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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 
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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 II 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 III 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. 
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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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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 III. The flux of 

alpha particles in geosynchronous Earth orbit (GEO), and consequentially the frequency at which 

they strike orbiting spacecraft, is shown in Fig. 2 [9].   

 
Fig 1. The high flux of low energy particles indicate their frequent occurrences relative to 

high energy particles [8]. 
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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]. 

 
Fig 2. Low LET particles, like the alpha particles used in this work, are more common in GEO 

that higher LET particles [9]. 
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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] 

μP ∝ T
-2.4

;   μN ∝ T
-2.2

         (1) 

 
Fig 3. A diagram of the charge collection mechanisms caused by a single event strike [10]. 
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where μN and μP 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 IDS vs VGS 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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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
2
/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. 

 
Fig. 4.  Ids vs Vgs curves for a PMOSFET using the PTM 22nm models as a 

function of temperature. 
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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
2
/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.  At room  

 
Fig. 5. Lower drive currents at high temperatures result in the ability to generate a 

propagating single-event transient pulse. 



 

 

10 

 

 

 

 
Fig. 6.  The single-event transient current for a simulated strike of 0.58 MeV-cm

2
/mg only exceeds the 

PMOSFET drive strength for the high temperature case, resulting in an upset. 

 
Fig. 7. The voltage perturbations resulting from the simulated 0.58 MeV-cm

2
/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. 

 

 
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. 

 

 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.  

 
 

Fi.g 9. Average SET width measurements as a function of temperature for 

the separate well and same well 1000-inverter chain target circuits. 
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CHAPTER III   

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.

Experimental Setup 

Alpha particle tests were conducted using a 10 μCi Americium-241 source. The alpha 

source was 1.2 cm
2
 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
2
/sec with a 

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

 
Fig. 10. CREST block design with all sub-circuits. [14] 	
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overlayers, the particle LET will be less than 1 MeV-cm
2
/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. 

 

 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.  

 
 

Fig. 11. The intensity map for the 10 μC Am source used in the tests. 
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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. 

 

 
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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 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.  

 

 

 
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. 
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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: 

𝐶𝑟𝑜𝑠𝑠 𝑆𝑒𝑐𝑡𝑖𝑜𝑛 =  
# 𝑜𝑓 𝐸𝑟𝑟𝑜𝑟𝑠

# 𝑜𝑓 𝐹𝐹 × 𝐹𝑙𝑢𝑥 × 𝑇𝑖𝑚𝑒
 

 As discussed previously, the 10 μC 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
2
/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. 

𝐸𝑟𝑟𝑜𝑟 =  ±√
∑ ∑ 𝑦𝑖𝑠

2𝑛
𝑖=1

𝑚
𝑠=1

(𝑛𝑦−1)(𝑛𝑦)
    (3) 

 

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.

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 
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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

 

 
Fig. 15. Cross-section as a function of temperature for a soft FF design on IC #1. 

 
Fig. 16. Cross-section as a function of temperature for a rad-hard FF design on IC #1. 
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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. 

 
Fig. 17. Cross-section as a function of temperature for a soft FF design on IC #2. 

 
Fig. 18. Cross-section as a function of temperature for a rad-hard FF design on IC #2. 
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 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. 

 
Fig. 19. Cross-section as a function of temperature for a soft FF design on IC #3. 

 
Fig. 20. Cross-section as a function of temperature for a rad-hard FF design on IC #3. 
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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. 

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

 
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 II 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 II 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 

 

 

 

 
Fig. 24. Cross-section across temperature for FF design #1 on test IC #1 

 
Fig. 25. Cross-section across temperature for FF design #2 on test IC #1 

 
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 IC #1 

 
Fig. 28. Cross-section across temperature for FF design #5 on test IC #1 

 
Fig. 29. Cross-section across temperature for FF design #6 on test IC #1 
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Fig. 30. Cross-section across temperature for FF design #7 on test IC #1 

 
Fig. 31. Cross-section across temperature for FF design #8 on test IC #1 

 
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 

 
Fig. 34. Cross-section across temperature for FF design #11 on test IC #1 

 
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 

 
Fig. 37. Cross-section across temperature for FF design #14 on test IC #1 

 
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 

 
Fig. 40. Cross-section across temperature for FF design #17 on test IC #1 

 
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 

 
Fig. 43. Cross-section across temperature for FF design #20 on test IC #1 

 
Fig. 44. Cross-section across temperature for FF design #21 on test IC #1 



 

 

35 

 

 

 

 

 
Fig. 45. Cross-section across temperature for FF design #22 on test IC #1 

 
Fig. 46. Cross-section across temperature for FF design #23 on test IC #1 

 
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 

 
Fig. 49. Cross-section across temperature for FF design #26 on test IC #1 

 
Fig. 50. Cross-section across temperature for FF design #27 on test IC #1 
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Test IC #2 

 

 

 
Fig. 51. Cross-section across temperature for FF design #28 on test IC #1 

 
Fig. 52. Cross-section across temperature for FF design #1 on test IC #2 

 
Fig. 53. Cross-section across temperature for FF design #2 on test IC #2 
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Fig. 54. Cross-section across temperature for FF design #3 on test IC #2 

 
Fig. 55. Cross-section across temperature for FF design #4 on test IC #2 

 
Fig. 56. Cross-section across temperature for FF design #5 on test IC #2 
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Fig. 57. Cross-section across temperature for FF design #6 on test IC #2 

 
Fig. 58. Cross-section across temperature for FF design #7 on test IC #2 

 
Fig. 59. Cross-section across temperature for FF design #8 on test IC #2 
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Fig. 60. Cross-section across temperature for FF design #9 on test IC #2 

 
Fig. 61. Cross-section across temperature for FF design #10 on test IC #2 

 
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 

 
Fig. 64. Cross-section across temperature for FF design #13 on test IC #2 

 
Fig. 65. Cross-section across temperature for FF design #14 on test IC #2 
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Fig. 66. Cross-section across temperature for FF design #15 on test IC #2 

 
Fig. 67. Cross-section across temperature for FF design #16 on test IC #2 

 
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 

 
Fig. 70. Cross-section across temperature for FF design #19 on test IC #2 

 
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 

 
Fig. 73. Cross-section across temperature for FF design #22 on test IC #2 

 
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 

 
Fig. 76. Cross-section across temperature for FF design #25 on test IC #2 

 
Fig. 77. Cross-section across temperature for FF design #26 on test IC #2 
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Test IC #3 

 

 
Fig. 78. Cross-section across temperature for FF design #27 on test IC #2 

 
Fig. 79. Cross-section across temperature for FF design #28 on test IC #2 

 
Fig. 80. Cross-section across temperature for FF design #1 on test IC #3 
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Fig. 81. Cross-section across temperature for FF design #2 on test IC #3 

 
Fig. 82. Cross-section across temperature for FF design #3 on test IC #3 

 
Fig. 83. Cross-section across temperature for FF design #4 on test IC #3 
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Fig. 84. Cross-section across temperature for FF design #5 on test IC #3 

 
Fig. 85. Cross-section across temperature for FF design #6 on test IC #3 

 
Fig. 86. Cross-section across temperature for FF design #7 on test IC #3 
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Fig. 87. Cross-section across temperature for FF design #8 on test IC #3 

 
Fig. 88. Cross-section across temperature for FF design #9 on test IC #3 

 
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 

 
Fig. 91. Cross-section across temperature for FF design #12 on test IC #3 

 
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 

 
Fig. 94. Cross-section across temperature for FF design #15 on test IC #3 

 
Fig. 95. Cross-section across temperature for FF design #16 on test IC #3 
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Fig. 96. Cross-section across temperature for FF design #17 on test IC #3 

 
Fig. 97. Cross-section across temperature for FF design #18 on test IC #3 

 
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 

 
Fig. 100. Cross-section across temperature for FF design #21 on test IC #3 

 
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 

 
Fig. 103. Cross-section across temperature for FF design #24 on test IC #3 

 
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 

 
Fig. 106. Cross-section across temperature for FF design #27 on test IC #3 

 
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 
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Table II. Cross-section data for IC#1 at 50 °C 

 

Table III. Cross-section data for IC#1 at75 °C 
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Table IV. Cross-section data for IC#1 at 108 °C 

 

Table V. Cross-section data for IC#1 at 135 °C 
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Test IC #2 

 

Table VI. Cross-section data for IC#2 at 25 °C 
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Table VII. Cross-section data for IC#2 at 60 °C 

 

Table VIII. Cross-section data for IC#2 at 74 °C 
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Table IX. Cross-section data for IC#2 at 96 °C 

 

Table X. Cross-section data for IC#2 at 125 °C 
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Test IC #3 

 

 

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

 

Table XII. Cross-section data for IC#3 at 57 °C 
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Table XIII. Cross-section data for IC#3 at 80 °C 

 

Table XIV. Cross-section data for IC#3 at 100 °C 
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Table XV. Cross-section data for IC#3 at 125 °C 
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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. 

 

 

 

 

 

 

 

 
Fig 24. Typical error count data for all 28 shift registers from one polling 

instance. All outputted data was read and logged through Putty. 



 

 

66 

 

D. Python Data Processing Scripts 

lsb_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 lsb)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] 

  sr1=sr1+int(line.split("-")[1],16) 

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

 if line.find("04-")!=-1: 

  #found SR one 

  print "SR-4 add "+line.split("-")[1] 

  sr4=sr4+int(line.split("-")[1],16) 

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

 if line.find("06-")!=-1: 

  #found SR one 

  print "SR-6 add "+line.split("-")[1] 

  sr6=sr6+int(line.split("-")[1],16) 

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

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

  #found SR one 

  print "SR-11 add "+line.split("-")[1] 

  sr11=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] 

  sr14=sr14+int(line.split("-")[1],16) 

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

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

  #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: 

  #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: 

  #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: 

  #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: 

  #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: 

  #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: 

  #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.*; 

 

// Daniel Rauch - February 2nd 2015 

// Checks for validity in SEU data given a file and a chain # 

// Reports maximum SEU count in one cycle as well as longest zero-streak 

// 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 { 

  // TODO Auto-generated method stub 

  if(args.length != 1) { 

   System.out.println("Error: Needs one argument, chain #"); 

   return; 

  } 

 

  int chain = Integer.parseInt(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.parseInt(line.substring(0, 2)); 
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   if(lineChain == chain) { 

    cycleCount++; 

    currCycle = Integer.parseInt(line.substring(3), 16); 

    SEUCount += currCycle; 

    chainMax = Math.max(chainMax, currCycle); 

     

    if(currCycle == 0) { 

     zeroStreakCount++; 

    } else if(zeroStreakCount > 0) { 

     // 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.println(". Avg: " + ((double)SEUCount)/cycleCount); 

 } 

 

} 
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