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1 Introduction 

A common feature across the majority of electronic systems is the ability to retain, retrieve, 

and act upon stored information. With ever-increasing computational demands across all types of 

applications, computers must be capable of performing these functions with stored information 

quickly and efficiently. Data storage can be accomplished through many methods, chosen 

depending on system requirements for volume of storage and speed of access. Static Random-

Access Memory (SRAM) arrays are a primary method of storage, primarily valued for their high 

area density, high-speed read/write operations, and stability over longer retention periods. Memory 

demands in modern electronic systems often lead to SRAM arrays comprising >70% of die area 

on Application-Specific Integrated Circuits (ASICs) [1].  

The prevalence of SRAM arrays results in their use in a wide variety of environments and 

conditions, where the SRAM arrays may be exposed to incident radiation in the form of photons 

or energetic particles. This radiation can lead to short-term and long-term effects, termed Radiation 

Effects, that hinder the normal operation of these devices. A primary radiation effect of interest –  

especially at advanced technology generations – is Single-Event Upsets (SEU), also called soft 

errors. Vulnerability to these phenomena varies with the application environment; they are often 

the most common and consequential in space and particle accelerator environments, but the 

prevalence of SRAM arrays in the majority of systems also results in these effects being a concern 

for terrestrial applications [2]. SEUs are caused by a single particle inducing voltage perturbations 

in storage cells, resulting in the corruption of stored data. The effects of such data corruption may 

be harmless, but for certain safety-critical systems, may be catastrophic. Corrupted data can be 

detected and corrected with Error-Correcting Codes (ECC) and other specialized circuits, but 
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attempts to mitigate SEU can be costly in design complexity and performance. Therefore, optimal 

implementation of these measures must be found by understanding risks and vulnerabilities. With 

SRAM cells comprising such a large portion of state-of-the-art ASIC designs, SRAM single event 

(SE) reliability may be a major factor determining the overall SE response of ASICs and entire 

electronic systems.  

Advances in semiconductor device fabrication and integration processes allow for technology 

scaling; new technology generations or technology nodes are developed, offering improvements 

in performance over the previous generations. Improvements often take the form of decreasing 

feature sizes, increased speed, and reduced power consumption. These improvements are achieved 

by changing various process parameters, including doping densities, insulator thicknesses, metal 

layer widths, etc., and are enabled by improvements in fabrication technologies. Though these 

changes are often chosen to be favorable for device performance and efficiency, these process 

changes can have unpredictable consequences for radiation effects on vulnerability at any given 

technology generation. For example, favorable decreases in capacitance may increase the 

frequency at which circuits may operate, but may increase the vulnerability to SEUs from new 

types of particles, such as low-energy protons [3],[4],[5] and muons [6],[7],[8] in recent technology 

nodes. SRAM arrays at each technology generation are specifically designed to maximize cell 

density and access speeds. With scaling, the overall storage capacity of the SRAM arrays increases 

within the same die area, leading to favorable increases in performance. In addition to reducing 

cell area, reductions in nodal capacitances and transistor currents lead to a decrease in critical 

charge (Qcrit) [2],[9] required for an upset. With scaling, disproportionate changes in collected 

charge (Qcoll) after an ion hit and the Qcrit lead to increased vulnerability to single-event upsets 
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(SEU) [10],[11]. Additionally, increasing numbers of circuits in modern systems, increasing 

system complexity, and increasing use of electronic systems in safety-critical applications all 

contribute to increased concern for SEU vulnerability in advanced systems. 

Conventional Moore’s Law scaling of planar technologies has been hindered in recent years 

by physical limitations such as short-channel effects and high leakage currents. Direct feature size 

scaling was no longer feasible, and performance gains had to be achieved through creative 

engineering of transistor structures. Recent technology generations have employed 3-dimensional 

fin structures, known as FinFETs, to increase effective transistor widths and drive currents while 

reducing the die area required for each transistor. Historically, process scaling has led to a decrease 

in SEU cross-section values for SRAM cells for all types of particles [12]. When transistor 

structure evolved from planar to FinFET technologies, the reduction in transistor footprint resulted 

in a sharp decline in SEU vulnerability [13],[14],[15],[16],[17],[18]. This trend with scaling 

continued with early FinFET nodes [10]. However, further scaling recent technology generations 

has led to a significant departure from these expectations [11],[19],[20], where some advanced 

technology nodes have increasing per-bit SEU cross-sections.  

As technology continues to scale, SEU vulnerabilities should be studied for SRAM arrays to 

continue understanding how these vulnerabilities evolve. Reductions in Qcrit, changes in physical 

structures, and increasing transistor densities with scaling may result in an evolution of many 

trends that are different from those observed in previous technology generations. With increased 

scaling, these results also become more important when determining system-level vulnerability. 

As scaling allows for larger SRAM arrays to be used on a given integrated circuit (IC), changes in 

SEU vulnerability for a single SRAM cell will have a large effect on the system-level error rates 
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due to the increasing number of cells used in modern systems [9]. An understanding of 

vulnerabilities is needed to mitigate system-level failures and to predict vulnerabilities in future 

technology generations. With SRAM arrays in use in so many applications, it is important to 

consider this vulnerability considering a range of environments, including various operating 

temperatures, supply voltages, and radiation environments. The effects of these various 

parameters, as well as different designs in SRAM cells, should be considered to effectively 

understand SEU vulnerability and provide insight into the risk factors and mechanisms behind any 

changing vulnerabilities. While control over these parameters of environment and operating 

conditions for these circuits is the best way to understand the device response, understanding of 

the mechanisms can be further elucidated with the use of device simulations. This work leverages 

simulations conducted using technology computer-aided design (TCAD) tools to better observe 

how these changing parameters with scaling contribute to changes in SEU vulnerability. 

Furthermore, since SRAM cells are the smallest and most vulnerable memory cells at a given 

technology node, understanding SRAM vulnerability factors can help to predict the behavior of 

other cell types, such as flip-flop (FF) cells, in future technology generations. 

1.1 Primary Contributions 

There are three primary contributions discussed in this dissertation.  

1.1.1 Effects of Operating Parameters on SEU Vulnerability in Advanced FinFET Technologies 

The applications and environments for electronic systems can vary widely. Operating 

environments and design constraints can impose certain operating parameters on electronic 

systems. Such parameters include the supply voltage, the characteristics and flux of incident 

particles, and the operating temperature of the transistors in an electronic system. Each of these 
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factors will strongly influence the SEU vulnerability of storage cells. Chapter 3 discusses each of 

these factors and shows their effects on SEU vulnerability in advanced FinFET SRAM cells. The 

effects of supply voltage and particle LET values remain similar to previous work at older planar 

technologies. However, increasing operating temperature is shown to have beneficial effects in 

reducing SEU vulnerability of SRAM in advanced FinFET technologies, which is a significant 

departure from results in previous studies of planar technologies and earlier FinFET technology 

nodes.  

1.1.2 Effects of Multiple-Fin Charge Collection on SEU Vulnerability 

Memory cells, as with all other circuits, are designed to meet system requirements. On top 

of the basic latch structure for storing data, designers may add additional circuit elements or change 

the sizes of transistors to add to or improve the functionality of memory cells. For example, 

designers may increase transistor sizes to increase drive current capacity and improve operating 

speeds. In SRAM cells, a common method for increasing memory access rates is to access multiple 

memory locations simultaneously through additional bit lines. Having such capabilities requires 

additional circuit elements within the storage cell, increasing cell sizes and increasing the number 

of transistor fins in FinFET technologies. Chapter 4 shows that such design changes may have 

mixed tradeoffs for SEU vulnerability, as increasing the number of transistors and fins associated 

with a storage node results in significant increases in SEU vulnerability for dual-port SRAM cells. 

As capacitance values are reduced to small values in FinFET technologies and increasing 

integration densities lead to decreased spacing between adjacent transistors, charge collection by 

multiple fins is an increasingly important factor in affecting SEU vulnerability.  
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1.1.3 Effects of Electrically Asymmetric Storage Cells on SEU Vulnerability 

Basic latch cells often have two storage nodes that reinforce the logical state of the other 

in a stable state. In a very basic cell, each of these storage nodes can have the same electrical 

characteristics (capacitance, transistor drive current, etc.) as the opposite node. However, designers 

must often include additional circuit elements, change transistor size, or have different capacitive 

loads on each node, which can form an electrical asymmetry. It may require significant additional 

effort or tradeoffs to ensure symmetry in storage cells, and it may not always be feasible to do so 

for power, performance, and area considerations. As a result, most storage cell designs have some 

degree of asymmetry. The effects of electrical asymmetry on SEU vulnerability have not been 

thoroughly explored. As technologies scale to allow for smaller storage cells with reduced 

capacitance values, the effects of asymmetry (intentional or unintentional) appear to have an 

increased effect on SEU vulnerability. In Chapter 5, electrical asymmetry is shown to create 

preferred states for SRAM cells. Preferred states for storage cells result in significant differences 

in SEU vulnerability depending on the storage state of the SRAM cells.  

1.2 Dissertation Organization 

This dissertation is organized as follows: 

Section 1 is a discussion of the motivation behind this work, a brief discussion of the 

radiation effects of interest, and relevant trends in these radiation effects with scaling. Section 2 

provides a further description of these radiation effects, including mechanisms and relevant 

previous research. Section 3 discusses the effects of the operating environment and designer-

defined operating parameters on SEU vulnerability for SRAM cells/arrays. Section 4 discusses the 

increasing effects of multiple-fin charge collection on Qcrit and Qcoll at advanced technologies. 
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Section 5 discusses the effects of asymmetry (intentional or unintentional), which may negatively 

impact the SEU vulnerability of SRAM arrays. Section 6 contains a summary of this work and 

conclusions.  
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2 Background 

2.1 SRAM Cell Types 

The most basic SRAM cell design consists of 6 transistors, as shown in Figure 1. This is also 

referred to as a “6T” cell or a single-port (SP) cell. Though other SRAM cell types have distinct 

differences in design and functionality, the principles for cell operation remain similar to those of 

the 6T cell. The bit is stored on nodes A and B, which are connected by inverters that reinforce 

stable voltage potentials on each of these nodes. In a stable state, one of the storage nodes is logical 

HIGH at the supply voltage (VDD) and the other is logical LOW at 0-V. The voltage on each storage 

node drives a feedback inverter to control the opposite node, forming a feedback loop in the cell. 

One stable state is interpreted as a logic 1 (when A is HIGH, B is LOW, for example), and the other 

is interpreted as a logic 0 (A is LOW, B is HIGH, for example). The feedback loop ensures that the 

logic state is retained in the cell as long as a voltage is supplied to the cell. This feedback-induced 

stability is retained until a significant external disturbance overcomes this feedback. Such 

disturbances may be intentional, in the case of overwriting the cell stored logic state as part of the 

normal computer operation. This may also be unintentional, in the case of incident ions causing 

significant voltage perturbations on storage nodes and causing SEUs.  

A memory cell would function in theory with just the above-mentioned inverters, but 

functional storage cells require avenues for accessing the stored information for reading and 

writing. These access operations are necessary for the stored information to be used and processed 

by other components in an electronic system. Access to the cell for these purposes is achieved 

using access transistors (connecting the storage cell with bit-lines BL1 and _BL1 in Figure 1). The 

transistors allow access to the cell when peripheral circuits drive the word line (WL) at the SRAM 
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cell’s address to VDD. The ON access transistors then form a connection between the storage nodes 

A and B with bit-lines: bit-line (BL) and NOT bit-line (_BL). Write operations are then performed 

by peripheral circuits driving BL and _BL to force new voltage potentials on storage nodes A and 

B. The bitline voltages are driven to overcome the existing stable state stored in the cell. Read 

operations are performed similarly to write operations, but instead of driving the bitline voltages 

HIGH or LOW, the peripheral circuits allow BL and _BL voltage potentials to be influenced by 

the storage nodes’ potentials within the SRAM cell. The inverters in the SRAM cell pull BL and 

_BL to VDD or 0 V, and peripheral circuits can interpret the changes in BL and _BL voltages to 

observe the cell contents.  

 

 

Figure 1: Basic 6-transistor SRAM cell. This SRAM cell has two storage nodes, with a PMOS 

pull-up transistor and a pull-down NMOS transistor on each node. Each node also has an 

additional NMOS access transistor for read and write operations. 
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This basic SRAM cell design is not always sufficient or optimal for all types of systems, 

however.  The SP cell discussed above provides the highest density and the most basic functionality 

of the cell types. Depending on the system requirements for power consumption, cell density, and 

performance, additional functionality or capabilities may be needed. SRAM arrays may be used in 

close proximity to processing paths, such as in cache memories for computer processing units, 

where SRAM array performance is the most valued characteristic. SRAM cells may have other 

functions entirely, such as in content-addressable memories, where locations must be accessed 

based on the stored data rather than the provided address. With these additional requirements for 

speed and functionality, it is, in some cases, necessary for SRAM cells to include additional 

transistors to provide the necessary benefits in operation. 

In processing units, cache memories are implemented with smaller SRAM arrays to 

provide faster access to frequently used information. In such applications, multiple processing 

cores may frequently access different addresses but use the same cache memory. Rather than 

requiring one processing unit to stall and wait for the other’s memory access to complete, SRAM 

cells are used with multiple ports. The most common multiple-port designs are dual-port (DP) and 

two-port (TP) cells. These cell types offer additional access transistors to connect the storage nodes 

of the cells to additional bit-lines through secondary word-line control signals. This allows for two 

different memory locations to be accessed in the array at the same time, with each WL/BL 

combination being independently operated, which greatly increases the amount of data that can be 

accessed in such configurations. These additional circuit elements do come with tradeoffs at the 

system level, with these additional circuit elements primarily impacting cell sizes and design 

complexity.  
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Cache memories also pose other challenges at a system level, which require SRAM designs 

with different functionality. Operating a cache memory requires a processor to keep a record of 

what data state is stored in the cache, where specific data may be stored, and whether that stored 

data state is valid. Processors must first confirm the validity of stored data prior to accessing and 

using that data. The most common way to keep this record of stored data is to store the block 

addresses of cached data in an array, and processing units attempting to access a particular address 

must first determine if that address is in the list of cached blocks. To accomplish this, the cached 

block addresses are stored in content-addressable memory (CAM) arrays, a variation of SRAM 

arrays. As the name implies, the content stored in the array is the information used to perform or 

not perform a certain operation. In CAM arrays, instead of a processor accessing data from a 

known address, as is typical for SP and TP arrays, the processor provides a known data word to a 

CAM array. Therefore, the CAM array access is controlled by the content stored in the array and 

thus is content-addressable. Each CAM cell performs a logical comparison between stored data 

and the requested data. CAM cells detecting a mismatch between the stored and provided data at 

a certain bit position will pull a match-line (ML) to a low voltage. If all cells in a stored word in 

the CAM array match the provided data, the ML remains at VDD and indicates that the requested 

data are present in the array at this particular location. To perform these additional functions, 

additional circuit elements are added to the cells to perform the required logical comparisons. Each 

cell must be able to store data that can be read from and written to, which necessitates a basic 6T 

SRAM cell as a base cell. Comparison of stored data in each cell with incoming data is allowed 

through a second port. To differentiate between CAM operation and TP cell operation on a second 

port, the second port in CAM cells consists of a select line (SL, providing incoming data for 
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comparison) and match-line (ML, which is controlled through logical comparison between stored 

data and the SL), which can indicate when a match occurs at a given memory location.  

 

Figure 2. Additional SRAM cell designs, including (a) dual-port (DP), (b) two-port (TP), and 

(c) content-addressable memory (CAM) cell designs. 

Additional SRAM cell designs are shown in Figure 2, including dual-port (DP) (a), two-port 

(TP) (b), and a ternary CAM (TCAM) (c) cell. Each of these cell types has variations in cell designs 

to facilitate any additional functionality to improve system performance. These changes affect not 

only cell size and performance, but also vulnerability to radiation effects. Additional transistors on 
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a storage node can affect cell capacitance, leading to significant changes in critical charge for 

single-event upsets to occur. Experimental results for each of these are not only necessary to 

characterize the different cell types for vulnerability, but comparisons of vulnerabilities between 

cells with their design differences can provide insight into the source of vulnerabilities and how 

radiation effects may be mitigated through design changes.  

2.2 Single-Event Upset (SEU) Vulnerability 

In short, a single-event upset (SEU) is the corruption of stored information or an erroneous 

interpretation of an electrical signal caused by a single particle incident on an electronic device or 

system. The erroneous information may lead to a departure from the expected operation of the 

system and lead to unexpected results. Modern computing systems are often complex. An SEU 

may occur in a region of memory that is unused during the system lifetime, and the upset will be 

unobservable to have occurred. An SEU in a more critical operating path may potentially change 

the instructions being executed by the system, and unpredictable behavior may result. The effects 

of SEU can vary widely between these extremes, but potential consequences should be considered.  

The observation of single-event upsets was first reported in 1975 [21], where anomalous 

behavior was observed in satellites caused by galactic cosmic rays (GCRs). Single-event upsets 

are caused by charged particles incident on semiconducting regions of an electronic device. These 

charged particles may exist in ionized form in the operating environment (e.g. trapped protons, 

solar particles, galactic cosmic rays (GCRs) in the space environment, and alpha particles from 

radioactive impurities in packaging materials).  In these cases, these charged particles may cause 

SEUs through direct ionization. Charged particles may also result from interactions between other 

energetic particles and atoms (e.g. collisions between neutrons or protons and atomic nuclei near 
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the electronic device). In this case, an SEU is referred to as being caused through indirect 

ionization by the incident energetic particle [22].  

As ionized particles have a net positive charge, they interact with materials they pass through 

with Coulombic interactions. These interactions transfer much of the energy from the incident ion 

to charged particles within the material, exciting electrons from their more stable states around 

atoms in the material to higher-energy states. These electrons become carriers of negative charge, 

and the vacancy left behind by the electron acts as a positive charge-carrying ‘hole’. These 

electrons and holes have increased mobility to carry charge throughout the material. The excitation 

of these electrons to charge-carrying energies is often referred to as charge “deposition”, as it may 

appear that the incident ion has deposited a cloud of mobile charge carriers along its path through 

a material. The amount of charge deposited by an ion depends on many factors, including the 

physical characteristics of both the ion and target material, the initial energy of the ion when 

entering the device, and the distance the particle travels within the device. The amount of charge 

that is deposited over a given small distance along the path of the ion is called the particle’s linear 

energy transfer (LET). The LET of the particle changes depending on the particle itself, its current 

characteristics, and the target material. As the particle deposits charge, the particle loses energy, 

which increases the LET of the particle throughout its path in the device. Figure 3 [22] shows the 

instantaneous LET of a chlorine ion as a function of distance traveled in silicon. As the chlorine 

ion passes through the material and loses energy, the LET of a particle changes. The particle may 

lose all of its initial energy by traveling through a material of sufficient thickness, and the particle 

will have the highest LET immediately before coming to a complete stop in the device, denoted as 

the Bragg peak in Figure 3. 
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Figure 3. LET value of 210 MeV Chlorine ions traveling into Silicon [22] 

Following the ion strike, many excited electrons and holes are present in the path of the ion 

strike. These carriers instantly begin to recombine, reducing the number of free carriers in the time 

shortly following the ion strike. The carriers that have not yet been recombined are free to migrate 

throughout the semiconductor. The migration of electrons and holes throughout the device is often 

approximated as driven by two components: drift and diffusion.  

When a charge is deposited in the presence of an electric field (such as in the depletion 

region of a p-n diode), the electric field forces the movement of electrons and holes in opposite 

directions according to the electric field. This mechanism is termed drift charge collection as the 

particles drift under the force imposed by electric fields. Since the electric field exerts a Coulomb 

force on each carrier, this separation of charge occurs quickly, minimizing the time where positive 

and negative charges are in close proximity and thus minimizing the amount of recombination of 
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charge following the ion strike.  This also results in a relatively high instantaneous current observed 

across the electric field (or p-n junction) for a short time following the ion strike.  

In the absence of an electric field, diffusion transport mechanisms result in the movement 

of carriers from areas of high carrier concentration to areas of low carrier concentration. Without 

the external force of an electric field, diffusion transport occurs much more slowly than drift 

transport, allowing more time for charges to recombine in the particle’s path. However, diffusion 

mechanisms allow for the charge to migrate much longer distances through the semiconductor 

over longer periods than the drift mechanism.  

When particle strikes occur on or near transistors, the charge carriers may migrate to the 

source or drain diffusions, where the charge is “collected” by a circuit node. Drift and diffusion 

remain the primary mechanisms for charge movement into these circuit elements, so charge 

collection is often broken into “drift charge collection” and “diffusion charge collection”. This 

collected charge leads to perturbations of the voltage on these circuit nodes and may lead to single-

event upsets. Charge collection by both drift and diffusion mechanisms is dependent on a variety 

of factors, including many process parameters such as doping densities [23] and source/drain 

diffusion area, operating characteristics such as temperature [24], design decisions such as spacing 

between transistors [25],[26],[27],[28], and event-specific properties such as the particle LET 

value [29]. In addition to drift and diffusion, charge collection may also be enhanced through 

several other mechanisms, depending on process and device characteristics. Upon a direct particle 

strike on a p-n junction, drift charge collection may be greatly enhanced through the charge 

funneling effect [30], where the high density of free carriers left in an ion’s path may extend the 

electrostatic potential of the junction and greatly increase the volume over which drift charge 
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collection occurs. Figure 4 shows a representation of the charge deposition and subsequent drift 

and diffusion charge collection mechanisms for a p-n junction. The circuit node attached to the p+ 

diffusion would experience a change in voltage as charge is collected.  

 

Figure 4. Summary of charge generation and subsequent charge collection by a p-n junction 

following an ion strike. The SET current leads to voltage perturbations on the circuit node 

connected to the p+ diffusion [31].  

While charge collection by drift and diffusion mechanisms are the primary mechanisms for 

charge collection in most cases, the amount of charge collection can be greatly enhanced through 

other mechanisms. One such situation may occur when a large amount of charge is deposited in a 

confined region (e.g. a doped well region sufficiently far from a tap cell), the deposited charge can 

affect the local potential of that region. If this occurs in a well adjacent to transistors, this may 

decrease the potential barrier between the source of a transistor and the well region, leading to 

activation of a parasitic bipolar transistor between the source (acting as emitter), the well (or 

substrate, acting as the base), and the drain (acting as the collector). This phenomenon is referred 

to as a parasitic bipolar effect [32]. In these cases, the charge is injected from the source to the 
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drain of a transistor, potentially greatly increasing the total amount of collected charge following 

the ion strike and increasing SEU vulnerability for the struck storage node [33]. A large enough 

voltage perturbation may even lead to such an effect being initiated in adjacent storage cells 

sharing the same well region. Each of these effects may play a role in charge collection and may 

impact the probability that a single-event upset occurs.  

For a first-degree approximation, an SEU occurs when the amount of charge collected 

(Qcoll) by a storage cell or SRAM cell is greater than the Qcrit of the storage cell [29]. Many of the 

primary factors (but not all) affecting Qcoll have been expressed above. Qcrit is similarly dependent 

on many process parameters but also has a much greater dependence on circuit characteristics, 

including drive current, parasitic capacitance, and feedback mechanisms. However, feedback 

mechanisms in a circuit such as an SRAM cell are time-dependent, and Qcoll is also time-

dependent. Therefore, Qcrit for a particular circuit may vary largely, depending on the circuit 

characteristics in a given application environment and also the profile of the charge collection by 

the circuit node. One of the simplifying assumptions of the Qcrit approximation was that the 

duration of charge collection was small compared to the feedback time of a storage cell. While this 

approximation may have been valid for older planar technologies, decreased capacitance and 

increased drive currents in advanced technologies significantly decrease the response time of 

storage cells in advanced technologies. While the Qcrit approximation may remain useful in many 

applications for comparisons between designs and fabrication processes, temporal characteristics 

of single-event upsets should be also considered when characterizing a circuit response.  

The time-dependent phenomena are better accounted for when using the single-event 

transient (SET) and feedback delay components of an SEU occurrence. An SEU occurs when the 
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SET duration is greater than the feedback delay of a storage node. The feedback delay of a cell is 

primarily based on the circuit design and operating characteristics. Most storage cells, including 

SRAM cells, are based on feedback mechanisms to store information as a logical state. If an 

erroneous voltage was forced on a storage node, that signal would propagate through a feedback 

loop within the storage cell. It would eventually reinforce the erroneous logical state on the original 

storage node after some time. The feedback loop delay refers to the minimum amount of time that 

the original storage node must be forced to an erroneous voltage for the feedback mechanism to 

eventually reinforce that new voltage. This value becomes somewhat analogous to Qcrit from the 

previous approximation, which primarily focuses on circuit response, but with flexibility regarding 

the time-dependent characteristics of a circuit. Feedback loop delay is not constant for a circuit but 

can instead change with various operating characteristics (such as temperature) and design 

decisions (such as transistor threshold voltages). The Qcoll parameter from the previous 

approximation, on the other hand, is now encompassed by the features of the SET. The SET refers 

to the voltage perturbation on a storage node caused by an ion strike. The SET has both a magnitude 

and duration, depending on both the rate of charge collection. Rather than being only dependent 

on charge collection, both magnitude and duration or pulse-width (PW) of an SET are strongly 

dependent on circuit characteristics such as capacitance and drive currents. Design and operating 

parameters in this work will be discussed based on their effects on Qcrit, Qcoll, SET pulse width, 

and feedback-loop delay. 

SRAM cells are the smallest storage cells at a given technology node, with the lowest Qcrit 

values, and are expected to have the highest SEU vulnerability. Therefore, SRAM arrays have been 

previously studied [18],[24],[25],[33],[34],[35],[36] for a wide range of technology generations 
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and operating conditions. While SEU vulnerabilities across technology generations and conditions 

are complex, the primary mechanisms for SRAM cell upsets remain relatively straightforward. As 

shown in Figure 1, an SRAM cell is simply two storage nodes connected by inverters. The inverters 

create a feedback loop, allowing for each storage node to actively reinforce the voltage on its 

counterpart, creating a stable state where one node is at a LOW (driven by an ON-nMOS, pMOS 

is OFF) voltage and the other is at a HIGH (driven by an ON-pMOS, nMOS is OFF) voltage.  

When a particle strikes near a storage node, that node may collect charge carriers, most notably 

through the drain diffusion of the OFF transistor. As mentioned previously, these charge carriers 

may be collected through a variety of mechanisms. These charges will cause a transient change in 

the potential of the storage node, an SET, whose specific characteristics will be dependent on the 

time profile of charge collection. The restoring transistor (the ON transistor connected to that 

storage node) will provide current to attempt to restore the original nodal voltage. If the magnitude 

of the SET is large enough, the feedback mechanism may begin to propagate the voltage 

perturbation to the other storage node through the connected inverter. Whether or not an upset 

occurs is the competition between whether the feedback propagates quickly enough to reinforce 

the erroneous state, or whether restoring currents can return the storage node to the original 

voltage.  

The characteristics of Qcrit, Qcoll, SET pulse magnitude and width, and feedback-loop delay 

depend on a number of factors. Fabrication process parameters will affect charge collection and 

circuit characteristics through changes in transistor structures [18],[37], transistor characteristics, 

and feature sizes. Within a given technology node, changing operating parameters such as supply 

voltage [38],[39], incident particle LET values, and operating temperatures [40],[41] can affect 
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SET characteristics, circuit response, and the probability of an SEU occurring. Different storage 

cell designs may lead to changes in the number of sensitive transistor regions collecting charge 

following an ion strike, different numbers of feedback transistors within a storage cell, and 

different storage nodal capacitance values. Such changes in design characteristics will also affect 

SET pulse widths, feedback-loop delays, and subsequently SEU vulnerability. Even for a given 

storage cell design, variations in a fabrication process will result in a range of characteristics across 

different transistors on the same IC [42],[43],[44]. As a result, storage cells with the same 

schematic design and layout may have a similarly large range of characteristics, resulting in a range 

of Qcrit values [45],[46], with some cells being significantly more or less vulnerable to SEU than 

the average cell. A similar study repeated at the 5-nm FinFET node showed that such process 

variations result in only small changes in Qcrit, which do not result in noticeable changes in SEU 

vulnerability, even for alpha particle and low-energy proton exposures [47].  

2.3 Multicell Upset (MCU) Vulnerability 

SRAM cells are generally densely packed due to area and speed constraints and have very 

low Qcrit values [9],[48],[49],[50],[51]. These factors often result in SRAM arrays experiencing 

high single-event upset (SEU) vulnerability and being a large factor in the overall single-event 

performance of application-specific integrated circuits (ASICs) and electronic systems. Another 

effect of SRAM cell density is that the increased proximity of adjacent cells leads to an increased 

probability of multiple cells collecting charge from a single incident particle, potentially leading 

to multi-cell upsets (MCU). In advanced technology generations, MCUs are expected to be a 

growing concern and a primary factor in overall SEU vulnerability [52],[53]. Experiments have 

already shown that MCUs account for a majority of SEU events for some technologies [54],[55]. 
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MCUs are an important factor in SRAM vulnerability because they require additional design 

changes and mitigation methods to correct for SEUs occurring in multiple cells at the same time. 

MCUs can be a valuable source of information regarding SEU mechanisms. MCU sizes 

can indicate the range over which charge can migrate and be collected by circuit nodes. The 

number of cells which upset in a given area can also indicate whether cells are experiencing upset 

reversal or are reverting to a preferred state. Since MCUs inherently affect more storage cells than 

the one directly struck by the particle, MCU analysis focuses primarily on diffusion charge 

collection and its relationship with the storage cell Qcrit and recovery response.  

Experiments have shown significant charge collection over ranges of hundreds of 

nanometers [56],[57]. Figure 5 [58] shows TCAD simulations of well potential perturbations for 

particle strikes of various LET values for a generic 16-nm technology. For bulk Si-based 

technologies, the same underlying silicon material means the charge cloud generated by an incident 

ion is expected to be similar, irrespective of the technology node. Therefore, it is expected that 

FinFET technology nodes would exhibit similar characteristics and well perturbation ranges as 

shown in Figure 5. While scaling may change the transistor sizes, the area over which transistors 

collect charges due to charge-sharing remains similar across FinFET technology nodes due to the 

underlying silicon lattice structure remaining the same.  As a result, decreasing SRAM cell size 

can result in an increased MCU bit size due to more cells being within the influence of a given 

charge cloud [37].   With SRAM cell size changing from 0.074 µm2 at the 16-nm node, to 0.027 

µm2 at the 7-nm node, and to 0.021 µm2 at the 5-nm node, the number of cells collecting charge 

from a given incident particle is expected to have increased significantly.  
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Figure 5. Electrostatic potential perturbation ranges for various incident particle LET values 

for a generic 16-nm process [58] . 

 

2.4 Evolution of Radiation Effects Vulnerabilities with Scaling 

Improvements in fabrication technology allowed for continued scaling with planar 

architectures until the early 2010s. Technology scaling within planar technologies often resulted 

in improvements in per-bit SEU cross-sections [18],[36],[59],[60]. With technology scaling, 

SRAM cells decrease in size, resulting in decreasing critical charge values for each cell [37],[61]. 

However, reductions in drain diffusion area [60] and overall charge collection have often decreased 

at a similar or greater pace, resulting in a decrease in per-cell single-bit upset (SBU) cross-sections 

with scaling, on average. However, increasing cell density leads to a reduction in spacing between 

adjacent cells, while the area over which the excited charge from an ion strike can migrate remains 
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roughly unchanged with scaling. As a result, scaling resulted in an increasing probability that 

multiple adjacent cells could collect sufficient charge from an ion strike to experience upsets, 

causing a multicell upset (MCU) event. This relationship between decreasing cell sizes and charge 

deposition area is illustrated in Figure 6 [62]. For older technologies, a particle strike into a drain 

region or storage cell often resulted in minimal charge collection by other sensitive volumes. As 

devices and structures shrink with scaling, the sensitive volumes for causing an upset become 

much smaller than the region where charge is deposited, leading to more complicated charge 

collection modeling and greater charge collection by adjacent structures as storage cells and 

transistors become more densely packed.  

 

Figure 6. Representation of energy deposition in red compared to cell sizes (shaded region) 

[62]. 
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MCUs were observed to span over 1 micron in 32-nm planar SRAM [13], and MCU 

contributions to the overall event counts reached nearly 20% for dual-well designs and above 50% 

for triple-well designs [63].  

 

Figure 7. Illustration of a Planar FET (left) and a FinFET (right) [64]. 

As device scaling advanced, short-channel effects (SCEs) leading to reduced 

transconductance began to limit the leaps that could be made in device sizes with each new 

technology generation. To allow for continuing performance improvements while continuing to 

reduce circuit area, foundries transitioned to the use of 3-dimensional transistors commonly 

referred to as Fin Field-Effect Transistors (FinFETs). Figure 7 shows a planar FET (which has been 

the subject of the majority of discussions so far) and a FinFET. The primary benefit of a FinFET 

is that the gate wraps around the silicon fin structure, allowing a channel to form on the left, right, 

and top of the fin, greatly increasing the effective width of the Fin transistor over the planar 

transistor. With this new feature, the effective width of the channel can be much greater than the 

2-dimensional layout width of the transistor. The gate width is limited to the perimeter of the fin 

extending above the STI regions (STI regions are labeled as “Oxide” in Figure 7). The volume of 
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the fin below the gate, surrounded by STI, is referred to as the subfin region. A representation of 

the drain/source diffusion depths is shown by the dotted lines in Figure 7. While the planar 

diffusions are located directly in the bulk substrate regions, the drain/source diffusion junctions 

for FinFET structures are above the bulk and in the confined fin or subfin region.  These active 

regions have a much smaller connection to the substrate when compared to the typical diffusions 

located directly in the substrate of planar processes. As observed with scaling within planar 

technology generations, the radiation-effects vulnerabilities and characteristics (such as Qcrit, Qcoll, 

SET pulse widths, and feedback-loop delay) are strongly dependent upon process parameters, 

transistor operating characteristics, circuit design, and circuit layout. With such drastic changes in 

transistor structure with the evolution to FinFET technologies, vulnerabilities must be closely 

studied to assess vulnerability. 

 

Figure 8. Expected SER in the terrestrial environment across planar and an early FinFET 

technology generation. [13] 



27 

 

The evolution to FinFET technologies brought about further favorable trends in single-bit 

upset (SBU) vulnerability per cell, continuing the trend with scaling observed across planar 

technology generations. While planar technologies saw reductions of ~20% SBU cross-sections 

for high-energy proton/neutron exposures with scaling from 180nm to the 32nm nodes, as shown 

in Figure 8 [13], the 22nm FinFET structure brought a large 75% reduction from the 32nm planar 

technology generation. This was primarily attributed to a large reduction in charge collection 

efficiency from ion strikes, leading to much lower Qcoll [18]. The fin structure greatly narrows the 

area through which charge can migrate to sensitive drain regions from charge deposited in the 

substrate. TCAD simulations in other studies supported this conclusion, showing that the charge 

collected by a FinFET structure was consistently lower than that for a planar structure for similar 

operating conditions and ion strikes, as shown in Figure 9 [18].  

 

Figure 9. TCAD simulations for comparable planar and FinFET structures show reduced 

charge collection for FinFET SRAM cells compared to planar cells [18]. 
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Despite the significant reduction in charge collection, FinFET structures remained 

vulnerable even to particle strikes outside the fin structures and charge deposited in the substrate 

regions. TCAD simulations for bulk and SOI FinFET showed that silicon-on-insulator (SOI) 

devices still showed significant benefits from reductions in charge collection by reducing the bulk 

substrate volume [35],[65]. Despite decreasing per-bit SEU vulnerability, MCUs continue to show 

similar sizes as those in previous planar technologies, as shown in Figure 10 for planar and FinFET 

devices. FinFET and planar devices lie on similar curves, indicating that MCUs affecting particular 

areas have similar probabilities in planar and FinFET devices for similar particle exposures. The 

results shown in Figure 10 are the spans of the MCUs in micrometers. With more advanced 

technology nodes having smaller storage cells, this will result in the more advanced technologies 

having more cells likely to be upset in a given MCU, and placing greater requirements on ECC 

and interleaving.  

 

Figure 10. Probability of MCU of various sizes for both a planar technology and a FinFET 

technology [13]. 
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Within FinFET technologies, evolution in FinFET geometry and process parameters 

continued to result in decreasing per-bit SEU vulnerability with each technology generation 

through the 7-nm node. However, scaling to the 5-nm node increased SEU vulnerability, as shown 

in Figure 11 [20]. At each technology node, increases or decreases in vulnerability are dependent 

on the competing factors of charge collection and critical charge. Significant reductions in 

capacitance and critical charge without related reductions in collected charge through changes in 

fin geometry or other process parameters will result in increases in SEU vulnerability. With the 

increasing size and complexity of electronic systems, increasing per-bit SEU vulnerability will 

result in significant increases in system-level vulnerabilities. To inform future decisions for process 

node parameters, circuit designs, and system-level mitigation methods, the relevant factors for 

these vulnerabilities should be explored and understood.  

 

Figure 11.  SEU cross-sections for SRAM cells exposed to alpha-particles and terrestrial 

neutrons decrease through planar and FinFET technology scaling from the 40-nm node to 

the 7-nm node. Increasing SEU vulnerability is observed at the 5-nm node [20]. 
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2.5 Summary 

SRAM arrays are used extensively in modern electronic systems for data storage and cache 

memories, with SRAM cells occupying a majority of die area and having many cells to allow for 

quick access to large amounts of data. System requirements dictate SRAM array function and 

requirements; SRAM cells may feature additional transistors to improve functionality and 

capability at the expense of increased cell area and increased capacitance on storage nodes. SRAM 

cells are valued for high density (more data storage) and low capacitance (facilitating faster access 

speeds). SRAM cells, as well as other storage cell types, may include various design changes 

(including additional transistors or different transistor sizes) to allow for improved functionality 

or performance. Particle-based radiation can lead to the excitation of electron-hole pairs in 

semiconductor materials. These freed charge carriers can migrate to sensitive circuit nodes and 

lead to voltage perturbations, which may be interpreted as electrical signals and lead to the 

corruption of data, called Single-Event Upsets (SEU). SEU vulnerability is determined by charge 

collection (Qcoll) and Qcrit to cause an upset. Previously mentioned design decisions may 

significantly impact both Qcrit and Qcoll for a storage cell. Technology scaling and the evolution of 

transistor structures for improving system performance have often led to decreasing SEU 

vulnerability throughout planar technologies. FinFET technologies have provided significant 

performance improvements over planar technologies, and multiple studies have shown that 

FinFET structures significantly reduce Qcoll. However, further reductions in capacitance for recent 

technology generations have led to increasing SEU vulnerability in the most recent technology 

nodes. The remainder of this work discusses relevant factors in SEU vulnerability at these 

technology nodes, which may contribute to these observed trends.   
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3 Effects of Operating Parameters on SEU Vulnerability in 

Advanced FinFET Technologies 

3.1 Introduction 

SEU vulnerability for a CMOS storage cell fabricated with a particular process is 

determined both by charge collection that may occur from a given incident particle (associated 

primarily with Qcoll and SET pulse width) and the resulting circuit response (associated with Qcrit, 

SET pulse width, and feedback loop delay). Both of these are strongly dependent on many factors, 

including those determined by the operating environment and operating conditions as driven by 

system requirements. Since modern electronic systems are used across a wide range of extreme 

environments, where various factors can lead to increased or decreased SEU vulnerability, it is 

essential to understand any potential increases in risk in these environments. The primary factors 

discussed in this chapter include particle LET values, supply voltage, and operating temperature. 

Characterization of SEU vulnerabilities for storage cell designs and fabrication processes includes 

understanding vulnerabilities for nominal and reduced supply voltages, as well as a range of 

radiation environments and particle LET values. In addition to clarifying vulnerability in different 

environments, varying particle LET and supply voltage during SEU experiments also helps to 

provide insight into the changes in vulnerability with different cell designs and different operating 

conditions.  

Decreasing supply voltage results in a decrease in critical charge (through reductions in the 

amount of charge stored on each storage node and reductions in restoring current) while having 

little effect on the amount of charge collected following an ion strike (sensitive drain area remains 
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similar). On the other hand, increasing particle LET can increase the amount of charge collection 

(more charge deposited by an incident ion) with minimal effects on critical charge or the circuit 

response. Operating temperature may vary widely across applications and instantaneous 

computational demands, and has effects on many factors pertaining to charge collection, SET pulse 

widths, and circuit response following an incident particle event. Characterization of vulnerability 

for these operating parameters allows designers to understand how operating parameters in 

intended applications may differ from results gathered using accelerating testing methods with 

custom test ICs, which often are unable to capture conditions in the field effectively.  

3.2 Background 

3.2.1 Particle LET Values 

As discussed in Section 2, different operating environments for electronics have different 

types and flux of particles that are incident on an electronic system. In the terrestrial environment, 

the primary concerns for SEU vulnerabilities are alpha-particles (with LET values of around 0.5 -

1.5 MeV-cm2/mg) and secondary particles resulting from high-energy neutrons interacting with 

nuclei in or near the IC (LET values ranging up to ~16 MeV-cm2/mg). In space environments, 

SEUs are primarily caused by trapped protons in the Van Allen belts surrounding Earth (which 

have similar single-event properties as neutrons), and heavy-ions, which can have very high LET 

values (up to and above 100 MeV-cm2/mg). Each environment will present a particular distribution 

of incident particles and thus a particular range of Qcoll to be characterized.   
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3.2.2 Supply Voltage 

A common challenge in advanced technologies is increasing dynamic power consumption 

and power density.  One of the primary benefits of scaling is decreasing capacitances and 

decreasing supply voltage values. These result in improvements in power consumption for a given 

amount of computation. However, cell density and the performance requirements across a range 

of applications are increasing. Despite cells getting smaller and per-bit improvements in power 

consumption, the power dissipation across ICs and systems is increasing to become a significant 

limitation in systems. During normal operation, this results in greatly increased temperatures. To 

combat this, it is common in many applications (especially low-power applications) to dynamically 

adjust supply voltage to circuit blocks depending on immediate workload requirements. This is 

especially common for SRAM arrays, where memory needs may vary significantly over time from 

sporadic access to rapid transfer of blocks of memory. When SRAM access requirements are 

relaxed, the SRAM arrays may be operated at a reduced supply voltage but are expected to retain 

the stored data. Reductions in supply voltage greatly decrease power consumption by the SRAM 

array but greatly increase vulnerability to SEU and MCU [38],[39],[41],[66].  

A bit of information is stored in storage cells as charge on the nodal capacitance of a storage 

node. When the voltage across a capacitor is reduced (from a reduction in supply voltage), the 

amount of charge stored on the capacitor also decreases. As a result, less charge must be collected 

to cause voltage perturbations. Additionally, decreasing the supply voltage also reduces the drive 

current of restoring transistors within the storage cell, hindering the cell feedback loop’s ability to 

counteract the charge collection and restore the initial voltage on the storage node. This results in 

greater SET pulse widths and increasing SEU vulnerability.  
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3.2.3 Operating Temperature 

The following content is an expanded version of material from a paper that is © 2023 IEEE.  

Reprinted, with permission, from  

N. Pieper, Y. Xiong, J. Pasternak, R. Fung, S.-J. Wen, D. R. Ball, B. L. Bhuva,  
“Temperature Dependence of Critical Charge and Collected Charge in 5-nm FinFET SRAM”, 
IEEE Transactions on Nuclear Science, vol. 71, no. 4, pp. 861-868, April 2024. 

 

 

Modern ICs have increasing performance requirements as computing systems increase in 

complexity and artificial intelligence (AI) becomes increasingly prevalent in many different 

applications. Computing requirements continue to increase in extreme environments involving 

high temperatures (automotive electronics, high-performance computers, server farms, etc.) or 

severely limited heat dissipation (space applications). Internal processes will still lead to increased 

die temperatures even in less harsh environments. With each new technology generation, desirable 

increases in device density and operating frequencies often induce undesirable increases in power 

dissipation per unit area [67],[68],[69], manifesting as increased temperatures in the active regions 

of ICs from self-heating effects. This is especially true for FinFET structures in recent technology 

generations. The substrate acts as a primary avenue for heat to dissipate from each transistor, and 

increasing the separation of the active regions from the substrate through a narrow fin greatly 

increases thermal resistance [70],[71],[72],[73], making it more difficult to conduct heat away from 

the active parts of transistors. For ASIC designs fabricated at advanced FinFET technology nodes, 

further decreased fin pitch, increased transistor density, and operating frequencies in the GHz range 

can result in power dissipation in hundreds of watts. For some specialized hardware acceleration 

applications, temperatures are expected to operate nominally at 120 °C and above [74]. Even with 
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extraordinary measures to manage the temperature of such an ASIC design, the internal operating 

temperature of the die will increase significantly.  

 

Figure 12. Effect of temperature on D-FF designs at 16-nm, 7-nm, and 5-nm bulk FinFET 

nodes at reduced supply voltage [19]. 

Experimental results published for FinFET technology nodes show that increasing the 

temperature from room temperature has effects on SEU cross-sections for D-Flip-Flop (D-FF) 

storage circuits [19],[41],[75]. These results are shown in Figure 12 [19] for 16-nm, 7-nm, and 5-

nm bulk FinFET technology nodes. Small cell sizes and changes in FinFET geometry have led to 

significantly different relationships in different technology nodes. Evolution from the 7-nm node 

to the 5-nm node shows not only an increase in SEU cross-sections but also an increased 

dependence on operating temperatures. It is very difficult to simulate all factors that affect the 

operating temperatures of an entire ASIC under normal operation, and thus how proprietary 
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parameters will be affected. Due to the complexity of simulation and the large variations in heat 

generation and process parameters across technology generations, it is necessary to perform 

experiments to evaluate the overall effect of these changing parameters. 

Operating temperature affects numerous aspects of semiconductor operation and storage 

cell vulnerability, including transistor drive currents, charge recombination rates, carrier 

mobilities, etc.  Therefore, it is difficult to simulate or predict how temperature changes would 

affect SEU vulnerabilities without knowledge of proprietary process parameters. Changes in 

operating temperature affect many parameters relating to both the characteristics of transistors and 

the charge collection profile from ionizing particles [24]. Two of the most prominent factors 

controlling transistor currents are carrier mobility and threshold voltage (VT), both of which are 

strong functions of temperature [44].  Increasing temperature often decreases carrier mobility in a 

silicon lattice [76],[77]. Since transistors operate by allowing carriers to travel across the channel 

region from source to drain, a decrease in carrier mobility will decrease the average velocity of 

these carriers in the channel, resulting in a decrease in drive current. However, increasing 

temperature increases thermal voltage (kT/q – where k is the Boltzmann constant, T is temperature, 

and q is the charge of an electron), which subsequently decreases threshold voltage [78]. When the 

threshold voltage is reduced, more carriers are mobile in their respective conduction bands, 

increasing the number of carriers available to travel across the transistor channel. As a result, the 

drive current of the transistor at a given voltage may be increased. Both carrier mobility and 

threshold voltage show opposing effects on transistor current as the temperature is raised. The net 

change in transistor current at a given temperature will be determined by which one of these 

competing effects will dominate.  
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The effects of increasing or decreasing transistor currents will also lead to complex effects 

on SEU vulnerability. An increase in transistor current (assuming effects of the decrease in 

threshold voltage will dominate over those due to the decrease in carrier mobility) will contribute 

to increased restoring current, and subsequently a shorter SET pulse width.  Increased transistor 

current drive will also lead to decreased feedback loop delay. It is evident that these factors are 

interdependent, as shown by relatively unpredictable changes in SET pulse widths caused by 

changing temperatures [38],[79],[80]. The overall susceptibility of a given technology node and 

circuit design will be determined by which of these competing effects (SET pulse width and 

feedback-loop delay) is the controlling parameter.  

In planar technologies, increasing temperature often results in decreasing drive current and 

increasing feedback loop delay [24],[66]. However, multiple studies on FinFET devices show 

increasing drive current for transistors with increasing temperature [41],[68],[75]. This has been 

referred to as temperature effect inversion (TEI) [81],[82] and is a result of the increasing 

temperature affecting the applied strain in narrow fins [83] and significantly changing transistor 

properties. This results in SEU cross-sections for FinFET technologies having significantly 

different trends with temperature than planar technologies. These effects may be exacerbated as 

fin width continues to decrease with scaling.  
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Figure 13. Charge collection measurements as a function of temperature on a p-n junction 

at a reverse bias of -10 V [84]. 

In addition to affecting transistor operating parameters and Qcrit, increasing operating 

temperature also affects Qcoll.  In previous studies, the peak drift current after an ion strike directly 

on a p-n junction is reduced with increasing temperature, as shown in Figure 13 [84]. Temperature 

changes also affect the rate of charge diffusion through the substrate and well regions following a 

high-LET particle strike. As charge diffusion parameters, carrier lifetime, and carrier mobility 

change with increasing temperature, the amount of charge that is collected by a storage node may 

change significantly. It must be experimentally determined how these changes will interact with 

those of the changes in the Qcrit of the storage cells.  

Experiments at planar technologies often showed increasing SEU susceptibility with 

increasing temperature of the die for both SRAM arrays [85],[86],[87],[88] and conventional D-

FF designs [38],[66],[75]. Simulations and experiments have been used to show how changes in 
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transistor currents and charge collection with temperature increase SET pulse widths in multiple 

technology generations [38],[80],[89],[90].  Experiments at the 65-nm node show an increase in 

susceptibility to MCU events in SRAM with increasing temperature [86]. Simulations for the 20-

nm planar node and the 16-nm FinFET node showed that increasing temperature had a lesser effect 

on feedback-loop delay for the 16-nm node than the 20-nm node, indicating that FinFET structures 

may be more resilient to fluctuations in temperature [75]. Experimental results showed that this 

led to the 20-nm node becoming more susceptible to SEU at increased temperature, while the 16-

nm node showed almost constant SEU cross-section [75]. As shown in Figure 12 [19], the 7-nm 

node shows significantly less temperature dependence of SEU cross-section for the D-FF design 

than that of the 16-nm design. This trend did not continue to the 5-nm node, which showed greater 

SEU cross-section and greater temperature dependence for the D-FF design than that for the 7-nm 

node design. With each new FinFET technology node significantly changing transistor structure, 

the temperature dependence of SEU cross-sections will be different (as shown in Figure 12) and 

must be evaluated experimentally due to the lack of necessary parameters available in the open 

literature.  

3.3 IC Design, Methods, and Analysis 

Experimental evaluation of SEU vulnerability of storage cells relies on the fabrication of test ICs 

at each technology node and exposure of these ICs to radiation sources. The following sections 

detail the designs of the SRAM arrays and other relevant circuits on the test ICs followed by the 

procedure of gathering SEU data during radiation exposures.  
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3.3.1 IC Design 

An effective method to observe the effects of these operating conditions and radiation 

environments is by performing accelerated SEU testing of fabricated SRAM cells. The majority 

of results presented in this work are from radiation experiments on custom-designed test ICs 

fabricated in commercial bulk 5-nm and 3-nm FinFET process nodes. The test ICs featured FF 

cells, SRAM arrays, and ring oscillator (RO) circuits. For the proposed work, the primary focus 

will be on SRAM arrays, but results for RO circuits will be used to supplement discussion and 

conclusions where needed. The nominal core voltage for both the 3-nm and 5-nm test ICs was 750 

mV. 

Multiple SRAM arrays were included on the custom test ICs at each technology node. Each 

array was comprised of a standard foundry-provided SRAM cell design. Different arrays featured 

different standard cell designs to allow for comparison in SEU vulnerability with different design 

parameters. Memory compilers were used to generate the SRAM array layouts with the chosen 

cell designs. Layout of the IC was carried out by an external party with access to the process 

development kit (PDK) for each technology. For the 5-nm node test ICs, the test structures were 

two SRAM arrays, an SP array in 8Kx32 configuration and a DP array in 1Kx76 configuration. 

There are two different test IC designs with SP SRAM on one test IC and the DP SRAM on the 

other. The single-port cell schematic at the 5-nm node is illustrated in Figure 1, and the DP cell 

schematic is illustrated in Figure 2 (a). The size of each die was 2 mm × 1 mm. The SRAM arrays 

were designed to fit into available space on each test IC. The DP SRAM cells have additional 

circuit elements to allow for both writing and reading operations on the second ‘port’. The DP 

SRAM cell size was significantly larger than the SP SRAM cell due to increased number of 
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transistors per cell, as seen in Figure 2.This resulted in a different layout for each type of SRAM 

cell.  DP SRAM cell area was ~66% larger than that for the SP SRAM cell. Any differences in 

layout will also affect charge collection characteristics and critical charge for each cell. For the 3-

nm node test ICs the IC size was 2 mm x 2 mm. SRAM test structures included an SP SRAM array 

with 256 kb in a 2k x 128 configuration, a TP SRAM array with 128 kb in a 1k x 128 configuration, 

and a TCAM array with 20 kb in a 512 x 40 configuration. The SP array was located on one IC 

design and the TP and TCAM arrays were located on another IC design. The TP cells were ~50% 

larger than SP cells, and TCAM cells were double the size of the TP cells. These designs are 

illustrated in Figure 1, Figure 2 (b) and Figure 2 (c), respectively. No ECC techniques were 

implemented for these arrays, so all SEUs that were caused by incident radiation were observed 

and included in necessary analyses. Some arrays did feature interleaving, but logical to physical 

mapping of addresses was known. 

The test ICs also utilized RO circuits, an odd number of inverter stages connected in a ring, 

which leads to an oscillating behavior. The frequency of oscillation depends strongly on 

capacitance of the inverter stages and transistor drive currents. By measuring frequency shifts with 

different operating conditions (temperature, supply voltage, etc.), it is possible to estimate how 

drive current changes as operating parameters vary. This insight into inverter delays and transistor 

characteristics changing can provide information on how single-event transient characteristics can 

affect single-event upset vulnerability and changes in noise margins for SRAM cells.  

3.3.2 Experimental Procedures 

Single-event upset vulnerability is determined by writing data to an SRAM array and 

continuously reading for SEU and MCUs, which manifest as bitflips from the expected state. To 
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effectively control the DUT during irradiation and observe vulnerabilities, a system was designed 

for powering, supporting, and controlling the DUT during testing. These ICs were surface-

mounted on a printed-circuit-board (PCB) specifically designed to support the IC and ensure that 

all IC signals could be properly controlled using an external field-programmable gate array 

(FPGA) system. The combination of the test IC and its associated PCB is referred to as the device-

under-test (DUT) The FPGA used for these experiments was an Altera Cyclone IV FPGA on a 

Terasic DE2-115 breakout board. The FPGA and the breakout board are collectively referred to as 

the FPGA. The FPGA allowed for control of signals into the DUT and reading of signals out from 

the DUT. The DUT was connected to the FPGA using 40-pin ribbon cables. Both the Core and IO 

voltages were supplied to the DUT through independent power supply channels during testing. 

The FPGA sends and receives signals to and from the DUT as needed to provide input address, 

input data, and receive output data to effectively write to and read from the entire SRAM array on 

the IC.  

Functional tests with all-0 and all-1 patterns for both SRAM arrays were carried out prior to 

each irradiation test. All test ICs used showed full SRAM array functionality, all bits at each and 

every address were functional. The entire SRAM arrays were irradiated in each experiment. 

During the SEU experiments, the DUT was placed such that the IC is directly in the beamline 

or location with the most flux of radiation. The FPGA is placed far enough away from the beam 

line to prevent radiation-induced failures in the FPGA causing erroneous data or testing failures. 

The memory arrays were loaded with all-0 and all-1 patterns for experiments. SEU vulnerabilities 

were similar for these solid patterns. During testing, an FPGA continuously read the entire SRAM 

array for errors and rewrote the correct data back to the cells if an error was found. When the output 
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data from an SRAM address is different from the originally written data, a failure has occurred, 

interpreted as an SEU. These erroneous addresses and bit locations are then sent to an external 

laptop and stored for later analysis. The laptop records the upset locations and timestamps for 

analysis. When erroneous bits are observed, the correct word is rewritten back to the address. The 

entire array was read in milliseconds, with up to 10 seconds passing between read cycles for a 

static test condition. During radiation exposures, in most cases, different supply voltage values 

were used: 750 mV, 650 mV, and 550 mV. All data shown have error bars included based on 

Gaussian standard error. The number of errors was in hundreds (or more) for each of the tests. All 

figures are independently normalized to a particular exposure. Single-event upset vulnerability is 

determined by writing data to an SRAM array and continuously reading for SEU and MCUs which 

manifest as bitflips from the expected state.  

Numerous SEU experiments were conducted to study SEU vulnerability in this chapter, 

and in subsequent chapters. Experiments with different particle types are necessary to observe the 

effects of particle LET. Alpha-particle, heavy-ion, thermal neutron, and 14-MeV neutron 

experiments were conducted on different ICs, with multiple ICs tested for each condition. Different 

testing locations were utilized as needed for the different particle types. Alpha particle experiments 

were performed at Vanderbilt University using a 100 uCi 241Americium foil source. This source 

was placed less than 1 mm from the die surface. The emissivity for the alpha source was 1000 

alpha/mm2/sec. Alpha particle fluence was on the order of 109 alpha/cm2 for each test. 14-MeV 

neutron experiments were performed at Sandia National Laboratories. The neutron flux varied 

over the tests, but the neutron fluence was in the range of 1012 to 1013 neutrons/cm2 for each test. 

Thermal neutron experiments were performed at the University of Missouri nuclear reactor facility. 
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Thermal neutron flux was ~108 neutrons/cm2/sec, with the total fluence in the range of 1012 

neutrons/cm2 for each test. Heavy ion experiments were performed at Lawrence Berkeley National 

Laboratories in vacuum at normal incidence. For heavy-ion experiments, the 10 MeV/nucleon 

cocktail was used, and the particle LETs ranged from 2-86 MeV-cm2/mg.  

SEU experiments are conducted at various locations as needed to characterize SEU 

vulnerability for these devices in a wide range of operating environments and to provide insight 

into relevant mechanisms. The number of ICs tested for each irradiation particle varied based on 

multiple factors, such as particle type, facility infrastructure, beam time availability, etc. For 

example, neutron tests were conducted with 6 test ICs in the beam simultaneously for each SRAM 

design. Thermal neutron tests were conducted with 4 test ICs. Heavy-ion tests were conducted 

with one IC at a time, with multiple ICs being tested during each test visit based on beam time 

availability. Each IC featured ring-oscillator (RO) circuits, which were electrically measured 

before each irradiation test to measure variability in individual transistor parameters. Variations in 

RO frequencies were less than 1% across ICs. All experiments were conducted at ambient 

temperature.   

During each 10-second period, the number of upsets was always kept less than 5% of the 

SRAM array size to reduce the probability of an SRAM cell getting hit twice (which will result in 

a reduction of overall error count). This was achieved by adjusting particle fluence in each test as 

appropriate. Following each trial, the test laptop stores the location of all SEUs that occurred 

during the trial. Using this information, it is possible to calculate the SEU cross-section, as well as 

multiple metrics for MCU vulnerability. SEU cross-section is calculated simply as follows: 
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𝜎ௌா௎ =
#𝑆𝐸𝑈

𝐹 ∗ 𝑁
 

Where #SEU is the number of SEU occurring throughout the trial, F is the total fluence of 

particles incident on the IC throughout the trial, normalized to a unit area (usually particles/cm2), 

and N is the total number of storage cells tested during the experiment (the array size in bits). 

Therefore, with the use of cross-section values, it is possible to estimate the failure rates of such 

storage cells in any given environment by multiplying by the expected particle fluence and number 

of storage cells used in an application.  

In addition to SEU cross-section being an important factor in judging SEU vulnerability, 

MCU sizes, shapes, and probabilities are important not only for choosing interleaving and ECC 

parameters, but also for understanding charge collection ranges and circuit response. As a result, 

it is useful to postprocess all the SEUs that occurred during an irradiation trial to identify when a 

single particle leads to SEUs in multiple SRAM cells nearby. To accomplish this, the SEU locations 

and times of occurrence were analyzed and processed using a density-based spatial clustering of 

applications with noise (DBSCAN) algorithm [91]. If two cells were located nearby and upset 

during the same 10-second read cycle, it is highly likely that both upsets were caused by the same 

incident particle and constitute an MCU. An MCU is characterized by the total number of cells 

that upset from that particle (the multiplicity), as well as the span of the MCU in both rows and 

columns. 

For experiments at elevated temperatures, the IC was artificially heated using a resistive 

heater. The heater was placed on the back side of the test PCB under the IC. The temperature was 

measured using an infrared thermometer at various locations on the IC package surrounding the 
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IC. The temperature was manually set and allowed to stabilize for 10 minutes prior to each 

exposure.  

3.4 Effects of Particle LET on Charge Collection 

 Figure 14 shows SEU cross-section values for a range of particle LET values from heavy-

ion exposures. As particle LET is increased, there is a significant increase in the per-bit SEU cross-

section. In the range of LETs of 2 MeV-cm2/mg to 86 MeV-cm2/mg, the SEU cross-section 

increases by greater than a factor of 10.  Increasing the LET does not directly impact any aspects 

of the circuit response (capacitance, drive current, Qcrit, etc.), and therefore increasing amounts of 

charge deposited in the substrate by an incident ion is the primary factor in increasing SEU 

vulnerability. A greater amount of charge in the substrate results in more charge being collected on 

storage nodes within an SRAM cell and thus leads to greater vulnerability.  

 

Figure 14. SEU cross-section for 5-nm single-port SRAM cells as a function of particle LET 

for heavy-ion exposures. 
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 For low-LET particles, such as alpha particles (or even very-low LET particles such as 

low-energy protons [3],[5],[92] and muons [6],[7],[8],[93],[94] in submicron technologies), ions 

must be incident on or very near a pn-junction connected to a storage node in the cell for sufficient 

charge to be collected on the node to cause an SEU. For a given amount of charge deposited in the 

substrate by an ion, the amount of charge collected by a storage node decreases as the ion strike 

occurs farther away from any pn-junctions of the node. As the amount of deposited charge 

increases with increasing LET, the charge collected over greater distances may increase and be 

sufficient to cause an SEU. As a result, an ion strike in a greater area around the storage node can 

lead to an SEU, resulting in a greater sensitive area and thus a greater SEU cross-section.  

 Sufficient charge may be deposited for higher LET particles to cause SEU in multiple 

adjacent cells, leading to an MCU. As cells decrease in size and capacitance with scaling, the risk 

for MCUs becomes greater [52]. As particle LET is increased, greater charge collection increases 

the risk of MCUs occurring. Figure 15 shows relative fractions of MCU for 5-nm SRAM cells for 

a range of particle LET values. MCUs of various sizes are represented by bar segments of different 

colors. For low-LET particles (2 MeV-cm2/mg), MCUs account for 15% of all events, and MCU 

sizes are limited to only 2 nearby cells being upset by a single particle. As particle LET is increased 

just to 6 MeV-cm2/mg, MCUs account for ~50% of all events. For higher particle LET values, 

MCUs account for a majority of events, with single particles causing upsets of >10 nearby bits for 

the highest particle LETs tested of 86 MeV-cm2/mg. For space environments, where heavy ions 

are able to deposit such significant amounts of charge, care should be taken to ensure that memory 

arrays are able to detect and handle such cases to avoid failures.  
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Figure 15. MCU contribution ratio for 5-nm SRAM cells for a range of particle LET values.  

 

3.5 Effects of Supply Voltage on the Circuit Response to SETs 

 

Figure 16. Effect of supply voltage on SEU cross-section for heavy-ion exposures with a mid-

range LET particle.  
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Figure 16 shows SEU cross-section for 5-nm SP SRAM cells as a function of operating supply 

voltage to the array for the nominal supply voltage (750 mV) and reduced supply voltages (650 

mV and 550 mV). As the supply voltage of the array is decreased, it is accompanied by significant 

increases in SEU vulnerability. This is a direct result of multiple factors. Regarding Qcoll, 

decreasing the VDD or the bias voltage will decrease the potential across p-n junctions (drain-well, 

drain-substrate, and well-substrate junctions) and also the width of these junctions. Considering 

charge collection following an ion strike, decreasing the electric field across the p-n junction will 

result in less charge collection across the junction, reducing the Qcoll for a given storage node. This 

would contribute to decreasing SEU vulnerability. In addition to affecting Qcoll, supply voltage 

also significantly affects the circuit characteristics of a given storage cell. In the case where charge 

is collected rapidly following an ion strike and the magnitude of charge collection is greater than 

the transistor drive current on the storage node, the storage node can be approximated as a 

capacitor. A capacitor can be approximated to store charge according to the following equation: 

𝑄௟௢௚௜௖ = 𝐶 ∙ 𝑉஽஽ 

Where Qlogic represents the charge on the storage node representing the logical state, C is the 

capacitance on the storage node, and VDD is the voltage on the storage node. C remains constant 

and is based entirely on the design and layout of the storage cell. As VDD is reduced, the logical 

state of the cell is represented with less charge. As charge is collected on the storage cell following 

an ion strike, the storage node potential will change. In an SRAM cell, the feedback loop will begin 

to reinforce an upset state if the opposite feedback transistors are turned on, which can be 

simplified to occur when the nodal voltage reaches VDD/2. As the supply voltage is reduced, the 

amount of charge collection required to cause a voltage swing of VDD/2 is significantly decreased. 
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This contributes to a reduction in the Qcrit of the cell, increasing the SEU vulnerability and 

counteracting the reduction in Qcoll caused by the reduction in p-n junction potential.  

Additionally, the recovery of the cell becomes hindered at reduced supply voltage values. As 

charge is collected on the storage node of the cell, the feedback transistors within the SRAM cell 

will begin to source current and restore the original nodal voltage on the cell. Before any change 

in voltage on the other storage nodes within the SRAM cell, these transistors will be operating in 

the saturation mode, with the drive current estimated with  

𝐼஽௦௔௧ =
1

2

𝑊

𝐿
𝜇௡𝐶௢௫[𝑉஽஽ − 𝑉 ] ଶ  

Where W is the effective width of the transistor channel, L is the length from source to drain of the 

transistor, μn is the carrier mobility, Cox is the capacitance between the gate and the channel, and 

VT is the threshold voltage of the transistor. Assuming each of these are constant in a given design 

and process, reducing VDD will quadratically decrease the transistor drive current. As drive current 

is reduced, the probability decreases that the charge collected by the storage node following the 

ion strike will be compensated before the feedback loop of the cell leads to an SEU.  

 Similar to increasing particle LET values, decreasing supply voltages also may 

significantly affect MCU vulnerability and MCU cluster characteristics, especially for high LET 

particles where the large amounts of charge are deposited in the silicon and the charge can diffuse 

over long distances to many adjacent cells. Due to the extremely small cell dimensions at advanced 

technologies, MCUs are even observed for low-LET particles, including alpha particles, as shown 

in Figure 17. While MCU contribution ratios are relatively low at 750 mV and 850 mV operating 

voltages, some 2-bit upsets are observed, accounting for ~3% of all SEU events. As supply voltage 

is reduced, MCUs account for an increasing fraction of events, with 2-bit upsets as >20% of SEUs 
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at 550 mV VDD. Additionally, the size of the MCU clusters is also observed to increase, with 3-bit, 

4-bit, and 5-bit upset clusters observed at 550 mV.  

 

Figure 17. MCU sizes and contributions to the overall number of SEU events as a function 

of supply voltage. 

 

 Despite the supply voltage having conflicting effects on both Qcoll and Qcrit, the negative 

impacts overcome the positive reductions in Qcoll and result in significant increases in SEU 

vulnerability for a given incident particle type with a particular LET value. These factors are 

interconnected with other technology and design characteristics. Studying the effects of both LET 

and supply voltage are useful tools. By changing the incident particles and thus the incident particle 

LET values, it is possible to greatly adjust Qcoll without significantly affecting Qcrit. Adjusting VDD 

allows for changing Qcrit and transistor drive currents, without significantly affecting Qcoll. 

Knowing their respective effects on Qcoll and circuit response, in addition to studying other 

parameters and design decisions, can help to elucidate the underlying mechanisms leading to 
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changes in SEU vulnerability. As a result, studies including varying supply voltages and particle 

LET values will be used extensively in subsequent sections and chapters.  

3.6 Effects of Temperature on Charge Collection and Circuit Response 

The following content is an expanded version of material from a paper that is © 2023 IEEE.  

Reprinted, with permission, from  

N. Pieper, Y. Xiong, J. Pasternak, R. Fung, S.-J. Wen, D. R. Ball, B. L. Bhuva,  
“Temperature Dependence of Critical Charge and Collected Charge in 5-nm FinFET SRAM”, 
IEEE Transactions on Nuclear Science, vol. 71, no. 4, pp. 861-868, April 2024. 

 

 

As discussed in Section 3.2.3, the operating temperature of a system affects numerous 

transistor characteristics and characteristics of charge collection. To properly understand how and 

why operating temperature affects SEU vulnerability, it is important to first observe the net effect 

on transistor drive currents, which is most easily observed by observing the on-chip RO 

frequencies for various operating temperatures. RO frequency is strongly dependent on transistor 

drive current, with RO frequency increasing with increasing drive current. RO frequencies for the 

same 5-nm FinFET technology are shown in Table 1 [19] for the tested temperatures. As the 

temperature increases, RO frequencies increase significantly, indicating that transistor drive 

current is increasing with increasing temperature. At a nominal supply voltage of 750 mV, the 

frequency increases by 2.5% when the die temperature is raised from 25 °C to 100 °C. At 550 mV, 

the increase is 19%, indicating a higher temperature dependence at reduced supply voltages. The 

increase in frequency shows that the feedback-loop delay decreases with increasing temperature, 
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indicating an increase in transistor drive current. This also implies that, for each transistor, the 

decrease in threshold voltage overcompensates for the decrease in carrier mobility.  

 

Table 1. Normalized ring oscillator frequency as a function of IC temperature [19]. 

 

 

Figure 18. Drain current vs. gate voltage for multiple operating temperatures. Linear scale 

(left) and log scale (right). 

To further clarify this trend, simulations were performed to determine changes in transistor 

drive current with temperature using a FinFET process design kit (PDK). Drive current is shown 

as a function of gate voltage for NMOS transistors in Figure 18. Increasing temperature increases 

the drive current across the range of gate voltages, but the increase in drive current is most 

prominent when the gate voltage is between 0.4 V and 0.6 V. In this case, the greatest change in 
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transistor drive current occurs when the gate voltage is near 550 mV. When operating at reduced 

voltages, the decreases in threshold voltage with increasing temperature will have a greater effect 

on drive current than decreasing carrier mobility. This is further clarified in Figure 18 (right), 

presenting the NMOS drive current with a logarithmic scale. The current-voltage curves shift left 

with increasing temperature as the threshold voltage is reduced significantly. However, as the gate 

voltage is further increased above 650 mV, reductions in carrier mobility lead to the drive currents 

becoming more similar, as is evident in Figure 18. Simulation results for PMOS devices show 

similar trends for both changes in threshold voltage and carrier mobility.  

 

Figure 19. Effect of temperature on SEU cross-section for SP SRAM (left) and DP SRAM 

(right) at nominal and reduced supply voltages. 

For standard SRAM cells in this technology, the Qcrit values are low enough that charge 

deposition from an alpha particle strike on a drain region is sufficient to cause an SEU in most 

cases, regardless of temperature. Therefore, changes in susceptibility to SEU will be mostly 

dependent on particle strikes outside a drain region, where diffusion current will be the primary 

mechanism of charge collection. Figure 19 shows SEU cross-sections for SP and DP SRAM cells 
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across operating temperatures. These SEU cross-section results are based on the total number of 

errors observed during each test, including contributions from both SBU and MCU. There is a 

significant decrease in SEU cross-section with increasing temperature. The greatest decrease in 

cross-section occurs between 25 °C and 50 °C, with smaller decreases in cross-section approaching 

higher temperatures. The observed change in cross-section is largest when operating at 550 mV, 

which corresponds to the greatest differences in drive current in Figure 19. As the temperature 

increases from 25 °C to 100 °C, there is a 35% decrease in SEU cross-section. At the nominal 

operating voltage of 750 mV, the reduction in cross-section is ~20%.  

SEU cross-sections for the DP design are shown in Figure 19. Similar to the SP design, 

there is a significant decrease in cross-section from 25 °C to 75 °C, especially when operated at 

550 mV supply voltage. However, the decreases in SEU cross-section for these temperatures are 

smaller for DP cells than SP cells at these temperatures. Additionally, the SEU cross-section shows 

an increase as the temperature increases from 75 °C to 100 °C. The increase is more prominent at 

750 mV than at 550 mV.  
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Figure 20. Percent contributions of alpha particle-induced MCUs of observed sizes to the 

overall event count for elevated temperatures at 750 mV in SP SRAM. 

MCU susceptibility is another indicator of changes in diffusion charge collection. When 

the diffusion current is decreased, cells adjacent to the particle strike will collect less charge and 

thus are less likely to experience an upset. Experimental MCU results are shown for SP cells in 

Figure 20 for nominal supply voltage. Each segment of a column represents the contribution 

percentage of MCUs of a given size to the overall number of events. At nominal supply voltage, 

the MCU contribution is small across temperatures, but a slight decrease can be observed from  

25 °C to 100 °C.  
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Figure 21. Percent contributions of alpha particle-induced MCUs of observed sizes to the 

overall event count for elevated temperatures at 550 mV in SP SRAM (left) and DP SRAM 

(right). 

The changes in MCU susceptibility are more evident at reduced supply voltages. MCU 

contributions are shown for 550 mV exposures for SP cells in Figure 21 (left) and DP cells in 

Figure 21 (right). For both designs, the MCU contribution to the overall event count decreases 

significantly with increasing temperature. For the SP design, MCUs account for greater than 25% 

of events at 25°C. This is reduced to less than 15% at 100 °C. For the DP design, the percentage 

of MCU drops from nearly 20% to ~10% of events. Similar to SEU cross-section results, the 

greatest reductions in MCU contributions occur when the temperature is increased from 25 °C to 

50 °C, with smaller reductions still observable between 50 °C and 100 °C.  

The changes in SEU cross-section and MCU ratios show that changing the operating 

temperature induces significant changes in the relationship between Qcrit and Qcoll for SRAM cells. 
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Since the critical charge and collected charge are competing factors, their relative changes will 

determine whether susceptibility increases or decreases. To gain better insight into the changes of 

relevant parameters and mechanisms, 3-D simulations were performed using the Synopsys 

Sentaurus technology computer-aided design (TCAD) tools [64]. The dimensions and process 

parameters used in the models were based on published literature for the 5-nm FinFET node [19]. 

Inverters were constructed to simulate the effects of an incident particle on a single SRAM cell 

storage node using the nominal supply voltage (750 mV) for the technology. Charge collection is 

shown for 4 adjacent NMOS fins of the first inverter in a two-inverter chain, for which the TCAD 

model is shown in Figure 22. Simulations were conducted with a particle LET of 1 MeV-cm2/mg 

normally incident at various distances from the NMOS drain region. Charge deposition was 

modeled as Gaussian both spatially with a 10-nm radius and temporally with a 0.5-ps duration.  

The temperature was varied between 25 °C - 100 °C.  

 

Figure 22. The TCAD model used for the simulation of charge collection by NMOS fins. The 

ion strike location was directly incident on an NMOS drain region or located 50 nm from the 

fins. 
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Figure 23. TCAD simulated charge collection current for a 1 MeV-cm2/mg LET particle 

incident directly on the drain region of an inverter. 

Previous studies have shown that changes in operating temperature lead to changes in 

charge collection [84],[95],[96],[97] in addition to transistor operating parameters, further 

complicating the relationship with Qcrit. Figure 23 shows the magnitude of the collection current 

following the incident ion strike. Similar to what has been shown in previous works, there is a 

reduction in the drift charge collection immediately after the ion strike. For ion strikes that strike 

sensitive drain regions directly, this will cause a reduction in Qcoll over short time scales. Following 

the drift current peak in Figure 23, the diffusion charge collection occurs over a much longer 

period. Despite the reduction in drift collection current, the diffusion collection current shows 

slightly increased magnitude and duration at the elevated temperature. Since alpha particles have 

been shown to deposit sufficient charge to cause MCUs, the majority of direct alpha particle strikes 

on sensitive nodes will cause an upset in the struck cell, regardless of operating temperature. 

Instead, the changes in SEU cross-section will be primarily dependent on cells adjacent to a particle 
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strike. The charge collected by these cells will primarily depend on the magnitude and duration of 

charge collection through diffusion mechanisms. 

 

Figure 24. TCAD simulated collection current (left) and total collected charge (right) for a 1 

MeV-cm2/mg LET particle incident 50 nm away from an inverter. 

To understand how an adjacent cell would collect charge, Figure 24 (left) shows the 

diffusion collection current and total charge collection for the particle strike occurring 50 nm away 

from the NMOS drain region of an inverter. Diffusion charge collection is significant for both 

ambient temperature and elevated temperature conditions. Higher temperature conditions show a 

lower peak magnitude of diffusion charge current than the 25 °C condition, but the higher 

temperature conditions show a significant increase in the duration of charge collection. Figure 24 

(right) shows the total charge collected by the NMOS drain region following the particle strike. 

Shortly following the particle strike, the total charge collected by inverters at all temperatures was 

very similar. At 60 ps past the ion strike, the increased magnitude and duration of diffusion charge 

current at the 100 °C condition leads to the total collected charge being nearly 30% higher than the 

charge collected during the 25 °C simulation.  
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The increase in charge collection observed in these TCAD simulations must be a result of 

changes in charge carrier characteristics with operating temperature. Previous studies have shown 

some of these relationships. Previous studies have shown that increasing temperature leads to 

decreasing carrier mobility, as shown in Figure 25. Carrier mobility is determined by scattering 

from phonons and impurities in the silicon lattice, and phonon scattering increases with 

temperature. This results in decreasing mobility for carriers. However, this decreasing carrier 

mobility does not account for the increase in charge collection observed in these TCAD 

simulations. While the instantaneous charge collection shortly following the ion strike is reduced 

at high temperatures, after ~30 ps, more charge is observed to be collected at higher temperatures. 

If carrier mobility were the only factor, the total amount of charge collection would not show the 

increase at higher temperatures, as shown in Figure 24 (right).  

 

Figure 25. Carrier mobility as a function of temperature [76]. 
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Another important factor determining the rate and number of charge carriers collected from 

a particle strike is the carrier lifetime. Carrier lifetime indicates how long minority carriers remain 

before recombining. Previous studies have shown that increasing the temperature in silicon results 

in an increase in carrier lifetimes [76],[98], as shown in Figure 26 [98]. Increased carrier lifetimes 

allow for the deposited charge in the silicon substrate to remain excited for longer time durations. 

The decrease in carrier mobility results in slight reductions in the rate of charge collection shortly 

following an ion strike. However, the increased carrier lifetimes result in more total charge being 

collected, as more charge can migrate to the sensitive circuit nodes without recombining. These 

factors are the most likely contributors to the charge collection profiles observed in the simulation. 

 

Figure 26. High-injection carrier lifetime τ = τn + τp in an n- region increases with increasing 

temperature [98].  
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These simulation results show that charge collection increases with increasing temperature 

for SRAM cells for an ion strike away from the drain region. Despite the increase in charge 

collection, SEU and MCU vulnerability decreases with increasing operating temperatures. The 

circuit response remains as the other primary component determining SEU vulnerability and must 

show significant changes with the changing operating temperatures.  

The increases in RO frequency with temperature confirm that there are significant increases 

in drive current with increasing temperature. While this does lead to reductions in feedback loop 

delay, it also increases the restorative current that reduces the duration of an SET pulse width and 

resists a change in logical state. The rate of charge collection from diffusion is much lower than 

that of drift charge collection. As the time scale of charge collection lengthens, the restoring current 

on a storage node has an increased effect on mitigating SETs [24],[99], so changes in restorative 

current through each transistor will have a large effect on whether an upset will occur. Both the 

single-port and dual-port SRAM cell designs showed a decrease in SEU cross-section from 25 °C 

to 75 °C. The increase in restoring current is sufficient to compensate for the increases in charge 

collection for these temperatures. This can be further validated by comparison of SEU cross-

section changes at multiple supply voltages. The greatest increases in restoring current with 

temperature occur at reduced supply voltages, as shown in Figure 18, while the drive current 

changes are relatively small for operation at 750 mV. Consequently, the reductions in SEU cross-

section between 25 °C and 50 °C are greatest at 550 mV, while SEU cross-section changes very 

little for operation at 750 mV. This increase in restoring current leads to similar trends observed in 

MCU contribution to the overall event counts.  
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As the operating temperature is increased from 75 °C to 100 °C, the changes in SEU cross-

section are different for SP cells and DP cells. The SP cells continue to show a decrease in SEU 

cross-section, while the DP cells show an increase in SEU cross-section. The DP cells allow for 

additional read/write operations to be performed through an additional access transistor on each 

storage node. This increases the number of sensitive drain regions on each node that will collect 

diffusion charge from the substrate and well regions. Chapter 4 focuses on a detailed study of this 

effect in advanced technologies. In short, increasing the number of sensitive diffusion areas leads 

to increased Qcoll, and by extension, increased sensitivity to changes in Qcoll from changes in other 

factors. Any effects that lead to increased rates of charge collection will thus have a greater effect 

on the DP cells over the SP cells, which have fewer sensitive drain regions. Both the SP and DP 

cells have similar pull-up and pull-down current drive, so any increase in Qcoll will contribute to 

greater vulnerability for DP cells. This manifests, in this study, as increases in Qcoll begin to 

dominate at 75 °C and above, whereas SP cell SEU cross-section remains nearly constant. 

However, further increases in temperature above 100 °C may lead to increasing SEU cross-sections 

for both designs. 

3.7 Conclusion 

Digital electronic systems are required to operate in an increasingly wide range of 

environments. System requirements and application environments will dictate operating 

parameters and conditions for electronic devices. SEU testing of SP and DP SRAM cell designs 

under alpha-particle and heavy-ion irradiations shows how these operating parameters can affect 

not only SEU vulnerability by affecting the primary factors underlying SEU vulnerability. 
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Knowledge of these relationships allows for modeling and predicting the SEU vulnerability of 

other types of circuits.  

Particles with high LET values will excite more charge carriers in the semiconductor regions, 

leading to greater Qcoll for nearby circuit nodes than for lower LET particles. This leads to a greater 

probability that an SEU will occur and leads to an increasing SEU cross-section with increasing 

particle LET values. Additionally, with greater amounts of charge carriers in the substrate, this 

charge can migrate and lead to greater Qcoll by more distant storage cells.  

For a given environment, reducing the supply voltage to a system or subsystem can provide 

significant reductions in power consumption, but with significant tradeoffs in SEU vulnerability. 

Reducing VDD may lead to slight reductions in Qcoll by reducing the electric field through which 

charge is collected. However, reducing VDD significantly reduces Qcrit and increases SET pulse 

widths by decreasing the charge stored within SRAM and other storage cells, and also significantly 

hinders drive current through restoring transistors. This leads to a net increase in SEU vulnerability 

as the supply voltage is reduced.  

Changes in operating temperature can lead to significant changes in SEU sensitivity and 

MCU vulnerability for alpha particle exposures. In FinFET technologies, strained transistors 

contribute to increasing transistor drive current with increasing temperature. Increasing 

temperature also affects charge collection by decreasing carrier mobility and increasing carrier 

lifetime. TCAD simulations show that this results in a net increase in charge collection. SEU 

vulnerability is observed to decrease with increasing temperature, indicating that the transistor 

drive current and thus restoring current on a storage node overcomes the increases in charge 

collection between 25-75 °C. At 75 °C and above, this relationship is observed to have a lesser 
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effect or even reverse. Increases in transistor drive current begin to be overwhelmed by the 

increased charge collection at higher temperatures, resulting in no further reductions in SEU 

vulnerability for the SP SRAM cells, and increasing SEU vulnerability for the DP SRAM cells.  
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4 Effects of Multiple-Fin Charge Collection on SEU Vulnerability 

The following content is an expanded version of material from a paper that is © 2023 IEEE.  

Reprinted, with permission, from  

 N. Pieper, Y. Xiong, J. Pasternak, N. A. Dodds, D. R. Ball, B. L. Bhuva, “Single-Event Upsets for 
Single-Port and Two-Port SRAM Cells at the 5-nm FinFET Technology”, IEEE Transactions on 
Nuclear Science, vol. 70, no. 8, pp. 1673-1679, Aug. 2023. 

 

 

The operating parameters discussed in the previous chapter will determine several factors 

that impact SEU vulnerability for a given system in its application environment, including the 

characteristics and flux of incident particles, the magnitude and time profile of charge collection 

by transistors following ion strikes, the transistor drive strength, and the amount of charge 

collection required on a storage node to cause an upset. It is not always possible to control such 

parameters determined by system requirements and the application environment. Instead, adjusting 

the design of storage cells may be the primary available method to decrease or increase SEU 

vulnerability. Many of the previously discussed factors in SEU vulnerability, such as cell 

capacitance, charge collection, restoring currents, and feedback loop delay, are directly dependent 

on design decisions. The design of a storage cell will dictate the cell spacing, layout, and number 

of transistors. Depending on the design, these decisions can drastically affect not only the circuit 

response to radiation (feedback loop delay, Qcrit, and SET pulse width) but can also significantly 

impact Qcoll. This is especially true at advanced technology nodes, where storage cells have a size 

comparable to the deposited charge clouds from even relatively low-LET incident ions such as 

alpha particles.  
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Many of these design decisions will have competing effects on multiple aspects of SEU 

vulnerability. For example, increasing the number of fins per transistor on a storage node can 

greatly increase the restoring current on a storage node by increasing the effective width and drive 

current of transistors. This, in turn, can reduce the magnitude and duration of SETs on storage 

nodes and contribute to reduced SEU vulnerability. However, increasing drive current also 

contributes to decreasing feedback-loop delay and increases the number of sensitive drain regions 

that can collect charge following an ion strike, each of which contributes to greater single-event 

vulnerability. Determining the net effect of such competing factors is complex and difficult to 

simulate without prior knowledge of proprietary process parameters. For SRAM arrays at 

advanced technologies, cell designs and layouts are often dictated by the commercial foundry to 

optimize cell stability and speed for each process. This results in limitations of design decisions 

made by IC designers for SRAM cells specifically. However, SRAM arrays are subject to many 

different speed, density, and functionality requirements, so multiple different SRAM cell types are 

offered which can be used across a system, such as single-port cells (highest density), multiple-

port (increased data access rate, with more accesses per read cycle, such as DP and TP cells), and 

CAM cells (for increased functionality of comparing incoming data with stored data). Each of 

these cell types has differences in the number of transistors, nodal capacitances, layouts, etc., 

which will affect SEU and MCU sizes. These differences, along with variations in other operating 

parameters (such as supply voltage and temperature) and environment (particle LET values), can 

provide insight into SEU mechanisms and sources of SEU vulnerability.  

The potential SEU vulnerability risks introduced by circuit design and layout may become 

more significant at advanced technology nodes. For older planar technologies, drain regions of 
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different transistors were widely spaced. This resulted in different amounts of diffusion charge 

collection for adjacent transistors. Excited charge carriers were slow to migrate such distances, 

and many charge carriers recombined before being collected at these distant circuit nodes. 

Technology scaling results in more fins together in a small area to improve performance, area, and 

speed across circuit types. The density of SRAM arrays allows for greater numbers of cells to 

collect charge from a single-event particle strike [21] compared to other circuit types.  For FinFET 

technologies, the proximity of fins and the two-fins-per-transistor requirement may result in 

similar diffusion charge collection for all fins connected to a node. With Qcrit reaching such low 

values in highly scaled technologies, factors affecting both Qcrit and Qcoll strongly determine the 

overall vulnerability for SRAM. Differences in cell designs have led to significant differences in 

SEU vulnerability at the 14-nm FinFET node [14] and 7-nm node, where a high-current (HC) 

SRAM design showed increased susceptibility over a high-density (HD) design [10]. At the 16-

nm node, DP SRAM was more susceptible to SEUs than single-port SRAM for a large range of 

LETs, as shown in Figure 27 [58]. 
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Figure 27. SE Cross-section curves for single-port and dual-port SRAM designs at the 

16-nm FinFET node show little difference in LET dependence, after [58]. 

These results highlight the importance of evaluating SER scaling trends at advanced 

technologies based on the physical structure and layout of cells. Assuming charge collection is 

constant across designs and focusing entirely on Qcrit would not accurately predict vulnerability. 

Single-port (SP) and dual-port (DP) SRAM arrays are excellent vehicles for evaluating differences 

in collected charge as a function of the number of fins connected to a storage node. At the 5-nm 

and 3-nm nodes, the fins are thinner, taller, and closer to each other, which affects drift and 

diffusion charge collection characteristics. Additionally, reduced Qcrit at the 5-nm node compared 

to previous nodes will affect the LET threshold and distances over which diffusion charge 

collection will cause an upset (SEU cross-section as well as MCU cluster size).  

Conventional thinking would suggest that increasing the number of transistors on a storage 

node in an SRAM cell (increasing cell size and increasing cell capacitance) would decrease the 



71 

 

SEU vulnerability, due to increased capacitance leading to increased Qcrit values. The number of 

fins collecting charge and the cell capacitances have conflicting effects and thus are expected to 

lead to widely ranging vulnerabilities between the SP and DP cell types for the 5-nm custom test 

ICs, depending on exposure conditions such as incident particle LET values and supply voltage 

values. These tests are conducted for 5-nm SRAM cells. 

4.1 Circuit Design and Experimentation 

SRAM arrays used in this study were part of a custom-designed test IC for characterization 

of SEU effects at the 5nm FinFET technology node. Section 3.3 contains a detailed explanation of 

the test IC designs and procedures for SEU experiments. Relevant details specific to this chapter 

will be briefly recounted here.  

For this study, the 5-nm test ICs were utilized, with SP SRAM on one IC design and DP 

SRAM on the other. The SP SRAM design was 256 Kb (8Kx32 configuration), and the DP SRAM 

design was 76 Kb (1Kx76 configuration). The DP SRAM cell size was significantly larger than 

the SP SRAM cell due to the increased number of transistors per cell, as seen in Figure 2.  This 

resulted in a different layout for each type of SRAM cell.  The DP SRAM cell area was ~66% 

larger than that of the SP SRAM cell. Any differences in the layout will also affect charge collection 

characteristics and the critical charge for each cell.  Though SP SRAM and DP SRAM are targeted 

towards different applications, a comparison of their SEU performance allows researchers to 

understand different parameters (such as drift and diffusion charge collection) affecting the overall 

SER for each SRAM design. The nominal core supply voltage for this technology is 750 mV. 

Functional tests with all-0 and all-1 patterns for both SRAM arrays were carried out before each 

irradiation test. All test ICs used showed full SRAM array functionality, and all bits at every 



72 

 

address were functional. The SRAM arrays did not feature any built-in error correction scheme, 

making all upsets visible during experiments. The entire SRAM arrays were irradiated in each 

experiment, and all errors were included in per-bit SEU cross-section calculations.  

The memory arrays were loaded with all_0 and all_1 patterns for these experiments. SEU 

cross-sections were similar for these solid patterns. During testing, an FPGA continuously read the 

entire SRAM array for errors and rewrote the correct data back to the cell if an error was found. 

The entire array was read in milliseconds, with up to 10 seconds passing between read cycles for 

a static test condition. During each 10-second period, the number of upsets was always kept less 

than 5% of the SRAM array size to reduce the probabilities for an SRAM cell to get hit twice 

(which will result in a reduction of the overall error count). This was achieved by adjusting particle 

fluence in each test as appropriate. During radiation exposures, three different supply voltage 

values were used: 750 mV, 650 mV, and 550 mV. All data shown have error bars included based 

on Gaussian standard error. The number of errors was in the hundreds (or more) for each of the 

tests. All figures are independently normalized to a particular exposure. 

Alpha particle experiments were performed at Vanderbilt University using a 100 uCi 

Americium foil source. This source was placed less than 1 mm from the die surface. The emissivity 

for the alpha source was 1000 alpha/mm2/sec. Alpha particle fluence was on the order of 109 

alpha/cm2 for each test. 14-MeV neutron experiments were performed at Sandia National 

Laboratories. The neutron flux varied over the tests, but the neutron fluence was in the range of 

1012 to 1013 neutrons/cm2 for each test. Thermal neutron experiments were performed at the 

University of Missouri nuclear reactor facility. Thermal neutron flux was ~108 neutrons/cm2/sec 

with a total fluence in the range of 1013 neutrons/cm2 for each test. Heavy ion experiments were 
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performed at Lawrence Berkeley National Laboratories in vacuum at normal incidence. For heavy-

ion experiments, the 10 MeV/nucleon cocktail was used, and the particle LETs ranged from 2-86 

MeV-cm2/mg.  

Alpha-particle, heavy-ion, thermal neutron, and 14-MeV neutron experiments were 

conducted on different ICs, with multiple ICs tested for each condition. The number of ICs tested 

for each irradiation particle varied based on multiple factors, such as particle type, facility 

infrastructure, beam time availability, etc. For example, neutron tests were conducted with 6 test 

ICs in the beam simultaneously for each SRAM design. Thermal neutron tests were conducted 

with 4 test ICs. Heavy-ion tests were conducted with one IC at a time, with multiple ICs being 

tested during each test visit based on beam time availability. Each IC featured ring-oscillator (RO) 

circuits, which were electrically measured before each irradiation test to measure variability in 

individual transistor parameters. Variations in RO frequencies were less than 1% across ICs. All 

experiments were conducted at ambient temperature. All ICs were fabricated on the same wafer 

for both designs. 

4.2 Experimental Results 

The primary differences between SP and DP SRAM designs for SEU susceptibility are the 

cell area, sensitive node capacitances, and the number of sensitive drain regions. Compared to SP 

SRAM cells, DP SRAM cells will have higher nodal capacitances, a higher number of sensitive 

regions due to additional access transistors connected to the storage nodes, and a larger cell area. 

Assuming a 2-fin per transistor requirement for FinFET technologies, both SRAM cells will have 

multiple fins connected to each of the storage nodes in the SRAM cell.  
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SEU cross-sections for alpha particles are shown for both SP and DP SRAM as a function 

of supply voltage in Figure 28. As has been observed for previous generations of technologies and 

in section 3.5, there is an increase in SEU cross-section for both designs with decreasing supply 

voltage. Alpha particles have a very low LET value, depositing relatively small amounts of charge. 

As a result, the sensitive region for a transistor is usually considered to be limited to the 

approximate area of vulnerable drain regions where drift current can cause upsets. Due to the 

narrow neck region connecting the drain to the substrate, the diffusion current contribution to the 

overall charge collection is limited for alpha particles for most events at the nominal supply 

voltage. However, the high density of SRAM cells and low capacitance values on storage nodes 

lead to very high susceptibility to SEU, especially at reduced supply voltages. Previous studies 

have shown that alpha particles deposit enough charge to cause multi-cell upsets (MCUs) in 

advanced technologies [100].  
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Figure 28.  The DP design shows a lower SEU cross-section than the SP design for alpha 

particle exposures. However, the DP design shows a stronger dependence on reduction in 

supply voltage. 

Despite more sensitive transistors in each DP SRAM cell compared to an SP SRAM cell, the 

resultant increase in Qcrit causes the overall SEU cross-section for DP SRAM to be lower than that 

for SP SRAM for alpha particle exposures. When the supply voltage is decreased, Qcrit for both 

designs is decreased [16]. Both designs show super-linear dependence on supply voltage, but the 

DP SRAM SEU cross-section shows a greater increase than the SP SRAM SEU cross-section for 

a given decrease in supply voltage. This suggests that, as supply voltage is reduced, the increase 

in sensitive area due to additional transistors in the DP design starts to compensate for the reduced 

relative differences in Qcrit, which narrows the gap in SEU cross-sections between the two designs. 

In other words, decreasing the Qcrit results in greater increases in sensitive area for DP SRAM 
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compared to SP SRAM, as the influence of Qcrit diminishes and diffusion charge collection by 

multiple drain regions becomes more significant. 

 

Figure 29. Thermal neutron exposure SEU cross-section as a function of supply voltage. 

The SP design shows higher susceptibility due to the low LET of interaction products. 

 

Figure 29 shows SEU cross-sections for thermal neutrons for both the SRAM arrays as a 

function of supply voltage. Thermal neutron interactions with boron-10 lead to the emission of an 

alpha particle and a lithium ion. Both particles have low LET and low range, so one would expect 

the SEU vulnerability trends to be similar to those for alpha particles. Once again, the gap in 
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vulnerability between the SP and DP cell designs diminishes as supply voltage is reduced, but SP 

SRAM remains more vulnerable throughout the range of 750 mV down to 550 mV.   

 

Figure 30. Heavy-ion SEU cross-section as a function of LET for nominal supply 

voltage (750 mV).  DP SRAM shows a higher SE cross-section for most particles except those 

with very low LET values. 

Figure 30 shows SEU cross-sections from heavy ion exposures for both SP and DP SRAMs. 

At the lowest particle LET value, SP SRAM design shows a higher SEU cross-section than that 

for DP SRAM, similar to what was observed for alpha particles.  However, as particle LET values 

are increased, the DP SRAM becomes more vulnerable and shows higher SEU cross-sections 

compared to that for SP SRAM – similar to what was observed at the 16-nm technology node.  

However, at this node, the difference becomes increasingly large when the particle LET value 
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further increases. As particle LET increases, the total amount of charge deposited in the substrate 

becomes greater. As a result, greater amounts of charge can migrate to nearby storage cells, 

increasing the contribution of diffusion currents toward overall charge collection. Since DP cells 

have a greater number of sensitive transistors, this results in much greater charge collection for DP 

cells at higher LET values. This greater charge collection overcomes the relatively higher Qcrit for 

the DP cells and results in significantly greater SEU vulnerability. Figure 31 shows SEU cross-

sections for two relatively low-LET heavy ions across supply voltages. For the lowest LET particle 

of 2 MeV-cm2/mg, operating at 750 mV shows that the SP design is slightly more vulnerable than 

the DP design, similar to alpha particles (LET of approximately 1-1.5 MeV-cm2/mg. However, 

decreasing the supply voltage from this point lowers the influence of Qcrit enough for DP design to 

become more vulnerable at 650 mV and below. In a similar sense, increasing particle LET to 10 

MeV-cm2/mg leads to a higher SEU cross-section for the DP design compared to that for the SP 

design, even at the nominal supply voltage. Further increasing particle LET or decreasing the 

supply voltage shows the DP design becoming much more susceptible than the SP design.  
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Figure 31. Heavy-ion SEU cross-section shown as a function of supply voltage. 

4.3 Simulations and Discussion 

Charge collection by a sensitive drain region has two distinct components: a drift component 

and a diffusion component. Drift charge results from the charge deposited in the depletion region 

of a p-n junction. Because the charge must be contained within a depletion layer, the drift charge 

is collected by drains very close to the particle strike location. Diffusion charge results from the 

charge deposited in the substrate away from the drain region [2],[26],[57]. For low-LET particles, 

the diffusion charge collection is small, resulting in the drift component being the major 

determinant of SEU cross-section.  In other words, only ion strikes within, or very near, the drain 

regions may cause an upset. On the other hand, when a large amount of charge is deposited in the 

substrate, diffusion charge collection may exceed Qcrit and cause an upset. For such cases, the 

distances between the ion-strike location and the drain region determine the SEU cross-section.  
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For SP SRAM, there are 3 sensitive transistors (OFF NMOS and OFF access NMOS for the 

node at logic 1, and OFF PMOS on the other node). For DP SRAM, there are 4 sensitive transistors 

(an additional OFF NMOS access transistor for the node at logic 1). For low-LET particles, the 

increased Qcrit dominates, and the SEU cross-section for DP SRAM is lower than that for SP 

SRAM, even though the number of sensitive transistors is increased by 1.  As particle LET is 

increased, diffusion charge collection begins to have a greater effect on vulnerability 

[26],[52],[65],[101],[102]. For FinFET technologies, the small transistor footprint reduces 

distances between transistors.  The proximity of these transistors should result in almost equal 

diffusion charge collection as depicted in Figure 32 (top) for SP SRAM and Figure 32 (bottom) for 

DP SRAM. These figures illustrate that the same particle LET at the same distance from a storage 

node may lead to more charge collected by the DP storage cell than the SP storage cell.  
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Figure 32. Representation of charge collection by OFF NMOS transistors on an SP 

SRAM storage node (top) and DP SRAM storage node (bottom). Charge collection by 6-fins 

can lead to greater vulnerability to upsets from strikes from high LET particles than 4-fins. 

If two drain regions collecting diffusion charge are connected to the same circuit node (as is 

the case for OFF NMOS transistors within an SRAM cell), the diffusion charge collection for both 

transistors becomes additive on that node for determining SEU cross-section.  In other words, if   

Equation 1    𝑸𝒄𝒓𝒊𝒕 < 𝑸𝒄𝒐𝒍𝒍𝟏
+ 𝑸𝒄𝒐𝒍𝒍𝟐

 

then an upset will occur.  In Equation 1, Qcrit is the critical charge of the SRAM cell, and Qcoll_1 

and Qcoll_2 are the diffusion charge collection for OFF NMOS transistors.  

For DP SRAM cells, this equation becomes 
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Equation 2    𝑸𝒄𝒓𝒊𝒕 < 𝑸𝒄𝒐𝒍𝒍𝟏
+ 𝑸𝒄𝒐𝒍𝒍𝟐

+ 𝑸𝒄𝒐𝒍𝒍𝟑
 

where Qcoll_1, Qcoll_2, and Qcoll_3 are diffusion charge collection for all three OFF NMOS 

transistors. For multi-fin transistors, the collected charge due to diffusion is additive for all fins. 

For such a case, each fin needs to collect only a fraction of the Qcrit for a cell, as given by 

Equation 3    (# 𝒐𝒇 𝒇𝒊𝒏𝒔) ∗ 𝑸𝒇𝒊𝒏 > 𝑸𝒄𝒓𝒊𝒕 

Assuming 2 fins for each NMOS transistor in SP SRAM cells, each fin only needs to collect 

Qcrit/4 to cause an upset. On the other hand, each transistor needs to collect Qcrit/6 to cause an upset 

for a DP SRAM cell. Despite the DP SRAM having a greater critical charge, the reduced charge 

collection requirement for each fin in DP SRAM leads to the SEU cross-section increasing above 

that for the SP design.  Quantitatively, assume that the increase in Qcrit from an SP SRAM cell to a 

DP SRAM cell is ~10% and that each transistor in the SRAM cell is 2 fins wide. The charge 

collection necessary for an SEU by each of 6 fins in a DP cell is ~27% lower than each of 4 fins in 

an SP cell. Due to reduced charge collection per fin requirement for the DP SRAM fins, the DP 

cell can collect Qcrit from more distant particle strikes than the SP design. In other words, the overall 

SEU cross-section is higher for DP SRAM compared to that for SP SRAM when each fin is 

collecting similar amounts of charge from an ion strike.  

Technology Computer-Aided Design (TCAD) simulations were conducted to verify the 

charge collection of multiple nearby fins. Two models were designed, one with 4 NMOS fins and 

one with 6 NMOS fins. A particle with an LET of 60 MeV-cm2/mg was incident at a location 500 

nm away from the fins to correspond to the high LET particle results shown in Figure 30. The 
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electron current density for the 4-fin model is shown in Figure 33 (left), and the electron current 

density for the 6-fin model is shown in Figure 33 (right).  

 

Figure 33. Current density for 4 NMOS fins (left) and 6 NMOS fins (right) from an 

incident particle with an LET of 60 MeV-cm2/mg at 500 nm from the fins. 

 The current densities are visually similar across each fin for both models. Since the 

collected charge by each fin is additive for the circuit node, the 6-fin circuit node will collect more 

charge than the 4-fin circuit node. The total collected charge for these devices is shown in Figure 

34, with the particle strike occurring at 0 ps. There is no immediate charge collection after the ion 

strike, indicating that the primary mechanism for charge collection is due to charge diffusion 

through the substrate. After 30 ps, the rates of charge collection begin to increase for both designs. 

However, the rate of charge collection for the 6-fin circuit node is higher than that for the 4-fin 

circuit node. As a result, over 100 ps after the particle strike, the 6-fin circuit node collects 1.2 fC 

more charge than the 4-fin node.  
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Figure 34. Total charge collected for both the 4- and 6-fin models after a particle strike. 

Since diffusion charge is the primary mechanism of charge collection involved in MCU, this 

suggests that the MCU for DP design will be over larger distances than that for the SP design. 

Figure 35 [103] shows the MCU cluster size probability as a function of particle LET value for SP 

and DP SRAM arrays. DP design experiences significantly larger upset clusters than the SP design 

for the same test conditions at high particle LET values. Since the underlying process parameters 

are the same for both designs, the increased range of upset clusters is attributed to the diffusion 

charge collection by additional fins connected to storage nodes. 
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Figure 35. Relative contributions of different MCU sizes to the overall event counts for 

SP (left) and DP (right) designs. Each stacked segment represents the probability of 

occurrence of an event with a given number of upsets. 

For SRAM blocks, it is not possible to make changes to individual cells or the fabrication 

process, in general. Any changes in SRAM cell design may incur a reduction in yield due to the 

deviation from the optimized design for a given fabrication process. The radiation hardness 

improvements generally must come from interleaving or error correction codes (ECC). These 

results, showing a reduction in charge collection with a reduction in the number of fins connected 

to a circuit node, may also apply to flip-flop cells and logic circuits. Reducing the number of fins 

connected to a circuit node would effectively reduce diffusion charge collection, but at the expense 

of reducing critical charge and possibly increasing the circuit design complexity. Another 

hardening approach may be to increase the distance between fins, thereby decreasing diffusion 

charge collection. Such spatial hardening techniques will incur significant design complexity and 

increased die area requirements. Any improvements gained by such an approach must be weighed 

carefully to ensure circuit performance meets specifications. 
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4.4 Conclusion 

SEU cross-sections are analyzed for single-port and dual-port SRAM designs for alpha 

particles and heavy ion exposures at nominal and reduced supply voltages. Differences between 

SP and DP cell designs lead to significantly different SEU cross-sections over the range of particle 

LETs and supply voltages. The SP design shows higher susceptibility at nominal operating voltage 

for low LET particles, but the DP design is more susceptible at reduced supply voltages and for 

high-LET particles. These trends are attributed to the number of sensitive fins as well as the critical 

charge for each design. With the close proximity of fins, each fin will collect similar levels of 

diffusion charge.  The charge collected by fins connected to a single node is additive, increasing 

the influence of diffusion charge collection on overall SEU cross-sections. In addition to SRAM 

cells, analog and logic circuits have many instances where multiple transistors are connected to a 

single node. These nodes may show a higher SEU vulnerability.  
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5 Effects of Electrical Asymmetry on Storage Cell Vulnerability  

The following content is an expanded version of material from a paper that is © 2025 IEEE.  

Reprinted, with permission, from  

 N. Pieper, Y. Xiong, J. B. Kronenberg, J. Pasternak, D. R. Ball, B. L. Bhuva, “SEU Vulnerability 
of SRAM Designs at a 3nm Bulk FinFET Node”, IEEE Transactions on Nuclear Science, vol. 72, 
no. 8, pp. 2671-2679, Aug. 2025. 

 

The number of transistors and the spacing between them are part of the design and layout 

for a storage cell. There are other aspects of the storage cell designs that will also play a role in 

SEU vulnerability. In addition to restoring current, Qcrit for a given storage cell is also highly 

dependent on capacitance. All storage nodes within a circuit or storage cell inherently have 

parasitic capacitance. Capacitance in circuit designs must be carefully considered. High 

capacitance can reduce operating speeds, as greater amounts of charge are required to change the 

potential on circuit nodes, limiting switching speeds. However, too little capacitance would result 

in very low Qcrit values and thus very high SEU vulnerability. Capacitance is determined by many 

design and layout decisions, including the transistors and interconnects on a storage node. While 

it is often possible to increase or decrease capacitance through changing the storage cell design, it 

is often very difficult to achieve a specific capacitance value or balanced capacitance values on 

multiple storage nodes within a custom storage cell. These capacitance values in a storage cell 

dictate noise margins, or the amount of electronic noise the storage cell can withstand without 

losing the integrity of stored data.  
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In the most basic sense, the charge collection from an incident ion and subsequent voltage 

perturbation on a storage node may be considered as noise on the potential of a storage node. The 

capacitance will affect the voltage transient characteristics in the presence of charge collection 

following an ion strike.  Conventional hardening methods often add resistance or capacitance to 

storage cells to reduce the probability that an SET can propagate through the cell feedback 

mechanism. Adding resistance between storage nodes results in greatly increased feedback loop 

delay through the cell, so longer SET pulse durations are more likely to be restored before 

propagating throughout the storage cell. Additionally, more charge must be collected to cause a 

large voltage transient on a storage node with higher capacitance. With imbalanced capacitance on 

different storage nodes, each node will have slightly different SET characteristics resulting from 

an incident ion strike. An additional effect of imbalanced noise margins may also be a preferred 

state for a storage cell. If the noise margin for storing one logical state is much larger than the noise 

margin for the other logical state, it becomes more likely that a cell will revert to the most stable 

state (with the largest noise margin) in the presence of noise. However, the presence of this 

capacitance on only one of the storage nodes may lead to different effects, depending on what logic 

state is being stored in the cell [104].   

The SP SRAM cell, using 6 transistors as shown in Figure 1, allows for a read or write 

operation to be performed on a single address for each memory access cycle. For advanced 

technology nodes, PMOS transistors in an SRAM cell are usually weaker than NMOS transistors, 

which helps to improve overall performance. The access transistors in an SP cell are off during 

static operation but contribute to the storage node capacitance as well as increase the number of 

sensitive drain regions which may collect charge following an ion strike. SP cells provide the 
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greatest cell density compared to DP, TP, or TCAM SRAM cell designs. SP cells also have the 

lowest capacitance, which in older technologies would often indicate lower critical charge (Qcrit) 

and thus greater vulnerability to SEUs. DP SRAM features the same base cell as an SP cell but 

with an additional set of access transistors which allow for read and write operations on a 

secondary bitline, increasing the data access and manipulation rate of such an array. Such a DP 

design is shown in Figure 2(a). These additional transistors are only active during read/write 

operations; they do not actively contribute to the retention of logic state within the cell but do 

contribute to the Qcoll characteristics of the cell as discussed in Chapter 4. TP SRAM features a 

similar base cell as the SP cell with additional transistors to access a secondary bit-line. Figure 

2(b) shows the cell design used in this work. This second bit-line allows for a read operation to be 

performed on a second address during the same memory cycle as a read or write operation on a 

different address. Contrary to the DP cell (where the drains of the secondary access transistors are 

connected to the storage nodes themselves), the bit-line transistors in the TP design do not add 

drain regions to the storage nodes of the SRAM cell. Instead, one of the storage nodes controls the 

gate of a bitline transistor which allows for the bitline to be pulled down during a read operation. 

The addition of this second access transistor connected to one of the storage nodes results in 

unequal nodal capacitances for storage nodes in the TP SRAM cell, i.e., the rightmost storage node 

in Figure 2(b) has a greater capacitance than the left storage node. TP cells are usually used in 

lower levels of cache memory, where high memory bandwidth is needed to read multiple words or 

to access a given memory bank by multiple processors [105]. To accommodate the additional 

bitline circuit elements, the cell area for TP cells can be as much as 50% higher than the cell area 

for SP cells. Content-addressable memory (CAM) [106] uses incoming data words to identify 

memory locations where requested data are stored. CAM is a vital component in the cache memory 
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architecture of processing units, as CAM indicates the presence, location, and validity of memory 

blocks in cache arrays. The TCAM cells used in this study have two storage cells, each resembling 

a TP cell, allowing for the TCAM cell to have a third (ternary) state. Therefore, each storage cell 

in the TCAM cell will have an asymmetry similar to that of the TP cells. 

The presence of additional capacitance, as discussed above for TP and TCAM SRAM cells, 

on one storage node makes the cell asymmetric from the SEU point of view (the capacitance on 

one node is greater than on the other node). The size of the additional transistor used in the TP cell 

is greater than that for the TCAM cell. As a result, the difference in nodal capacitances for storage 

nodes was higher for the TP cell compared to that for the TCAM cell. With a similar amount of 

collected charge, the SET pulse width on the storage node with additional capacitance will be 

shorter than that for the node without the additional capacitance. Additionally, ion hits on PMOS 

transistors and NMOS transistors will yield different charge collection characteristics due to the 

differences in underlying structure and restoring transistor current drive. As a result, SEU cross-

section values will be dependent on logic state the cell. Such storage state dependence has been 

reported previously for a radiation-hardened cell design [104], featuring a large capacitance on one 

storage node to increase the SEU vulnerability. However, state-dependent SEU vulnerabilities 

have been observed in recent technologies, where cells do not feature any intentional radiation 

hardening design techniques or circuit elements.   

It remains to be seen how changes in capacitance and critical charge will also affect 

vulnerability between cell designs. These experiments with different SRAM cell designs can 

provide insights into mechanisms and sources of vulnerability for other circuit types. While 

conventional SRAM cells are often designed to be highly symmetric for maximizing stability and 
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operating speeds, most other types of storage cells (especially flip-flop cells) have widely varying 

degrees of asymmetry. Exploration of smaller variations within SRAM cell designs can help 

untangle different factors affecting vulnerability for more complex cell designs.  

5.1 Circuit Design and Experimental Details 

Section 3.3 contains a detailed discussion of test IC design details and experimental 

procedures for SEU testing. Relevant details for testing will be briefly recounted here. For these 

experiments, custom-designed test ICs containing SP, TP, and TCAM SRAM arrays were 

fabricated in a 3-nm commercial bulk FinFET technology. The die area was 2 mm x 2 mm. The 

SP SRAM array was 256 kb in a 2k x 128 configuration, the TP SRAM array was 128 kb in a 1k 

x 128 configuration, and the TCAM array was 20 kb in a 512 x 40 configuration. The SRAM 

arrays did not feature any ECC.  

Alpha particle exposures were performed at Vanderbilt University using a 1 cm x 1 cm 10 

µCi 241Americium foil source. This source was placed less than 1 mm from the die surface. The 

emissivity for the alpha source was 1,000 alpha/mm2/sec. Heavy-ion tests were conducted at 

Lawrence Berkeley National Laboratory (LBNL) using a 16-MeV/nucleon cocktail with Neon, 

Argon, Copper, and Krypton particles with surface LET values of 2, 7, 17, and 24 MeV-cm2/mg, 

respectively. The flux during each experiment was carefully monitored and adjusted to reduce the 

probability of multiple SEUs from independent particles being erroneously classified as an MCU. 

All tests were conducted in air, at ambient temperature, with normal incidence. During SEU 

testing, an FPGA continuously read the entire SRAM circuit for errors and rewrote the correct 

logic state back to the cell if one was detected. TCAM arrays were operated as generic SRAM 

storage arrays, with only one storage cell being monitored for upsets. For each exposure, the supply 
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voltage was varied between 550 mV, 650 mV, 750 mV, and 850 mV. All data shown have error 

bars included based on 95% confidence intervals on a Poisson distribution. The number of errors 

was in the hundreds (or more) for each test.  

Post-processing allowed identification of the exact location of an error in the SRAM array 

based on the known logical-to-physical mapping. MCU identification was performed using a 

clustering algorithm. If multiple cells in a 2-cell radius were observed to upset within a single 

readout, they were grouped as an MCU. Unless stated otherwise, SEU cross-sections presented in 

this work are calculated using the total number of observed upset cells.  

5.2 Experimental Results 

Figure 36 shows SEU cross-section for alpha-particle exposures (with LET of ~ 0.5 MeV-

cm2/mg) for each SRAM cell type and for each state as a function of supply voltage. SP cells show 

no input dependence across all supply voltages tested. However, for the other cell types, there is a 

nearly 10X difference in SEU cross-section between the storage states. TP cells storing 1 and 

TCAM cells storing 0 show the highest SEU vulnerability, with SEU cross-sections even higher 

than those of the SP cells. The opposite storage states for TP and TCAM cells (1 for TCAM, 0 for 

TP) show the lowest SEU cross-sections, considerably lower than those of the SP cells. SEU cross-

section increases for each cell type with decreasing supply voltage, but TP and TCAM cells have 

a greater slope with decreasing supply voltage than SP cells, and the slope remains similar for both 

storage states.  
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Figure 36. Alpha-particle SEU cross-section as a function of supply voltage. 

At a circuit schematic level (shown in Figure 1 and Figure 2), the difference between SP 

cells and TP/TCAM cells is the presence of an additional gate capacitance (and associated 

interconnect capacitance) on one of the storage nodes, due to the connection between the storage 

node and the additional bitline read transistor. This creates an electrically asymmetric storage cell 

in TP/TCAM arrays. An artifact of the asymmetric capacitances is different noise margins for each 

storage state of the cell. One of the storage states will have a greater noise margin than the opposite 

state. This may result in a case where one state (with the largest noise margin) may be preferred 

over the other (with the smaller noise margin) due to the presence of additional capacitance. In 

terms of SEU vulnerability, this represents one storage state having a higher probability of 

experiencing an upset than the opposite storage state for a given cell design. An SRAM cell in its 

preferred state will show a lower SEU cross-section than an SRAM cell in the non-preferred state. 

TP and TCAM cells show an opposite dependence on the stored logic state, with the preferred state 
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being storing 0 for TP cells and storing 1 for TCAM cells. The opposing trend (where opposite 

logic states are preferred between the TP and TCAM cells) is because the additional transistor is 

connected to opposite nodes for each design (attached to Q in TCAM cells, and Q’ in TP cells). 

With the additional capacitance located on different nodes, the preferred state for TCAM will be 

opposite that of the TP cells.   

For each test condition, the TP cells show slightly lower SEU cross-sections than those of 

the TCAM cells for both preferred and non-preferred states. TP cells have slightly higher nodal 

capacitances (by design and layout) on the storage nodes than TCAM cells. TP cells have more 

fins on the additional access transistor, increasing the capacitance on the higher-capacitance 

storage nodes. Increased capacitance will increase the amount of charge collection necessary to 

cause an upset. Therefore, higher capacitances would thus reduce the SEU cross-sections= for TP 

cells compared to that for TCAM cells. 

The SP SRAM cells are electrically symmetric and have the lowest nodal capacitances 

amongst all three designs. Design symmetry results in equal SEU cross-sections for storing-1 and 

storing-0 for SP SRAM cell, as observed in above. Even though SP cells have the lowest nodal 

capacitances (and resulting lowest critical charge averaged across both storage states), the SP cells 

exhibit lower SEU cross-section than TP and TCAM cells in the non-preferred state.  This indicates 

that non-preferred states will be the most vulnerable states for TP and TCAM. 
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Figure 37. SEU cross-section as a function of particle LET at nominal supply voltage. Alpha 

particles are estimated to have an LET of 0.5 MeV-cm2/mg. SEU vulnerability differences 

between designs are most prominent at low LET values. 

Figure 37 shows SEU cross-section results for each cell type and storage state (storing-1 

or storing-0) as a function of particle LET at nominal supply voltage. At sufficiently high LET 

values, the SEU vulnerabilities of each cell type and each stored state are similar because the 

differences in critical charge for each cell are small compared to the amount of charge collected. 

As particle LET is reduced, the differences in SEU cross-section between cell types become larger. 

Across the range of particle LET values tested, the SP cells show negligible differences in SEU 

cross-sections between when 0 or 1 is stored in the cell. However, SEU cross-sections for TCAM 

and TP arrays are strongly dependent on the logic state of the cell. For Neon exposures (LET= ~2 

MeV-cm2/mg), the SEU cross-sections differ by ~4x for storing-0 and storing-1 in the TCAM/TP 
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arrays. While the same for Krypton (LET = ~24 MeV-cm2/mg), the SEU cross-sections differ by 

less than a factor of 2 between storing-1 and storing-0 states. 

 

Figure 38. Low-LET heavy-ion SEU cross-section as a function of supply voltage. SP arrays 

show the highest vulnerability compared to TP and TCAM cells. 

Figure 38 shows results for Neon (with LET of ~2 MeV-cm2/mg) for the same cell types 

and input conditions as a function of supply voltage. With the increase in particle LET (compared 

to LET for alpha particles) comes an increase in charge collected by the SRAM cells, and an 

associated increase in SEU cross-section. As particle LET is increased from ~0.5 MeV-cm2/mg to 

2 MeV-cm2/mg, the amount of collected charge becomes larger, and is more likely to cause an 

upset for both the preferred and the non-preferred states of the asymmetric cells. The differences 

in critical charge between states will primarily have an effect for ion hits away from the sensitive 

transistors or for charge collection at levels close to critical charge.   
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Figure 39. MCU contributions at nominal supply voltage for normally incident particles with 

LET values of (top) 2 MeV-cm2/mg and (bottom) 24 MeV-cm2/mg. 

As the amount of deposited charge increases, charge collection by multiple transistors and 

multiple cells becomes more common, increasing MCU probability. For heavy-ion exposures, all 

three types of cells are susceptible to MCU, with different levels of vulnerability. These results are 

shown in Figure 39 (top) for SP, TP, and TCAM cells at nominal supply voltage (750 mV) for a 

particle LET of ~2 MeV-cm2/mg, and in Figure 39 (bottom) for a particle LET of ~24 MeV-

cm2/mg. MCU contributions presented in Figure 39 are the average of storing-0 and storing-1 

results. For Neon exposures (2 MeV-cm2/mg), only SP and TP cells show MCU vulnerability, 
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though accounting for <5% of events. For Krypton exposures (24 MeV-cm2/mg), the MCU 

probability are significantly higher for all cell types. For SP and TP cells, MCUs account for >70% 

of events.  

In contrast to overall SEU cross-section, which is primarily dependent on noise margins 

for the storage states within a cell, MCU probabilities are strongly dependent on layout 

characteristics, including the cell size. Figure 40 shows the relative cell sizes for all three types of 

SRAM cells. TP cells are slightly larger than SP cells, and these cells show 70% and 80% of events 

being MCU, respectively. TCAM cells are ~2x larger than TP cells (due to the presence of a 

secondary storage cell) and show a significantly lower 45% MCU contribution. Reductions in 

supply voltage result in increases in MCU probability. Despite the asymmetry of the TP and TCAM 

cells, the MCU characteristics are primarily determined by the layout characteristics rather than 

asymmetry. Better conclusions can be drawn by comparing the MCU vulnerability of TP cells for 

both the preferred and non-preferred states.  

 

Figure 40. Relative cell sizes and shapes of SP, TP, and TCAM cells in the 3-nm test ICs. 
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Figure 41. Relative MCU occurrence probability and sizes for TP cells for a range of supply 

voltages for each logic state for heavy-ion exposures. MCU sizes remain strongly dependent 

on input at high particle LET values.  

Figure 41 shows MCU vulnerability for TP cells for a particle with an LET of 17 MeV-

cm2/mg. For each supply voltage, a clear difference is observed in MCU vulnerability between 0 

and 1 states for the TP SRAM array. Similar trends are observed for TCAM cells. As the supply 

voltage is decreased, MCU probabilities increase for both 0 and 1 states, as well as the maximum 

number of cells observed in an MCU cluster. Since MCU mitigation techniques rely on worst-case 

vulnerabilities, it is important to perform experiments in the worst-case input condition.  

In Figure 41, SEU cross-sections and MCU cross-sections are greater for input 1 (non-

preferred state) than input 0 (preferred state), which remains consistent with the previous results 

and discussions regarding greater vulnerability for cells in their non-preferred states. However, 

MCU cluster sizes are observed to be slightly larger for the preferred state than the non-preferred 
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state, at least when the supply voltage is greater than 550 mV. Consideration of only Qcrit for a 

given storage state would suggest that a lower SEU cross-section for a particular condition also 

results in lower MCU sizes. Sensitive node spacing must also be considered to understand this 

trend.  

 

Figure 42. Layout of a conventional TP SRAM cell. Different storage nodes and the 2nd port 

bitline transistor are identified in dotted boxes, after [107].  

Figure 42, after [107], shows a conventional TP SRAM cell layout in a FinFET technology. 

Recall that the most vulnerable state (non-preferred state) of the TP cell is when the low-

capacitance node is vulnerable to OFF NMOS hits. The low-capacitance node is in the center of 

the cell. In the opposite storage state (preferred state), the cell is vulnerable to charge collection by 

the OFF NMOS on the higher capacitance node, which is located near the edge of the cell.  

A common SRAM layout technique is to mirror adjacent cells in the word-line direction. 

In such a layout, higher-capacitance nodes in adjacent cells will be located very close to those in 

adjacent cells, whereas the higher-capacitance nodes or the 2nd bitline transistor will still separate 

lower-capacitance nodes in adjacent cells. When a blanket (preferred state) pattern is stored in the 

array, the OFF NMOS on higher-capacitance nodes in adjacent cells are more likely to collect 
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charge together compared to the non-preferred state, where the lower-capacitance node in the 

center of the cells is more vulnerable. Despite having a lower overall per-cell sensitive area in the 

preferred state (resulting in a lower SEU cross-section), the overlap of the sensitive area between 

adjacent cells will be much higher than for the non-preferred state (resulting in larger MCU sizes 

in the word line direction). This is illustrated in Figure 43 for both the preferred and non-preferred 

states. The total sensitive area is much greater for the (a) non-preferred state, but MCU 

contributions and sizes in the word-line (horizontal) direction will be reduced.  
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Figure 43. Mirrored layout of multiple adjacent SRAM cells. Sensitive regions are shown in 

red for (a) non-preferred and (b) preferred states. The overlap of sensitive areas between 

adjacent cells is shown in darker shades of red.  

Individual upset cluster shapes observed for both states support this hypothesis. Two such 

clusters are shown in Figure 44, which are chosen to be representative of the distribution of upset 

clusters observed at each condition. In the non-preferred state, sensitive area for each cell is 

greatest, but the overlap between sensitive areas of adjacent cells is small, since the sensitive nodes 

are located in the center of the cells. Despite the lower sensitive area per cell in the preferred state, 

MCUs often span 2 horizontally adjacent cells in the word-line direction. In the non-preferred 

(a) Non-preferred State 

 

(b) Preferred state 
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state, despite a higher overall SEU cross-section, upsets are often limited to a single column of 

cells. 

 

Figure 44. Upset clusters observed (representative of most common upset shapes) for a 

particle LET of 17 MeV-cm2/mg and 850 mV supply voltage. 

The unexpected trend (larger MCU sizes for the state with lower SEU cross-section) is 

most prominent at nominal and elevated supply voltage. In these conditions, MCU sizes for both 

the preferred and non-preferred states are relatively small compared to MCU sizes at reduced 

supply voltage values. In these conditions, the sensitive area for upsets is relatively small in either 

storage state, and MCUs are often limited to <4 cells in the bit-line direction (vertical in the 

following figures, along wells) and 2 cells in the word-line direction (horizontal, spanning multiple 

wells). As supply voltage is reduced, the sensitive areas will increase significantly for both storage 

states, and the overlap in sensitive areas between adjacent cells will increase for both the preferred 

and non-preferred states. This results in greater MCU sizes, but the sensitive node spacing as 

(a) Non-preferred State     (b) Preferred State 

     



104 

 

mentioned above will be less of a factor and the differences in MCU sizes between the two cells 

will decrease. Such behavior is consistent with the results in Figure 41. 

These MCU results further support the conclusions in this chapter. The non-preferred state 

of the storage cells is commonly in the state where the lowest-capacitance node is sensitive to 

charge collection by an OFF-NMOS device. Assuming this generic TP cell layout, the lower-

capacitance node is located in the center of the cell, and the higher-capacitance node is located is 

located near the edge of the cell. The unexpected result that greater SEU cross-section for the non-

preferred state does not correspond with the highest MCU probability indicates that the size and 

locations of the sensitive areas change depending on the storage states within the cell. Additionally, 

determining the location of the lower and higher capacitance nodes from this layout in Figure 43 

further supports that the lower-capacitance node storing logic HIGH corresponds to the non-

preferred states as anticipated from Figure 38.  

5.3 Functional Tests, Simulations, and Discussion 

To elucidate the underlying mechanisms responsible for differences in SEU vulnerabilities 

presented in these results, functional tests and simulations were conducted to validate the presence 

of preferred states in TP and TCAM cell types. Asymmetry in an SRAM cell is expected to create 

an electrically preferred state for the cell and also affect the characteristics of single-event 

transients. Each of these will contribute to the observed difference in SEU vulnerability between 

storage states for these cells.   

An electrically preferred state would suggest that a cell experiencing voltage perturbations 

on one or both storage nodes will have a higher probability of settling to its preferred state over 

the non-preferred state. In other words, the critical charge to cause an upset for the preferred state 
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will be greater than that required to cause an upset for the non-preferred state, and the non-

preferred state will be more vulnerable to SEUs. Functional tests were conducted to determine the 

electrically preferred tests for the TCAM and TP cells. The tests were conducted by observing the 

power-on state of each SRAM cell in the TP and TCAM arrays. Upon powering on, SRAM cells 

are most likely to go to the preferred state. Power-on tests for SP cells showed equal division 

between cells that settled to store 1 and cells that settled to store 0, indicating electrical symmetry 

of SP cells. Repeating these trials for TP and TCAM cells showed a preferred power-on state. In 

the TP array, 86% of cells preferred storing-0, and 85% of TCAM cells preferred storing-1 on 

power up. When compared with the SEU results presented in Figure 36, Figure 37, Figure 38, 

these preferred power-on states for each cell type correspond to those with the lowest SEU cross-

sections for each cell type. Such a preferred state will result in different SEU cross-sections for 

storing 1 or 0 for TP and TCAM arrays, requiring less charge collection by a cell to experience an 

SEU from a non-preferred state to a preferred state.  

The presence of additional capacitance on a storage node will also affect SET pulse 

characteristics, in addition to these electrical power-on characteristics. These will further 

contribute to differences in SEU vulnerability between logic states observed in this study. Previous 

studies have observed differences in SET pulse widths generated by charge collection in NMOS 

devices (termed “N-hits”) and PMOS devices (termed “P-hits”) [108]. SET pulses generated from 

N-hits have been observed to be longer those from P-hits in FinFET technologies [109]. This 

makes the storage node storing logic 1 (associated with an OFF NMOS transistor collecting 

charge) susceptible to more charge collection than the opposite node (associated with an OFF 

PMOS transistor collecting charge). If the node storing a 1 (higher collected charge) also has less 
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capacitance, it will experience enhanced SEU vulnerability. The combination of these factors leads 

to unequal SEU cross-sections for preferred state and non-preferred state.   

These effects were explored in 3-D  TCAD simulations performed using the Cadence suite 

and Synopsys Sentaurus technology computer-aided design (TCAD) tools [64]. The dimensions 

and process parameters used in the TCAD models were adjusted to match device characteristics 

from the foundry-provided PDK. Back-to-back connected inverters were constructed to simulate 

the effects of an incident particle on a single SRAM cell storage node at different supply voltages. 

The asymmetry of the TP and TCAM cells were simulated with additional capacitance attached to 

one of the storage nodes of the cell. Simulations were conducted with a particle LET of 5 MeV-

cm2/mg normally incident to the device. Charge deposition was modeled as spatially Gaussian 

with a 10 nm radius and temporally with a 0.5 ps duration. The sensitive area is estimated by 

repeating simulations with the ion incident at various distances from the drain region of the OFF-

NMOS on either the high-capacitance node or the low-capacitance node. The preferred state 

corresponds to the NMOS being OFF associated with the higher-capacitance node, while the non-

preferred state corresponds to the NMOS being OFF associated with the lower-capacitance node.  

Simulation results are shown in Figure 45 for strikes near the OFF-NMOS in the (a) preferred state 

and (b) non-preferred state. For strikes near the storage node (at a distance of 0.1 and 0.2 µm), the 

cell is observed to upset regardless of storing 1 or 0. At 0.23 µm from the OFF-NMOS transistor, 

strikes for the non-preferred state cause an upset, while strikes for the preferred state do not cause 

an upset. This results in differences in sensitive areas between the input conditions. Under similar 

conditions, strikes on the low-capacitance node (non-preferred state) have higher magnitude of 

voltage transients compared to those for the high-capacitance node. This means less charge 
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collection is required for a transient to cross VDD/2 for low-capacitance node, where the feedback 

in the SRAM cell will reinforce the upset state on the higher-capacitance node.  

 

Figure 45. TCAD simulated voltage transients from a 5 MeV-cm2/mg LET particle normally 

incident at multiple distances from the OFF NMOS in a (a) preferred or (b) non-preferred 

state. 

Significant differences in SEU vulnerability are observed between storage states for 

electrically asymmetric SRAM cells. These differences are a result of both electrical characteristics 

as well as effects on single-event transient characteristics (greater voltage perturbations on lower-

capacitance nodes). To summarize, the electrically preferred states were determined through 

observation of power-on states. The preferred power-on state for asymmetric TP and TCAM cells 

correspond to the state with the lowest SEU cross-sections for these cell types. Hits on OFF-NMOS 

transistors result in greater SEU vulnerability for FinFET technologies. In the non-preferred state, 

the OFF-NMOS for the cell is on the storage node with the lower capacitance, leading to greater 

SET magnitudes than OFF-NMOS hits on the higher capacitance node, leading to greater SEU 

vulnerability for the non-preferred state.   
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These experimental results and simulations show the importance of parasitic capacitances 

at this technology node.  Small differences in nodal capacitances between storage nodes in an 

SRAM cell may result in significant differences in SEU cross-sections for each input.  Such input 

dependence has not been reported for standard SRAM cells in earlier technology nodes.  This is 

mainly because SRAM cells are designed to have symmetric butterfly curves to maximize stability 

when operating at reduced supply voltages, resulting in the difference in critical charge between 

states being small.  At the 3nm node, low critical charge enhances the effects of even small parasitic 

capacitances, and thus the differences in critical charge, especially for low-LET particle exposures.  

SEU vulnerability dependence on stored logic state has been observed in previous studies 

for flip-flop cells where asymmetry in drain areas were intentionally introduced [13]. The results 

presented in this work may help to explain relevant factors in how SEU vulnerability may depend 

on various process parameters and additional design details. SRAM cells are often designed to be 

electrically symmetric to optimize stability. This work shows that small variations in cell designs 

(even small parasitic capacitances) can lead to significant changes in SEU vulnerability. For other 

types of cells, flip-flop cells, for example, are often designed with even greater asymmetry in drive 

current and storage node capacitances. As critical charge of storage cells decreases with scaling, 

electrical asymmetry may contribute even more to SEU vulnerability.  

5.4 Conclusions 

Experimental results are presented for SP, TP, and TCAM SRAM arrays fabricated in a 

commercial 3nm bulk FinFET technology. Results show that electrically asymmetric TP and 

TCAM cell designs lead to the SEU vulnerability being dependent on the stored logic state of the 

SRAM cell. The dependence on stored logic state is more prominent as LET or supply voltage is 
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reduced.  These differences are due to electrical asymmetry creating preferred states, differences 

in n-hit and p-hit charge collection, and low critical charge values enhancing the effects of small 

differences in critical charge. MCU results are also presented for heavy-ions showing that MCU 

vulnerability are mostly determined by cell size as well as spacing between sensitive nodes. 
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6 Conclusions 

Radiation effects continue to be a significant concern for designing reliable systems in 

harsh environments, especially for ICs designed and fabricated at advanced technology 

generations. The progressive scaling of transistors has led to an evolution of radiation-effects 

vulnerabilities to the extent that each new generation needs to be evaluated. Significant reductions 

in critical charge and reduced spacing between transistors leading to more complex charge 

collection characteristics lead to greater difficulty in predicting SEU vulnerability of storage cells. 

SRAM cells are uncomplicated structures which are relatively easy to test, and provide statistically 

significant datasets due to large array size at each technology node. Their simplicity allows for 

exploration of how different parameters affect SEU vulnerability and provide insight into how 

complex designs in future technologies may behave. The primary factors in SEU vulnerability 

explored in this work are the effects of operating parameters, multiple-fin charge collection on 

storage nodes, and storage node asymmetry within a cell.  

Operating parameters, such as supply voltage and particle LET values, have been 

extensively studied for most prior technology generations. These are useful testing parameters, as 

changing these conditions during testing allows for control over charge collection characteristics 

or critical charge of the cell directly. The effects of temperature on SEU vulnerability is far more 

complex and has shown opposing trends in previous studies performed with older planar and 

FinFET technology nodes. In this work, SP and DP SRAM cells are used to show that increasing 

temperature leads to a reduction in SEU vulnerability. Despite increasing the observed charge 

collection by reducing recombination rates, the increasing temperature increases the restoring 

current capabilities of transistors. The increased restoring current dominates in the competition 
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between these two factors, resulting in faster recovery from charge collection at these advanced 

technologies. These results show a significant departure from trends shown in previous studies of 

planar technologies.  

Decreased feature sizes allow for a denser layout of circuit designs, i.e. greater number of 

transistors in a given unit area. This increases the probability that multiple transistors will collect 

charge from the charge deposited by a single ion strike. SP and DP SRAM cells are used to show 

that increasing the number of fins connected to a storage node may lead to increased vulnerability, 

which has not been investigated prior to this work. DP cells have similar design to SP cells, with 

a greater number of access transistors which do not contribute to feedback current but are still 

sensitive to charge collection. This results in much greater SEU and MCU vulnerability in DP 

cells, especially to high LET particles where the charge cloud is large and charge collection by 

each transistor is increased. This suggests that other storage cell designs may also exhibit 

significant increases in vulnerability if storage nodes are associated with additional fins 

(transistors) which do not provide restoring current during normal operation.  

Finally, highly-scaled unhardened storage cells often feature very low capacitance and thus 

very low critical charge values. Therefore, relatively small and often overlooked differences in 

drive current or capacitance on different storage nodes may significantly impact the critical charge 

of a storage cell. Additionally, different storage nodes within a cell may have asymmetric electrical 

characteristics in capacitance and restoring current. Symmetric SP SRAM cells and asymmetric 

TP SRAM cells (with additional parasitic capacitance on one storage node) are used to show that 

asymmetry can lead to a preferred state within SRAM cells. This results in greater vulnerability 

for certain storage states compared to others. Rather than characterizing a cell by a single critical 



112 

 

charge value, critical charge must be defined for each storage state, or a critical charge value may 

be assigned to each individual node. For example, the node with a higher capacitance may be 

defined to have a larger critical charge value and reduced vulnerability to an SEU occurring.  

SRAM cells are essential circuits in every technology node and are easy to design. SRAM 

cells feature high stability, symmetry, and are relatively simplistic in design compared to other 

storage cells. Therefore, SRAM arrays are useful tools for determining different factors in SEU 

vulnerability. Different SRAM cell designs may be utilized to change different characteristics of a 

cell, including the number of transistors on a storage node or capacitance on a storage node. This 

allows for controlled isolation of these factors and identification of their effects on SEU 

vulnerability. Small cell sizes allow for increased MCU vulnerability, which may be used to 

estimate the physical extent over which charge may be collected. Characterizations of these cells 

show large shifts in SEU vulnerability for a variety of operating parameters and designs, with 

significant departures from trends shown in previous planar technologies, and even prior FinFET 

technologies. SRAM cells, as the smallest storage cells at a given technology node, may even be 

used to predict vulnerability trends in future technology generations.  
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