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CHAPTER I

INTRODUCTION

Electronic systems operating in space often face high levels of radioactivity and
extreme temperature conditions. Energetic ions pose a major threat to reliable operation of
electronic systems in such an environment by altering the data stored in storage cells. These
changes in stored data are known as single-event upsets (SEU) and their effects are known as
single-event effects (SEE). Additionally, power management for space systems may require
electronic circuits to operate at a lower than nominal supply voltage. Lowering the supply
voltage results in an increased number of single-event upsets for storage cells, ultimately
resulting in increased failure rates. Beyond just the space environment, electronic systems
operating in terrestrial environments can also face similar conditions, though often on a lesser
scale. Additionally, the scaling of CMOS technology has brought about an increased
susceptibility of circuits to single-event (SE) effects [1,2]. On top of this reliability issue,
operating conditions in space environments can range from -193 °C to +250 °C, as observed in
operations carried out by NASA [3]. The combined effects of scaling, reduced supply voltage,
and temperature may reduce the operating margin for circuit-level parameters to the extent that
increased SEU’s may cause unexpected failures [4]. This warrants further investigation into the

SE effects in advanced technology nodes over a range of temperatures and reduced bias.

Unfortunately, most measurements for SE effects and failure rates are carried out at
room temperature because of the difficulties involved in maintaining variable device-under-test
(DUT) temperatures in vacuum chambers during heavy-ion testing. Previous studies based on

simulations and limited experimental work has indicated a strong relationship between



temperature and single-event transient (SET) pulse width in bulk technologies [5,6]. In these
studies, it was concluded that increased gain for parasitic bipolar effects at elevated temperatures
dominated the SE response of circuits, causing an increase in SE error rates. However, the
number of particles in the space and terrestrial environments that do not deposit enough charge
to trigger the parasitic bipolar mechanism is orders of magnitude higher than those that do. The
absence of parasitic bipolar action will result in other mechanisms, primarily the modulation of
carrier mobilities, dominating the SE response. As a result, it is important to study temperature
response for SE effects for low linear-energy-transfer (LET) particles. Therefore, this work
investigates the effects of temperature and supply voltage variations on SE cross-sections at the

20-nm technology node using low-LET alpha particles.

Along with background information, Chapter Il of this thesis summarizes the
previous work mentioned regarding temperature and single-event effects. This includes both
device-level simulations and experimental data resulting from heavy-ion testing. While this work
grants insight into the effect of temperature and supply-voltage variations it leaves aspects of
temperature effects unanswered. Specifically, this thesis aims to resolve those questions

regarding the effect low LET particles on devices in extreme conditions.

Chapter 111 discusses the test circuit design as well as the structure of the
experiment. The results of each test are outlined and discussed in Chapter IV. Additional
information regarding post-test data processing can also be found with the test results in this

chapter. Finally, Chapter V draws conclusions from simulations and experimental results.



CHAPTER II

BACKGROUND

Radiation Environments

The environment of focus, and the environment where electronics are most likely to
encounter high levels of radiation, is space. Without the protection of the Earth’s atmosphere
electronic systems in spacecraft are subject to a range of different ionizing particles [7]. These
particles, which include protons, electrons, alpha particles, and heavy ions, can originate from
three different sources [8]. The first of these sources is the Van Allen Belt, the energetic particles
within Earth’s magnetic field. Additionally, spacecraft can be affected by radiation emitted by
the sun. The third source, galactic cosmic rays (GCR), is radiation emitted from bodies outside of

the solar system.

As any one of the previously mentioned ionizing particles passes through a material it
loses energy. This interaction is measured as the energy deposited per unit length divided by the
material’s density, commonly called linear energy transfer (LET). The sources described above
produce more low LET particles than high LET particles, making is much more likely for an
electronic device to experience a strike with a low LET [8]. Fig. 1 shows the flux as a function of

particle LET in the space environment close to the Earth.
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Fig 1. The high flux of low energy particles indicate their frequent occurrences relative to

Due to this high relative probability of impact, low LET particles are the focus of this
thesis. Specifically, alpha particles were used in all tests; as detailed in Chapter Ill. The flux of

alpha particles in geosynchronous Earth orbit (GEO), and consequentially the frequency at which
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they strike orbiting spacecraft, is shown in Fig. 2 [9].
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Fig 2. Low LET particles, like the alpha particles used in this work, are more common in GEO
that higher LET particles [9].

Single Event Mechanisms

Carriers generated when a particle is incident on a semiconductor material may go
through one of the following mechanisms; recombination, drift, or diffusion. Figure 3
demonstrates these mechanisms as a result of a single event strike in a bulk silicon transistor

[10].
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Fig 3. A diagram of the charge collection mechanisms caused by a single event strike [10].

The occurrence of recombination processes for particle strikes is mostly dependent on
carrier densities. On the other hand, drift processes are a strong function of electric field and
mobilities. Additionally, diffusion processes are controlled by the carrier density gradient and
mobilities. Drift and diffusion processes are responsible for charge collection at a circuit node
after an ion strike. The rate of this charge collection and the amount of charge collected are the

main determinants of the SEU.

For low-LET particles, the effects of temperature on carrier drift and diffusion processes
will influence the rate and the amount of collected charge, and subsequently SE cross-sections.
The drift and the diffusion component are a strong function of carrier mobilities, which relate to

the operating temperature as follows [11]



where py and pp are electron and hole mobilities, respectively, and T is the temperature. As
transistor currents are directly related to carrier mobilities, any changes in mobilities will directly

affect the transistor currents.
Device-Level Simulations

The following simulations investigate the link between changes in device currents, which
were shown to vary with temperature, to changes in the SET pulse width. Such an increase in
SET pulse width can result in increased single-event cross-sections, as detailed in the following
section. All simulations were carried out on a PMOSFET in a 22-nm bulk CMOS planar
technology. These simulation curves were generated using the 22-nm models from the Arizona
State University Predictive Technology Model (PTM) set and were carried out using the

Cadence tool suite [12,13].

Fig. 4 shows the simulated Ips vs Vs curves for the simulated PMOSFET over a range
of operating temperatures. In this figure it is clear that the saturation current is 3 times higher at -

5 °C compared to the saturation current at 125 °C.
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Fig. 4. Ids vs VVgs curves for a PMOSFET using the PTM 22nm models as a
function of temperature.

Such a significant decrease in transistor currents, with rising temperature, increases the
susceptibility to single-event upset due to decreased restoring currents. Fig. 5 shows the impact
of increasing temperature on the SET pulse width of an inverter for a particle with LET of 0.58
MeV-cm?/mg, where the single-event transient only approaches a full rail swing in the highest
temperature case. It is also noted that the single-event transient current exceeds the PMOSFET

pull-up drive strength only in the 125 °C case, as seen in Fig. 5.
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Fig. 5. Lower drive currents at high temperatures result in the ability to generate a
propagating single-event transient pulse.

When an SET of sufficient magnitude possesses a pulse width longer than the feedback
loop delay of a flip-flop, the SET overwrites the original data in the flip-flop, resulting in an
upset. As a result, an increase in SET pulse width as operating temperature rises will result in an
increased probability of an upset. Fig. 6 shows the single-event transient currents for a 0.58
MeV-cm?/mg strike to an off NMOSFET in the hold state portion of the D-flip-flop (DFF). As
with the results shown in Fig. 5, the transient current exceeds the PMOSFET drive strength for
only the high temperature scenario, resulting in a flip of the stored bit, which can be observed in

Fig. 7. At -5 °C temperature, the incident ion only creates a small disturbance in the drain

voltage. Atroom



80

70 -5°C

60

50
I/, 27°C

‘E':L 0 =#=|_SET (T=-5C)

= PMOS =8=|_SET (T=27C)

c

g 30 ==|_SET (T=125C)
5

o

20

10

-10
-100 0 100 200 300 400

Time (ps)

Fig. 6. The single-event transient current for a simulated strike of 0.58 MeV-cm?mg only exceeds the
PMOSFET drive strength for the high temperature case, resulting in an upset.
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Fig. 7. The voltage perturbations resulting from the simulated 0.58 MeV-cm?/mg strike to the off
NMOSFET in the hold state portion of the DFF. Only the high temperateure case resulted in upset.
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temperature (27 °C), the voltage disturbance is larger, but still not sufficient to cause an upset.
At 125 °C, the effects of elevated temperature on SET pulse width due to decreased PMOSFET
drive strength result in an upset of the stored bit. These results show that the increase in SET
pulse width overpowers the feedback loop delay in the DFF to result in an increase in overall SE
cross-section for this technology node. Fig. 8 shows the effects of temperature on critical charge
value for the DFF design. The critical charge is the minimum amount of charge necessary to
cause an upset. In Fig. 8, the critical charge decreases as supply voltage is decreased or
temperature is increased. Both of these actions (reduced supply voltage or increased
temperature) will increase the SE error rates. With electronic systems possibly exposed to both
of these factors in deployed operating conditions, experimental evaluations are necesarry to

determine the overall effect of temperature and supply voltage variations on the SE error rates.
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Fig. 8. Critical charge as a function of temperature for three different supply voltages.
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Previous Experimental Work

Previous work at Vanderbilt University investigated the effect of temperature on SET
pulse width [2]. This work agrees with the conclusions drawn from the previously discussed
simulations, confirming that SET pulse widths do tend to increase at higher temperatures. This

trend is demonstrated for two different inverter designs at a range of temperatures in Fig. 9.
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Fi.g 9. Average SET width measurements as a function of temperature for
the separate well and same well 1000-inverter chain taraet circuits.

Since these test were conducted using heavy ions with high LET particles, the effect
on SET pulse width was attributed to the increased gain for parasitic bipolar effects at high
temperatures. As previously discussed, most particles in the space and terrestrial environments
are low LET particles which do not trigger the parasitic bipolar mechanism. Rather, a large
number of the incident particles have very low LET, such as alpha particles. Therefore, this
work, as described in the following sections, characterizes the effect of temperature and supply

voltage variations using alpha particles.
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CHAPTER IlI

EXPERIMENTAL DESIGN

Test IC Design

The test circuit used to characterize SE cross-section for flip-flop designs was fabricated
in a 20-nm bulk, planar, CMOS technology from a commercial foundry. These test circuits
consist of different FF designs from multiple sources with varying levels of radiation hardness.
All FF designs were implemented in CREST [15] configuration with an 8K stage shift register.
Fig. 10 shows the overall circuit design concept for CREST blocks. All sub-circuits other than
the shift register used triple-modular redundancy (TMR) to eliminate errors. Three different test

ICs each with different flip-flop (FF) designs were designed and fabricated.

1] ]
[N [N
b (LK

P
Y
Clock | | o1 GRPC 9n_{ bit Ghift Register Out Erver
to Qut Serial
Error Detection
| Circuit

Fig. 10. CREST block design with all sub-circuits. [14]

Experimental Setup

Alpha particle tests were conducted using a 10 pCi Americium-241 source. The alpha
source was 1.2 cm? in size and the die size was 2 mm x 2 mm. The source was placed
approximately 1 mm away from, and centered over, the die. According to Fig. 11, the alpha
emissivity at this distance was determined to be approximately 100,000 particles/cm®/sec with a

mean energy of approximately 5 MeV. At 5 MeV energy, assuming 1 mm of air and 20 pum of

13



overlayers, the particle LET will be less than 1 MeV-cm?mg when it reaches active Si area. The

number of carriers generated by these particles is insufficient to trigger parasitic bipolar action

for this 20-nm technology. As a result, it is assumed that all upsets are a result of direct charge

collection, without parasitic bipolar enhancement.
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Fig. 11. The intensity map for the 10 uC Am source used in the tests.
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The IC was subjected to a range of five nominal temperatures; 25 °C, 50 °C, 75 °C,

100 °C, and 125 °C at the die as measured using a hand-held laser-based temperature sensor.

Tests for each of these temperatures were conducted at three supply voltages; the nominal supply

voltage of 0.85 V, along with 0.75 V and 0.95 V. The input to the shift register was fixed at

logic HIGH (or LOW) level and the clock frequency was maintained at 2 KHz throughout the

testing. Nominally, 6 hours of test time was sufficient to record hundreds of upsets in each flip-

flop chain.
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All tests were operated using an FPGA to control the test circuit and retrieve data
from the shift registers. This data was processed on the FPGA and converted to ASCII text in
order to provide readable results. The ASCII results were then transmitted periodically using a
serial port to a laptop and recorded using Putty, a terminal program. Fig. 12 provides a simplified
diagram of the setup. All communication between the FPGA and DUT board was transmitted
over three GPIO cables. In order to accommodate this number of cables the FPGA required an
additional adapter daughter board. An additional communication card was also required to
facilitate the ribbon cable connections. The data connection between the FPGA and DUT board

is demonstrated in Fig. 13.

Metal Box
Heat Gun
DUT
—T foue
. y
FPGA Power Supply
g

Fig. 12. The simplified experiment setup. Power and data connections are shown in blue and heated
elements are shown in red.
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3

Fig. 13. The data connection between the DUT and FPGA outside of the metal experiment box. For
demonstration purposes only one GPIO cable is connected.

The test IC was heated using an industrial heat gun. This device blew hot air on the
back of the DUT board, heating the IC from the bottom, as shown in Fig. 14. This orientation
was used to minimize the heat and air flow to the alpha source. If heated directly, the source’s
radioactive properties could change, resulting in an unknown amount of alpha particle emission.
Due to the hazards associated with the radiation source and high temperatures the experiment

was conducted in a vented metal box.

16



33333

v - 20 _ -
Fig. 14. The heat gun was oriented beneath the suspended DUT board in order to heat the test
IC from bottom.
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CHAPTER IV

EXPERIMENTAL RESULTS

Processing Data and Calculating SET Cross-section

The data generated by the test program is formatted to display the error count for each of
the twenty eight shift registers during each ten second polling cycle. This means that the
recorded data requires significant processing to count the total errors from all the polling cycles.
This was accomplished using a python script, shown in the appendix, to quickly iterate through

all the cycles for each shift register and accumulate the total number of errors.

Additionally, these final counts required further processing to calculate the desired

metric, the cross-section. This calculation is as follows:

# of Errors
#of FF X Flux X Time

Cross Section =

As discussed previously, the 10 uC Am alpha source used had been previously
characterized allowing for accurate calculation of the flux. Fig. 11 shows the characterization
curves for different distances and relative locations of the target to the source. For all tests
reported here, the source was centered directly above the target and completely covered it.
Additionally, the source rested less than 1 mm above the target IC, resulting in the flux value to

be approximately 100,000 particles/cm?/sec.

Each test was run for approximately six hours with the exact start and finish times
recorded. With this information the total running time in seconds was calculated. The final

required value, the number of flip flops in each flip flop chain, was designed at 8184.
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Additionally, all error bars in the results figures were calculated with the following

standard error equation.

— Seq Xieq Vis®
Error = + /—(ny_ D) 3)

s = series number

I = point number in series s

m = number of series for point y in chart

n = number of points in each series

yis = data value of series s and the ith point
ny = total number of data values in all series

Test IC #1

Figures 15 and 16 show the typical data results observed for the various FF designs. Fig.
15 shows the SEU cross-section as a function of temperature for various supply voltages for one
of the soft DFF designs. As temperature increases, the cross-section increases by more than
8000% at each supply voltage. As expected, the increases are more pronounced for lower supply
voltages. Fig. 16 shows the typical results for one of the rad-hard FF designs. Tables I-XV in the
appendix list additional cross-section data for a selection of FF designs with a range of radiation

hardness. The observed trend holds throughout these different designs.
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Fig. 15. Cross-section as a function of temperature for a soft FF design on IC #1.
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Fig. 16. Cross-section as a function of temperature for a rad-hard FF design on IC #1.

Test IC #2

The same trend observed in the first test IC is observed in the second test IC. Many of the
FF designs display an increasing cross-section as temperature increases. This is true for a variety
of designs, both soft shown in Fig. 17 and rad-hard shown in Fig. 18. As with the previous test
IC, cross-section data for a selection of FF designs with a range of radiation hardness can be

found in the appendix
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Fig. 17. Cross-section as a function of temperature for a soft FF design on IC #2.
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Fig. 18. Cross-section as a function of temperature for a rad-hard FF design on IC #2.

Test IC #3

The same trend previously discussed for IC #1 and IC #2 exists for the third test chip.
Figures 19 and 20 show this increase of cross-section with temperature for a soft design and rad-

hard design respectively. Additional data can be found in the appendix.
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Fig. 19. Cross-section as a function of temperature for a soft FF design on I1C #3.
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Fig. 20. Cross-section as a function of temperature for a rad-hard FF design on IC #3.

Additionally, the effect of increasing cross-sections at elevated temperatures can be seen
in another group of FF designs with a different pattern. This group of flip flop designs,
demonstrated in Fig. 21, is very rad-hard; only registering errors when the temperature is at its

maximum.
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Fig. 21. Cross-section as a function of temperature for an extremely rad-hard FF design on IC #3.

Results Review

All three test circuits contain many different flip-flop designs all showing a similar trend.
As the operating temperature of the target increases, so does the SEU cross-section. This is true

across all three supply voltages tested, and especially noticeable at the lower .75 V level.

Looking at the majority of FF designs, a clear relationship can be drawn between
temperature and cross-section. As determined by the previously discussed simulations, either the
effects of increased SET pulse width or the opposing effects of increased feedback loop delay
will dominate under the test conditions. A larger SET pulse width will increase the rate of errors
detected and a larger feedback loop delay will have the opposite effect. The observed positive

relationship in the experiment indicates that for most cases the SET pulse width dominates.

While many of the flip flop designs in each of the test ICs follow the previously
demonstrated relationship, there are some that do not fall into this category. Several designs
display characteristics that do not match the trend presented above. Examples of two such FF

designs are shown in Figures 22 and 23.
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While both of these plots demonstrate an increase in cross-section between the lowest
and highest temperatures, the trend is not consistent throughout the temperature range. Fig. 22
appears to show a design that failed to register any errors for two relatively high temperatures.
This result is consistent for six complete tests (all three voltage levels for both 74 °C and 96 °C).
The second irregular pattern shown in Fig. 23 can be seen in some degree in several flip flop
designs across the three test ICs. In all cases the .75 V tests hold an overall increasing trend, but

not a regularly increasing relationship.

Both the irregularities shown can be attributed to an increased feedback loop delay. This
effect was previously discussed in the simulation section and it now shows in the experimental
data. While the increased SET pulse width associated with higher error rates often dominates

over an increased feedback loop delay, in some cases the opposite occurs.

For the design shown in Fig. 22, it is likely that as the temperature increased to 74 °C and
96 °C the feedback loop delay grew larger than the SET pulse width, yet as the temperature
increased further the pulse width dominated as it did in low temperature tests. This same effect
explains the pattern seen in Fig. 23 as well. As expected based on simulation results, the
feedback loop delay dominated under some conditions when the supply voltage was at its

minimum.
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Fig. 22. Cross-section as a function of temperature for a FF design that does not match the typical
trend.
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Fig. 23. Cross-section as a function of temperature for a FF design with irregular results for the .75 V
supply voltage.
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CHAPTER V

CONCLUSIONS

The prior experimental work discussed in Chapter 1l drew the conclusion that SET pulse
widths increased with temperature. This study attributed those results to the parasitic bipolar
transistor turn on from heavy-ion strikes. The results of that study did not address the effect of

low LET particles as a function temperature and supply voltage variations.

Furthermore, the device simulations detailed in Chapter Il demonstrated that low LET
strikes could indeed cause an upset as a result of increased SET pulse width depending on the
temperature and bias of the circuit. However, the further experimental results were required to
determine the conditions under which an increase in SET pulse width could dominate over an
increase in feedback loop delay. Based on the results from a range of different FF designs
exposed to varying temperatures and supply voltages, it can be concluded that the effect of

increased SET pulse width does dominate in most cases for a low LET single-event strike.

For the FF designs used in these experiments, values of measured SE cross-sections
increased by up to 8000% across temperatures from 25° to 125° C. Almost all designs showed an
increase between the minimum and maximum temperature conditions, if not a continuously
increasing trend throughout the range of temperature. Even many of the rad-hard designs
experienced a dramatic increase in SE cross-section at the highest temperature, as seen in the

data tables I-XV located in the appendix.

Alpha particles and other low LET ionizing particles are relatively common in the space
environment. Additionally, electronic circuits in this environment may operate across wide

temperature and supply voltage extremes. Due to these conditions and the results observed in this
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study, it is evident that care must be taken to accommodate an increase in SE cross-section for

these operating conditions.
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APPENDICES

A. Complete Results — Plots
Test IC #1
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Fig. 24. Cross-section across temperature for FF design #1 on test IC #1
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Fig. 25. Cross-section across temperature for FF design #2 on test IC #1
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Fig. 26. Cross-section across temperature for FF design #3 on test IC #1
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Fig. 27. Cross-section across temperature for FF design #4 on test I1C #1

Fig. 28. Cross-section across temperature for FF design #5 on test IC #1
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Fig. 29. Cross-section across temperature for FF design #6 on test 1C #1
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Fig. 30. Cross-section across temperature for FF design #7 on test I1C #1
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Fig. 31. Cross-section across temperature for FF design #8 on test IC #1
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Fig. 32. Cross-section across temperature for FF design #9 on test IC #1
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Fig. 33. Cross-section across temperature for FF design #10 on test IC #1

Cross-Section (cm?)
I
m
i
e

2E-12
0
2E12 0 20 40 60 B0 100 120 140 160
Temperature (*C)

—+—0.75V -e-0.85V —-@-0.95V
Fig. 34. Cross-section across temperature for FF design #11 on test IC #1
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Fig. 35. Cross-section across temperature for FF design #12 on test IC #1
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Fig. 36. Cross-section across temperature for FF design #13 on test IC #1
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Fig. 37. Cross-section across temperature for FF design #14 on test IC #1
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Fig. 38. Cross-section across temperature for FF design #15 on test IC #1
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Fig. 39. Cross-section across temperature for FF design #16 on test IC #1
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Fig. 40. Cross-section across temperature for FF design #17 on test IC #1
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Fig. 41. Cross-section across temperature for FF design #18 on test IC #1
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Fig. 42. Cross-section across temperature for FF design #19 on test IC #1
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Fig. 43. Cross-section across temperature for FF design #20 on test IC #1
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Fig. 44. Cross-section across temperature for FF design #21 on test IC #1
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Fig. 45. Cross-section across temperature for FF design #22 on test IC #1
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Fig. 46. Cross-section across temperature for FF design #23 on test IC #1
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Fig. 47. Cross-section across temperature for FF design #24 on test IC #1
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Fig. 48. Cross-section across temperature for FF design #25 on test IC #1
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Fig. 49. Cross-section across temperature for FF design #26 on test IC #1
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Fig. 50. Cross-section across temperature for FF design #27 on test IC #1
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Fig. 55. Cross-section across temperature for FF design #4 on test I1C #2
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Fig. 56. Cross-section across temperature for FF design #5 on test 1C #2
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Fig. 57. Cross-section across temperature for FF design #6 on test IC #2
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Fig. 58. Cross-section across temperature for FF design #7 on test I1C #2
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Fig. 59. Cross-section across temperature for FF design #8 on test IC #2
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Fig. 61. Cross-section across temperature for FF design #10 on test IC #2

4E-11

3E-11

2E-11

1E-11

-1E-11

Fig. 62. Cross-section across temperature for FF design #11 on test IC #2
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Fig. 63. Cross-section across temperature for FF design #12 on test IC #2

1.2E-10
1E-10
BE-11
BE-11
4E-11
2E-11

-2E-11

Fig. 64. Cross-section across temperature for FF design #13 on test IC #2
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Fig. 68. Cross-section across temperature for FF design #17 on test IC #2
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Fig. 69. Cross-section across temperature for FF design #18 on test IC #2
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Fig. 70. Cross-section across temperature for FF design #19 on test I1C #2
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Fig. 71. Cross-section across temperature for FF design #20 on test IC #2
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Fig. 72. Cross-section across temperature for FF design #21 on test IC #2
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Fig. 73. Cross-section across temperature for FF design #22 on test IC #2
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Fig. 74. Cross-section across temperature for FF design #23 on test IC #2
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Fig. 75. Cross-section across temperature for FF design #24 on test IC #2
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Fig. 76. Cross-section across temperature for FF design #25 on test IC #2
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Fig. 77. Cross-section across temperature for FF design #26 on test IC #2
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Fig. 78. Cross-section across temperature for FF design #27 on test IC #2
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Fig. 79. Cross-section across temperature for FF design #28 on test IC #2
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Fig. 81. Cross-section across temperature for FF design #2 on test 1C #3
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Fig. 82. Cross-section across temperature for FF design #3 on test IC #3
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Fig. 83. Cross-section across temperature for FF design #4 on test IC #3

47



Cross-Section {cm?)

Cross-Section (cm?)

Cross-Section (cm?)

oa
m
i
=
(=5

h
n
4
(95

I
m
i
w

2E-13

0 20 47 60 100 120 140
-2E-13

Temperature (°C)
——0.75V —9-0.B5V —-@-0.95V

Fig. 84. Cross-section across temperature for FF design #5 on test 1C #3
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Fig. 85. Cross-section across temperature for FF design #6 on test 1C #3
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Fig. 86. Cross-section across temperature for FF design #7 on test 1C #3
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Fig. 88. Cross-section across temperature for FF design #9 on test IC #3
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Fig. 89. Cross-section across temperature for FF design #10 on test IC #3
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Fig. 90. Cross-section across temperature for FF design #11 on test IC #3
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Fig. 91. Cross-section across temperature for FF design #12 on test IC #3
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Fig. 92. Cross-section across temperature for FF design #13 on test IC #3
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Fig. 93. Cross-section across temperature for FF design #14 on test IC #3
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Fig. 94. Cross-section across temperature for FF design #15 on test IC #3
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Fig. 95. Cross-section across temperature for FF design #16 on test IC #3
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Fig. 97. Cross-section across temperature for FF design #18 on test IC #3
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Fig. 98. Cross-section across temperature for FF design #19 on test IC #3
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Fig. 99. Cross-section across temperature for FF design #20 on test IC #3
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Fig. 100. Cross-section across temperature for FF design #21 on test IC #3
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Fig. 101. Cross-section across temperature for FF design #22 on test IC #3
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Fig. 102. Cross-section across temperature for FF design #23 on test IC #3
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Fig. 103. Cross-section across temperature for FF design #24 on test IC #3
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Fig. 104. Cross-section across temperature for FF design #25 on test IC #3
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Fig. 105. Cross-section across temperature for FF design #26 on test IC #3
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Fig. 106. Cross-section across temperature for FF design #27 on test IC #3
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Fig. 107. Cross-section across temperature for FF design #28 on test IC #3
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B. Complete Results — Data Tables

Test IC #1

Table I. Cross-section data for IC#1 at 25 °C

Temp C 25
C¥DD [v) 0751 0_851 0.95%

Count C-Sec Count C-5Sec Count C-Sec
= 1727 S4B4E-11 995 BI3ZE-N T4 42EZE-1
SR2 2 A79E-14 1 G5.353E-14 0 a
5R3 0 a a 0 0 a
SR4 1186 BBOEE-N1 EVE  JE34E-N1 4239 2518E-11
SRE 1412 EA1ZE-11 842 451ZE-11 B23  ZET4E-
SRE YO 342TE-12 12 E43IE-13 2 1147E-13
SR7 0 a a 0 0 a
5Ra 336 1.E4E-11 18 B324E-12 43 Z4ETE-12
SRY 21 1L02BE-12 4 244E-12 0 a
SR10 0 a a 0 0 a
SR 23 1126E-12 1 B83I5E-13 2 1147E-13
SRi12 4943 ZAZE-D 2326 1247E-100 1414 212E-11
SR13 23 1126E-12 16 8E57EE-13 8 4B4TE-12
SFR14 222 1.087E-1 1141 ENSE-1 B37  3.998E-1
SR 1788 87B3E-N 1037 BEEYE-N B9E 3.993E-1
SR 2144 105E-10 1408  T.54EE-11 1014 BEITE-1
SRi17 8EE 4.233E-1 1103 BANE-1 783 4.5ZEE-U
SR 120 8812E-12 E3  3E44E-12 Bl 3493E-12
5R13 2805 13T3E-0 1304 EABBE-N TAE 4 5E1E-11
SRz20 2104 162E-10 1774 960YE-11 1229 ¥.05E-11
SR21 4384 2MBE-0 2583 138TE-0 1730 9.924E-1
S5R22 B194  2543E-10 3420 1833E-10 2412 1384E-10
SR23 24001 1EEBE-0 2120 1136E-10 1562 8.96BE-11
SR24 ZEZ4  1.285E-10 1605 2.E0ZE-N 1081 E.OZIE-N
SR26 3053 1493E-10 1vB0 A3TIE-N 1288 T.2T4E-N
SR26 1667 2161E-11 931 B2BTE- BEY  3B2EE-N
SR2T A0 2448E-12 g 2.B8E-13 T 406E-13
SR28 3 2.838E-12 9 4823E13 1 B73IVE-14
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Table 1. Cross-section data for IC#1 at 50 °C

Temp C
C¥DD [v)

SR1
SR2
SR3
SR4
SRS
SRE
SRT
SRa
SR3
SR10
SR
SRi12
SR12
SR14
SR1G
SRIE
SRI7
SRz
SR13
SR20
SR
SR22
SR23
SR24
SR2G
SRE
SREF

SR2a

Table |
Temp C
CYDD [v])

SR1
SR2
SR3
SR4
SRS
SRE
SRT
SRa
SR3
SR10
SR
SRi12
SR13
SR
SR
SR1E
SRI7
SR12
SR13
SR20
SR21
SRz
SR23
SR24
SR2G
SRE
SREF

SR2a

0752

Count C-Sec
1249 TET4E-
2 1138E-13
0 a
a09 BATE-1N
1011 B.7EIE-1
43 2 T7ATE-12
0 a
386 2.025E-1
27 1B3BE-12
0 a
19 1081E-12
43681 247RE-10
T 3882E-13
13499 108E-10
1342 7EMEN
1619 4.21E-11
1402 7ATRE-N
125 1.063E-1
2126 1.203E-10
223 1.2B3E-10
3388 182TE-10
4000 2.2THE-0
2628 1495E-10
1384 1129E-10
2398 1.3B4E-10
1217 BA2ZEN
H 2IIZE-12
3 20IBE-12

075

Count C-Sec
1236 BATIZEN
5 2TO9ZE-13
1 GEE4E-14
34 BI97E-1
168 E493E-11
35 194TE-12
0 a
04 44T4E-11
07 GBAB4E-12
0 a
a0 1EB3E-12
B813 3.234E-0
19 1L0GTE-12
2398 1.334E-10
1445 838E-1
1568 8.T7IBE-N
1302 7.24BE-11
125 1.04EE-11
a0z0 1E8E-10
2410 1341E-10
387 ZI24E-10
AT4E 2034E-10
2616 1.4B5E-10
1rag 1E-10
2178 1212E-10
177 E543E-H
T4 4 118E-12
T4 4 118E-12

50
0848 0951
Count C-Sec Count C-Sec
1266 B4TVIE-NN 807 4B29E-N
1 BN7E-14 1 B73IVE-14
1 BIITE-14 0 a

02 2E92E-1 462 2ERE-N
957 B05E-1 B04  Z4E5E-N
¥ BE3S3E-13 1 BTITE-14
a 1] 1] a

204 1L0H4E-N 3 B432E-12
4 2I47E-12 E 3442E-12

a 1] 1] a

19 ATE2E-13 15 BE05E-3
ME O 1BS2E-0 T4 9.833EN
26 44E-12 a0 BAE3E-12
1651 S.445E-1 &1 4E652E-1
187 BOP4E-N &7 32EYEN
1576 GOE4E- 833 47TIE-
1325 E.TEE-11 Bl 3B0SE-N
133 B205E-12 B2 3EBEYE-12
1918 98ME-N1 803 4.606E-11
2133 1094E-100 1223 FO4RE-N
3083 1883E-10 1736 1.02E-10
3809 199E-0 27 1232E-10
2648 1304E-10 1437 2243E-1
1773 Q003E-1 1132 E4M4E-1
2121 108BE-100 1323 THIE-N
65 BARIE-1 242 423E1
13 ATI2E-13 4 22395E-13

15 TETEE-12 & 4539E-12

I1. Cross-section data for IC#1 at75 °C

75
0848 0.952
Count C-5ec Count C-Sec
1030 5E94E-1 418 2277E-N
2 102EE-132 1 G4T4E-14
a I I a

E20 R3EYE-N 264 1.448E-11
862 4B5IE-1 340 1861E-11
0 B4ME2 2 1098E-12

a 1] 1] a
333 2.161E-11 185 S485E-12
16 2E2IE-12 16 B212E-12

a 1] 1] a

6 3253E-13 1 BOZZE-13
2862 ZO9BE-I0 1367 VAHME-N
173 SEETE-12 0 3832E-12
1862 101E-10 T3 2803E-1
060 BYEEE-N 401 2198E-1
1440 TAZE-T 543 2ATIEN
10z BO3E-11 424 232E1N
143 T.TEEE-12 46 2HI2E-12
2034 105E-10 T34 4.013E-11
1724 9.EZ2E-N ES1 3Y93E-N
2774 1BOBE-10 1056 BE3IEE-N
29530 1EZ4E-0 108 E055E-N
2054 115E-10 754 4123E-11
1396 FARSIE-N BEF 043E-
BTE  8102E-1 EO2 3I0E-N
982 BIIEN IFT ZOB4E-N
25 1388E-12 5 ZTIFE-13

3 1TAZE-12 4 218E-12
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Table V. Cross-section data for IC#1 at 108 °C

Temp C
C¥DD [v)

SR1
SR2
SR3
SR4
SRS
SRE
SRT
SRa
SR3
SR10
SR
SRi12
SR12
SR14
SR1G
SRIE
SRI7
SRz
SR13
SR20
SR
SR22
SR23
SR24
SR2G
SRE
SREF

SR2a

0752
Count C-Sec

B39 9.246E-11
05 5923E-12
A 1LT43E-12
1262 7.19E-11
M5 E.29E-11
140 7.898E-12
176 9.872E-12
1588 8.964E-11
3497 2.24E-11
24 4.733E-12
88 4.964E-12
Y044 3AT4E-0
207 1163E-11
2367 1.33BE-10
B37  2.028E-N
1588 2.952E-1
13450 TAHE-N
362 204ZE-N
3127 1LTR4E-10
2493 140BE-10
4075 2.293E-10
4041 2.28E-10
2BE7  1442E-10
2169 1.2Z4E-10
2580 14BBE-10
1452 5.36E-11
45  B.3BIE-12
27 4.903E-12

108
0_851 0.95%
Count C-Sec Count C-Sec
1683 83EE-1 96D BAZE-1
94 4.EBE3IE-1Z 28 44TEE-12
82 407IE-Z TE  4.293E-12
1168 BB02E-1 736 4158E-11
vz B3IZEE-N vE2 4.254E-1
07 B3IBE-12 23 R.O3BE-12
80 7A4TE-12 & 4.293E-12
1464 V2VZE- Y04 3A8ZE-N
207 1.028E-1 143 S.089E-12
20 3AT4E-1Z TE  4.293E-12
137 B.B0BE-12 83 4.B95E-12
YRl 2BE2E-0 3832 2IBBE-0
192 463TE-12 124 7OBE-12
220 1093E-11 1834 1037E-10
1244 EBEVEE-1 938 B.29BE-N
B0 FA9TE- 1383 V.EBI4EN
1415 VO02Z3E-1 1084 E132E-11
g 153E-11 212 1139E-11
2995  1488E-10 2456  1383E-10
2448 1216E-10 1750 9.9E-11
3894 1934E-10 2831 1483E-10
3vE4 18EBE-I0 2627 143E-10
2514 1248E-0 16887 9542E-N
2119 L0G3E-0 1208 E.BZZE-N
2467 12ZBE-10 1447 £.18EE-11
542 7EBIE- 313 BA33E-11
1] 2.88E-12 ZE 14TE-12

B3 243E-12 28 15BME-Z2

Table V. Cross-section data for IC#1 at 135 °C

Temp C
CYDD [v])

SR1
SR2
SR3
SR4
SRS
SRE
SRT
SRa
SR3
SR10
SR
SRi12
SR13
SR
SR
SR1E
SRI7
SR12
SR13
SR20
SR21
SRz
SR23
SR24
SR2G
SRE
SREF

SR2a

0751

Count C-Sec
1911 1145E-10
170 1.012E-11
1 R.A3E-14
1626 1.01E-10
337 2.013E-11
203 121EE-11
208 1.24EE-11
4221 25ZBE-10
1368 2134E-1
05  B.289E-12
3 EB.VESE-12
YOEE  4.232E-10
152 91M4E-12
2430 14BBE-10
707 4.235E-H
1516 4.08E-1
1312 78BRE-N
441 2E41E-11
4137 Z514E-10
2029 1814E-10
G074 3033E-10
3983 2.38BE-0
2592 1BB3E-0
2438 1453E-10
2756 1ERE-10
1428 S5BIE-H
159 9.624E-12
156 9.284E-12

135
0_849 0.9%
Count C-5ec Count C-Sec

1238 9B47E-1 1818 949BE-N
94 4934E-1Z 7 45I8E-12
45 23EZE-1Z 38 2.23E-12
6583 8.834E-1 1485 2. 715E-11
1278 ETOBE-1 1047 E.45E-11
M BS82EE-12 RS J404E-12
13 BA3E-12 7E 4 4EE-12
3533 1854E-10 35V0 Z.0S5E-10
838 4398E-1 783 4B9BE-N
B 2933E-12 38 2.23E-12
30 4. TZ4E-1Z A7 3.34BE-12
7183 3Y7E-0 BDIY 3EME-D
126 E.EI3E-1Z 08 EB33E-12
2E34  1383E-10 2432 1427E-0
121 6.E84E-H 1204 T.OREE-
1633 8.88BE-1 1837 9.3TIEN
1267 BB93E-1 1198 TOHE-1
333 1.7453E-1 313 1.866E-11
4207 ZI0BE-0 3833 2.25E-10
3134 1B4BE-D 29891 173ZE-0
G295  ZTFTIE-I0 4860 Z.E5ZE-0
3978 ZOBZE-I00 3398 1394E-10
2797 14B3E-10 2500 1467E-0
2363 1Z3BE-10 2021 1186E-10
2631 1381E-10 2521 148E-10
B1E S482E-1 1473 2.68E-11
4108 Z16EE-10 1 BAZBE-12

2972 1BEE-10 07 E.2BE-12
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Test IC #2

Table VI. Cross-section data for IC#2 at 25 °C

Temp C 25
C¥DD [v] 0751 0_851 0.95
Count C-Sec Count C-Sec Count C-Sec

SR 2226 1215E-10 2850 1OMIGE-I0 475 Y.A05E-11
SRz ] ] ] a a ]
SR3 ] ] 1 3BETE-4 a ]
SR4 B3 321E-N 85T J0BTE-N 361 1935E-1
SR5 984 BITZE-N 960 Z424E-N 3FE 2015E-11
SRE ] ] ] a a ]
SR7 ] ] ] a a ]
SRa ] ] ] a 1 B.353E-14
SRa 783 4.27BE-N 37 1323E1 121 B.485E-12
SR10 48 8.03E-12 [=11] 24E-12 0 B353E-13
SR 4B5  2HI9E-N 74 ZR4VE-N 3TE 20ZEE-1
SRz 1858 1014E-10 1611 BV4EE-11 B33 28BRE-1
SR 47 B.I9BE-2 410 1482E-11 223 1222E-1
SR14 2E14 1427E-I0 3020 109%E-10 1493 2.001E-1
SR15 1434 TH29E-1 1526 BA443E-11 EB4 3BOSE-1
SRIE 1930 L0S4E-100 2313 2.2459E-11 1046 BEORE-1
SRI7 1370 TABE-N 1575 BEITE-N 75 4.04EE-N
SR E23  J40E-1 BER 2.MBE-N 212 1136E-11
SR19 1923 10BE-10 1964  EE43E-N FEE  4.207E-N
SR20 2808 1B3IE-0 0ET L094E-10 143 TEEIE-N
SR21 2638 144E-10 2845 101BE-10 1154 E.21E-11
SRa2 2713 143E-0 2071 1095E-100 1483 FA48E-1
SR23 2353 1285E-10 2867 10Z3E-0 487 B0Z3E-N
SR24 952 BI99E-1 ZET2 A5IE-11 ve TAZE-N
SR25 1860 10MEE-10 2043 T286E-11 1005 B3SEE-1
SR2E TIE  2809E-1 802 2EEE-11 3BE 1902E-1
SRa7 30 1E38E-12 13 4E37E-13 a ]
SR2g 36 19BBE-12 4 4933E-13 3 1EOBE-13
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Table VII. Cross-section data for IC#2 at 60 °C

Temp C
C¥DD [v]

SR
sR2
SR2
SR4
SRE
SRE
SR7
SRa
SRa
SR10
SR
SR12
SR12
SR
SR1G
SRIE
SRI7
SR
SR13
SRao
SR21
Shaz
SRa22
Sha4
SR2g
SRae
SRav
SRas

0743

Count C-Sec
2566 147BE-0
] ]
] ]
T45 4 31E-11
YEO  4.397E-1
] ]
] ]
1 G.T8RE-14
250 4.912E-11
135 T.81E-12
06  EBI33E-12
164 9494E-11
91 B.2BBE-12
2272 134E-0
1332 T.T0EE-1
1375 1LOZGBE-10
1366 7.24BE-11
B30 399Z2E-11
1260 1LOTEE-10
3021 LT43E-10
2627 152E-10
2866 1EBZE-0
2681 14TEE-0
2378 1L3ITEE-0
2217 1.283E-10
TEE  4.54TE-11
a0 173BE-12
a0 1LT3EE-12

|11}
0_843
Count C-Sec
3091 1I82E-10
4 1B3E-13
4 1BIE-2
800 30EZE-N
733 2B0EE-N
4 1B3E-13
4 1BIE-2
5 19M4E-13
RaY  2247E1
o] 2.22E-12
294 1BOBE-N
1472 BE3IGE-N
254 13BBE-N
2395 AI62E-1
139 4 RIE-11
1708 BS4ZE-1
1234 4T724E-1
476 182ZE-U
1547 BA2ZZE-N
Hg0 121ITE-0
263 1007E-0
2918 1.11EE-10
2630 1007E-10
3077 LITEE-0
22E82  BEBIE-N
07 3ATEZE-N
17 EBOSE-12
12 4534E-13

Count
2442
2

17

ER3
53]

2272
1693
2206
2134
2384
1622
B34

1

3

095

C-Sec
AM3E-N
T.EZTE-14
E.483E-13
2.43E-11
2.216E-11
E.483E-13
JEM4E-13
E.8ERE-13
141E-11
1.336E-12
1.785E-11
4 054E-1
9.077E-12
E.THE-N
212E-1
4. 5939E-11
3.539E-1
114E-1
ZE2E-11
£.EESE-1
EA4TIE-1
B.EO4E-1
8.3E7E-N
A.092E-1
E415E-1
2.48E-1
JE4E-14
1144E-13

Table VIII. Cross-section data for IC#2 at 74 °C

Temp C
CY¥DD [v)

SRl
SRz
SR2
SR4
SRE
SRE
SRT
sRa
SRa
SR10
SR
SRz
SR
SR
SRI1G
SRI1E
SRI7
SR
SR13
SRa0
SR21
SRaz
SR22
SRa4
SR2G
SRae
SR2?
SRag

0743

Count C-Sec
3486 1LITEE-0
] ]
] ]
174 4E3IZE-N
1246 4.912E-11
] ]
] ]
2 T.BA3E-14
4 15VIE-13
281  9.80EE-12
246 9.T09E-12
3591 1417E-0
164 B4TIE-12
4068 1EOBE-10
2250 2.83E-11
] ]
TEY  J02TE-H
068 4.215E-11
2596 1143E-10
4683 1.848E-10
35345 151ZE-10
4100 1E1BE-10
2437 13TEE-0
32300 127BE-0
25829 1117E-10
060 4.183E-11
43 1934E-12
3 2323E-12

Count
2116

122
1623
12
2213
1260

1242

G04
L]
2681
204
2342
il
1353
1572

T4
0_851
C-Sec

1122E-10
a

1]
3.1EEE-1
3415E-11
a

1]

a

1]
2A17E-12
AE62E-12
2.926E-11
RA93E-12
1177E-10
E.ES2E-1
a
T122E-11
2ET3IE-N
7.891E-11
1363E-10
1082E-10
124ZE-0
1134E-10
1033E-10
8.337E-1
3.07E-1
B303E-13
BAME-13

0943

Count C-Sec
1749 8.303E-1
a ]
1] ]
362 1EVIE-1N
29 1381E-1
a ]
1] ]
a ]
1 4747E-14
4 EE4EE-13
167 T7.H28E-12
066 B.OOZE-11
96 4.5RTE-12
1777 B43BE-1
1] ]
E43  303IE-1
1] ]
188 8.924E-12
823 3A07E-N
2089 9.91FE-1
837 3ATIEN
1817 F20E-1
17437 253E-11
1836 B.TIBE-1
1168 B.545E-11
B0 Z4ZIE-1
4 {393E-13
9 4ZTIE-13
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Table IX. Cross-section data for IC#2 at 96 °C

Temp C
C¥DD [v]

SR
sR2
SR2
SR4
SRE
SRE
SR7
SRa
SRa
SR10
SR
SR12
SR12
SR
SR1G
SRIE
SRI7
SR
SR13
SRao
SR21
Shaz
SRa22
Sha4
SR2g
SRae
SRav
SRas

0743

Count C-Sec
2721 138BE-0
] ]
4 203EE-13
801 4.078E-N
248 4317E-N
] ]
] ]
] ]
] ]
137 EBAVEE-12
E3  3.207E-12
2868 1.30ZE-10
9 4E3IIE-12
2633 1341E-10
1410 TATIE-1
1821 9.2TE-1
] ]
TR RB44E-11
2003 102E-10
a0 LEEEE-1
2763 1407E-10
2973 1514E-0
2568 1.302E-10
2621 LI34E-0
2316 1LI79E-10
24 4.195E-11
2 2EB4TE-12
48 Z444E-12

Count
3055

]

1

T35

3242
126
3205
¥
2294

-
2152
4408
2026
3335
2085
2906
2313
283
26
20

96
0_851
C-Sec
14EE-10
a
3.7BE-14
2.982E-11
JEME-
a
1
a
15E-13
2.A26E-12
217EE-12
1.216E-10
BANE-12
120ZE-10
E.38E-1
S.E04E-11
a
2.962E-11
2.078E-1
1EBZE-0
1135E-10
1.251E-10
1167E-10
1.09E-10
8.ETVBE-
TIHE-
9.37EE-12
A.3VEE-13

0951

Count C-Sec
2163 9.045E-11
a ]
1 ]
433 2.08TE-1
B3 2MBE-1
a ]
1 ]
a ]
1 4182E-14
4 3.7E4E-13
173 72ME-12
1515 B.336E-11
196 8.196E-12
180 7A43E-11
996 4.1B6BE-11
1217 BEOTE-1
a ]
431 1L80ZE-1
1 4.897E-1
ZE18 1095E-10
1719 TI8BE-1
zz43 8.38E-11
2229 932E-N
Z07TE  BEZIE-T
1506 B.292E-11
B3 2E83E-11
9 3.TB4E-12
8 3.34BE-13

Table X. Cross-section data for IC#2 at 125 °C

Temp C
CY¥DD [v)

SRl
SRz
SR2
SR4
SRE
SRE
SRT
sRa
SRa
SR10
SR
SRz
SR
SR
SRI1G
SRI1E
SRI7
SR
SR13
SRa0
SR21
SRaz
SR22
SRa4
SR2G
SRae
SR2?
SRag

Caunt
2643

2

2

2E0
73

23687
136

arne

2284
1475
1855
1651
03
2115
4287
236
3034
2625
25893
27E
T35

T3

075

C-Sec
1621E-10
1227E-13
1227E-13
R.27EE-1
4 454E-11
]
]
]
144EE-10
B.342E-12
1227E-13
1EE1E-10
2.7EE-12
140E-10
A.043E-1
14E-10
A514E-11
AAI9E-1
1.237E-10
2.E3E-10
1.74E-10
1.898E-10
1.647E-10
1591E-10
1.335E-10
4 877E-1
4 BEZE-12
4 47EE-12

Count
2659

]

]

K
322

1642
AE

19
2436
121
2268
1333
1730
1512
T2h
1776
3963
2ea2
2903
264
2487
2152
T3z

a3

125
0_8%
C-Sec
143EE-10
a
1]
4.17EE-11
AT2ZEN
a
1]
a
SA7E-1
3.026E-12
102EE-12
1.31EE-10
ERIEE-12
1225E-10
7.200E-11
A.345E-11
2.165E-11
3.916E-11
4.594E-11
2. 141E-10
1443E-10
1563E-10
1427E-10
1343E-10
116EE-10
4 273E-1
1468E-12
Z.8E3E-12

0.9%

Count C-Sec
2302 1324E-10
a ]
1] ]
E40  3EBZE-N
R84 33EE-1
a ]
1] ]
a ]
1276 TIHE-N
27 1BR3IE-12
42 Z241BE-12
2135 1228E-10
1441 2.29E-11
1973 1L138E-10
074 BATIE-
1300 T434E-11
173 B.743E-1
Bd4E 3IB3E-
1413 8123E-11
3437 197TE-0
2002 1162E-10
2867 147TE-0
2340 1346E-10
2206 1.263E-10
1707 3.82E-11
T3 4IIZE-N
20 116E-12
13 T4TIE-13
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Test IC #3

Table XI. Cross-section data for IC#3 at 25 °C

Temp C
C¥DD [v)

SR1
SR2
SR3
SR4
SRS
SRE
SRT
SRa
SR3
SR10
SR
SRi12
SR12
SR14
SR1G
SRIE
SRI7
SRz
SR13
SR20
SR
SR22
SR23
SR24
SR2G
SRE
SREF
SR22

25
075 0848 0943

Count Cross-Secti Count Cro=s-Secti Count Cross-Secti

2191 1203E-10 3474 1199E-10
1605 281E-11 2536 ZAB1E-1 2375 B.1395E-11
0 a a 0 2 437BE-14
1147 B.29BE-N1 2088 T2E-1 183 3.349E1
1] 1] 1] 1] 3  EBEZE-14
Bl 2T793E-12 a 0 3 EABEZE-14
0 a a 0 3 EBBEZE-14
934 B4BEE-N1 1343 ETOFE-11 1604 3.28E-11
186 BBOBE-N1 1A7  BAZFE-N1 942 2.0E1E-11
133 1.087E-1 43 1433E-1 ES  142Z2E-12
1587 BTNE-1 2792  463TVE-N1 1302 4 16E-11
797 437BE-N 1085 2 T4RE-N 32 1E0ME-11
0 a a 0 1 2187E-14
834 45TEE-N WEE  BOZZE-N 13T Z3993E-11
M5 EI12E-11 1758  E.OBSE-N 431 9428E-12
1245 1013E-10 2064 10G3E-0 2574 BEHE-1
2020 1103E-10 3063 10B3E-0 227 4.362E-11
360 1476E-11 4R2 1536E-11 384 24E-12
1394 VEBZE-N1 18572 BA4ZEE-11 1425 Z7E-1
29 14EBE-0  4B10  1BGTE-10 4526 9.9E-11
2005 110E-10 3253 1126E-10 1173 Z5EBE-U1
3 1E4TE-13 24 8.204E-13 15 328E-13
2170 119E-10 3480 1201E-10 2182 EB9E3E-1
M7 BEBEZE-N 225 T.TREE-12 1 Z187VE-14
1817 98T4E-T1 2488 S8E1BE-11 2037  44BEE-11
2303 1264E-0 3624 126E-10 1013 2227E-N
86T 1.3BBE-10 24 8.284E-13 0 a
44 241BE-12 a2 1.105E-12 N 240BE-12

Table XI1. Cross-section data for IC#3 at 57 °C

Temp C
C¥DD [v)

SR1
SR2
SR
SR4
SRE
SRE
SRT
SR2
SR3
SR10
SR
SRz
SR12
SR14
SR15
SRiE
SRI7
SRz
SR13
SR20
SR
SRz
SR
SR24
SR25
SR2E
SR2T
SR2a

57

075 0847 0944
Count Cross-Secti Count Cross-Secti Count Cross-Secti
3863 1451E-10 2061 13E-10 1331 TEME-11
2980 1214E-10 a 0 949 G5423E-N
T ZE85E-13 1] 1] 1] 1]
317 3FIBE-N 13B0 TZAZE-M 927 BO0ZE-N
B 2444E-13 a 0 0 a
12 4.888E-13 a 0 0 a
12 4.88B8E-13 a 0 0 a
754 09 E-1 1266 B.7SBE- 1024 BBESE-N
1553 E.32BE- 938 B.OETE-N A51 3152E-11
1 2836E-11 168 9.07BE-12 23 BOME-12
1958 VFATRE-N 1377 TA4Z8E-N 1827 E.TIEE-N
1529  B.2ZEE-N FIE  3BE3E-N B3IE Z403E-N
B 2444E-13 a 0 0 a
935 380BE-N vO02  RTRIE-N VET 4.159E-11
150 EBA09E-12 824 44RE-11 TBE  4.336E-11
2601 1.0B3E-0 1466 TA18E-1 1356 V.FRTE-U
188 4.843E-1 1511 BIEZE-11 07T E.IEE-11
288 1173E-11 ok 1.718E-11 126 10E4E-11
2545 1159E-10 3983 B.342E-1 529 Z.0ZEE-N
h298  Z1BBE-0 2554 138E-10 1973 1132E-10
RSB 2387E-N 1774 ABEIEN il B.292%E-11
B Z2444E-13 T LTHIE-: 4 ZZO98E-13
2466 10O04E-10 1980 107E-10 1473 EA4EIE-11
548 E303E-H 1054 GBES4E-H T08 4.056E-11
133 BA4ZIE-11 1683 A124E-11 1066 E.O93E-11
2373 9EEBE-N1 2143 1168E-10 1554 2.89E-11
Tl 2892E-12 0 B402E-13 2 1144E-13
E4  ZEOTE-12 27 14BBE-1Z 2 1144E-13
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Table XIII. Cross-section data for IC#3 at 80 °C

Temp C
C¥DD [v)

SR1
SR2
SR3
SR4
SRS
SRE
SRT
SRa
SR3
SR10
SR
SRi12
SR12
SR14
SR1G
SRIE
SRI7
SRz
SR13
SR20
SR
SR22
SR23
SR24
SR2G
SRE
SREF
SR22

80
0743 0_849 0944

Count Cross-Secti Count Cro=s-Secti Count Cross-Secti
2B 1291E-10 2982 1126E-10 1742 4.8E-11
2190 L083E-10 2438 A263E-1 1805 B.FSEE-N
0 a a 0 0 a
1395 B895E-N1 1827 BS42E-N 1268 BS8YEN
1] 1] 1] 1] 1] 1]

0 a a 0 0 a

0 a a 0 0 a
1621 S013E-11 1924 T3E-N1 1233 BTE3E-1N
1530 VEE3E-1 1507 BT2EE-1 7ES 4 15E-11
BE4  2TEBE-N 2487 1128E-1 132 1051E-11
23498 1185E-10 2917 1108E-10 1661 9.093E-11
1662 S16EE-11 159 EOB4E-1 987 B402E-N
0 a a 0 0 a
e BAIEE-11 1364 RI1BZE-1 TE3 4. 319E-11
1539 VEOFE-H 1831 EAEFE-N 1056 BY3E-1
2345 1189E-10 2953 11Z2E-10 1807 9.892E-11
2842 12BEE-10 2988 1136E-10 1687 9.23BE-11
B4 303BE-1 B3 2.397E-N a7 1.736E-11
1308 8942E-11 1383 T443E-1 1038 BESZE-N
361 1B0BE-10 4300  1E34E-10 2738 1499E-10
2653 131E-10 2860 10S7E-10 1632 S.934E-1
13 B4ZBE-13 0 37I3E-13 0 H4T4E-1
2455 1213E-100 31 119E-10 1857 1.017E-10
1262 E.23BE-N1 1620 E.155E-1 4 B151E-11
2062 104E-10 2271 8E23E-1 1344 T3E2E-N
2538 1.2BBE-0 2908 1106E-10 1837 100EE-10
B3 336IE-12 41 1BRBE-12 12 EBE3E-13
T8 3.8BBE-12 41 1EBRBE-12 23 1.2B3E-12

Table XIV. Cross-section data for IC#3 at 100 °C

Temp C
C¥DD [v)

SR1
SR2
SR
SR4
SRE
SRE
SRT
SR2
SR3
SR10
SR
SRz
SR12
SR14
SR15
SRiE
SRI7
SRz
SR13
SR20
SR
SRz
SR
SR24
SR25
SR2E
SR2T
SR2a

B

0
1987
1]

1]

1]
2543
2005
E42
2268
2033

033
1554
2453
2673

EET
2100
4655

M

3054

2621
3309

100
075 085 0944
Count Cross-Secti Count Cross-Secti Count Cross-Secti
33 17IE-12
332VEN 134 BA44EZ 3220 1.02E-10
1] 2 103IEE-13 1] 1]
1082E-10 1709 8.86EE-11 1748 RAZE-11
a 2 103BE-3 0 a
a 2 103EE-13 3 A50ZE-14
a 2 103EE-12 0 a
1386E-10 1779 A219E-1 1736 B493E-U1
1092E-10 1226 B.353E-1 1022 3.237E-
J496E-11 240 1.244E-11 179 BEE9SE-12
1235E-10 1840  9.63BE-11 2313 V3ZEE-U
11E-10 1135 RAME-NT 1183 374TE-
a 1 BI32E-14 0 a
BAE-T 848 434E-N1 1018 32Z24E-U
B4EZE-11 1220 B32ZE-1 N7 3TMEA
1339E-10 1886 AFVIE-M 283 EA14E-11
1463E-10 1920  9.948E-11 1827 B.Y8EE-U
FEIZE-1 403 Z088E-11 407 1.289E-11
143E-10 1222 B.332E-1 1264 4.002E-11
2535E-10 3482 1804E-0  3Y0S 1173E-10
1.705E-10 2138 1107E-10 1952 E185E-11
4. 901E-13 9 4.EE4E-13 [ 19E-13
1EE3E-10 2302 1193E-10 2413 TEEIE-11
0 258 1327E-1 1867 4.363E-1
1427E-10 1356 10M4E-10 2062 ESZE-11
1802E-10 2463 127EE-10 2695 8.539E-U
4 36EE-12 33 202IEAz 16 BOETE-13
B.18E-12 E3  3.26BE-1Z 24 TENE-13

34
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Table XV. Cross-section data for IC#3 at 125 °C

Temp C 125
C¥DD [v) 0742 0848 0945
Count Cross-Secti Count Cross-Secti Count Cross-Secti
= 2402 18ETE-0 9 449R4E-13 2933 1E1E-10
SR2 1200 B5ETE-N 1 GEM4E-14 3248 1732E-10
5R3 4303 ZE9IE-0 1563 BEO03E-N 2043 1124E-10
SR4 1281 VO032E-N 600 BB0BE-N 1392 TEHE-1
SRE 1] 1] 9 4954E-13 1 G489E-14
SRE 459 2.62E-11 1 EOG4E-13 2 1098E-12
SR7 0 a 9 4954E-13 1 G5439E-14
5Ra 4162 22TIE-0 1983 109E-10 1612 8.843E-11
SRY 4763 ZE03E-10 1348 TAISE-1 745 4.089E-11
SR10 266 4.T42E-1 351 1932E-1 151 8.289E-12
SR 1939 10G4E-10 1840 1013E-10 1607 E821E-1
SRi12 2785 1B23E-10 171 9.B02E-M 1262 BATIEN
SR13 4 Z196E-13 2 4403E-13 0 a
SFR14 a38 BM3E-11 TG J83E-1 583 3233E
SR 929 B.O9SE-N E71 3E93E-N 887 4.8B3E-N
SR 2659 146E-10 1337  10BEE-10 1438 V.893E-1
SRi17 2468 1.343E-10 1638 A.00BE-11 1332 T32E-1
SR 451 B22E-1 482  Z2EB3E-01 303 1663E-11
5R13 3086 1E93E-10 1833 10B4E-10 933 B484E-N
SRz20 RE47  J04BE-10 432 23TIE-I0 3030 1EE3E-0
SR21 2160 1186E-10 1717 945E-11 1502 8.24BE-U1
S5R22 b 2T4BE-13 E  330ZE-13 4 Z136E-13
SR23 2594 1424E-0 2162 119E-10 1790 9.82EE-11
SR24 1474 209E-1 1183 EEEEE-11 1330 T.30E-11
SR26 2225 1221E-10 2062 1123E-10 1423 T.ANE-1
SR26 2689 147BE-0 2682 142E-10 1317 1062E-10
SR2T SE+05  4.153E-08 80 4403E-1Z  ZEOZ  1B38E-0
SR28 129 TE3E-12 17 EA44E-12 35 1921E-12
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C. Example Test Output

All shift register outputs received from the test circuit were processed in the FPGA and
transmitted serially to a laptop. As the example output shows below in Fig. 24, Putty was used to

view and record this data for analysis.

L=

Fig 24. Typical error count data for all 28 shift registers from one polling
instance. All outputted data was read and logged through Putty.
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D. Python Data Processing Scripts
Isb_counter_process.py

The following script was used to process all the serial output data collected from the
FPGA during each test. It was authored by Nihaar Mahatme and has been used for prior 20-nm

experiments.

#!/bin/python

import sys

import subprocess

import os

import datetime

##check arugements

if len(sys.argv) <=1:
print "python Isb)counter_process.py fileName"
exit(0)

fileName=sys.argv[1]

filePointer=open(fileName,'r")

now = datetime.datetime.now()

print "Current time is "+now.strftime("%Y _%m_%dT%H:%M")

outFile=open("processed"+now.strftime("%Y_%m_%dT%H:%M")+".txt", 'W')

sr1=0

sr2=0

sr3=0

sr4=0

sr5=0

sr6=0

sr7=0

sr8=0

sr9=0

sr10=0

sr11=0

sr12=0

sr13=0

sr14=0

sr15=0

sr16=0

sr17=0

sr18=0
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sr19=0
sr20=0
sr21=0
sr22=0
sr23=0
sr24=0
sr25=0
sr26=0
sr27=0
sr28=0

for line in filePointer:

if line.find("01-")!=-1:
#found SR one
print "SR-1 add "+line.split("-")[1]
srl=srl+int(line.split("-")[1],16)

print "SR-1 equals:"+str(sr1)+"\n---------

if line.find("02-")!=-1:
#found SR one
print "SR-2 add "+line.split("-")[1]
sr2=sr2+int(line.split("-")[1],16)

print "SR-2 equals:"+str(sr2)+"\n---------

if line.find("03-")!=-1:
#found SR one
print "SR-3 add "+line.split("-")[1]
sr3=sr3+int(line.split("-")[1],16)

print "SR-3 equals:"+str(sr3)+"\n---------

if line.find("04-")!=-1:
#found SR one
print "SR-4 add "+line.split("-")[1]
srd=sr4+int(line.split("-")[1],16)

print "SR-4 equals:"+str(sr4)+"\n---------

if line.find("05-")!=-1:
#found SR one
print "SR-5 add "+line.split("-")[1]
sr5=sr5+int(line.split("-")[1],16)

print "SR-5 equals:"+str(sr5)+"\n---------

if line.find("06-")!=-1:
#found SR one
print "SR-6 add "+line.split("-")[1]
sré=sr6+int(line.split("-")[1],16)

print "SR-6 equals:"+str(sr6)+"\n---------

if line.find("07-")!1=-1:



#found SR one

print "SR-7 add "+line.split("-")[1]
sr7=sr7+int(line.split("-")[1],16)

print "SR-7 equals:"+str(sr7)+"\n---------------- \n"

if line.find("08-")!=-1:

#found SR one

print "SR-8 add "+line.split("-")[1]
sr8=sr8+int(line.split("-")[1],16)

print "SR-8 equals:"+str(sr8)+"\n---------------- \n

if line.find("09-")!=-1:

#found SR one

print "SR-9 add "+line.split("-")[1]
sr9=sr9+int(line.split("-")[1],16)

print "SR-9 equals:"+str(sr9)+"\n---------------- \n*

if line.find("10-")!=-1:

#found SR one

print "SR-10 add "+line.split("-")[1]
sr10=sr10+int(line.split("-")[1],16)

print "SR-10 equals:"+str(sr10)+"\n---------------- \n"

if line.find("11-")!1=-1:

#found SR one

print "SR-11 add "+line.split("-")[1]
srll=sr11+int(line.split("-")[1],16)

print "SR-11 equals:"+str(sr11)+"\n---------------- \n*

if line.find("12-")!=-1:

#found SR one

print "SR-12 add "+line.split("-")[1]
sr12=sr12+int(line.split("-")[1],16)

print "SR-12 equals:"+str(sr12)+"\n---------------- \n"

if line.find("13-")!=-1:

#found SR one

print "SR-13 add "+line.split("-")[1]
sr13=sr13+int(line.split("-")[1],16)

print "SR-13 equals:"+str(sr13)+"\n---------------- \n"

if line.find("14-")!=-1:

#found SR one

print "SR-14 add "+line.split("-")[1]
srl4=sr14+int(line.split("-")[1],16)

print "SR-14 equals:"+str(sr14)+"\n---------------- \n"

if line.find("15-")!1=-1:

#found SR one
print "SR-15 add "+line.split("-")[1]
sr15=sr15+int(line.split("-")[1],16)
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print "SR-15 equals:"+str(sr15)+"\n---------------- \n"
if line.find("16-")!=-1:

#found SR one

print "SR-16 add "+line.split("-")[1]

sr16=sr16+int(line.split("-")[1],16)

print "SR-16 equals:"+str(sr16)+"\n---------------- \n
if line.find("17-")!1=-1:

#found SR one

print "SR-17 add "+line.split("-")[1]

sr17=sr17+int(line.split("-")[1],16)

print "SR-17 equals:"+str(sr17)+"\n---------------- \n*"
if line.find("18-")!=-1:

#found SR one

print "SR-18 add "+line.split("-")[1]

sr18=sr18+int(line.split("-")[1],16)

print "SR-18 equals:"+str(sr18)+"\n---------------- \n"
if line.find("19-")!1=-1:

#found SR one

print "SR-19 add "+line.split("-")[1]

sr19=sr19+int(line.split("-")[1],16)

print "SR-19 equals:"+str(sr19)+"\n---------------- \n*
if line.find("20-")!=-1:

#found SR one

print "SR-20 add "+line.split("-")[1]

sr20=sr20+int(line.split("-")[1],16)

print "SR-20 equals:"+str(sr20)+"\n---------------- \n*
if line.find("21-")!1=-1:

#found SR one

print "SR-21 add "+line.split("-")[1]

sr21=sr21+int(line.split("-")[1],16)

print "SR-21 equals:"+str(sr21)+"\n----------=----- \n"
if line.find("22-")!=-1:

#found SR one

print "SR-22 add "+line.split("-")[1]

sr22=sr22+int(line.split("-")[1],16)

print "SR-22 equals:"+str(sr22)+"\n---------------- \n"
if line.find("23-")!=-1:

#found SR one

print "SR-23 add "+line.split("-")[1]

sr23=sr23+int(line.split("-")[1],16)

print "SR-23 equals:"+str(sr23)+"\n---------------- \n*"
if line.find("24-")!1=-1:

#found SR one
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print "SR-24 add "+line.split("-")[1]
sr24=sr24+int(line.split("-")[1],16)
print "SR-24 equals:"+str(sr24)+"\n---------------- \n"
if line.find("25-")!1=-1:
#found SR one
print "SR-25 add "+line.split("-")[1]
sr25=sr25+int(line.split("-")[1],16)
print "SR-25 equals:"+str(sr25)+"\n---------------- \n"
if line.find("26-")!1=-1:
#found SR one
print "SR-26 add "+line.split("-")[1]
sr26=sr26+int(line.split("-")[1],16)
print "SR-26 equals:"+str(sr26)+"\n---------------- \n"
if line.find("27-")!1=-1:
#found SR one
print "SR-27 add "+line.split("-")[1]
sr27=sr27+int(line.split("-")[1],16)
print "SR-27 equals:"+str(sr27)+"\n---------------- \n*"
if line.find("28-")!=-1:
#found SR one
print "SR-28 add "+line.split("-")[1]
sr28=sr28+int(line.split("-")[1],16)
print "SR-28 equals:"+str(sr28)+"\n---------------- \n*

CheckSEUData.java

The following Java program, authored by Daniel Rauch for use specifically with this
experiment, analyses the raw data to determine the validity of each shift register’s results. It was
used on a number of occasions to identify false error counts and inoperable shift registers.

import java.util.*;

import java.io.*;

/I Daniel Rauch - February 2nd 2015
/I Checks for validity in SEU data given a file and a chain #
/I Reports maximum SEU count in one cycle as well as longest zero-streak

/I Max SEU count should be less than 15. Longest zero streak should be less than 10 for non-hardened chains
public class CheckSEUData {
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public static void main(String[] args)
throws FileNotFoundException {
/I TODO Auto-generated method stub
if(args.length 1= 1) {
System.out.printIn("Error: Needs one argument, chain #");

return;

int chain = Integer.parselnt(args[0]);

File dir = new File("C:\\Users\\DanielR\\Desktop\\Independent Study\\Temp Test Data");
File[] files = dir.listFiles();
for(int i = 0; i < files.length; ++i) {

File currFile = files[i];

String currFileName = currFile.getName();

int nameLength = currFileName.length();

if(currFileName.substring(nameLength-4).equals(".txt")) {

processFile(currFile, chain);

public static void processFile(File file, int chain)
throws FileNotFoundException {
Scanner fileReader = new Scanner(file);

fileReader.nextLine();

System.out.println(*Checking chain " + chain + " in file " + file.getName());

int cycleCount = 0;

int SEUCount = 0;

int chainMax = 0;

int currCycle = 0;

int zeroStreakCount = 0;

int zeroStreakCountMax = 0;

while(fileReader.hasNextLine()) {
String line = fileReader.nextLine();

if(line.length() < 4) continue;

int lineChain = Integer.parselInt(line.substring(0, 2));

71



if(lineChain == chain) {
cycleCount++;
currCycle = Integer.parselnt(line.substring(3), 16);
SEUCount += currCycle;

chainMax = Math.max(chainMax, currCycle);

if(currCycle == 0) {
zeroStreakCount++;
} else if(zeroStreakCount > 0) {
/I Zero streak count has ended
zeroStreakCountMax = Math.max(zeroStreakCount, zeroStreakCountMax);

zeroStreakCount = 0;

System.out.print("Max: " + chainMax);
System.out.print(". Max Zero Streak: " + zeroStreakCountMax);

System.out.printIin(". Avg: " + ((double)SEUCount)/cycleCount);
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