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CHAPTER 1
INTRODUCTION

As a result of technology scaling and increased transistor density, integrated circuits (ICs)
fabricated at advanced technology nodes frequently contain billions of transistors. With increased
transistor density and operating frequencies, the power dissipation and local temperature on a die
have also increased. For fin field-effect transistor (FinFET) technology nodes, issues relating to
self-heating further increase local operating temperatures on an IC [1]. The resultant increased
die temperature degrades carrier mobility and changes threshold voltage, leading to changes in
transistor current [2, 3, 4, 5]. Additionally, local temperatures on a die may significantly exceed
the average die temperature measured on an IC package, accelerating multiple failure mechanisms
and reducing the overall reliability of ICs [1].

Another primary concern for application specific integrated circuit (ASIC) designers is the
power consumption of an IC [6]. With scaling, the power consumed by an IC has increased to
hundreds of watts. To reduce the overall power consumption, designers have developed a myriad
of ways to reduce it on an IC. This includes using transistors with different V1 options to op-
timize power and performance requirements under normal operating requirements and reducing
the supply voltage, oftentimes to as low as near-threshold-voltage (NTV) levels, to manage power
consumption issues.

While neutron particles are of the highest abundance in terrestrial environments, alpha particle
exposure is unavoidable due to impurities in IC packages [7]. This results in a multitude of parti-
cles with varying linear energy transfer values transiting through sensitive regions of a transistor.
However, the number of particles with low linear energy transfer (LET) values is several orders of
magnitude higher than that for high LET values in terrestrial environments. This is also true for
space environments where low LET particle flux is orders of magnitude higher than that of high
LET particles. As a result, single-event effects caused by low LET particles may dominate the SE
cross-section.

With soft errors being one of the major reliability issues at advanced technology nodes, it is

imperative to evaluate the effects of temperature and supply voltage on SE cross-section. While



previous works have analyzed the impact of supply voltage and temperature on the SE performance
of D-FF designs for a small range of near-nominal supply voltage values for 28-nm planar, 16-nm
planar, and 16-nm finFET technologies, there is no clear scaling trend [8, 9]. In addition, the
physical transistor structure at each FinFET technology node may be different, requiring that the
temperature and supply voltage response for SE cross-sections be evaluated for each node.

Electronics bound for space environments simultaneously experience total ionizing dose (TID)
and single-event effects. Energetic particles such as electronics, photons, and protons may strike
the semiconductor material, where they generate electron-hole pairs. These are created within the
silicon dioxide insulator by ionizing radiation and may be captured by traps within the silicon
dioxide or at the interface between silicon dioxide and silicon. This causes progressive damage,
where the degradation over time may lead to irreversible parametric drifts and functional failures
at the device level [10]. With the desire to utilize circuits at the latest technology node for space
and military environments, it also becomes necessary to evaluate the TID response for the 7-nm
bulk FinFET technology node.

As a result, this work focuses on investigating single-event and total ionizing dose effects at
the 7-nm bulk FinFET technology node. Chapter 3 and chapter 4 focus on the SE cross-sections
for a conventional D-FF for a variety of test conditions. In chapter 3, the SE cross-section for three
conventional D-FFs with different V1 options at NTV levels are considered. Results indicate that
around NTV levels, the SE cross-section increases by two orders of magnitude and that the LVT
option yields the best SE performance in comparison to the SVT and uLVT options. Furthermore,
chapter 4 investigates the effects of supply voltage and temperature on single-event upset. Results
indicate that SE cross-sections showed minimal changes when temperature was increased from 25
°C to 100 °C at nominal supply voltage. However, at reduced supply voltages, it was found that
the SE cross-section decreased significantly for the same temperature range.

Chapter 5 evaluates TID effects as a function of supply voltage using changes in ring oscillator
(RO) frequency and circuit-level current. Results show that TID exposures change the circuit-
level parameters less than 1% for all test conditions. However, it can be seen that for dynamic
test conditions, supply voltage influences the TID response of RO circuits. Building on this work,
chapter 6 characterizes the effects of TID response on ROs with different number of stages, each

with a different operating frequency, for the 7-nm bulk FinFET technology node. Results indicate



that increasing operational frequency results in smaller increases in leakage currents and bigger
increases in inverter delays. Overall, degradations in circuit-level parameters were less than 1%
for TID exposures of 435 krad(SiO,). Additionally, static conditions showed higher degradations

than dynamic conditions. These results build on and confirm the results found in chapter 5.



CHAPTER 2
BACKGROUND

2.1 Single-Event Transients and Upsets

Terrestrial and space-bound electronics are exposed to many different forms of radiation. Par-
ticularly, semiconductor materials may absorb electromagnetic radiation, which may excite an
electron from the valence band to the conduction band, leading to the generation of electron-hole
pairs. The threshold energy required for electron-hold pairs depends on the band gap energy of
the irradiated material. While the band gap energy of silicon is approximately 1.1 eV, some of
this energy is inevitably absorbed as heat. The threshold energy to create an electron-hole pair in
silicon is about 3.6 eV [11].

This type of charge generation may be shown with a simple solar cell [12]. A solar cell is
modeled as a diode exposed to light. The similarity in structure between a solar cell and a planar
metal-oxide-semiconductor field-effect transistor (MOSFET) is shown in Figure 2.1. As the cell is
exposed to light, photons will strike the diode’s p-n junction and generate electron-hold pairs. This
creates the flow of current that has two components: a component resulting from the drift of carri-
ers generated in the depletion region from the build-in potential of the junction and a component
resulting from the diffusion of carriers generated outside the depletion region to the junction [13].
Drift current is the movement of charge carriers due to an electric field, while diffusion currents
is the movement of charge carriers due to the gradient of the carrier concentration. These currents
make the operation of a solar cell possible through reverse-biased p-n junctions.

This same charge-collection mechanism is also observed when a semiconductor material, such
as that found in transistors, is struck by an energetic particle. The resulting voltage transient is
thus called a single-event transient and the associated current transient is called the ion-hit current.
Electron-hold pairs may be generated either directly or indirectly by this energetic particle. Direct
ionization is when a charged particle penetrates the semiconductor material and transfers energy to
the trapped electrons along its path, forming a charge track of free electron-hole pairs [14]. This is

illustrated in Figure 2.2. e [15]. Figure 2.2 also shows the ion-hit current waveform corresponding



Radiation Gate

1
(n) (n)
Source Drain
p-type n-type
e O e - + @ @ @
[e) Q - + () (9) Substrate
L] [ ® |- + © o Qo (p)
—
Electric Field

(a) (b)

Figure 2.1: Illustration of the similarities between (a) a solar cell and (b) a transistor. The n-type
semiconductor is shown in blue, the p-type in red, and the depletion region in gray [12].

to a SET caused by direct ionization and the associated charge collection mechanisms. These

mechanisms are discussed in further detail in chapter 3 and chapter 4.
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Figure 2.2: SET generation steps and the resulting SET waveform showing (a) charge track left
behind by a heavy ion, (b) drift current, and (c) diffusion current [16].

While SETs of a node only last a very brief period of time, they can create errors if a SET
occurs at a vulnerable logic node and has sufficient magnitude such that the associated transient
voltage propagates to a latch. If a latch error occurs due to the storage of a SET pulse or an ener-
getic particle strike to the semiconductor region contained within a latch, it is called a single-event
upset. The propagation of a SET pulse may be impeded through attenuation as it passes through
logic gates (electrical masking), missing a latch’s setup and hold time requirements (temporal
masking), or the rejection of the signal at a logic gate because of the gate’s other inputs (logical

masking) [17]. If the transient voltage pulse is not masked by one of these methods, it may be



stored in the latch as erroneous data.

Flip-flop cell single-event upsets are primarily decided by two factors: SET pulse-width (PW)
and feedback-loop delay of the latch. Feedback-loop delay of a latch is the time required for a
signal to propagate through the feedback-loop delay of a latch, typically equal to two inverter
delays for a standard D-FF as seen in Figure 2.3 [12]. To a first degree, errors occur within a
FF cell when the SET PW exceeds the feedback-loop delay. The feedback-loop delay and SET
pulse-width are a function of nodal capacitances, individual transistor currents, and incident ion
type and energy. A secondary factor affecting the soft error rate is is the collected charge after an
ion strike by a sensitive node. As supply voltage is reduced, the critical charge required to cause
an upset decreases because of the reduced charge stored on a node. Previous work has shown
that increasing temperature yields smaller ion-hit currents, and subsequently smaller values of
collected charge after an ion strike, as shown in Figure 2.4. This is mainly caused by a decrease
in carrier mobilities at elevated temperatures. Though drift current component of the ion-strike
current decreased by 36% over the temperature range of 292 K to 453 K, diffusion current did
not change significantly. Thus, overall charge collection will reduce at elevated temperature. The
overall trend in SE cross-section as temperature rises will be determined by the competing factors

of reduced carrier mobilities, increased thermal voltage, and reduced charge collection after an ion

strike.
clk clk
oo RS e
clk clk
clk clk
o
4 n

Figure 2.3: Feedback-loop (red) of a D-FF [12].

Collected charge will reduced when the supply voltage is decreased due to lower electric fields.
These variations and mechanisms affecting circuit-level parameters are shown as a function of

reduced supply voltage in Figure 2.5.
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Figure 2.4: Experimental charge collection measurements as a function of temperature on a p-n
junction at a reverse bias of -10 V. Incident ion energy was 15 MeV/em? /mg with n-type doping
of 4x10'5/cm3 [18].
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Figure 2.5: Mechanisms of feedback-loop delay and collected charge as a function of reduced
supply voltage [19].

At NTV levels, the feedback-loop delay of storage cells will increase significantly in compar-
ison to that of nominal supply voltage because of reduced currents available for the charging and
discharging of circuit nodes. Similarly, SET pulse-widths will also increase significantly in com-
parison to nominal supply voltage because of reduced restoring currents. The rate of change for
these two factors will determine the overall trend of SE cross-sections. NTV level operation will
result in significantly reduced critical charge values for FF cells. It will also decrease the collected
charge for a given particle incident on a circuit node.

The difference in critical charge for identical D-FFs with different V1 options is negligible at
nominal supply voltage values. As a result, differences in SE cross-section will only be observable
for particles with near-threshold LET values. For particles with LET values significantly higher
than threshold-LET values, collected charge will be significantly higher than the critical charge for
the D-FF designs with different V1 options, resulting in similar SE cross-sections in each D-FF.

Additionally, the abundance of low LET particles in radiation environments, particularly terrestrial



and space, dictates that results from low-LET particles be of significant interest to the community.

As a result, chapter 3 and chapter 4 focus on alpha particle exposures.

2.2 Total Ionizing Dose

The overall effect of TID on transistor parameters is characterized as degradations in critical
device operating characteristics such as off -state leakage current, N-type metal-oxide-semiconductor
(NMOS) threshold voltage (V;,,), P-type metal-oxide-semiconductor (PMOS) threshold voltage
(Vip), sub-threshold slope, carrier mobility (1), and transconductance (g,,) for complementary
metal-oxide-semiconductor (CMOS) transistors. These degradations manifest as an effective change
in the driving current for transistors, which affects logic-gate delays and overall power dissipation
at the circuit-level [20, 21].

While the TID characterization of a single transistor is always preferred as it yields the most
accurate picture of mechanisms responsible for parameter degradations, it is challenging due to
the difficulties associated with fabricating an isolated transistor [22]. During the fabrication of
an isolated transistor, the metal lines and probe pads may become charged during the plasma-
etching steps which the small capacitances associated with each transistor cannot survive [23, 24].
Designers have addressed this issue by using an array of parallel transistors, ensuring that the
collective capacitance of each transistor is large enough to withstand the charging of metal lines
during the plasma-etching steps of fabrication. However, this approach tends to lead to outlier
transistor(s) dominating the parameter measurements, skewing the parameters that designers will
use in subsequent circuit-level simulations.

Isolated transistors that do survive fabrication will still face challenges during testing because
they are vulnerable to electrostatic discharge (ESD) [25, 26, 27]. TID exposure systems with high
voltages, such as the ARACOR x-ray machine used in chapter 5 and chapter 6, may cause ESD
damage which can break down the gate insulation of an isolated transistor. Once this insulation is
breached by a discharge, the transistor will experience permanent damage, rendering the transistor
non-functional [26, 28].

Rather than characterize an isolated transistor, it is better to evaluate the effects of TID at the
gate-level. This approach better informs designers of the average effects of TID while avoiding

the challenges which come with fabricating and testing an isolated transistor. Designers are most



interested in changes in individual logic gate delays and power dissipation at the circuit-level as a
function of TID because changes in a transistor’s operating parameters from TID exposure man-
ifest as an effective change in driving current [20, 21, 28, 29]. These two parameters are easily
measured with ROs so the characterization of individual transistors for modeling circuit-level ef-
fects is unnecessary. While the characterization of individual transistors shows the vulnerability
of a given technology and may be used for understanding the basic mechanisms for trap gen-
eration and simulating the response of small circuits with SPICE-level simulators, an RO-based
approach provides the effects of TID at the logic gate level. This allows designers to use higher-
level simulators for large circuit blocks and facilitates the development of circuit-level techniques
for mitigating TID effects.

Another advantage to using RO circuits is that variations in individual transistor parameters
are incorporated into the overall change in RO frequencies. As a result, changes in RO frequencies
after TID exposure depend only on the average transistor parameters and are not significantly
affected by outliers. This approach eliminates the inherent risks associated with characterizing
individual transistors and yields data that is more easily incorporated and appropriate into the
ASIC design flow.

Ring oscillator circuits are designed using an even number of inverters and one NAND gate
connected in a loop, where the NAND functions as an enable switch. This results in an unstable
circuit that oscillates at a fixed frequency based on the number of stages in the loop. Figure 2.6
shows RO circuits with 13 stages using inverters. The oscillation frequency for RO circuits is

measured and inverter delay is then determined by the following equation:

=T =20ty 2.1)

where f is the RO frequency, T is the clock period, n is the number of stages in the RO, and t;,,
is the average delay of each RO stage (assuming that the NAND gate delay is similar to that for an

inverter). The inverter delay is assumed to be a function of:

Cr-Vop
Wu-Cox - (Vpp + Vp)?

(2.2)

tiny =

where t;,,, is the average delay of each RO stage, C, is the load capacitance, Vpp is the supply

9



voltage, V; is the threshold voltage, I/ and L are the width and length of the driving transistor, x

is the carrier mobility, and Cpx is the oxide capacitance [30].

Enable— ) } > [:;. |> |>.

Figure 2.6: 13-Stage ring oscillator circuit where NAND is used to enable oscillations [29].

Ring oscillator circuits are well suited for TID characterization of circuit-level parameters, such
as logic gate delays and power consumption, because they are evaluated using average parameter
values of all transistors in the RO circuit [31, 32]. The use of average parameters allows for the
inclusion of statistical variations among individual gate parameters. This ensures that statistical
variations among individual transistors in RO circuits are incorporated into overall RO character-
istics. Furthermore, changes in average power consumption as a function of TID can be measured
through the supply current for the IC.

To evaluate the effects of frequency and supply voltage on TID response at the logic-gate
level, several ROs each with a different number of stages, are used in chapter 5 and chapter 6. As
the number of stages inversely controls the operating frequency, each RO operates at a different
frequency. TID exposure while the RO is oscillating provides insights into how individual logic
gates behave in a digital circuit where several logic blocks operate at different frequencies. Such
results will allow designers to accurately model TID response at the circuit-level without resort-
ing to detailed and difficult simulation program with integrated circuit emphasis (SPICE)-level

simulations.

2.3 FinFET Structure

This work focuses on SE and TID effects for a 7-nm bulk FinFET technology node. A fin field-
effect transistor is a MOSFET built on a substrate where the channel is formed within a narrow fin
of silicon that is surrounded by the gate [33], forming a multi-gate structure. This is different from

a planar transistor where the channel is formed beneath the gate. The physical structure of the

10



FinFET allows for the gate to wrap around three sides of the channel region, providing superior
control of the electric field in the channel region. This improved control over the channel region
has allowed FinFET transistors to operate at a much lower supply voltage than that of planar
nodes, increase drive current, improve switching characteristics, and lessen leakage in comparison
to planar transistors [34, 35]. This structural difference has also impacted the mechanisms of
single-event upsets (SEUs). In a bulk FinFET, the only path to the substrate is through a narrow
neck region, making charge collection much less efficient than in planar MOSFETs where the
source and drain are fully within the substrate [36]. This is shown in Figure 2.7 where it can be
seen how charge deposited in the substrate can freely diffuse to the drain in the planar structure.
However, in the FinFET structure, charge must diffuse through the narrow neck region as all other

paths are blocked by the shallow trench isolation.

Subsﬁéfe
(a) (b)

Figure 2.7: Comparison of (a) FinFET and (b) planar transistor structures [37].

Modern circuits fabricated at FInFET nodes are able to better operate at supply voltages close
to NTV levels due to the FinFET structure. Although possible, it must be kept in mind that this type
of operation is extremely slow in comparison to nominal operation. In older, planar technologies,
there was a limited range of supply voltages for which transistors could properly and reliably
operate. This is because of the weak control of the gate voltage over the channel region.

Transistor saturation current is directly related to the carrier mobility and super-linearly related
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to supply voltage and threshold voltage [38]. It is given by the equation:

,M'Cox
2

I = (Vas — Vr)? (2.3)

~| =

where 1, is the carrier mobility, C,, is the oxide capacitance, W is the gate width, L is the gate
length, Vs 1s gate-source voltage, and V7 is the threshold voltage. The threshold voltage for

NMOS transistors is given by:

\/QESQNA(2¢F + VSB)
Cox

Vi = Vpp + 2¢p + (2.4)

where Vg is the flatband voltage, 2¢ is the surface potential, g is the permittivity of silicon,
q is elementary charge, N4 is the density of carriers in the doped silicon substrate, Vsp is the
source-to-body substrate bias, and Cpx is the oxide capacitance. Threshold voltage for a PMOS

transistor is given by:

V/2esqNa(|20F5| — Vsp)
Cox

Vr = Vpp — [2¢F| — (2.5)

where Vi is the flatband voltage, 2¢ is the surface potential, eg is the permittivity of silicon, ¢
is elementary charge, N, is a doping constant, Vsp is the source-to-body substrate bias, and Cpx

is the oxide capacitance. The surface potential, ¢, is thus given by:

kT N,
br =" (2.6)

where N4 is the density of the carriers in the doped silicon substrate and V; is the carrier concen-
tration of intrinsic (undoped) silicon.

The effective carrier mobility is affected by temperature and is given by:

T

p= Mo(ﬁ)_l's 2.7

where i 1s the mobility at temperature 7; and 7" is the target temperature. For a range of tem-
peratures spanning 25°C to 100 °C, the carrier mobility will decrease by a factor of 0.4. For the

same range of temperatures, thermal voltage will increase from 25 mV to 35 mV. Equation 2.4 and
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Equation 2.5 show how threshold voltage will change with threshold voltage.

These competing factors: carrier mobility, thermal voltage, and charge collection after an ion
strike, influence the overall trend in SE cross-section and are all strong functions of temperature.
Charge collection is also a strong function of supply voltage. These factors, and their influence on

the SE cross-section, are discussed in-depth in chapter 3 and chapter 4.

2.4 Low-Power Design

One of the primary issues that integrated circuit designers face is power density due to the
billions of transistors that are often found on an IC. To manage power requirements, designers
rely on using transistors with different threshold voltages and applying different supply voltages
to various sub-circuit blocks. Oftentimes, the supply voltage for a given sub-circuit is changed
dynamically to meet performance requirements. To facilitate these techniques, all advanced com-
mercial processes provide multiple Vt options for designers. The use of transistors with higher Vr
values decreases circuit-level power consumption and operating frequency in comparison to lower
Vr options. Decreased circuit-level power consumption and reduced frequency help to reduce the
overall power consumption of an IC. Designers use these V1 options to manage power under nor-
mal operating conditions. However, usage of different V1 options may not be enough to reduce
the power requirements to the desired levels.

Power is inversely related to the total capacitive load of a circuit and super-linearly related to
the supply voltage of a circuit. Dynamic power within a CMOS circuit is given by the following
equation

denamic - VDQD X C1PD X f[ X NSW (28)

where Vpp is the supply voltage of the circuit, C'pp is the dynamic power-dissipation capacitance,
f1 1s the circuit frequency, and Ngyy is the number of bits switching. It is clear that one of the most
efficient ways to reduce power consumption is through the reduction of supply voltage as power
consumption and supply voltage are super-linearly related.

With FinFET technologies, designers can reduce power consumption by reducing the supply
voltage for idle sub-circuits to NTV levels and revert to nominal voltage operation when needed.

During NTV operation, data is held in storage cells and the sub-circuit remains ready to begin
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working as soon as the nominal supply voltage is restored. Such selective reduction is exten-
sively used in static random-access-memory (SRAM) and microprocessor ICs where un-accessed
memory blocks and idle sub-circuits are placed under reduced supply voltages. To guarantee safe
operation and ensure that data stored in FF cells is not lost from leakage currents or SE ion hits at

NTYV levels, designers must evaluate the operational reliability at reduced supply voltages.

2.5 Terrestrial Temperature

The operational temperature for integrated circuits is determined by the environment, heat dis-
sipation capability of the package, internal heat generation, and technology parameters. Increased
transistor density and operating frequencies in ICs as a result of technology scaling have increased
the power dissipation, thereby increasing the local temperature on a die. The resultant increased
die temperature degrades carrier mobility and changes the threshold voltage, leading to changes in
transistor currents [2, 3, 4, 5]. Additionally, local temperatures on a die may significantly exceed
the average die temperature measured on an IC package, accelerating multiple failure mechanisms
and reducing the overall reliability of ICs [1].

With soft errors being one of the major reliability issues at advanced technology nodes, it is
imperative to evaluate the effects of temperature on soft error failure-in-time rates. Planar tech-
nologies have shown a super-linear increase in soft error failure-in-time (FIT) rates with elevated
temperatures [39, 40]. With self-heating in FInFET technologies increasing local temperatures
on a die beyond what was seen in planar technologies, evaluation of SE performance at elevated
temperatures has become necessary at advanced FinFET technology nodes. Previous results on
FinFET technologies have shown increased or constant soft error FIT rates as temperature was
increased [41]. As the transistor structure at each FInFET technology node is different, the tem-
perature response for soft error FIT rates must be evaluated for each node.

The overall trend in SE cross-section as temperature rises will be determined by the competing
factors of reduced carrier mobilities, increased thermal voltage, and reduced charge collection after
an ion strike. Previous work has shown that increasing temperature yields smaller ion-hit currents
and subsequently small values of collected charge after an ion strike, as shown in Figure 2.4
[18]. Though the drift current component of the ion-strike current decreased by 36% over the

temperature range of 292 K to 452 K, diffusion current did not change significantly. Thus, the
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overall charge collection will reduce at elevated temperatures. From Equation 2.7, it can be seen
that for temperatures spanning 25 °C to 100 °C, the carrier mobility will decrease by a factor of
0.4. For the same range of temperatures, thermal voltage will increase from 25 mV to 35 mV.
Equation 2.4 and Equation 2.5 show how threshold voltage will change with thermal voltage.

Temperature changes affect both the carrier mobility and thermal voltage. As temperatures
increase, the carrier mobility decreases, resulting in a decrease in transistor current. Conversely,
increasing the temperature will increase thermal voltage, which decreases the transistor threshold
voltage, resulting in an increase in transistor current. Transistor current is linearly related to carrier
mobility and quadratically related to Vr, as seen in Equation 2.3. These two competing factors
determine the overall direction of transistor current as a function of temperature. At some tech-
nology nodes, changes in transistor currents due to changes in threshold voltage were dominated
by changes in carrier mobility, while in other technology nodes, changes in carrier mobility domi-
nated. As a result, different fabrication processes exhibited different trends in transistor current as
temperature was increased [39, 40].

These competing factors: carrier mobility, thermal voltage, and charge collection after an ion
strike, influence the overall trend in SE cross-section and are all strong functions of supply voltage
and temperature. The rate of change in these factors with temperature show a variety of trends for
SET pulse-widths for different technology nodes and FF designs, culminating in different trends in
SE cross-section. At the 20-nm planar node, increases in temperature show a super-linear increase
in SE cross-sections for conventional D-FF designs due to the dominance of SET pulse-width
increases over that in feedback-loop delay [39]. At the 16-nm FinFET node, however, SE cross-
sections for similar D-FF designs show no significant change as temperature is varied [40]. This is
due to comparable changes in SET pulse-width and feedback-loop delay. These competing effects

offset each other, yielding insignificant changes in SE cross-section with temperature.
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CHAPTER 3
SINGLE EVENT PERFORMANCE OF D-FF DESIGNS WITH DIFFERENT Vy
OPTIONS AT DIFFERENT SUPPLY VOLTAGES

This chapter is adapted from SE Performance of D-FF Designs with Different Vi Options at
Near-Threshold Supply Voltages in 7-nm Bulk FinFET Technology published in IEEE Transactions
on Nuclear Science and has been reproduced with the permission of the publisher and my co-

authors Yoni Xiong, Nicholas J. Pieper, Dennis R. Ball, and Bharat L. Bhuva [19]. © 2011 IEEE.

3.1 Motivation

As aresult of technology scaling and increased transistor density, integrated circuits fabricated
at advanced technology nodes frequently contain billions of transistors. The power consumption
for such as IC operating at extremely high frequencies (GHz+) is a primary concern for ASIC
designers [6]. To combat this, designers have developed a myriad of ways to reduce power con-
sumption on an IC. One technique to reduce power consumption is to use transistors with different
threshold voltages to optimize power and performance requirements under nominal operating con-
ditions.

Another popular technique is to reduce the supply voltage, oftentimes to as low as near-
threshold-voltage levels to manage power consumption related issues. In cases where power
consumption is critical and performance is not, designers may prefer to operate at NTV levels
for ultra-low power requirements and increased battery life. Designers may also use NTV supply
voltages within certain circuit blocks that are not needed for a particular application. These circuit
blocks are brought back to nominal supply voltage levels as needed.

This chapter investigates the effects of two popular techniques for power management: differ-
ent Vr options and NTV operation on the single-event performance of conventional D-FF cells.
While previous works have analyzed the impact of different V1 options on the SEU performance
of D-FF designs for a small range of near-nominal supply voltage values for 28-nm planar, 20-

nm planar, and 16-nm FinFET technologies, there is no clear scaling trend [8, 9]. Each of these
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technologies shows a different trend for Vr options as supply voltage is reduced. Additionally,
these works do not evaluate the SE performance at NTV levels. As circuits operating in the NTV
range have significantly reduced critical charge values [42], the SE performance of storage cells
has become a primary factor inhibiting their safe operation. Since the operation at NTV and the
use of different V options has become an accepted practice for managing power requirements for
ASIC designs, it is important to characterize the SE response at NTV levels.

This chapter presents soft error cross-sections for a conventional D-FF with different V op-
tions at NTV levels. Figure 3.1 shows that the SE cross-section for a conventional standard Vt
option D-FF design at NTV levels increases by two orders of magnitude. Further results show
that the low V1 option yields the best SE performance in comparison to the SVT and ultra-low Vr
options.
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Figure 3.1: SE cross-section for alpha particles as a function of NTV level supply voltages for a
conventional SVT D-FF design [19].

3.2 Experimental Details

Test ICs containing a wide variety of flip-flop designs in a shift register configuration were
fabricated at a commercial 7-nm bulk FinFET node. Inverter-based ring oscillator circuits were
used for on-chip clock generation. Each shift register on the test IC contained 8K to 32K flip-flops

depending on the side of the individual FF. On chip-error detection and counters were designed
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using triple-modular redundancy (TMR). The remainder of the test IC, besides the shift registers,
were also designed using TMR. The block-level design for each shift register is shown in figure

3.2

D) (0l D) (el D@ ) (0]
... PCLK >CLK >CLK >CLK

Data Test Structure (32K
Source Shift Registers)

Error Detection
and Counting —
> Circuit

Figure 3.2: Design of a shift register for soft error tests [40].

Ring oscillators were used to assess the effects of temperature and supply voltage on inverter
delays. As the RO frequency directly reflects any changes in transistor current, it was used as a
metric to deduce how temperature and supply voltage affected the transistor currents. The IC-
level current was monitored for each test to assess changes in dynamic and static current with
temperature. Dynamic current was used to assess changes in frequency and static current was
used to determine changes in leakage current.

241 Americium foil button source was used. The

For single-event tests, a 1 cm x 1 cm 10 pCi
source was placed less than 1 mm away from the exposed die. The energy of emitted alpha particles
was ~5.4 MeV (flux = 1000 particles/mm?/sec). At 5.4 MeV energy, assuming less than 1 mm of
air and 20 pm of overlayers, the particle LET was less than 1 MeV-cm?/mg when it reached the
active silicon region of the die.

Tests were performed at the nominal voltage of 750 mV, as well as 650 mV, 550 mV, and
450 mV at different temperatures. The on-board clock frequency for each test was 2.5 MHz.
During exposure, test ICs were heated by mounting a positive temperature coefficient (PTC) heater
directly underneath the IC package. The temperature was controlled with a temperature controller
module, and the die temperature was externally monitored using an infrared thermometer. The die

temperature was varied from 25 °C to 100 °C. For testing, the temperature was allowed to stabilize

before the die was exposed to the alpha source. Multiple trials occurred for each temperature and
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supply voltage to minimize error. Error bars for data with less than 10 upsets were calculated using
the Poisson distribution for an 84% confidence level [43]. For data with higher error counts, error

bars were calculated using standard error.

3.3 Simulation Results

3.3.1 Transistor-Level Simulations

Transistor I-V curves were simulated to determine the ratio of NMOS and PMOS ON and OFF
currents at NTV levels using an SVT inverter from the Arizona State University (ASAP7) process
design kit (PDK) [44]. The Ips-Vgs curve, shown in Figure 3.3 for an NMOS transistor, shows at
least five orders of magnitude difference between ON and OFF currents at Vgs = 300 mV. These
results indicate safe operation for all logic gates as leakage current will be significantly smaller

than the saturation current at NTV levels, allowing for the proper operation of digital circuits.
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Figure 3.3: Transistor leakage current for minimum size NMOS transistor simulated using the
ASAP7 process design kit (PDK) for the 7-nm node [19].

3.3.2 TCAD Simulations

A 3-D technology computer-aided design (TCAD) model of a 7-nm FinFET with fin dimen-
sions and well doping described in published literature [45, 46, 47] was developed in the Synopsys

Sentaurus suite of TCAD tools, version K-2015.06 [48]. Mixed-mode ion-strike simulations were
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done for an inverter designed using uLVT, LVT, and SVT options for supply voltages of 250 mV,
350 mV, and 750 mV. The ion strike was at the center of the OFF NMOS transistor and was done
at normal incidence was a Gaussian ion charge deposition [49]. SET currents and voltage pulses at
the NMOS drain were simulated for particle LET values of 1 MeV-cm?/mg, 2 MeV-cm?/mg, and
5 MeV-cm?/mg. Results indicate that at 1 MeV-cm?/mg and a supply voltage of 250 mV, higher
restoring current drive for uLVT transistor resulted in a higher current plateau compared to the
LVT transistor. Similarly, LVT transistors showed higher current plateaus compared to that for
SVT transistors.

Results shown in Figure 3.4 indicate that decreasing the supply voltage creates a reduction in
the drift current component. The current plateau, corresponding to the restoring current drive, also
decreases with supply voltage, resulting in overall reduced charge collection. At very low supply
voltages, such as NTV operation, drift current contributions decrease the overall collected charge
as electric fields in the depletion region are small. Diffusion current from an ion hit is mostly
independent of electric fields, making it so it contributes little to the overall charge collection.
This can also be attributed to the narrow neck region [50]. Overall, collected charge decreases by

80% for NTV operation compared to nominal voltage operation.
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Figure 3.4: TCAD simulation showing collected charge as a function of different supply voltages
for SVT D-FF design at LET = 1 MeV-cm?/mg [19].

Similarly, SET pulse-widths have a strong dependence on the Vt option selected for the D-FF
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design, as seen in Figure 3.5. SET pulse-widths were estimated using TCAD simulation data.
While the LVT option resulted in a slight increase in SET pulse-width as compared to the uLVT
option, SVT designs resulted in a dramatic increase in SET pulse-widths. The main reason for this

behavior is the difference between the restoration current level for different V1 options.
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Figure 3.5: Inverter Output Voltage generated by particle strikes on uLVT, LVT, and SVT versions
of the 7-nm inverter TCAD model where Vpp = 250 mV and LET = 1 MeV-cm?/mg [19].

Simulation results in Figure 3.6 show SET pulse-widths as a function of supply voltage ranging
from nominal (750 mV) supply voltage down to 250 mV. Larger differences in SET PW are seen
for the V1 options at NTV operation, whereas minimal differences in SET PW are seen for V¢
options at close-to-nominal operation. For NTV level operation, differences in restoring current
between V1 options may be as large as an order of magnitude, resulting in significant differences

in SET pulse-width and collected charge.

3.4 Results and Discussion

Table 3.1 shows the effects of supply voltage on the measured RO frequency for a 13-stage
LVT inverter-based RO fabricated on the 7-nm test IC. RO frequency decreased by over 99% when
supply voltage was reduced from nominal voltage (750 mV) to 250 mV. This decrease indicates

a large increase in average inverter delay because of a decrease in effective transistor currents.
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Figure 3.6: SET Pulse-Width generated by particle strikes on uLVT, LVT, and SVT version of the
7-nm inverter TCAD model, where LET =2 MeV—cm2/mg [19].

Decreased transistor currents will decrease SET pulse-widths and feedback-loop delay as seen in
Figure 3.4 and Table 3.1.

When supply voltage is reduced, critical charge and collected charge will both decrease. The
rate of reduction in critical charge is higher than that for collected charge. As a result, the overall
trend for SE cross-section is to increase with reduced supply voltages. Figure 3.7 shows the change
in SET pulse-widths from TCAD simulations (directly related to collected charge values) for LVT
designs for a particle with LET = 1 MeV-cm?/mg, the change in feedback-loop delay for a LVT
ring oscillator, and the SE cross-section for an LVT D-FF as a function of supply voltage. The
feedback-loop delay was taken as the logic delay from Table 3.1. These results clearly show that

the changes in SET PW are far larger than that of the changes for feedback-loop delay.

Table 3.1: Logic Gate Delays (from measured RO frequencies) as a Function of Supply Voltage
[19].

Supply Voltage (mV) | Frequency (MHz) | Logic Delay (ps)
250 5.7 6748

300 20.3 1895

350 533 722

400 117.6 327

750 746.2 52

These two competing factors, feedback-loop delay and SET pulse-width, determine the overall
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Figure 3.7: The single event cross-section, SET pulse-width, and feedback loop delay as a function
of supply voltage for LVT D-FF design [19]. SE cross-section and feedback-loop delay were found
experimentally. SET PW was found from TCAD simulations.

trend in SE cross-section. Figure 3.8 shows experimental SE cross-section data for each V- option
as a function of supply voltage. At nominal supply voltage, all designs show similar SE cross-
sections. However, at NTV levels, SE cross-sections increased by two orders of magnitude. As
the supply voltage is reduced, it becomes apparent that the LVT D-FF is the least susceptible to
SE effects. At NTV supply voltages, LVT D-FFs have a significantly lower SE cross-section than
both uLVT and SVT D-FF designs. This suggests that the rate of change between SET pulse-width
and feedback-loop delay is closest for the LVT D-FF design, resulting in reduced vulnerability as
seen in Figure 3.8. Additionally, this shows that the rate of change of SET pulse-widths dominates
the rate of change of feedback-loop delay for the SVT and uLVT D-FF designs, leading to their

increased SE vulnerability.

3.5 Conclusion

Single-event cross-sections for a 7-nm bulk FinFET node are investigated at near-threshold
supply voltages for different V1 options for a conventional D-FF design. At close-to-nominal
supply voltages, the different V1 options resulted in minimal differences between the SE cross-
sections. TCAD simulations show an increase in SET pulse-width and an increase in feedback-
loop delay for reduced supply voltages. Since overall SE vulnerability is determined by the relative

changes in feedback-loop delay and SET pulse-width, the dominant parameter is determined from
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Figure 3.8: SE cross-section as a function of different supply voltages for conventional uLVT,
LVT, and SVT D-FF designs.

experimental analysis. Results indicate that changes in SET pulse-width dominate the changes in
feedback-loop delay at reduced supply voltages for all V1 options. However, the rate of change
between SET pulse-width and feedback-loop delay is closest for the LVT D-FF, resulting in the re-
duced SE vulnerability seen throughout the experiments. These results may give designers insight
on how to meet single-event specifications for low-power applications using 7-nm bulk FinFET

technology.
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CHAPTER 4
EFFECTS OF SUPPLY VOLTAGE AND TEMPERATURE ON SINGLE EVENT UPSETS

This chapter is adapted from Effects of Temperature and Supply Voltage on Soft Errors for 7-
nm Bulk FinFET Technology published in IEEE International Reliability Physics Symposium and
has been reproduced with the permission of the publisher and my co-authors Yoni Xiong, Balaji

Narasimham, Shi-Jie Wen, Rita Fung, and Bharat L. Bhuva [51]. © 2011 IEEE.

4.1 Motivation

The operational temperature for integrated circuits is determined by the environment, heat dis-
sipation capability of the package, internal heat generation, and technology parameters. Increased
transistor density and operating frequencies in ICs as a result of technology scaling have increased
the power dissipation, thereby increasing the local temperature on a die. The resultant increased
die temperature degrades carrier mobility and changes the threshold voltage, leading to changes in
transistor currents [2, 3, 4, 5]. Additionally, local temperatures on a die may significantly exceed
the average die temperature measured on an IC package, accelerating multiple failure mechanisms
and reducing the overall reliability of ICs [1].

With soft errors being one of the major reliability issues at advanced technology nodes, it
is imperative to evaluate the effects of temperature on SE cross-sections. Planar technologies
have shown a super-linear increase in soft error FIT rates with elevated temperatures [39, 40].
With self-heating in FinFET technologies increasing local temperatures on a die beyond what was
seen in planar technologies, evaluation of SE performance at elevated temperatures has become
necessary at advanced FinFET technology nodes. Previous results on FinFET technologies have
shown increased or constant SE cross-sections as temperature was increased [41]. As the transistor
structure at each FinFET technology node is different, the temperature response for SE effects must
be evaluated for each node.

In terrestrial environments, exposures to neutrons and alpha particles resulted in a multitude

of particles with varying linear energy transfer values transiting through sensitive regions of a
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transistor. The number of particles with low LET values is order of magnitude higher than that for
high LET values. This is also true for space environments where low LET particle flux is orders of
magnitude higher than that of high LET particles. As a result, single-event effects caused by low
LET particles, such as alpha particles, may dominate SE cross-sections.

This chapter evaluates the effects of temperature and supply voltage on single-event cross-
sections for conventional D flip-flop designs at the 7-nm bulk FinFET node for alpha particle
exposures. Experimental results show minimal changes in the SE cross-section at nominal supply
voltage despite increase in temperature. Results also show that at reduced supply voltages, the SE
cross-section decreased significantly as temperature was increased. This trend of decreasing SE
cross-section with increasing temperature was not seen at any of the previous technology nodes.
Circuit-level simulations were used to identify and evaluate the influence of factors affecting the

SE cross-section as a function of temperature and supply voltage.

4.2 Experimental Details

Test integrated circuits containing a wide variety of flip-flop designs in a shift register config-
uration were fabricated at a commercial 7-nm bulk FinFET node. Inverter-based ring oscillator
circuits were used for on-chip clock generation. Each shift register on the test IC contained 8K
to 32K flip-flops depending on the size of the individual flip-flop. On-chip error detection and
counters were designed using triple-modular redundancy. The remainder of the test IC, besides
the shift registers, were also designed with TMR. The block-level design for each shift register is
shown in [40].

Ring oscillators were used to assess the effects of temperature and supply voltage on inverter
delays. As the RO frequency directly reflects any changes in transistor current, it was used as a
metric to deduce how temperature and supply voltage affected the transistor currents. The IC-
level current was monitored for each test to assess changes in dynamic and static current with
temperature. Dynamic current was used to assess changes in frequency and static current was
used to determine changes in leakage current. These measurements were carried out prior to
irradiations.

For soft error tests, a 1em x 1em 10 uCi%*t Americium foil button source was used. The source

was placed less than 1 mm away from the exposed die. The energy of emitted alpha particles was
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~ 5.4 MeV (flux = 1000 particles/mm?/sec). At 5.4 MeV energy, assuming less than 1 mm of
air and 20 pum of overlayers, the particle LET was less than 1 MeV-cm?/mg when it reached the
active silicon area of the die. Five test ICs of the same die were used over the course of this
experiment. Tests were performed at supply voltage values of 750 mV (nominal), 650 mV, 550
mV, and 450 mV at different temperatures. The clock frequency for each test was 2.5 MHz. During
exposure, test ICs were heated by mounting a PTC heater directly underneath the IC package. The
temperature was controlled with a temperature controller module and the die temperature was
externally monitored using an infrared thermometer. The die temperature was varied from 25 °C
to 100 °C. For testing, the temperature was allowed to stabilize before the die was exposed to the
alpha source. Multiple trials occurred for each temperature and supply voltage to minimize error.
Error bars for data with less than 10 upsets were calculated using the Poisson distribution for an
84% confidence level [43]. For data with higher error counts, error bars were calculated using

standard error.

4.3 Simulation Results

Circuit-level simulations were carried out to investigate the temperature dependence of SET
pulse-widths and feedback-loop delay of the 7-nm node. The Cadence tool suite was used with
the foundry-supplied PDK to carry out circuit-level simulations. Propagation delay was measured
using a 4-inverter chain with the full-width half-max approach. SET PW was measured using the
same circuit with a double-exponential current source [52]. Parameters for the double-exponential
source were obtained from TCAD simulations on a generic 7-nm node. The hit-current model
used a 0.5 ps rise-time, 2 ps width, and 8 ps fall-time based on the TCAD model. For low-LET
particles, such as alpha particles, double-exponential current sources are assumed to yield a good
representation of charge collection for most technology nodes [53]. The values shown in Table 4.1
have been normalized based on the average propagation delay of the circuit at 27 °C. Table 4.1
shows the changes in temperature yielded insignificant changes to the average propagation delay
and SET pulse-width. This means that transistor currents are mostly independent of temperature

at the 7-nm node.
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Table 4.1: Circuit-level simulations of Average Propagation Delay and SET pulse-width as a Func-
tion of Temperature at Nominal Supply Voltage [51].

Temperature | Normalized Average Propagation Delay | Normalized SET Pulse-Width
27 °C 1.000 6.312
65 °C 1.007 6.344
105 °C 1.011 6.411
125 °C 1.019 6.455

4.4 Results and Discussion

Table 4.2 shows the effects of temperature on RO frequency and Table 4.3 shows the effects
of temperature on supply current. Changes in RO frequency showed a strong dependence on
supply voltage. At 750 mV and 450 mV, RO frequency increased by 0.68% and 28%, respectively,
between 25 °C and 100 °C. Increased in RO frequency indicate a decrease in average inverter delay
due to an increase in effective transistor currents. These changes in transistor current were supply
voltage dependent. For nominal supply voltage, the effective transistor current increased less than
1% when temperature was increased from 25 °C to 100 °C. As explained earlier, at reduced supply
voltages, the changes in threshold voltage dominates the effects of reduced carrier mobility. As
a result, the increase in transistor currents and RO frequencies is higher when supply voltage is
reduced and temperature is increased.

Table 4.2: Measured Ring Oscillator Frequency as a Function of Temperature and Supply Voltage
[51].

Frequency | 25°C | 45°C | 75°C | 100 °C
450 mV 167.74 | 187.97 | 213.18 | 215.68
550 mV 295.94 | 314.47 | 335.94 | 337.28
650 mV 423.68 | 439.04 | 456.96 | 457.79
750 mV 566.40 | 552.96 | 568.96 | 570.24

Table 4.3: Measured Static IC-Level Current as a Function of Temperature and Supply Voltage
[51].

Current (mA) | 25°C [ 45°C | 75°C | 100 °C
450 mV 8 11 48 59
550 mV 9 13 53 68
650 mV 11 15 61 77
750 mV 13 18 67 87

Static current measurements taken before alpha particle exposure showed significant increases

in IC-level current with temperature as seen in Table 4.3. IC-level static current with RO turned
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OFF for all supply voltages increased by a factor of ~ 7 when the temperature was increased from
25 °C to 100 °C. The significant increases in IC-level static current are due to increased leakage
currents. Increases in leakage currents were consistent and were measured across the temperature
range multiple times. Exposures to alpha particles did not affect static currents. Results from
Table 4.2 show that at nominal supply voltage, variations in capacitor charging and discharging
currents for an inverter are minimal across the temperature range. This means that increases in
NMOS transistor leakage currents are compensated by increases in PMOS transistor saturation
currents from reduced threshold voltage. The results from Table 4.3 indicate an overall increase in
transistor saturation and leakage currents when temperature is increased.

At nominal voltage, the RO frequency does not change significantly as seen in Table 4.2.
This means that gate delays for logic gates remained unchanged. Subsequently, the feedback-loop
delay for a FF does not change significantly with temperature at this technology node. This implies
that charging and discharging current capabilities of a logic gate also remain unchanged over this
temperature range.

As supply voltage is reduced, increased influence of changes in threshold voltage on transistor
current with temperature is evident in Table 4.2. When Vt values are close to Vpp values, changes
in Vp values exert a larger influence on transistor current as seen in Equation 2.3. As a result, at
reduced supply voltages, RO frequencies show significant increases as temperature is increased.
These tests show that changes in threshold voltage exert more influence on transistor currents than
changes in carrier mobility as Vpp values are decreased. Effects of increased relative current
drives on SET pulse-widths and feedback-loop delay will determine the trends in SE cross-section
for reduced supply voltages.

Figure 4.1 shows the SE cross-section trends which are seen in the circuit-level simulations
and RO results previously discussed. The SE cross-section for nominal supply voltage (750 mV)
and 650 mV does not change as temperature is increased. This indicates that changes in pri-
mary factors, such as the collected charge and transistor currents, compensate each other nearly
equally. However, when supply voltage is reduced to 450 mV, a clear decline in SE cross-section
is observed with temperature, caused by a relative decrease in collected charge. The decrease in
collected charge as a function temperature can be seen in Figure 2.4 and an increase in effective

transistor current can be observed through the RO frequencies shown in Table 4.2. Figure 4.2
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shows the same SE cross-section data that is seen in Figure 4.1 as a function of supply voltage

instead.
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Figure 4.1: SE cross-section as a function of temperature for different supply voltages for a con-
ventional LVT D-FF design [51].
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Figure 4.2: SE cross-section as a function of supply voltage for different temperatures for a con-
ventional LVT D-FF design [51].

For close-to-nominal supply voltage values, charging and discharging currents remain un-
changed over the temperature range, leading to little change in the SE cross-section. Collected
charge has been shown to decrease exponentially with decreasing supply voltage at room temper-

ature [54]. At elevated temperature, the collected charge will decrease further due to reductions in
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carrier mobility. The critical charge for D-FF designs at the 7-nm node is close to 1 fC. It may be
speculated that for low temperature and close-to-nominal supply voltage trials (650 mV and 750
mV tests), the collected charge remains higher than the critical charge of the D-FF cell across the
temperature range. However, when supply voltage is reduced, the decreases in collected charge
and increases in transistor currents due to increased temperature are sufficient to cause a reduction
in SE cross-section.

The 7-nm bulk FinFET node is the first technology node to exhibit a decrease in single-event
cross-sections as temperature is increased. All previous technology nodes showed increased or

constant single-event cross-sections when temperature was increased [39, 40].

4.5 Conclusion

Single-event cross-sections for a 7-nm bulk FinFET node are investigated as a function of
temperature and supply voltage. SE cross-sections showed minimal changes when temperature
was increased from 25 °C to 100 °C at nominal supply voltage. At reduced supply voltages,
however, the SE cross-section decreased significantly for the same temperature range. This is

mainly attributed to decreases in collected charge when temperature is increased.
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CHAPTER 5
EFFECTS OF SUPPLY VOLTAGE ON TOTAL IONIZING DOSE RESPONSE

This chapter is adapted from Supply Voltage Dependence of Ring Oscillator Frequencies for
Total Ionizing Dose Exposures for 7-nm Bulk FinFET Technology published in IEEE Transactions
on Nuclear Science and has been reproduced with the permission of the publisher, the first author
Yoni Xiong, and the other co-authors Peng Fei Wang, Xun Li, En Xia Zhang, Lloyd W. Massengill,
and Bharat L. Bhuva [29]. © 2011 IEEE.

5.1 Motivation

For FinFET technologies, the transistor structure is surrounded by a variety of insulators on all
sides. Many researchers have characterized FinFET transistors from different fabrication processes
for total ionizing dose irradiations [28, 55, 56, 57, 58]. Results from these studies have emphasized
the need to evaluate the TID response of all electronic systems bound for space, regardless of the
fabrication process used to fabricate ICs contained in the system.

The main objective of TID characterization is to evaluate the effects at the circuit level. TID
effects for individual transistors are used in circuit-level simulators to predict the circuit behavior
in TID environments. TID effects the OFF-state leakage current, threshold voltage (Vr), sub-
threshold slope, channel mobility (u,), and transconductance (g,,) for CMOS transistors. These
changes manifest as an effective change in the driving current for transistors. Changes in the
effective driving current will change the power dissipation and delays for individual logic gates.
Previous works have used ring oscillator circuits for evaluating the TID response at the circuit level
for a wide variety of technologies [25, 59, 60, 61, 62], showing changes in RO frequencies and
power requirements. This chapter characterizes the logic gate-level TID effects using RO circuits
to provide logic gate delay and power parameters as a function of supply voltage for the 7-nm bulk

FinFET technology node.
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5.2 [Experimental Details

Test ICs containing four different RO circuits, each with a different number of inverter stages,
were fabricated using a 7-nm bulk FinFET process. Results presented in this chapter are from
the design with 13 stages (12 inverters and one NAND gate), as shown in Figure 2.6. PMOS and
NMOS transistors within each inverter and the singular NAND gate were designed using two fins
each and were sized to yield similar current sourcing and sinking capabilities. RO circuits were
characterized as a function of supply voltage and temperature before irradiations. Changes in the
post-irradiation inverter delay (¢;,,) were calculated based on these initial measurements.

The test system for experiments is shown in Figure 5.1. A field programmable gate ar-
ray (FPGA) controls all the device-under-test settings, such as enabling and disabling the RO.
Frequency and current measurements were made using an oscilloscope and power supply with
an autonomous data collection software package written using LabWindows/CVI and LabVIEW.
The experimental setup shown in Figure 5.2 shows the ARACOR x-ray chamber containing the
device-under-test (DUT). The inset in the figure shows the printed circuit board (PCB) containing
the test IC. The ARACOR x-ray machine was used to expose the ICs at 10.88 krad(SiO,)/min
for 35 minutes, yielding 380.8 krad(SiO,) exposure at room temperature (RT). The exposure rate,
duration of testing, and temperature at which testing was completed were kept consistent for each

test.

Figure 5.1: Test system used for TID experiments, illustrating data control and acquisition flow
[29].
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Figure 5.2: Experimental setup showing the 10-keV X-ray source and DUT used in this work [29].

A flowchart summarizing the experimental process is shown in Figure 5.3. For the first test,
the nominal supply voltage (750 mV) was applied to the RO and the enable signal was pulled low
to stop oscillation when data was not being collected. This ensured that the bias for each transistor
was static during the TID exposure. Within the RO, this yieled an equal number of ON and OFF
PMOS and NMOS transistors (six inverters will have input low and six inverters will have input
high). The RO frequency was measured at regular intervals during TID exposure by pulling the
enable signal high to allow the RO circuits to oscillate.

For the second test set, different supply voltage values were used during TID exposure and
anneal. The supply voltage was set to 550 mV, 650 mV, and 750 mV during this set of tests. The
RO circuit was set to oscillate continuously with the enable signal high. Frequency and current
measurements for these ICs were made continuously during TID exposure and anneal for all tests.
Immediately after exposure, the ICs annealed at room temperature.

The frequency of the RO naturally fluctuates due to jitter. There was no external circuit to
stabilize the oscillation frequency for the RO circuits. Test results shown in the remainder of this
chapter are from a polynomial fit, with an order of 2 and an average coefficient of determination

value of 0.813 for the measured data.

5.3 Results and Discussion

Previous work on the 14-nm bulk FinFET node has shown that TID exposures result in de-

creased threshold voltage and increased leakage currents for NMOS transistors. Changes in PMOS
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Figure 5.3: Flow chart summarizing the experimental testing procedure [29].

transistor parameters were very small for the same TID exposures [28]. For older technologies,
the doping levels for substrate regions were higher, reducing the increases in leakage current under
shallow trench isolation (STI). For FinFET nodes, reduced doping in substrate regions increases
the influence of trapped charges on leakage currents. These increases in NMOS leakage currents
will reduce effective charging current from PMOS transistors in an inverter, resulting in an in-
crease in the rise time for an inverter output node. In addition, a reduction in threshold voltage of
NMOS transistors due to TID exposures will result in increased discharging current. An increased
discharging current will reduce the fall time for an inverter output node. Thus, TID exposures will
increase the rise time and decrease the fall time of an inverter. Since the oscillating frequency for
an RO is determined by the rise time and fall time for all inverters in the RO circuit, the overall ef-
fect of all these parameter variations on the frequency of an RO circuit may be muted. Only when
there are shifts in one of the factors, the NMOS transistor threshold voltage or leakage current,

which dominate changes in the rise time or fall time, will the RO frequency show a shift.

35



5.3.1 Biased, Idle RO

For the first test set, when the RO circuit is biased but not oscillating, transistors with ON
and OFF-bias conditions may experience different levels of degradation [28]. Each inverter may
have different current sinking and sourcing capabilities due to unequal shift in individual NMOS
transistor characteristics. Leakage currents under the STI will also be a function of bias conditions
[28, 58, 63] due to differences in electric field and subsequent charge trapping in insulators due to
these electric fields. In a 13-stage RO circuit under static (non-oscillating) conditions, six inverters
will have a logic low input and six inverters will have a logic high input. An inverter with logic
low input will have one NMOS OFF and PMOS ON during irradiations, while an inverter with
logic high input will have an NMOS ON and PMOS OFF during irradiations. These two sets of
six inverters will experience different NMOS Vr shifts (one for ON and one for OFF). Within a
set, all six NMOS transistors will experience similar shifts, resulting in similar rise time and fall
time delays for inverters within each set. Although each set may exhibit different changes in delay,
the overall RO frequency will be determined by the average delay for these inverters.

RO frequency measurements did not show any changes for the static test condition. Unchanged
RO frequency indicates that the changes in NMOS Vr values (resulting in reduced fall time) were
compensated by increased leakage currents (resulting in increased rise time). Figure 5.4 shows
that ON NMOS transistors experience the highest degradation for both V1 and leakage currents
at the 14-nm node [28]. Assuming similar behavior for individual transistors at the 7-nm node,
inverters with input held high during irradiations will have faster fall time and slower rise time
than the inverters with input held low. Even though the rise time and the fall time move in oppo-
site directions with TID exposure, the average delay for each inverter (as estimated through RO
frequency) shows very little change for static test conditions.

These results show that changes in the fall time and the rise time are comparable. This means
that increases in discharging current at the inverter output node (due to decreased Vt values) are
comparable to decreases in the charging current (due to the increased leakage current). Since
dynamic power for RO circuits is a function of frequency, nodal capacitances, and supply voltage,
changes in individual transistor characteristics will only affect the static power. For the static test,

the increase in power was 1.25% at 380 krad(SiO,) exposure.
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Figure 5.4: Changes in NMOS threshold voltage and leakage currents for static and dynamic
current conditions at the 14-nm node, found experimentally [28].

5.3.2 Biased, Oscillating RO for Different Supply Voltages

For the second test set, an oscillating RO was tested with different supply voltage values for
each test. Since RO frequency is inversely proportional to the supply voltage, as described in
Equation 2.1 and Equation 2.2, each Vpp, value will have a different RO frequency during TID ex-
posures. Table 5.2 lists preirradiation RO frequencies. Reducing the supply voltage from nominal
voltage (750 mV) to 550 mV reduces the RO frequency by 70%. With each Vpp value yielding
different RO frequencies, the following analysis uses percent degradation for comparing results
between different Vpp values.

Table 5.1: Preirradiation RO Frequencies as a Function of Supply Voltage [29].

Supply Voltage (mV) | RO Frequency (MHz) | Relative RO Frequency
550 849 1.00
650 652 0.77
750 584 0.69

Measurements on individual FinFET transistors have shown that dynamic conditions yield Vr

and leakage current degradations differently than static conditions [28]. Reducing the supply volt-
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age will result in reduced electric fields and reduced charge trapping, yielding reduced parameter
shifts [63]. As in the static case, the relative changes in the fall time and the rise time will deter-
mine the overall effect on RO frequencies. Due to the differences in the material composition of
the STI and gate insulators, the number and energy distribution of oxide traps and interface traps
will be different [64]. These differences will result in different annealing rates for these traps. As
a result, the annealing rate for leakage currents and Vt will be different. Changes in RO frequen-
cies and power during TID exposures and annealing will give a good indication of which of these
parameters dominates.

Figure 5.5 shows the changes in RO frequency for 550, 650, and 750 mV dynamic test con-
ditions as a function of TID exposure and anneal time. The RO frequency increases with TID
exposure, indicating that the overall inverter delay is decreasing. This means that increases in dis-
charging current due to decreased NMOS Vr (responsible for changes in fall time) are higher than
decreases in effective charging current due to increases in the NMOS leakage current (responsible
for changes in the rise time). Figure 5.6 shows the corresponding average inverter delay, calculated

using Equation 2.1, as a function of TID exposure.
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Figure 5.5: Frequency plots for supply voltages of 550, 650, and 750 mV with RO oscillating
continuously during TID exposure and anneal [29].

It is interest to note that, as the supply voltage is reduced, the percent degradation in RO
frequency increases. At reduced supply voltages, shift in both parameters, V and leakage current,

will be smaller due to smaller electric fields compared to the nominal supply voltage. However,
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Figure 5.6: Inverter delay plots for supply voltages 550, 650, and 750 mV with RO oscillating
continuously during TID exposure and anneal [29].

these shifts are occurring such that the differences in the fall time and the rise time are increasing
with decreasing supply voltage. Changes in the RO frequency during room temperature anneal
are minimal indicating that there is either no change in these parameters, or the changes in these

parameters compensate each other.
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Figure 5.7: Current plots for supply voltages of 550, 650, and 750 mV with RO oscillating contin-
uously during TID exposure and anneal [29].

Figure 5.7 shows the change in IC-level current requirements as a function of TID exposure.
It should be noted that the IC also contained shift register circuits in addition to the RO circuits.

The change in current was for the entire IC and not for just the RO circuits. Dynamic currents will
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be directly proportional to the frequency and will increase by a percentage similar to that shown
in Figure 3.7. Results shown in Figure 5.7 are after accounting for such increases in the dynamic
current, where the data only shows increases in the static current. As expected, the static power
consumption increases due to an increase in individual transistor leakage currents during TID
exposures. Also, increases in leakage currents are higher for static test conditions in comparison
to dynamic test conditions. The results for leakage currents and threshold voltage are similar to
what was observed at the 14-nm bulk FinFET node [28]. Published results for TID exposures at
the 14-nm node show very small shifts in transistor parameters [65, 66]. It is not surprising that
the 7-nm node shows similar behavior due to the similar physical structure of the transistors.
During annealing, the RO frequencies remain steady, as seen in Figure 5.5, indicating no
change in average inverter delay. Figure 5.7 shows a decreasing trend in static current during
annealing, indicating a decrease in the leakage current (since the dynamic current does not change
due to constant frequency). Decreasing the leakage current will decrease the rise time. Constance
inverter delay and RO frequency during anneal indicates an equal change in the fall time, indi-
cating a recovery in the NMOS threshold voltage. Based on this data, it is clear that both these

recovery mechanisms are active at this node.

5.4 Simulation Results

Simulations were carried out using the ASAP7 PDK from Arizona State University for the
7-nm node [44]. Using experimental results for inverter gate delay and current, changes in NMOS
Vr and leakage current were estimated by matching with experimental results. Table 5.2 shows
the changes in NMOS V7 values that were matched with inverter delay values. NMOS Vr values
are plotted against those for the 14-nm bulk FinFET node from [28] for comparison in Figure 5.8.
These simulations are carried out with the assumption that trends in transistor parameters after
TID exposure will be similar for the 14-nm bulk FinFET node and the 7-nm bulk FinFET node.
Changes in NMOS Vr at the 7-nm node are very similar to those experiences at the 14-nm node for
TID exposures [28, 65, 66]. Due to a agreements signed with the foundry, gate-stack and related
fabrication process parameters are unknown. This makes any speculation on the reasons behind
these trends meaningless. PMOS transistors assumed to have experiences a negligible shift in Vp

values after TID exposures, similar to what has been observed by other researchers at the 14-nm
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bulk FinFET node [28]. Simulation results with only NMOS V7 shifts show a similar trend in RO

frequencies, as shown in Table 5.2. Simulation results should be interpreted with caution since the

PDK used is not the foundry-provided PDK and the results are to only be used to understand the

trends from different parameters.
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Figure 5.8: Shifts in NMOS threshold voltage values for the 7-nm and 14-nm nodes. Values for
the 14-nm nodes are from [28]. Values for the 7-nm node are derived from experimental results on

RO circuits [29].

Table 5.2: NMOS Vr Values and Resultant Changes in RO Frequencies derived from TCAD

Simulations for the 7-nm Node [29].

A NMOS Vi (mV)

Percent Change in Delay (%)

0
-5
-10
-15
-20
-25

0.00

-0.065
-0.222
-0.327
-0.379
-0.484

5.5 Conclusion

TID effects at the 7-nm bulk FinFET technology node are evaluated as a function of supply

voltage using changes in RO frequency and circuit-level current for a custom-designed test IC.

TID exposures change the circuit-level parameters by less than 1% under all test conditions for
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this technology. Results show that for dynamic test conditions (continuously operating RO), the
supply voltage strongly influences the TID resonse of RO circuits. Increasing supply voltages will
icnrease the power consumption. However, decreasing supply voltage will increase the percent
degradations in logic delays. Additionally, increases in leakage current were higher for the static
test conditions compared to the dynamic test conditions. Annealing at room temperature did not
show significant changes at the circuit level. Overall, the 7-nm bulk FinFET technology node
does not show significant changes in circuit-level parameters due to TID exposures up to 380
krad(SiO,). These results will allow designers to estimate the effects of TID exposure on circuit-

level parameters for digital circuits.
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CHAPTER 6
EFFECTS OF FREQUENCY ON TOTAL IONIZING DOSE RESPONSE

This chapter is adapted from Effects of Frequency on Total lonizing Dose Response of Ring
Oscillator Circuits at the 7-nm Bulk FinFET Technology published in IEEE Transactions on Nu-
clear Science and has been reproduced with the permission of the publisher and the co-authors

Yoni Xiong and Bharat L. Bhuva [67]. © 2011 IEEE.

6.1 Motivation

The availability of advanced technology has increased the desire to use them in a multitude
of applications, such as terrestrial, military, and aerospace. While researchers have characterized
several FiInFET technology nodes for total ionizing dose irradiations [28, 55, 56, 57, 58], each new
technology node brings about significant changes in physical transistor structure necessitating TID
characterization of new technology nodes. Although physical structure may be different at these
nodes, the overall effect of TID on transistor parameters is still characterized as degradations in
critical device operating characteristics such as off -state leakage current, NMOS threshold voltage
(Vin), PMOS threshold voltage (V,), sub-threshold slope, carrier mobility (1), and transconduc-
tance (g,,) for CMOS transistors.

There degradations manifest as an effective driving current for transistors, which affects indi-
vidual logic gate delays and overall power dissipation at the circuit-level [20, 21]. While the TID
characterization of a single transistor is always preferred because as it yields the most accurate pic-
ture of mechanisms for parameter degradations, it is challenging due to the difficulties associated
with fabrication an isolated transistor [22].

Rather than characterize an isolated transistor, it is better to evaluate the effects of TID at the
gate-level. This approach better informs designers of the average effects of TID while avoiding
the challenges which come with fabricating and testing an isolated transistor. Designers are most
interested in changes in individual logic gate delays and power dissipation at the circuit-level as a

function of TID because changes in a transistor’s operating parameters from TID exposure man-
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ifest as an effective change in driving current [20, 21, 28, 29]. These two parameters are easily
measured with ROs so the characterization of individual transistors for modeling circuit-level ef-
fects is unnecessary. While the characterization of individual transistors shows the vulnerability
of a given technology and may be used for understanding the basic mechanisms for trap gen-
eration and simulating the response of small circuits with SPICE-level simulators, an RO-based
approach provides the effects of TID at the logic gate level. This allows designers to use higher-
level simulators for large circuit blocks and facilitates the development of circuit-level techniques
for mitigating TID effects.

Another advantage to using RO circuits is that variations in individual transistor parameters
are incorporated into the overall change in RO frequencies. As a result, changes in RO frequencies
after TID exposure depend only on the average transistor parameters and are not significantly
affected by outliers. This approach eliminates the inherent risks associated with characterizing
individual transistors and yields data that is more easily incorporated and appropriate into the
ASIC design flow.

The TID characterization of advanced technology with ring oscillators may use static operating
conditions (ROs do not oscillate during TID exposure) or dynamic operating conditions (ROs os-
cillate continuously during TID exposure). Most work which characterizes advanced technology
nodes uses static operating conditions [59, 68]. As most circuits do not operate at static voltages,
the TID response under static conditions has limited applicability and is usually used as the worst-
case condition. Though previous results have shown that the TID response of individual transistors
varies with frequency [28, 69], difficulties associated with testing under dynamic conditions has
resulted in few characterization results that are available to the community. An approach using RO
circuits with different number of stages will provide insights into the effects of dynamic conditions
by measuring the TID response at the logic-gate level as a function of frequency. By incorporating
statistical variations among the transistors in each RO circuit, the accuracy of circuit-level pre-
dictive models will improve. This chapter characterizes the effects of TID response on ROs with
different number of stages, which will have different operating frequencies, for the 7-nm bulk

FinFET technology node.
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6.2 Experimental Details

Test ICs containing four RO circuits, each with a different number of stages, were fabricated
at a commercial 7-nm bulk FinFET node. Four RO circuits were designed using 9, 13, 17, and
21 stages. PMOS and NMOS transistors were sized to yield similar current sourcing and sinking
capabilities. Table 6.1 lists relative pre-irradiation frequencies of the four ROs used during testing.
The pre-irradiation frequencies of each RO circuit were directly measured and used to calculate

changes in t;,, as a function of TID irradiation.

Table 6.1: Pre-irradiation Relative RO Frequencies [67].

9-Stage RO | 2.04
13-Stage RO | 1.52
17-Stage RO | 1.20
21-Stage RO | 1.00

The test setup for experiments is shown in Figure 5.1. A FPGA controlled the DUT, including
enabling and disabling the RO. Autonomous data collection software written using Python was
used to control the oscilloscope to collect frequency measurements throughout the experiment.
The experimental setup can be seen in Figure 5.2, which shows the ARACOR x-ray machine and
DUT. The platform in the ARACOR shows where the PCB containing the test IC remained during
irradiation. The ARACOR x-ray machine, which had an energy of 10 keV, was used to expose
the test ICs at 10.88 krad(SiO2)/min for 40 minutes. This yielded 435 krad(SiO2) of exposure at
room temperature. The exposure rate, temperature, duration of testing, and supply voltage were
kept consistent for each test. The nominal supply voltage, 750 mV, was used for all tests.

For the first test, the enable signal of each RO was pulled high. This ensured that the RO
circuits continued to oscillated for the entire duration of the TID exposure. The frequency of all
four RO circuits was automatically recorded every 15 seconds during testing.

For the second test, the enable signal of each RO was pulled low during TID exposure. This
ensured that the RO circuits did not oscillate when data was not being collected, creating a static
test condition for each transistor during TID exposure. Within the RO, every other inverter had
identical bias conditions. For each RO, there were "T_l inverters with input high and ”T_l inverters
with input low, where n is the number of stages in the RO circuit. This yielded the same number

of ON and OFF NMOS and PMOS transistors within the inverters. Similarly, the NAND gate of
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each RO had one ON PMOS, one OFF PMOS, one ON NMOS, and one OFF NMOS. The RO
frequencies were measured every 5 minutes during TID exposure by pulling the enable signal high
to allow the RO circuits to oscillate. Each measurement took less than 30 seconds. However, each
RO oscillated and was exposed to TID during this period. For both tests, the current was recorded
every 5 minutes. After the exposure period, the same procedure was used during the anneal period.

As RO outputs normally have high levels of noise, data presented in this paper utilized seasonal
decomposition using moving averages to separate the average value from the trend, seasonal, and
residual components [70]. As the RO frequency is essentially time series data, this allowed for
the trend to be separated from any repeating cyclical patterns (seasonal component) and random
noise (residual component). Python’s statsmodel library was used for the time series decompo-
sition to remove noise from the frequency and average inverter delay data measured during these
experiments [71]. Other metrics shown in this paper, such as changes in frequency, were than
calculated from these filtered data sets. As the noise data points were removed from these data
sets, the trendlines depicted may begin and end at different values. Test results presented in this

chapter are from a linear fit.

6.3 Results and Discussion

Previous work on the 14/16-nm node focused on transistor-level parameter changes as. a func-
tion of TID. These works showed that TID exposures resulted in decreased threshold voltages for
NMOS transistors with minimal changes in PMOS transistors. This mechanism has also been seen
in King et al [28]. For FinFET nodes, reduced doping in substrate regions resulted in significant
increases in leakage currents during TID exposure as compared to older technologies. Leakage
currents are defined here as the current between the drain and source regions of a transistor, such
that the leakage path may not necessarily be under the channel region. In fact, for FinFET nodes,
the leakage path lies adjacent to the shallow trench isolation regions [72]. Such leakage currents
for FInFET nodes are significantly higher than those observed in old planar technologies as planar
technologies used higher doping levels for substrate regions. These leakage currents, which are
only present in NMOS transistors, result in increased discharging current and decreased charging
current for a circuit node.

Previous work has also showed that for FinFET nodes, NMOS transistors experience a decrease
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in threshold voltage after TID exposures [28]. Decreases in NMOS threshold voltage will create
faster discharging time. In an inverter, such as those found in ROs, mismatched charging and
discharging currents after TID exposure results in different rise and fall times for a logic gate.
As the clock period, 7', of a RO circuit is determined by averaging the rise and fall time for all
inverters, the overall effect of threshold voltage and leakage current changes on 7" may be offset
by their complementary effects on 7'. It is only when one factor, either change in threshold voltage
or changes in leakage currents, begins to dominate will the RO clock period, 7', begin to change.
These changes are reflected in the measured frequency for each RO circuit.

This technology node is resilient to TID exposure as it shows minimal (< 0.5%) changes in
frequency over 435 krad(SiOs) of TID exposure. Figure 6.1 shows the results for changes in
inverter delay, derived from RO frequencies, as a function of TID exposure for 9-stage and 21-
stage ROs for dynamic and static test conditions. Changes in delay for the 21-stage RO are almost
independent of the test condition. However, the 9-stage RO shows significant differences between
static and dynamic test conditions for change in inverter delay. These results indicate that higher
operating frequencies for the RO resulted in higher degradation in transistor parameters after TID
exposure and that static bias conditions represent the worst-case conditions for TID exposure.
Higher operating frequencies which resulted in more degradation in transistor parameters may
indicate that the clock-tree network experiences high levels of degradation compared to transistors
switching at very low frequencies. As most circuits operate under dynamic conditions, lifetime
estimation using static test conditions will be an underestimate for this technology node. Although
static operating conditions represent the worst=case conditions, the change in inverter delay for
the 9-stage RO with static operating conditions still changed minimally (< —0.5%) after 435
krad(SiO5). Such a small change in logic gate delay, or frequency, will not significantly affect
the overall operational characteristics of a circuit. It must be kept in mind that the changes in
RO frequencies represent the average of changes in rise and fall time, and so individual transistor
parameters may experience degradations larger than the average values.

While RO frequencies represent the average of changes in rise time and fall time, it is still the
case that RO circuits with less stages will be more affected by transistor(s) with outlier parame-
ters. Circuit-level simulations were carried out using the ASAP7 PDK for the 7-nm node from

Arizona State University [44] to estimate how one transistor with outlier parameters would affect
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TID exposure while continuously oscillating (dynamic) and while in a static ON or OFF position
[67].
the change in inverter delay for a 9-stage, 13-stage, 17-stage, and 21-stage RO circuit. Simulations
show that RO circuits with less stages (i.e. the 9-stage RO) were more affected by a transistor
with outlier parameters than RO circuits with more stages (i.e. the 21-stage RO). These results
explain the differences in change in inverter delay seen between the statically biased 9-stage RO
and 21-stage RO seen in Figure 6.1.

Figure 6.2 shows the changes in current as a function of TID exposure for 9-stage, 13-stage,
17-stage, and 21-stage RO for dynamic operating conditions. The change in current due to TID
exposures for the 21-stage RO were higher than that of the change in current for the 9-stage RO.
The slopes of these curves, representing the rate of change due to TID exposure, are shown in
Table 6.2. A comparison between static and dynamic conditions for the 21-stage RO shows that
current increases were comparable to each other. However, the 9-stage RO shows significant dif-
ferences between static and dynamic test conditions for changes in current. These results indicate
that higher operational frequencies decrease the effects of TID exposure on leakage current. This
is because increasing periods of steady bias conditions may result in increased charge trapping in
the STI. For the 7-nm bulk FinFET node, the largest changes in current after 435 krad(SiOs) is <
2%. These results clearly show the resilience of the 7-nm technology node to TID exposures.

Since RO circuits are frequently used to generate on-chip clock signals, it is important to

evaluate how much change the clock frequency will experience after TID exposure. Figure 6.3

48



20

— 9-Stage RO o

_ — 13-Stage RO

52 17-5tage RO

- — 21-Stage RO

c

£

=

o 1.0

E

@

=]

c

]

=

(&

0.0 : 4 ' : . ' '
0 100 200 300 400
TID (krad(SiO,))

Figure 6.2: Current Plots for 9-Stage, 13-Stage, 17-Stage and 21-Stage RO circuits. RO circuits
are seen for TID exposure while continuously oscillating (dynamic) [67].

Table 6.2: Rate of Change for Leakage Currents over TID Exposures (% Change per rads(Si02)
[67]. These were determined from IC-level current measurements.

9-Stage RO | 6.003 - 10~*
13-Stage RO | 1.544 - 1073
17-Stage RO | 3.201 - 1073
21-Stage RO | 4.338 - 1073

shows results for changes in inverter delay as a function of frequency for all dynamic RO circuits.
These changes are repeated in Figure 6.4, which shows separate plots for each RO. The frequency
for these graphs was normalized based on the pre-irradiation frequency for the 21-stage RO. The
rate of change, or slope, for each data set indicates the rate of change in frequency due to TID
exposures. This is shown as a change in inverter delay over MHz of frequency. The slope for
each RO is provided in Table 6.3. Except for the 13-stage RO, slope values show a positive
trend with more RO stages, or decreased operating frequency for dynamic conditions. This can
be attributed to increased degradations from an increased steady-state bias period during TID
exposures. Though there is a greater change in inverter delay for the 21-stage RO compared to that
for the 9-stage RO, the overall shift in inverter delay is higher for the 9-stage RO compared to that
for the 21-stage RO.

Additional circuit-level simulations were carried out using the ASAP7 PDK for the 7-nm node
[44] to estimate degradations in NMOS transistor threshold voltage and leakage currents. Degrada-

tions in leakage currents resulted in insignificant changes in inverter delay, indicating that leakage
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Table 6.3: Rate of Change of Inverter Delay as a function of Frequency over TID Exposure (3722

[67]. These were determined from measured RO frequencies.

Dynamic Conditions | Static Conditions
9-Stage RO | -77.05 -71.98
13-Stage RO | -59.01 -53.18
17-Stage RO | -88.50 -72.96
21-Stage RO | -97.40 -83.07

currents are not a significant concern for the 7-nm bulk FinFET technology node. Any changes in
PMOS transistor threshold voltage yielded an increase in logic gate delay, indicating only changes
in NMOS transistor parameters were responsible for circuit-level parameter shifts. This is similar
to results found in M. P. King et al [28]. Additionally, these changes were confirmed through
simulations, as can be seen in Table 6.4. For these simulations, leakage current increases were
estimated from the overall increase in circuit-level current divided by the total number of NMOS
transistors. The value of NMOS threshold voltages was esimtated based on data from M. P. King

etal, Y. Xiong et al [28, 29], and logic gate delay measurements.

Table 6.4: 7-nm TCAD Simulations using 10 nA Leakage Current [29].

Delta NMOS (mV) | Delta PMOS (mV) | Delay | Percent Change
0 0 76.52 | 0.00

5 0 76.44 | -0.065

10 0 76.35 | -0.222

15 0 76.27 | -0.327

20 0 76.23 | -0.379

25 0 76.12 | -0.484

6.4 Conclusion

Four RO circuits were used to evaluate the effects of frequency on the gate-level TID response
at the 7-nm bulk FinFET technology node. RO frequencies and circuit-level current for a custom
designed test IC were used to assess changes in individual logic-gate delays and power dissipation
as a function of TID and frequency. Static and dynamic RO test conditions were used to determine
how ICs will respond to TID. Results indicate that increasing operational frequency results in
smaller increases in leakage currents and bigger increases in inverter delays. Overall, degradations
in circuit-level parameters (logic gate delays and operating current) were less than 1% for TID

exposures of 435 krad(SiO,). As expected, static conditions showed higher degradations than
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dynamic conditions. These results clearly show the resilience of the 7-nm bulk FinFET technology

node to TID exposure.
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CHAPTER 7
CONCLUSION

In the first part of this work, SE cross-sections are investigated at NTV supply voltages for
a variety of Vr options for a conventional D-FF and as a function of temperature and supply
voltage. In chapter 3, different V1 options at close-to-nominal supply voltages resulted in minimal
differences between SE cross-sections. However, through experimental and TCAD results, it was
found that the rate of change between SET PW and feedback-loop delay is closest for the LVT
D-FF, resulting in the reduced SE vulnerability seen throughout the experiments. In chapter 4, the
SE cross-section showed minimal change when temperature was increased from 25 °C to 100 °C
at nominal (750 mV) supply voltage. At reduced supply voltages, however, the SE cross-section
decreased significantly for the same temperature range.

During the second part of this work, TID effects are evaluated as a function of supply voltage
and frequency. Results show that for dynamic test conditions (continuously operating RO), supply
voltage strongly influences the TID response of RO circuits. Additional results show that increas-
ing the operational frequency results in smaller increases in leakage currents and bigger increases
in inverter delays. However, degradations in circuit-level parameters (logic gate delays and oper-
ating current) were less than 1% for TID exposures of 435 krad(SiO,). The results in chapter 5
and chapter 6 clearly show the resiliency of the 7-nm bulk FinFET node to TID exposure.

The main purpose of this work is to provide an analysis of single-event and total ionizing dose
effects under different conditions for the 7-nm bulk FinFET technology node. These results will
give designers insight on how to meet SE specifications for low-power and high-temperature appli-
cations and will allow designers to estimate the effects of TID exposure on circuit-level parameters

for the 7-nm bulk FinFET technology.

53



(1]

(2]

(3]

(4]

[5]

(6]

(7]

[8]

[9]

[10]

[11]

[12]

[13]

REFERENCES

M. G. P. Pradeep Lall and E. B. Hakim, Influence of Temperature on Microelectronics and
System Reliability. New York: CRC Press, 1997.

A. L. Zimpeck, C. Meinhardt, and R. Reis, “Evaluating the impact of environment and phys-
ical variability on the 1jinf;onj/inf; current of 20nm FinFET devices,” in 2014 24th Interna-
tional Workshop on Power and Timing Modeling, Optimization and Simulation (PATMOS),
2014, pp. 1-8.

L. Wang et al., “3d coupled electro-thermal FinFET simulations including the fin shape
dependence of the thermal conductivity,” in 2014 International Conference on Simulation
of Semiconductor Processes and Devices (SISPAD), 2014, pp. 269-272.

S.-Y. Kim et al., “Temperature dependence of substrate and drain—currents in bulk Fin-
FETs,” IEEE Transactions on Electron Devices, vol. 54, no. 5, pp. 1259-1264, 2007.

A. Diab, G. A. Torres Sevilla, S. Cristoloveanu, and M. M. Hussain, “Room to high tem-
perature measurements of flexible SOI FinFETs with sub-20-nm fins,” IEEE Transactions
on Electron Devices, vol. 61, no. 12, pp. 3978-3984, 2014.

J. L. Hennessy and D. A. Patterson, Computer Architecture: A Quantitative Approach. Cam-
bridge, MA: Morgan Kaufmann Publishers, 2019.

R. Baumann and J. Mcpherson, The impact of alpha-particle emitting impurities in phos-
phoric acid on the soft error rate of drams, Mar. 1992.

N. Gaspard et al., “Effect of threshold voltage implants on single-event error rates of D flip-
flops in 28-nm bulk CMOS,” in 2013 IEEE International Reliability Physics Symposium
(IRPS), 2013, SE.7.1-SE.7.3.

H. Zhang et al., “Effects of threshold voltage variations on single-event upset response of
sequential circuits at advanced technology nodes,” IEEE Transactions on Nuclear Science,

vol. 64, no. 1, pp. 457-463, 2017.

lonizing radiation effects in MOS devices and circuits / edited by T.P. Ma and Paul V.
Dressendorfer. New York: Wiley, 1989, 1SBN: 047184893X.

D. Alexander, “Transient ionizing radiation effects in devices and circuits,” IEEE Transac-
tions on Nuclear Science, vol. 50, no. 3, pp. 565-582, 2003.

J. V. D. 1V, “Bias and threshold-voltage dependencies of single-event upsets in a 7-nm bulk
finFET technology,” Ph.D. dissertation, Vanderbilt University, 2021.

J. L. Wirth and S. C. Rogers, “The transient response of transistors and diodes to ionizing
radiation,” IEEE Transactions on Nuclear Science, vol. 11, no. 5, pp. 24-38, 1964.

54



[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

S. Buchner, M. Baze, D. Brown, D. McMorrow, and J. Melinger, “Comparison of error rates
in combinational and sequential logic,” IEEE Transactions on Nuclear Science, vol. 44,
no. 6, pp. 2209-2216, 1997.

P. Dodd and L. Massengill, “Basic mechanisms and modeling of single-event upset in dig-
ital microelectronics,” IEEE Transactions on Nuclear Science, vol. 50, no. 3, pp. 583-602,
2003.

R. Baumann, “Radiation-induced soft errors in advanced semiconductor technologies,” IEEE
Transactions on Device and Materials Reliability, vol. 5, no. 3, pp. 305-316, 2005.

V. Ferlet-Cavrois, L. W. Massengill, and P. Gouker, “Single event transients in digital
cmos—a review,” IEEE Transactions on Nuclear Science, vol. 60, no. 3, pp. 1767-1790,
2013.

G. Guo et al., “Temperature dependence of single-event transient current induced by heavy-
ion microbeam on p/sup +//n/n/sup +/ epilayer junctions,” IEEE Transactions on Nuclear
Science, vol. 51, no. 5, pp. 2834-2839, 2004.

A. Feeley, Y. Xiong, N. J. Pieper, D. R. Ball, and B. L. Bhuva, “SE performance of D-FF
designs with different V1 options at near-threshold voltage supply voltages in 7-nm bulk
FinFET technology,” 2021.

J. Kim, J.-S. Lee, J.-W. Han, and M. Meyyappan, “Caution: Abnormal variability due to
terrestrial cosmic rays in scaled-down FinFETSs,” IEEE Transactions on Electron Devices,
vol. 66, no. 4, pp. 1887-1891, 2019.

A. Matsuda, Y. Nakakubo, Y. Takao, K. Eriguchi, and K. Ono, “Atomistic simulations of
plasma process-induced si substrate damage - effects of substrate bias-power frequency,” in
Proceedings of 2013 International Conference on IC Design Technology (ICICDT), 2013,
pp- 191-194.

M. Shaneyfelt, P. Dodd, B. Draper, and R. Flores, “Challenges in hardening technologies
using shallow-trench isolation,” IEEE Transactions on Nuclear Science, vol. 45, no. 6,
pp- 2584-2592, 1998.

S. Fang and J. McVittie, “Oxide damage from plasma charging: Breakdown mechanism
and oxide quality,” IEEE Transactions on Electron Devices, vol. 41, no. 6, pp. 1034-1039,
1994.

H. Shih et al., “The prevention of charge damage on thin gate oxide from high density
plasma deposition,” in 1999 4th International Symposium on Plasma Process-Induced Dam-
age (IEEE Cat. No.99TH8395), 1999, pp. 88-91.

G. J. Schlenvogt, H. J. Barnaby, J. Wilkinson, S. Morrison, and L. Tyler, “Simulation of TID

effects in a high voltage ring oscillator,” IEEE Transactions on Nuclear Science, vol. 60,
no. 6, pp. 4547-4554, 2013.

55



[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

T. Borel et al., “Gate grounded n-MOS sensibility to ionizing dose,” in 2018 18th European
Conference on Radiation and Its Effects on Components and Systems (RADECS), 2018,
pp. 1-4.

F. Faccio et al., “Total ionizing dose effects in shallow trench isolation oxides,” Microelec-
tronics and Reliability, vol. 48, no. 7, pp. 1000—1007, Jul. 2008.

M. P. King et al., “Analysis of tid process, geometry, and bias condition dependence in 14-
nm FinFETs and implications for rf and sram performance,” IEEE Transactions on Nuclear
Science, vol. 64, no. 1, pp. 285-292, 2017.

Y. Xiong et al., “Supply voltage dependence of ring oscillator frequencies for total ionizing
dose exposures for 7-nm bulk FinFET technology,” IEEE Transactions on Nuclear Science,
vol. 68, no. 8, pp. 1579-1584, 2021.

C. Fonstad, Microelectronic Devices and Circuits, Electronic. McGraw-Hill College, 2006.

M. Fujishima and K. Asada, “Proposal of standard characterization method for dynamic
circuit performance,” in ICMTS 93 Proceedings of the 1993 International Conference on
Microelectronic Test Structures, 1993, pp. 227-232.

M. Bhushan, A. Gattiker, M. Ketchen, and K. Das, “Ring oscillators for cmos process tun-
ing and variability control,” IEEE Transactions on Semiconductor Manufacturing, vol. 19,
no. 1, pp. 10-18, 2006.

D. Hisamoto et al., “Finfet-a self-aligned double-gate mosfet scalable to 20 nm,” /EEE
Transactions on Electron Devices, vol. 47, no. 12, pp. 2320-2325, 2000.

F. Crupi et al., “Understanding the basic advantages of bulk finfets for sub- and near-
threshold logic circuits from device measurements,” IEEE Transactions on Circuits and
Systems I1: Express Briefs, vol. 59, no. 7, pp. 439—-442, 2012.

M. Bhole, A. Kurude, and S. Pawar, “Finfet-benefits , drawbacks and challenges,” 2013.

Y.-P. Fang and A. S. Oates, “Neutron-induced charge collection simulation of bulk finfet
srams compared with conventional planar srams,” IEEE Transactions on Device and Mate-
rials Reliability, vol. 11, no. 4, pp. 551-554, 2011.

S. Lee et al., “Radiation-induced soft error rate analyses for 14 nm finfet sram devices,” in
2015 IEEE International Reliability Physics Symposium, 2015, 4B.1.1-4B.1.4.

M. P. Kashyap and R. Chaujar, “Temperature investigation of a novel 3nm TF-bulk FinFET
for improved performance,” in 2020 IEEE 20th International Conference on Nanotechnol-
ogy (IEEE-NANO), 2020, pp. 382-387.

J. S. Kauppila et al., “Single-event upset characterization across temperature and supply
voltage for a 20-nm bulk planar CMOS technology,” IEEE Transactions on Nuclear Sci-
ence, vol. 62, no. 6, pp. 2613-2619, 2015.

56



[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

H. Zhang et al., “Temperature dependence of soft-error rates for ff designs in 20-nm bulk
planar and 16-nm bulk FinFET technologies,” in 2016 IEEE International Reliability Physics
Symposium (IRPS), 2016, pp. 5C-3-1-5C-3-5.

J. Cao et al., “Temperature dependence of single-event transient pulse widths for 7-nm bulk
FinFET technology,” in 2020 IEEE International Reliability Physics Symposium (IRPS),
2020, pp. 1-5.

H. Li, J. Mundy, W. Patterson, D. Kazazis, A. Zaslavsky, and R. Bahar, “Thermally-induced
soft errors in nanoscale CMOS circuits,” in 2007 IEEE International Symposium on Nanoscale
Architectures, 2007, pp. 62—69.

N. Gehrels, “Confidence Limits for Small Numbers of Events in Astrophysical Data,”,
vol. 303, p. 336, Apr. 1986.

L. Clark et al., “Asap7: A 7-nm finFET predictive process design kit,” Microelectronics,
vol. 53, pp. 105-115, Jul. 2016, Publisher Copyright: © 2016 The Authors.

U. Rana et al., “High performance and yield for super steep retrograde wells (SSRW) by
well implant / Si-based Epitaxy on advanced technology FinFETSs,” in 2019 Device Re-
search Conference (DRC), 2019, pp. 251-252.

M. S. Badran, H. H. Issa, S. M. Eisa, and H. F. Ragai, “Low leakage current symmetrical
dual-k 7 nm trigate bulk underlap FinFET for ultra low power applications,” IEEE Access,
vol. 7, pp. 17256-17 262, 2019.

J.-S. Yoon et al., “Junction design strategy for si bulk FinFETSs for system-on-chip applica-
tions down to the 7-nm node,” IEEE Electron Device Letters, vol. 36, no. 10, pp. 994-996,
2015.

TCAD - Technology Computer Aided Design (TCAD) — Synopsys.

D. R. Ball et al., “The impact of charge collection volume and parasitic capacitance on SEUs
in SOI- and bulk-FinFET D flip-flops,” IEEE Transactions on Nuclear Science, vol. 65,
no. 1, pp. 326-330, 2018.

B. L. Bhuva et al., “Multi-cell soft errors at advanced technology nodes,” IEEE Transactions
on Nuclear Science, vol. 62, no. 6, pp. 2585-2591, 2015.

A. Feeley, Y. Xiong, B. L. Bhuva, B. Narasimham, S.-J. Wen, and R. Fung, “Effects of
temperature and supply voltage on soft errors for 7-nm bulk FinFET technology,” in 2021
IEEFE International Reliability Physics Symposium (IRPS), 2021, pp. 1-5.

G. C. Messenger, “Collection of charge on junction nodes from ion tracks,” IEEE Transac-
tions on Nuclear Science, vol. 29, no. 6, pp. 2024-2031, 1982.

J. S. Kauppila et al., “A bias-dependent single-event compact model implemented into
BSIM4 and a 90 nm CMOS process design kit,” IEEE Transactions on Nuclear Science,
vol. 56, no. 6, pp. 3152-3157, 2009.

57



[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

B. Narasimham, V. Chaudhary, M. Smith, L. Tsau, D. Ball, and B. Bhuva, “Scaling trends
in the soft error rate of srams from planar to 5-nm FinFET,” in 2021 IEEE International
Reliability Physics Symposium (IRPS), 2021, pp. 1-5.

J. Riffaud et al., “Investigations on the geometry effects and bias configuration on the tid
response of nMOS SOI tri-gate nanowire field-effect transistors,” IEEE Transactions on
Nuclear Science, vol. 65, no. 1, pp. 3945, 2018.

M. Gaillardin, C. Marcandella, M. Martinez, F. Andrieu, S. Barraud, and M. Vinet, “Total
ionizing dose response of NMOS tri-gate nanowires,” in 2016 16th European Conference
on Radiation and Its Effects on Components and Systems (RADECS), 2016, pp. 1-5.

H. Hughes et al., “Total ionizing dose radiation effects on 14 nm FinFET and SOI UTBB
technologies,” in 2015 IEEE Radiation Effects Data Workshop (REDW), 2015, pp. 1-6.

I. Chatterjee et al., “Bias dependence of total-dose effects in bulk FInFETs,” IEEE Trans-
actions on Nuclear Science, vol. 60, no. 6, pp. 4476-4482, 2013.

D. Seo, L. D. Trang, J.-W. Han, J. Kim, S. Lee, and I.-J. Chang, “Total ionizing dose effect
on ring oscillator frequency in 28-nm FD-SOI technology,” IEEE Electron Device Letters,
vol. 39, no. 11, pp. 1728-1731, 2018.

J. Prinzie, J. Christiansen, P. Moreira, M. Steyaert, and P. Leroux, “Comparison of a 65
nm CMOS ring- and Ic-oscillator based PLL in terms of TID and SEU sensitivity,” IEEE
Transactions on Nuclear Science, vol. 64, no. 1, pp. 245-252, 2017.

L. T. Clark, D. E. Pettit, K. E. Holbert, and N. D. Hindman, “Validation of and delay vari-
ation in total ionizing dose hardened standard cell libraries,” in 2011 IEEE International
Symposium of Circuits and Systems (ISCAS), 2011, pp. 2051-2054.

R. Liu et al., “Single event transient and TID study in 28 nm UTBB FDSOI technology,”
IEEE Transactions on Nuclear Science, vol. 64, no. 1, pp. 113-118, 2017.

S. Bonaldo et al., “Total-ionizing-dose effects and low-frequency noise in 16-nm InGaAs
FinFETs with HfOjsub;2;/sub;/Al;jsub;2;/sub;Ojsub;3i/sub;, dielectrics,” IEEE Transac-
tions on Nuclear Science, vol. 67, no. 1, pp. 210-220, 2020.

D. M. Fleetwood, “Evolution of total ionizing dose effects in MOS devices with moore’s
law scaling,” IEEE Transactions on Nuclear Science, vol. 65, no. 8, pp. 1465-1481, 2018.

R. M. Brewer et al., “Total ionizing dose responses of 22-nm FDSOI and 14-nm bulk Fin-
FET charge-trap transistors,” IEEE Transactions on Nuclear Science, vol. 68, no. 5, pp. 677-
686, 2021.

A. Privat et al., “Evidence of interface trap build-up in irradiated 14-nm bulk FinFET tech-
nologies,” IEEE Transactions on Nuclear Science, vol. 68, no. 5, pp. 671-676, 2021.

58



[67]

[68]

[69]

[70]

[71]

[72]

A. Feeley, Y. Xiong, N. Guruswamy, and B. L. Bhuva, “Effect of frequency on total ionizing
dose response of ring oscillator circuits at the 7-nm bulk FinFET node,” IEEE Transactions
on Nuclear Science, pp. 1-1, 2022.

M. C. Casey et al., “Effect of total ionizing dose on a bulk 130 nm ring oscillator operating
at ultra-low power,” IEEE Transactions on Nuclear Science, vol. 56, no. 6, pp. 3262-3266,
2009.

T. Stanley et al., “The effect of operating frequency in the radiation induced buildup of
trapped holes and interface states in MOS devices,” IEEE Transactions on Nuclear Science,

vol. 32, no. 6, pp. 3982-3987, 1985.

R. Hyndman and G. Athanasopoulos, Forecasting: Principles and Practice, 2nd. Australia:
OTexts, 2018.

S. Seabold and J. Perktold, “Statsmodels: Econometric and statistical modeling with python,”
in 9th Python in Science Conference, 2010.

G. Doornbos and R. J. P. Lander, “Fin field effect transistor (FinFET),” US9793408B2, Oct.
2017.

59



	Title Page
	Acknowledgments
	List of Tables
	List of Figures
	1 | Introduction
	2 | Background
	Single-Event Transients and Upsets
	Total Ionizing Dose
	FinFET Structure
	Low-Power Design
	Terrestrial Temperature

	3 | Single Event Performance of D-FF Designs with Different VT Options at Different Supply Voltages
	Motivation
	Experimental Details
	Simulation Results
	Results and Discussion
	Conclusion

	4 | Effects of Supply Voltage and Temperature on Single Event Upsets
	Motivation
	Experimental Details
	Simulation Results
	Results and Discussion
	Conclusion

	5 | Effects of Supply Voltage on Total Ionizing Dose Response
	Motivation
	Experimental Details
	Results and Discussion
	Simulation Results
	Conclusion

	6 | Effects of Frequency on Total Ionizing Dose Response
	Motivation
	Experimental Details
	Results and Discussion
	Conclusion

	7 | Conclusion
	References

