 
(HiCR) (cont.) 

Fowler-Nordheim tunneling, 237 
Memory array, 239 
Program disturb, 239 
Program disturb Vt shifts, 240 
Program schematic, 238 

High Injection MOS (HIMOS), 248-250 
Cell cross section, 248 
Erase, 248 
Fowler-Nordheim tunneling, 248 
Operating voltages, 250 
Program, 248 
Programming characteristics, 250 
Virtual ground array equivalent 

circuit, 249 
High temperature storage, 451 
High voltage circuits, 105, 110-112, 114, 

127, 170, 282 
Generator, 111 
Inverter, 114 
Load circuits, 105, 112 
Nonplanar floating gate, 170 
Regulator, 110 
Technology, 127 
Transistors, 127, 282 

History, 190 
Hole, 73, 134, 137 

Capture, 134 
Emission, 134 
Generation, 134, 137 
Transport, 73 

Hole-electron pairs, 449, 461 
Hole injection, 372, 458 

Hot, 389 
Hole trapping, 450 
Hole trapping breakdown model, 137 

Clocked high-voltage switch, 113, 114 
Hot carrier, 389, 406, 425-426 

Damage, 406 
Damage models, 389 
Degradation, 389, 425 
Testing, 426 

Hot-electron injection, 17, 362 
Current, 20 

Energy band representation, 18 
Human, 439 

Incapacitation, 439 
Survival, 439 

Hydrogen, 372 
Hydrogen anneal, 74, 333 

Ideal memory characteristics, 191 
IEEE Standard 1005-1991, 472 

Index 

Image force barrier lowering, 11, 12 
Infant mortality failure, 185, 358, 375, 

382, 404, 472-473 
Interface, 378 

Poly-Si02, 378 
Interface state density, 139 
Interface states, 373, 450 
Interface traps, 73, 133, 265, 345, 346 
Internal ElectroMagnetic Pulse (IEMP), 

454 
Compton electrons, 454 
Photoelectrons, 454 

Interpoly dielectrics, 126 
Scaling thickness, 127 
Tunneling, 219 

Interpoly tunneling erase, 219 
Intrinsic reliability margin, 406 
Ionizing, 75-78, 443-444, 447, 449, 461 

Damage, 444 
Dose, 443, 447, 461 
Interactions, 444 
Radiation, 75-78, 449 

Ionizing dose damage, 449 
Hole-electron pairs, 449 
Ionizing radiation, 449 

IS0-9001, 446 
Isolating mechanisms, 416, 421, 425 

Accelerated testing, 425 
Electromigration, 421 
Modified step stress, 416 
Ramped stress, 418 

Current, 418 
Voltage, 418 

Scaling, 416 
Step stress, 416, 418 
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Time-dependent dielectric breakdown, 
416 

Test structure, 417 
Wafer-level testing, 418 

Isolation, selective polyoxidation, 98 
Isothermal test, 423 

J 
JEDEC publication 95, 470 
JEDEC standard 468, 471 
JED EC standard 21-C, 468 
JEDEC standard 22, 471 
JED EC standard 29, 4 71 
JEDEC standard 34, 471 
JEDEC standard 47, 471 
JESD-22-Al03, 473 
Joint Testability Action Group (JTAG), 

291 

K 
Kerf, 410 

L 
Latchup, 442, 453 
Latent oxide defects, 179, 180, 359, 472 
Lattice damage, 444 
Layer scaling, 272 
Lead-Zirconate-Titanate, (LZT), 51 
LET (see Linear Energy Transfer) 
Life region, 4 72 
Life testing, 360, 404, 405 

Failure rates, 429 
Lifetime degradation, minority carrier, 

444 
Lightly Doped Drain (LDD), 317, 324, 

327, 336, 389, 425 
LINear ACcelerator (LINAC), 443, 453 
Linear Energy Transfer (LET), 346, 442 
Localized oxide defects, 269 
LOCal Oxidation of Silicon (LOCOS), 

99, 102, 104, 127, 312, 316 
Logic applications, 293 
Lognormal distribution, 410 

Plot, 413 
Long term failure, 182 
Long term failure rate, 382 

Look-up tables, 292 
Lot acceptance guarantees, 474 
Low Earth Orbit (LEO), 440 
Low Pressure Chemical Vapor 

Deposition (LPCVD), 48, 309, 
310 

Low voltage operation, 347-349 
Blocking oxide, 349 
Charge pump, 347 
Scaling, 34 7, 348 
Voltage regulation, 347 

Lucky electron model, 18 

M 
Machine guardbands, 469 
Magnetic RAM, 464 
Main population, 412, 414 

Modified step stress, 416 
Multimodal distribution, 410 

Manufacturer's screening, 476 
Electrical, 4 77 

Automated Test Equipment (ATE), 
477 

Guardband, 477 
Reliability, 477 

Data retention, 478 
Endurance, 478 
Infant mortality, 477 
Latent defects, 477 
MIL-STD-883, 477 

Manufacturing defects, 181 
Manufacturing methods, 467 
MAOS, 6 
Margin test, 473 
Mean Time To Failure (MTTF), 467 
Memory, 66, 69, 105, 191, 200 

Attribute comparison, 191 
Cell, 220 
Characteristics, 66, 69, 105 

Disturb, 105 
Endurance, 69 

Computer hierarchy, 192 
Market, 2 
Products, 25 

NVSM, 25 
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Memory array circuitry, 171, 332 
Cell-disturb, 105 
High-voltage load circuits, 105, 112 
NonVolatile Random Access Memory 

(NVRAM), 340 
Supervoltage, 341 
Trigate memory cell, 340 

On-chip charge pumps, 105 
Organization, 

Nonplanar floating gate, 171 
Over-erase protection circuits, 105 
Pass gate array (2TC), 335 

Scaling scheme, 335 
Programming timer circuits, 105 
Single transistor array (1 TC), 339 

MNOS memory cell, 339 
Split (merged) gate array O!TC), 336 

Block erase, 336 
LDD structure, 336 
Page write, 337 
Process parameters, 337 
SONOS characteristics, 337 

Trigate transistor array (3TC), 332 
Block-Oriented Random Access 

Memory (BORAM), 332 
Source-drain protected, 332 

Memory characteristics, 62 
Ideal, 191 
SNOS, 66 
SONOS, 66 

Memory circuitry, 282-288 
EPROM array architecture, 282 
Row decoder circuits, 283 

Circuit diagram, 284, 286 
Cross-sectional view, 284 
Negative voltage switch, 288 
Operating voltages, 287 
Operation, 284 
Standby current, 284 
Transfer gate, 283 
Triple well technology, 285 

Source strap, 282 
Triple well technology, 284 

Memory gate, 329 
Memory traps, 373 

Memory window loss, 375 
Messenger-Spratt equation, 448 
Metal-Insulator-Metal-Insulator-

Index 

Semiconductor (MIMIS), 6, 7 
Metal-Nitride-Oxide-Semiconductor 

(MNOS), 1, 3, 6, 7, 9, 23, 47-49, 
311, 395 

Cross gate, 395, 397 
Endurance, 395 
Memory cell (1 TC), 339 
Off-set cell, 398 
Retention, 395 
Threshold shift, 395 
Two-element-per-bit memory cell, 400 

Metal-Oxide-Semiconductor (MOS), 1, 
6, 55, 451 

Current-voltage (I-V) characteristics, 
59 

Field-Effect Transistor (FET), 4 
Threshold voltage, 5 

Stacked gate Avalanche injection 
MOS (SAMOS), 8 

Miller effect, 457 
MIL-STD 883, 470 
MIL-STD-883 test method 1033, 473 
Minority carrier lifetime, 444, 448 
MNOS (see Metal-Nitride-Oxide-

Silicon) 
Mobility degradation, 445 
Model, 62-65, 385, 387 

Amphoteric trap, 66 
Black's, 391, 392 
E model, 385, 387 
Effective electron temperature, 19 
Electromigration, 390, 421 

Early life failure, 391 
Electron trapping breakdown, 135 
Hole trapping breakdown, 137 
Hot carrier damage, 389 
Lifetime, 408 
Lucky electron, 18 
Noncharge-trapping breakdown, 139 
1/E model, 385, 387 
SNOS, 66 
SONOS, 66 
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TEARS, 424 
Time-Dependent Dielectric Breakdown 

(TDDB), 416 
Time-to-fail, 421, 425 

Modified Fowler-Nordheim tunneling, 
23, 24, 322, 343 

MTOS, 6 
Multi-dielectric, 310 
Multilevel cell, 253-255 

Charge bands, 254 
Error correction, 255 
Multilevel storage, 254 
State assignment, 254 

N 
NAND EEPROM, 198, 241 

Charge pump, 244 
Cross-sectional view, 242 
Disturb mechanisms, 244 
Equivalent circuit, 198, 241, 243 
Erase, 243 
Operating conditions, 243 
Operation, 242 
Program, 243, 244 
Reading 242 
Special features, 244 
Structure, 241 
Top view, 198, 241 

Native oxide, 317 
Natural space radiation environment, 

440 
Argus electrons, 440 
Burnout, 442 
Cosmic radiation, 441 
Latchup, 442 
Linear Energy Transfer (LET), 442 
Low Earth Orbit (LEO), 440 
Single-Event Phenomena (SEP), 442 
Single-Event Upset (SEU), 442 
Van Allen belts, 440 

Negative gate erase, 202-203 
Negative high-voltage charge pump, 113 
Nitrous oxide, 122 
Noncharge trapping, 139 
Nonplanar devices, 90 

Nonplanar :floating gate, 156, 170 
Band diagram, 179 
Bi-level cell erasing, 168 
Calculated data loss constants, 184 
Calculated time-to-failure, 184 
Capacitive coupling, 161 
Cell area ratio of CMOS EEPROMs, 

186 
Cell discharge rates, 184 
Cell processing, 170 
Cell structures, 157 

Descriptions, 166 
Charge pump, 172 

Circuit, 174 
Ramp rate control, 174 

CMOS process, 170 
Corner contact, 171, 172 
Coupling capacitance definitions, 162 
Coupling capacitor, 158 
Current-voltage (1-V) characteristics, 

163 
Curvature-enhanced tunneling, 156 
Data bar polling, 176 
Degradation, Time Dependent 

Dielectric Breakdown (TDDB), 
176 

Deselect transistor, 158, 159 
Device description, 157 
Dielectric breakdown, 176, 182 
Die size versus lithography, 186 
Direct write cell, 168 

Cross section, 169 
Plan view, 169 

Early cell, 166 
Erase, 166 
Plan view, 167 
Program, 166 
Read, 167 
Write, 168 

Electric fields, 164, 165 
End-of-life endurance, 178, 181, 182 
Endurance definition, 181 
Endurance failure, 178 

Rate, 183 
Endurance probability, 182 
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Nonplanar floating gate (cont.) 
Enhanced electron tunneling, 158 
Equivalent circuit, 158 
Erasing, 159, 160 
Error correction codes, 180 
Error detection, 180 
Failure event, 182 
Field enhancement, 157, 163 
Flat top, 159 
Floating gate charge, 162 
Floating gate potential, 163 
Floating gate transfer curve, 162 
Fowler-Nordheim tunneling, 156 

Cylindrical surface equation, 166 
Spherical surface equation, 166 

Hardware protection, 176 
High-voltage circuitry, 170 
Infant mortality failure, 185 
Latent oxide defects, 179, 180 
Long-term failure, 182 
Manufacturing defects, 181 
Nonvolatile writing, 159, 172 
Oxide layer thicknesses, 157 
Page writing, 17 5 
Performance, Textured poly 

EEPROM, 181 
Poly-to-poly tunneling, 156 
Principles of operation, 157 
Process technology, 170 
Programming, 160 
Radius of curvature, 165 
Reading, 161, 175 
Reliability, 185 
Retention definition, 183 
Retention time, 183 
Select transistor, 158 
Software data protect, 176 
Special features, 175 
Surface features, 163 
Technology capabilities, 185 
Technology cells, 185 
Technology features, 185 
Textured poly, 156, 187 

EEPROM, 156 
Technology evolution, 187 

Trap-up, 178, 182 
Tunnel voltage, 159 
Typical characteristics, 180 
Typical operation, 175 
Writing, 161 

Index 

NonVolatile Random Access Memory 
(NVRAM), 1, 25, 31-32, 37, 42-
47 

Battery backup, 31 
NonVolatile Random Access Memory 

(NVRAM) transistor cell, 309, 
328 

Cell electrical characteristics, 330-331 
Cell operation, 329 
Cell technology, 331 
Memory gate, 329 
Tunnel oxide, 331 

Nonvolatile semiconductor memory 
devices, 4, 6 

Basic operating principle, 4 
Metal-Oxide-Semiconductor (MOS), 6 

Non Volatile Semiconductor Memory 
(NVSM), 380, 392, 398-404 

Applications, circuit design examples, 
398 

Differential sensing, 398 
Dummy memory cells, 399 
Error correction circuits, 402, 404 
Redundancy, 401 
Redundant storage, 402-403 
Two-element-per-bit memory cell, 

400 
Applications, device design examples, 

392 
ONO structure, 393 
Split-gate cell, 392-393 

Failure modes, 375 
Floating gate, 375, 378 

Memory characteristics, 66 
Endurance, 66 
Retention, 66 
Threshold voltage, 67 
Transient programming, 67 

Nonvolatile writing, 159, 172 
NOR, 217 
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Nuclear power reactors, 442 
NVRAM, 309, 352 

0 
Off-set MNOS cell, 398 
One Time Programmable (OTP), 25 
ONO (see Oxide-nitride-oxide) 
Operating life, 471 
Overstress, 409 
Oxide, 69, 71, 91, 131, 135, 137-139, 

141-143, 176-177, 179, 209, 228, 
310, 317-318, 331, 342, 344, 349, 
363-364, 407, 472 

Blocking, 310, 318, 342, 344, 349 
Breakdown, 135, 137, 139 

Electron trapping, 135 
Extrinsic, 177 
Hole trapping, 137 
Noncharge-trapping, 139 
Time-Dependent Dielectric, 176 

Capping, 318 
Charge, 363-364 

Fixed oxide, 363 
Interface trapped, 363 
Mobile ionic, 364 
Oxide trapped charge, 363 

Charge centroid, 141 
Damage, 472 
Dark spots, 139 
Defects, 71, 407 
Degradation, 131 
Gate, 69 
Latent defects, 179 
Native, 317 
Parameter extraction, 139 
Post gate process, 209 
Self-Aligned Thick Oxide (SATO), 228 
Stress, 139, 142, 143 
Tunnel, 69, 91, 310, 331 
Weak area, energy band diagram, 138 

Oxide failure models, 385, 387 
E model, 385, 387 
1/E model, 385, 387 

Oxide-Nitride-Oxide (ONO), 32, 127, 
310 

Scaling, 129 
Oxide reliability, 406 
Oxide trapping, 363 
Oxide wearout, 406 
Oxygen vacancy trapping centers, 445 
Oxynitride, 49, 122 

p 
PACMOS, 36 
Page mode programming, 29 

Page write, 337 
Particle equivalence, 446 
Pass gate memory cell (2TC), 317 

Capping (blocking) oxide, 318 
Cell electrical characteristics, 320 
Cell operation, 318 

573 

Cell technology, 320 
Fowler-Nordheim tunneling, 320 
Modified Fowler-Nordheim tunneling, 

322 
Retention characteristics, 320, 321, 

322-323, 
Silicon-Nitride-Oxide-Silicon (SNOS), 

319-321 
Threshold voltage shift,, 322 
Write/erase characteristics, 320 

Phosphorus doping, 211 
Photoelectric effect, 346 
Photogenerated, 449 

Electrons, 449 
Holes, 449 

PIN diode, 443 
Pinhole defects, 363 
Planar floating gate, 105, 107, 115-120, 

129-133, 147-148 
Controlled erase, 117 
Degradation mechanisms, 130 
Electron capture and emission, 132 
Endurance, 115, 116 

Characteristics, 131 
Erase characteristics, 118 
Four-byte array, 107 
Memory array circuitry, 105 
Post oxidation anneal, 120 
Process technology, 118 
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Planar floating gate (cont.) 
Retention characteristics, 147, 148 
Scaling considerations, 129 

Scaling factor, 129 
Trapped electron density, 133 
Triple-well CMOS structure, 119 
Ultra-thin tunnel dielectric technology, 

119 
Plated core memory, 464 
Polyoxide, 14, 16-17, 44 

Conduction, 14, 44 
Injection current, 16, 17 
Textured, 14 

Poly spacer, 197 
Poly-to-poly erase, 217, 288 
Poly-to-poly stress, 272 
Poly-to-poly tunneling, 156 
Poole-Frenkel conduction, 9 
Positive charge trapping, 72 
Positive drain erase, 202 
Positive source erase, 200 
Post oxidation anneal, 120 
Potential, 163, 165 

Floating gate, 163 
Spherical, 165 

Primary concerns, 362 
Probability, endurance, 182 
Process technology, 118, 170, 281 

Floating gate technology, 281 
Nonplanar floating gate, 170 
Poly-to-poly dielectric, 281 

Procurement, 466 
Administrative, 466 

Considerations, 466 
Technical, 466 

Attribute testing, 470 
Best commercial practices, 466-467, 

470-474 
Data sheet, 466-467, 470-471 
Reliability parameters, 471-473 
Warranty policies, 474-475 

Commercial specification practices, 
467-469 

Data sheets, 467-469 
Edge reference points, 469 

Environmental parameters, 468 
Functional parameters, 469 
Reliability documents, 467 
Test philosophy, 469 
Warranty policies, 467 

Critical device parameters, 475 
Electrical, 475-476 
Mechanical/visual, 4 7 6 
Reliability, 476 

Data sheet, 466, 470 

Index 

Absolute maximum stress ratings, 
470 

AC characteristics, 471 
AC conditions of test, 471 
Block diagram, 470 
DC operating characteristics, 471 
Device ordering information, 471 
Flowcharts, 471 
Operating range, 471 
Operation mode tables, 470 
Package pinout, 470 
Pin description, 470 
Product description, 470 
Reliability characteristics, 470 
Specifications, 467 
Timing diagram, 471 

EIA standard, 466-467 
EIA-554, 467 
EIA-599, 466 

FITs, 467 
Galpat, 469 
Guardbands, 468-469 

Device, 469 
Machine, 469 
Test program, 469 

IS0-9001, 466 
JEDEC publication 95, 470 
JEDEC standard, 22 
Manufacturer's screening, 476 

Electrical, 4 77 
Reliability, 477-478 

Manufacturing methods, 467 
Mean Time-To-Failure (MTTF), 467 
MIL-STD-883, 470 

Test method 1033, 473 
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Performance, 467 
Qualification testing, 478 

Characterization, 478-479 
Verification, 479-480 

Quality, 467 
Levels, 467 

Reliability, 467 
Reprogrammable Nonvolatile Memory 

(RNM), 468 
Test parameters, 468 

AC or timing, 468 
DC or parametric, 468 
Functional, 468 

Test philosophy, 469 
Tested by application, 470 
Tested by inference, 470 
Variate testing, 469-470 

Product, 25, 360 
Program disturb, 107, 108, 239, 247 
Programmable Logic Device (PLD), 90 
Programmable Read-Only Memory 

(PROM), 1, 2 
Programming, 48, 91, 159, 160 

Characteristics, 59, 60, 70, 140, 163, 
257, 270 

Inhibit, 261 
Nonplanar :floating gate, 159, 160 
Page mode, 29, 231 
Read-disturb, 69 
SIMOS, 34 
Soft write, 68 
Timer circuits, 105 

Programming mechanisms, 9 
Projected prices, 296 
Projections, 297 
Prompt dose, 443 
Prompt radiation pulse, 463 
Punch-through, 127, 128 

Q 
Qbd versus annealing, 209 
Q-cell concept, 116 
Qualification testing, 478 

Characterization, 478 
Data retention, 479 

Endurance wearout, 479 
Erase/program cycling, 479 
Mean Time-To-Failure (MTTF), 

479 
Verification, 479 

Endurance test, 480 
Incoming inspection, 479 
Periodic monitors, 479 
Regular audits, 479 
Source inspection, 479 

Quality levels, 474 

R 
Radiation, 8, 26-27, 75-76, 78, 438 

A center, 444 
Amphoteric states, 450 
Anneal, 451 
Aracor machines, 443 
Argus electrons, 440 
Avionic radiation requirements, 440 
Bipolar device, 451 
Bubble memory, 464 
Burnout, 442, 453-455, 457, 461 

Photoresponse, 455 
Prompt pulse, 455 
Thermal conduction, 454 
Wunsch-Bell constant, 455 

Carrier density, 448 
Carrier mobility, 448, 450, 463 
Carrier removal, 444 

Rates, 446 
Channel resistance, 448, 460 
Circumvention, 464 
Cobolt-60 cell, 443 
Complex defect, 444 
Compton electron, 447 
Continuity equation, 462 
Conwell-Weisskopf formula, 446 
Core memory, 464 
Cosmic, 441 
Cross-coupled resistors, 457 
Crystalline defects, 451 
Cyclotron, 443 
Degradation, mobility, 445 
Device effects, 346, 447, 450-451 

575 

Silicon Motion - Exhibit 1021 
Silicon Motion v. UTL - IPR2024-00199 

Page 601 of 618



576 

Radiation (cont.) 
Anneal, 451 
Bipolar, 451 
Carrier density, 448 
Carrier mobility, 448 
Channel resistance, 448 
Crystalline defects, 451 
Dose-rate dependence, 451 
Failure window, 451 
High temperature storage, 451 
Linear convolution, 450 
Messenger-Spratt equation, 448 
Minority carrier lifetime, 448 
Metal-Oxide-Semiconductor 

(MOS), 451 
Recoil silicon atoms, 448 
Silicon-On-Insulator (SOI), 451 
Single-Event Upset (SEU), 451 
Threshold voltage shift, 452 
Total dose, 450 
Total dose failure, 451 
Transconductance, 448 

Displacement damage, 443--444, 
446--44 7' 463 

A center, 444 
Complex defect, 444 
Divacancy, 444 
E center, 444 
Frenkel defects, 444 

Divacancy, 444--445 
Donor vacancy trapping centers, 445 
Dose failure threshold, 461 
Dose per pulse, 460 
Dose rate effects, 453--455 

Burnout, 453--456, 463 
Dependence, 451 
Generation rates, 454 
Internal ElectroMagnetic Pulse 

(IEMP), 454 
Latchup, 453, 455--456 
Response, 460, 463 
Upset, 456, 463 
Upset thresholds, 456 

Dosimetry, 443 
E center, 444 

Electron emission, 458 
Electron trap, 450 
Environments, 438 

Nuclear weapons, 439 
Error Detection And Correction 

(EDAC) software, 457 
Failure threshold, 458, 463 
Failure window, 451 
Fast burst reactor, 443 
Ferroelectric RAM, 464 
Flash X ray, 443, 453 
Floating gate, 458 

Basic effects, 458 
Dose rate response, 460 
Failure threshold, 458 
Hardening, 460 
Other effects, 460 

Index 

Response to ionizing radiation, 459 
System considerations, 461 

Frenkel defects, 444 
Generation rates, 454 

Generation constants, 454 
Photocarriers, 454 
Photocurrents, 454 

Hardening of floating gate devices, 460 
Hardening of SNOS, 464 
Hardness, 345-346 
High temperature storage, 451 
Hole-electron pairs, 449, 461 
Hole injection, 458 
Hole trapping, 450 
Human, 439 

Incapacitation, 439 
Survival, 439 

Interface states, 346, 450 
Internal ElectroMagnetic Pulse 

(IEMP), 454 
Compton electrons, 454 
Photoelectrons, 454 

Ionizing, 443--444, 447, 449, 461 
Damage, 444 
Dose, 443, 447, 461 
Interactions, 444 
Radiation, 449 

Ionizing dose damage, 449 

Silicon Motion - Exhibit 1021 
Silicon Motion v. UTL - IPR2024-00199 

Page 602 of 618



Index 

Hole-electron pairs, 449 
Ionizing radiation, 449 

Latchup, 442, 453 
Lattice damage, 444 
Lifetime degradation, minority carrier, 

444 
LINear ACcelerator (LINAC), 443, 

453 
Linear Energy Transfer (LET), 442 
Low Earth Orbit (LEO), 440 
Magnetic RAM, 464 
Messenger-Spratt equation, 448 
Metal-oxide-semiconductor (MOS), 

451 
Miller effect, 457 
Minority carrier lifetime, 444, 448 
Mobility degradation, 445 
Natural space radiation environment, 

440 
Argus electrons, 440 
Burnout, 442 
Cosmic radiation, 441 
Latchup, 442 
Linear Energy Transfer (LET), 442 
Low Earth Orbit (LEO), 440 
Single-Event Phenomena (SEP), 442 
Single-Event Upset (SEU), 442 
Van Allen belts, 440 

Nuclear power reactors, 442 
Oxygen vacancy trapping centers, 445 
Particle equivalence, 446 
Pho to generated, 

Electrons, 449 
Holes, 449 

PIN diode, 443 
Plated core memory, 464 
Prompt dose, 443 
Prompt radiation pulse, 463 
Radiation Equivalent Man (REM), 

439 
Recoil silicon atoms, 448 
Relative biological effectiveness, 439 
Resistivity, 463 
Response, 463 

Dose rate, 463 

Ionizing radiation, 463 
Neutron fluence, 463 

Response to ionizing radiation, 459 
Second breakdown, 456-457 
Shine-through dose, 439 

577 

Shine-through electron, 443 
Silicon-Nitride-Oxide-Silicon (SNOS), 

461 
Basic effects, 461 
Dose failure threshold, 461 
Hardening, 464 
Response to dose rate, 463 
Response to ionizing radiation, 462 
Response to neutron fluence, 463 

Silicon-on-insulator, 450, 451 
Simulations, 443 

Aracor machines, 443 
Cobolt-60 cell, 443 
Cyclotron, 443 
Fast burst reactor, 443 
Flash X ray, 443, 453 
LINear ACcelerator (LINAC), 443, 

453 
Training-Research-Isotopes-General­

Atomic (TRIGA) reactor, 443 
Single-event latchup/burnout, 457 

Burnout, 457 
Second breakdown, 457 

Single-Event Phenomena (SEP), 442, 
456 

Second breakdown, 456 
Single-Event Upset (SEU), 442, 451, 

457, 460 
Cross-coupled resistors, 457 
Error Detection And Correction 

(EDAC) software, 457 
Miller effect, 457 

Sulphur pellets, 443 
Switching speed, 450 
Tactical radiation requirements, 440 
ThermoLuminescent Dosimeter 

(TLD), 443 
Threshold voltage, 461, 462 
Threshold voltage reduction, 459 
Threshold voltage shift, 452 
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Radiation (cont.) 
Total dose failure, 451 
Training-Research-Isotopes-General­

Atomic (TRIGA) reactor, 443 
Transconductance, 448, 450, 460 
Trapping at the SiOrSi interface, 450 

Amphoteric states, 450 
Channel mobility, 450 
Channel resistance, 450 
Electron traps, 450 
Hole traps, 450 
Interface states, 450 
Switching speed, 450 
Transconductance, 450 

Trapping centers, 445 
Donor vacancy, 445 
Oxygen vacancy, 445 

Trapping in bulk Si02 , 449 
Hole trapping, 450 
Photogenerated electrons, 449 
Photogenerated holes, 449 
Silicon-on-insulator, 450 
Threshold voltage shift, 450, 452 

Van Allen belts, 440 
Radius of curvature, 164 
RAM, shadow, 310 
Ramp rate control, 174 
Ramped stress, 418-419 
Random Access Memory (RAM), 31 

Dynamic (DRAM), 3 
Ferroelectric (FRAM), 2 
Nonvolatile, 1, 2 
Static (SRAM), 3 

Random defects, 473 
Random lifetime failures, 3 7 5 
Rapid Thermal Processsing (RTP), 122 
Read access time, 472 
Read-disturb, 69, 203, 279 
Read-Only Memory (ROM), 1 
Reading, 33, 161, 175, 219, 222, 229, 

242, 247 
ACEE, 229 
Flash, 222 
NAND EEPROM, 242 
Nonplanar floating gate, 161, 175 

SCSG cell, 247 
SIMOS, 33 
Triple poly, 219, 222 

Recoil silicon atoms, 448 
Redundancy, 401 

Memory, 473 
Redundant storage, 402 
Reference threshold sensing, 399, 

401-402 
Relative biological effectiveness, 439 
Reliability, 185, 255-281, 358, 467 

Accelerated life test data, 409 
Accelerated life testing, 404 
Accelerated testing, 366, 409 
Acceleration factor, 388, 421 

Electromigration, 421 

Index 

Scaling oxide thickness, 388 
Activation energy, 379-382, 386, 391, 

421 
Amphoteric trap, 371 
Arrhenius plot, 430-431 
Arrhenius relationship, 386 
At-use conditions, 409-411, 414-418, 

421, 426 
Barrier materials, 422 
Bathtub curve, 358, 359, 362, 386, 

404 
Early life, 386, 387 
Useful life, 386 
Wearout, 386 

Bimodal distribution, 410-411 
Blocking oxide, 394 
Breakdown Energy of Metal (BEM) 

test, 423 
Breakdown, tunnel oxide, 402 
Burn-in testing, 404 
Capture cross section, 371, 372 
Charge, 363-365 

Fixed oxide charge, 363 
Interface trapped charge, 363 
Loss, 363 
Mobile ionic charge, 364 
Oxide trapped charge, 363, 365 
Pumping, 426 
Trapping endurance failure, 380 
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CHE programming, 255-260 
D. Vt versus electron :fluence, 257 
Electron energy across channel, 259 
Electron trap generation, 255 
Electron trapping, 255 
Endurance characteristics, 260 
Endurance curve, 256 
Hot-hole injection, 255 
lg versus Vg for F-N tunneling, 257 
IsuB shift versus P /E cycles, 260 
Lateral electric field across oxide, 

259 
Nitrided tunnel oxide (RTONO), 

258 
P/E cycling, 255 
Substrate hot-carrier injection, 256 
Surface state generation, 258 
Trap reduction by nitridation, 258 
Window closure, 255 

Chip failure probability, 402 
Confidence limits, 415 
Contaminants, 360 
Cross gate MNOS, 395, 397 
Cumulative distribution function, 

412-413, 419-420 
Current, 395, 418-419 

Ramp testing, 418-419 
Sidewalk parasitic leakage, 395 

Dangling bonds, 370-371 
Data retention, 274 

Bipolarity W /E, 27 5 
Channel-hot-electron write, 275 
Charge-loss mechanisms, 274 
Data retention characteristics, 276, 

277, 278 
Data retention time versus W /E 

cycling, 279 
Endurance characteristics, 276 
ETOX charge loss, 275 
F-N tunnel erase, 275 
Hole injection, 276 

Dielectric breakdown, 360, 364, 365, 
367, 388 

Time-dependent, 367, 369, 388, 
416-418 

Weak link, 373 
Differential sensing, 398-399 
Distribution, 410-413, 419-420 

Bimodal, 410-411 · 
Cumulative, 412-413, 419-420 
Lognormal, 410 
Multimodal, 410 
Weibull, 410 

Documents, 467 
Drain-source punch-through, 393 
Dummy memory cells, 399 
Early (freak) population, 412-414 
Effective oxide thinning, 366 
Electric field acceleration factor, 366, 

368-370 
Electromigration, 360, 406, 421-423 

Models, 421 
Testing, 421-423 
Testing standards, 422 
Time-to-fail model, 421 

Endurance, 360, 365, 373, 378-379, 
395 

Catastrophic wearout, 360 
Cycling, 373, 430-431 
Failure, 365, 380, 385 
Failure rates, 429, 430 

Error correction circuits, 402, 404 
Failed part field return, 404 
Failure, 358-360, 365 

Endurance, 365, 385 
Infant mortality, 375 
Mechanisms, 361-363 
Random lifetime, 3 7 5 
Rate, 359, 382, 386, 404-405, 428, 

429 
Rate unit (FIT), 358, 380 
Retention, 360, 385 

Failure modes, 375, 421 
Floating gate, 375 
Floating trap, 380 
High resistance, 421 
Junction leakage, 421 

FIT, 358, 380, 404, 406, 430 
Field-accelerated oxide failure, 388 
Floating gate, 362 
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Reliability (cont.) 
Floating trap, 362, 363, 394 
Fowler-Nordheim tunneling, 365 
Freak (early) population, 412, 414 
Grounded-gate source erase-induced, 

261-269 
Avalanche breakdown-induced cell 

wearout, 264 
Band-to-band tunneling current, 

261, 262 
Drain-leakage-induced over-erase, 

267 
Dynamic hole trapping, 267 
Electron hole pair generation, 261 
Erase distribution variation, 268 
Erase time versus P /E cycles, 263 
Erratic bits, 267 
F-N current, 262 
Hot-hole generation/degradation, 

261 
Hot-hole injection, 266 
Interface states, 265 
Reduction of hot-hole injection, 

266-267 
Trapped holes, 263 

Hierarchical calibration, 414 
Hole injection, 372 

Hot, 389 
Hot carrier, 389, 406, 425-426 

Damage, 406 
Damage models, 389 
Degradation, 389, 425 
Testing, 426 

Hot electron injection, 362 
Hydrogen, 372 
Infant mortality, 358, 375, 382, 404 
Interface states, 373 
Intrinsic reliability margin, 406 
Isolating mechanisms, 416, 421, 425 

Accelerated testing, 425 
Electromigration, 421 
Modified step stress, 416 
Ramped stress, 418 
Scaling, 416 
Step stress, 416, 418 

Time-Dependent Dielectric 
Breakdown (TDDB), 416-417 

Wafer-level testing, 418 
Isothermal test, 423 
Kerf, 410 
Latent defects, 359 
Life testing, 360, 404, 405 

Failure rates, 429 
Lightly-doped drain, 425 
Lognormal distribution, 410 

Plot, 413 
Long-term failure rate, 382 
Main population, 412, 414 
Memory traps, 373 
Memory window loss, 375 
MNOS, 395 

Cross gate, 395, 397 
Endurance, 395 
Off-set cell, 398 
Retention, 395 

Index 

Threshold shift, 395 
Two-element-per-bit memory cell, 

400 
Models, 385, 387 

Black's, 391, 392 
E model, 385, 387 
Electromigration, 390-391, 421 
Hot carrier damage, 389 
Lifetime, 408 
l/E model, 385, 387 
TEARS, 424 
Time-Dependent Dielectric 

Breakdown (TDDB), 416 
Time-to-fail, 421, 425 

Modified step stress, 416 
Multimodal distribution, 410 
Nonplanar floating gate, 185 
Non Volatile Semiconductor Memory 

(NVSM), 380 
Applications, circuit design 

examples, 398-404 
Applications, device design 

examples, 392-393 
Failure modes, 375, 378 

Off-set MNOS cell, 398 
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Overstress, 409 
Oxide defects, 407 
Oxide failure models, 385, 387 

E model, 385, 387 
1/E model, 385, 387 

Oxide reliability, 406 
Oxide trapping, 363 
Oxide wearout, 406 
Pinhole defects, 363 
Poly-to-poly stress, 272 

FLOTOX, 272 
Oxide quality, 272 

Primary concerns, 362 
Product, 360 
Ramped stress, 418-419 
Random lifetime failures, 375 
Read-disturb, 279 

Barrier height distribution, 280 
Barrier lowering, 279, 280 
Conduction band, 281 
Corrupted oxide barrier, 279 
Pre-breakdown leakage, 279 
Read-disturb-stress, 280, 281 

Redundancy, 401 
Redundant storage, 402 
Reference threshold sensing, 399, 

401-402 
Reliability of interpoly dielectric, 272 

Layer scaling, 272 
ONO, 272 
Stacked gate W /E endurance, 

272-273 
Retention, 360, 385, 395, 428-429 

Data, 429 
Failure, 360, 385 
Failure characteristics, 430 
Failure rates, 428-429 

Sample size, 405 
Scaling, 416 
Screen testing, 360 

Wafer-level, 426 
Sensing, 399, 401-402 

Difference, 399 
Reference threshold, 399, 401-402 

Shift of operating margin, 375 

581 

Sidewalk parasitic leakage current, 395 
Sidewalk region, 396 
Si-H bonding, 373 
Silicon-Nitride-Oxide-Silicon (SNOS), 

394-395 
Silicon-Oxide-Nitride-Oxide-Silicon 

(SONOS), 394-395 
Si-N bonding, 372-373 
Si-Si bonding, 373 
Source-side injection, 269 
Standard Evaluation Circuit (SEC), 

415 
Standard Wafer-level Electromigration 

Acceleration Test (SWEAT) 
structure, 410-411, 422-424 

Perfect data set, 411 
Step stress, 416 
Stress, 416, 418-419 

Modified step, 416 
Ramped, 418-419 
Step, 416, 418 

Stress-induced oxide leakage, 269 
Data retention, 269 
F-N injection, 269 
Localized defects, 269 
Time-Dependent Dielectric 

Breakdown (TDDB), 271 
Trap states, 269 
Tunnel oxide, 269 
Weak spots, 269 

Substrate current generation, 390 
TEARS model, 424 
Testing, 403, 408 

Accelerated, 409 
Accelerated life, 404, 409 
Breakdown energy of metal, 423 
Burn-in, 404 
Charge pumping current, 426-427 
Current ramp, 418-419 
Electromigration, 422 
End-of-line monitoring, 406 
Functional, 403 
Hot-carrier, 426 
In-line monitoring, 406 
Isothermal, 423 
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Reliability (cont.) 
Parametric, 403 
Sample size, 405 
Time-Dependent Dielectric 

Breakdown (TDDB), 416, 418-
419 

Validation, 408-409 
Voltage ramp, 418-419 
Wafer level, 406, 414, 418 

Textured poly gate, 379-380 
Thermal acceleration process, 424 
Thermal acceleration relationship, 390 
Threshold voltage shift, 389, 395 
Time-Dependent Dielectric Breakdown 

(TDDB), 367, 388 
Acceleration factor, 376, 377 
Test structure, 417 
Testing, 418-419 

Time-to-fail data, 409 
Tracking, 415 
Transistor lifetime, 390 
Traps, 363, 369 

Amphoteric, 371 
Electron, 378 
Si3N4, 369-370 
Si02, 363 
Spacially distributed, 380 

Trap-up, 378, 380-381 
Tunnel oxide, 395 

Breakdown, 402 
Tunnel oxide stress, 270 

Circuits, 270 
Ig-V g characteristics, 270 

Typical data, 427 
Retention, 428 

Validation testing, 408-409 
Accelerated, 409 
Distribution choice, 410 
Electromigration testing standards, 

422 
Hierarchical calibration, 414 
Isolating mechanisms, 415, 421 
Recognizing bimodal distributions, 

411 
Voltage ramp testing, 418, 419 

Index 

Wafer level, 406, 409, 414-415, 418, 
421, 426 

Monitoring, 406 
Reliability (WLR), 421 
Relibility test structures, 414 
Reliability testing, 406, 409, 415 
Screening, 426 
Test, 414-415, 418 

Weak link, 373 
Wearout, 406 

Lifetime, 406 
Oxide, 406 

Wiebull distribution, 410 
Yield, 360, 403, 404 

Reprogrammable Nonvolatile Memory 
(RNM), 468 

Resistivity, 463 
Response to ionizing radiation, 459 
Retention, 341, 344, 352, 360, 385, 395, 

428-429 
Characteristics, 73, 320 
Charge trapping devices, 7 4 
Data, 429 
Definition, 183, 342 
Failure, 360, 385 
Failure characteristics, 430 
Failure rates, 428-429 
Floating gate devices, 74, 147 
NVSM, 66 
Time, 183 

Row decoder circuits, 283-288 

s 
Sample size, 405 
Scaling, 416 

EEPROM, 129 
Scaling factor, 129 

High density memory, 351 
Issues, 349 

Blocking oxide, 352 
Gate injection, 350, 352 
Retention, 352 

Layer, 272-273 
Parameters, 348 
Rules, 296 
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Scheme for SNOS, 335 
Screen testing, 360 

Wafer-level, 426 
Second breakdown, 456-457 
Sector erase, 105 
Select transistor, 127, 158, 159, 193, 

309 
SElective PolyOXidation (SEPOX), 98 
Self-Aligned Thick Oxide (SATO), 228 
Self-convergence, 212 
Sensing, 

Difference, 399 
Reference threshold, 399, 401-402 

Shadow memory, 31 
DRAM, 32 

Shadow RAM, 310 
Shielded Substrate Injection MOS 

(SSIMOS), 41, 93 
Process flow, 94 

Shift of operating margin, 375 
Shine-through dose, 439 
Shine-through electron, 443 
Shockley emission, 9 
Sidewalk parasitic leakage current, 395 

Sidewalk region, 396 
Side-wall cell, 252-253 

Array schematic, 252 
Cross section, 253 
Key advantages, 253 
Select, 208 
Silicon pillar, 252 

Si-H bonding, 373 
Silicon dioxide (Si02), 9 

Energy band structure, 10 
Silicon nitride (Si3N4), 9 

Energy band structure, 10 
Silicon-Nitride-Oxide-Semiconductor 

(SNOS), 32, 47-50, 66, 312-316, 
319-321, 333, 394-395, 461 

Basic effects, 461 
Dielectric burnout, 461 
Hole-electron pairs, 461 
Ionizing dose, 461 
Threshold voltage, 461 

Dose failure threshold, 461 

Erasing, 48 
Hardening, circumvention, 464 
Modeling, memory characteristics, 66 
Programming, 48 
Reading, 48 
Response to dose rate, 463 

Dose-rate upset, 463 
Prompt radiation pulse, 463 

Response to ionizing radiation, 462 
Continuity equation, 462 
Threshold voltage, 462 

Response to neutron fluence, 463 
Channel mobility, 463 
Displacement damage, 463 
Failure threshold, 463 
Resistivity, 463 

Scaling, 335, 348, 351 
High-density memory, 351 
Parameters, 348 
Scheme, 335 

Silicon-On-Insulator (SOI), 450, 451 
Simulations, 443 

Aracor machines, 443 
Cobolt-60 cell, 443 
Cyclotron, 443 
Fast burst reactor, 443 
Flash X ray, 443, 453 

583 

LINear ACcelerator (LINAC), 443, 
453 

Training-Research-Isotopes-General­
Atomic (TRIGA) reactor, 443 

Silicon-Oxide-Nitride-Oxide­
Semiconductor (SONOS), 49-50, 
66, 309, 394-395 

Characteristics, 337 
Merged gate, 324 
Modeling, memory characteristics, 66 
Radiation effects, 75 
Scaling, high-density memory, 351 
Split gate, 324 

Silicon surface texturing, 124 
Si-N bonding, 372-373 
Single-event latchup/burnout, 457 

Burnout, 457 
Second breakdown, 457 
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Single-Event Phenomena (SEP), 442, 
456 

Second breakdown, 456 
Single-Event Upset (SEU), 442, 451, 457, 

460 
Cross-coupled resistors, 457 
Error Detection And Correction 

(EDAC) software, 457 
Miller effect, 457 

Single-transistor memory cell, 328 
Ion implantation, 328 
Source-substrate bias, 328 

Si-Si bonding, 373 
SISOS cell, cross-sectional view, 199 
Smart cards, 292 
Snapback, 128 
SNOS (see Silicon-Nitride-Oxide-

Silicon) 
Soft-write, 68 
Software data protect, 176 
SONOS (see Silicon-Oxide-Nitride­

Oxide-Silicon) 
Source-Coupled Split Gate (SCSG) cell, 

245-247 
Cell operation, 246 
Cell structure, 246 
Charge transfer, 245 
Drain disturb, 247 
Erase, 245, 288 
Gate disturb, 247 
Inhibit conditions, 247 
Program inhibit, 247 
Programming, 245 
Read, 247 

Source-Side Injection (SSI), 10, 21-23, 
44 

Source strap, 282 
Source-substrate bias, 328 
Spherical potential, 165 
Spherical surface equation, 166 
Split-channel structure, 219 
Split gate, 35, 36, 223 
Split (merged) gate cell (l!TC), 324 

Cell electrical characteristics, 326 
Cell operation, 324 

Cell technology, 327 
Endurance characteristics, 327 
LDD structure, 324, 327 

Index 

Stacked gate Avalanche injection MOS 
(SAMOS), 8, 9, 33 

Stacked gate cell, 194, 197 
Stacked gate Injector MOS (SIMOS), 32, 

33-38, 44 
Dual gate, 35 
Focused ion beam implanted, 36 
Operating conditions, 34 
PACMOS, 36 
Programming, 34 
Reading, 33 
Side-wall floating gate, 36 
Trench gate-oxide-structure, 36 

Stacked gate MOS transistor, 32 
Stacked Self-aligned Tunnel Region 

(SSTR) cell, 41, 42, 93 
Fabrication sequence, 95, 96 

Standard Evaluation Circuit (SEC), 415 
Standard Microcircuit Drawings 

(SMDs), 467 
Standard Wafer-level Electromigration 

Acceleration Test (SWEAT) 
structure, 410-411, 422-424 

Perfect data set, 411 
State assignment, 254 
Static Random Access Memory 

(SRAM), 3 
Step stress, 416 
Stress, 139, 142-143, 416, 418-419 

Modified step, 416 
Oxide, 139, 142, 143 

Constant current, 139, 142 
Constant voltage, 139 
Ramped voltage, 139, 142, 143 

Ramped, 418-419 
Step, 416, 418 

Substrate current generation, 390 
Substrate disturb, 235 
Substrate hot-carrier injection, 256 
Sulphur pellets, 443 
Supervoltage, 341 
Surface, 163, 166 
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Cylindrical 
Fowler-Nordheim equation, 166 

Features, 163 
Nonplanar floating gate, 163 

Spherical 
Fowler-Nordheim equation, 166 

Textured, 163 
Fowler-Nordheim emission, 163 

Surface micro-roughness, 124 
Surface state generation, 258 
Switching speed, 450 
System reliability, 473 

T 
Tactical radiation requirements, 440 
Tagging, 222 
Tantalum oxide (Ta20 5), 9 
TEARS model, 424 
TEFET, 251 
Test parameters, 468 

AC or timing, 468 
DC or parametric, 468 
Functional, 468 

Test philosophy, 469 
Test program guardband, 469 
Tested by application, 470 
Tested by inference, 470 
Testing, 403, 408, 467 

Accelerated, 409 
Factors, 409 

Accelerated life, 404 
Test data, 409 

Breakdown energy of metal, 423 
Burn-in, 404 
Charge pumping current, 426-427 
Current ramp, 418-419 
Electromigration, 422 
End-of-line monitoring, 406 
Functional, 403 
Hot-carrier, 426 
In-line monitoring, 406 
Isothermal, 423 
Parametric, 403 
Sample size, 405 

585 

Time-dependent dielectric breakdown, 
416, 418-419 

Validation, 408-409 
Voltage ramp, 418-419 
Wafer level, 406, 414, 418 

Textured poly, 156, 181, 187 
EEPROM, 156 

Evolution, 187 
Performance, 181 

Textured poly devices, 178 
Early cell, 166 

Textured Poly Floating Gate (TPFG), 
33, 42-47, 166 

Dual Electron Injection Structure 
(DEIS), 42 

Texturing, 124 
Wearout, 43 

Textured poly gate, 379-380 
Thermal acceleration process, 424 
Thermal acceleration relationship, 390 
ThermoLuminescent Dosimeter (TLD), 

443 
Thin Film Transistor (TFT), 104 
Thin oxide tunneling floating gate, 178 
Three Dimensional (3-D) cells, 251-253 

Side-wall cell, 252 
TEFET cell, 251 

Threshold voltage, 461-462 
Decay, 74 
Distribution, 201, 215 
FET, 4, 5 
NVSM, 67 
Shift, 68, 146, 148, 322, 389, 395 
Window, 71 

Threshold voltage reduction, 459 
Threshold voltage shift, 450, 452 
Tilt angle Implanted Punch-through 

Stopper (TIPS), 128 
Time-Dependent Dielectric Breakdown 

(TDDB), 276, 367, 388 
Acceleration factor, 376, 377 
Test structure, 417 
Testing, 418-419 

Time-to-fail data, 409 
Time-to-failure, calculated, 184 
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Timer circuit, 115 
Total dose effect, 346 
Total dose failure, 451 
Tracking, 415 
Training-Research-Isotopes-General-

Atomic (TRIGA) reactor, 443 
Transconductance, 448, 450, 460 
Transient programming, 67 
Transistor, 193 

Deselect, 158, 159 
Floating gate, 158 
High voltage, 127 
Lifetime, 390 
Select, 158, 193, 309 

Transistor-Transistor Logic (TTL), 29 
Trap generation rate, 143 
Traps, 363, 369 

Amphoteric, 371 
Electron, 378 
Si3N4, 369 

Attributes, 369-370 
Dangling bonds, 370 
Model, 370 

Si02, 363 
Physics, 363 

Spacially distributed, 380 
Trapped electron density, EEPROM, 133 
Trapping, 6, 32, 47-50, 52 
Trapping at the SiOrSi interface, 450 

Amphoteric states, 450 
Channel mobility, 450 
Channel resistance, 450 
Electron traps, 450 
Hole traps, 450 
Interface states, 450 
Switching speed, 450 
Transconductance, 450 

Trapping centers, 445 
Donor vacancy, 445 
Oxygen vacancy, 445 

Trapping in bulk Si02, 449 
Hole trapping, 450 

Photogenerated electrons, 449 
Photogenerated holes, 449 
Silicon-on-insulator, 450 

Threshold voltage shift, 450, 452 
Trap-up, 69, 178, 181, 378, 380-381 
Trench-Embedded Field-Enhanced 

Tunneling (TEFET) cell, 251 
Cross section, 251 
Trench technology, 251 
Vertical channel, 251 

Index 

Trigate memory cell (3TC), 47, 311-313 
APCVD, 312 
Cell electrical characteristics, 315 
Cell operation, 313 
Cell technology, 315 
Drain-Source Protected (DSP), 311 
EAROM, 311 
LOCOS, 312, 316 
Metal-Nitride-Oxide-Silicon (MNOS), 

311 
Silicon-Nitride-Oxide-Silicon (SNOS), 

312 
Electrical characteristics, 315 
Operation, 314 
Technology, 315 

Triple-poly cell, 217 
Cell/array architecture, 219 
CHE programming, 219 
Equivalent circuit, 218 
Erase, 219 
Interpoly tunneling erase, 219 
Memory array, configuration, 220 
Memory cell, 220 
NOR, 217 
Operating conditions, 219 
Program, 219 
Read, 219, 222 
Split-channel structure, 219 
Tagging, 222 
Virtual ground array, 220 
Virtual Ground Contactless (VGC), 219 
Write inhibit, 222 

Triple well technology, 284 
Tunnel erase, 199-201 
Tunnel oxide, 69, 91, 200, 269, 331, 395 . 

Band diagram, 138, 179 
Breakdown, 69, 135, 137, 139, 402 
Degradation, 131 
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Electron trapping, 135 
Hole trapping, 137 
Noncharge trapping, 139 
TDDB, 176 

Latent oxide defects, 179, 180 
Stress, 270 

Tunneling, 309, 310 
Band diagram, 179 
Band-to-band, 10, 23, 24 
Current, 24 

Density, 144 
Curvature-enhanced, 156 
Dielectric, oxide, 7, 10 
Enhanced electron, 158 

Direct, 7, 23, 24 
Fowler-Nordheim, 156, 198, 201, 

212-213, 228, 230, 248, 365 
Enhanced, 9, 44 
Modified, 10, 23, 24 

Injector, 223 
Oxide, 7, 10, 69, 91, 310 
Polyoxide, 210 
Poly-to-poly, 156, 219 
Probabilities, 24 
Quantum-mechanical, 10 
Thermally-assisted, 131 
Trap-assisted, 131 
Voltage, 159 

Two transistor cell, 106 
Typical data, 427 

Retention, 428 

u 
Ultra-Thin Oxide (UTO), 47 
Ultra-thin tunnel dielectric technology, 

119 
UV-EPROM, 91 
UV erase, 376 
UV radiation, 8, 26, 27 

v 
Validation testing, 408-409 

Accelerated, 409 
Distribution choice, 410 
Electromigration testing standards, 

422 

587 

Contact, 422 
Interconnect, 422 

Hierarchical calibration, 414 
Isolating mechanisms, 415, 421 
Recognizing bimodal distributions, 411 

Van Allen belts, 440 
Variate testing, 469-470 
Verified erase, 206 
Vertical channel, 257 
Virtual ground, 35, 221, 249 

Array architecture, 35 
Contactless erase, 221 
Equivalent circuit, 249 

Voltage, 67, 109, 159 
Multiplier, 109 
Threshold, 67 
Tunnel, 159 

Voltage ramp testing, 418, 419 

w 
Wafer level, 406, 409, 414-415, 418, 421, 

426 
Monitoring, 406 
Reliability (WLR), 421 
Relibility test structures, 414 
Reliability testing, 406, 409, 415 
Screening, 426 
Test, 414-415, 418 

Warranty, 474 
Weak link, 373 
Wearout, 43 

Lifetime, 406 
Oxide, 406 
Region, 472 

Why Flash?, 191 
Wiebull distribution, 410 
Window, 71 
Window closure, 255 
Write, 5, 90, 168 (see also Programming) 

Functionality, 472 
Inhibit, 222 
Soft, 68 

Writing, nonvolatile, 159, 172 
Page, 175 
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x 
X-ray radiation, 8 

y 
Yield, 360, 403, 404 
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