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FIG. 57. EXAMPLES OF THE LONGEST PATH LENGTH A PARTICLE CAN FOLLOW THROUGH THE TRANSISTOR BODY REGIONS (BOLD
BOXES) OF STACKED-TRANSISTOR DESIGNS FOLLOWING THE VERTICAL (TOP LEFT), HORIZONTAL (TOP RIGHT), AND ZIPPER
LAYOUT (BOTTOM) SCHEMES. .evutuutuntuituetnerneuneneeesnesnsenssnssnsensessnssnssnssnssnsesssssnssnssnssnssesenssssnssnsrnssnssnsansens 104

FIG. 58. BLOCKS OF SILICON REPRESENTING THE VERTICAL LAYOUT (WHITE WIREFRAME) USED IN THE MRED SIMULATIONS AND
AN INCOMING ION WITH SECONDARIES; THE ION ENTERS THE FIGURE FROM THE LEFT. THESE BLOCKS CORRESPOND TO THE
BLUE BOXES FOR THE VERTICAL SCHEME IN FIG. 2. THE SENSITIVE DETECTORS WERE ENVELOPED IN A 1X1X1 uM3 BLOCK
OF SILICON (OUTER BOX). tttuuettuneeunsessnsesunsessnsessnsessnsessnsessnssssnssssnssssnssssnsessnssssnssssnssssnssssnsssnnsssnnsssnnsees 108

FIG. 59. INVERTER SCHEMATICS FOR A NON-STACKED VARIANT (LEFT) AND A STACKED-TRANSISTOR VARIANT (RIGHT). USING THE
PDK, SPICE SIMULATIONS WERE PERFORMED WHERE CHARGE WAS INJECTED AT THE INPUT NODE TO ESTIMATE CRITICAL
CHARGE. THE CRITICAL CHARGE WAS GREATER FOR THE DUAL-NODE DESIGN (RIGHT). .ceuuettnieiineeeieeeeneennneennnnnns 109

FiG. 60. MRED SIMULATED SINGLE-EVENT UPSET RATES RESULTS FOR A SPACE STATION ORBIT ACROSS A NON-STACKED SRAM
CELL AND AN SRAM CELL HARDENED WITH THE ZIPPER, VERTICAL, AND HORIZONTAL STACKED-TRANSISTOR LAYOUT
TECHNIQUES. THE X-AXIS IS THE DEPOSITED CHARGE OF AN SRAM CELL USING THE TECHNIQUE WHILE THE Y-AXIS IS THE
PREDICTED SEU RATE. EXPECTED Qcrir FOR THIS TECHNOLOGY IS CIRCLED. c.vuuveetrinneerriineeennneeetnnneessnnneeeennnns 111
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Chapter I

INTRODUCTION

Spacecraft, from star trackers to deep space probes, rely on sensor systems to provide a
view into the physical world. Sensors are ever-increasing in complexity, with many modern
integrated circuits (ICs) utilizing three-dimensional heterogeneous integration (3DHI) to create a
“system of systems”. It is imperative to minimize sources of error within these systems of systems,
especially when any errors within one system may affect subsequent or neighboring systems.
Radiation effects may cause observed errors ranging from single-particle-induced single-event
effects (SEEs) to cumulative multi-particle total ionizing dose (TID) effects. While parts of each
system may not be rad hard, the sub-systems can be hardened to ensure that the “system of

systems” is rad hard.

In this dissertation, a case study is presented of a 3DHI imager containing a sensor half,
comprising of a pixel layer and a DRAM layer, and a processing half, containing a core logic layer.
This case study shows that alpha particles cause transient and persistent events in the sensor half
of the system: the pixel and DRAM layers. Due to the sensitivity and complexity of these layers,
the simplest layer in this 3DHI to harden against radiation effects is the core logic layer. This is
because the core logic layer can be hardened at the circuit level, unlike the pixel or DRAM layers
which often must be hardened at the system level. Core logic must be hardened against both SEEs
and TID effects to limit the source of erroneous data to the sensor half of the system. A total
ionizing dose study shows that a commercial 45nm PDSOI process has excellent robustness to
TID. A technique for single-event hardening by layout implemented in the exemplary 45nm
technology process is presented to provide an example of hardening core logic against both TID

effects and SE effects.



Chapter II provides a background on relevant topics in the field of radiation effects. Topics
include charge generation, single event effects, and persistent effects such as displacement damage

and total ionizing dose effects.

Chapter III reviews a case study of a three-dimensional heterogeneously-integrated (3DHI)
imager system. The 3DHI is subjected to alpha particles from an Am-241 button source and both
transient and persistent effects are observed. Transient hot pixel effects are attributed to single
alpha particles inducing single-event transients (SETs) and behavior akin to single-event latchup
(SEL). Persistent post-irradiation hot pixel effects are attributed to displacement damage events.
An analysis of the likelihood of displacement damage over total ionizing dose (TID) effects (for

this imager) is included.

Chapter IV presents potential radiation hardening-by-design (RHBD) techniques for
hardening of core logic in advanced sensor systems. This section also details the novel patent-
pending zipper layout scheme, a minimal-overhead hardened layout scheme that improves upon

prior developed hardened designs.



Chapter 11

BACKGROUND

This section aims to provide high-level background for selected topics necessary to
understand this dissertation. A brief explanation will be provided of radiation-induced charge
generation, single-event effects, and types of CMOS processes. Finally, an overview of various

transistor layout placements is provided.

I1.A Radiation-Induced Charge in Electronics

Electronics work by controlling the behavior of charge carriers, namely, electrons and
holes. Radiation can liberate charge carriers in target materials, including the semiconductors that
form the basis of modern microelectronics [1]. Radiation can also cause atoms to be displaced
from the lattice of the target material, and radiation can cause nuclear reactions within a target

material. Radiation can therefore affect electronics.

Consider an ionizing particle with some velocity (and therefore energy) moving toward a
target material. Intuitively, in the absence of vacuum, the particle must eventually come to a stop,
i.e., the particle has some maximum distance that it can travel within a material. As the particle
travels through the material, it continually loses energy. If the target material is sufficiently thick,

then the particle will stop within the material.

The incoming particle loses energy primarily by means of electronic stopping, or elastic
Coulomb interaction between the incoming particle and the electrons in the target material [2]. As
the particle travels through the target material and loses energy, the energy is “deposited” in the
target material. The process of energy loss by a charged particle is classified into five groups:

electronic stopping, projectile excitation and ionization, electron capture (by the incoming



particle), nuclear stopping, and electromagnetic radiation. When the deposited energy “ionizes”
the target material, it generates electron-hole pairs (ehps) that are free to move about in the target
material, which, in this case, is silicon. This process is known as “charge generation,” as the ion

has effectively “generated” free charge carriers within the silicon.

A useful concept used by the radiation effects community is the sensitive volume (SV), a
dynamically-defined volume in which to monitor charge deposition [2]. The sensitive volume is
commonly defined as a volume in which sufficient ionizing energy will cause a perturbation to
occur at a corresponding circuit node. The SV is an engineering tool that is intended to model the
charge collection regions; charge collections regions are a strong function of the electric fields
within the device. For single event effects, the SV is typically associated with the depletion region
of'a device corresponding to a particular circuit node. A useful quantity is the particle’s energy loss
within the target material. The average energy transferred from the incoming particle to the target
material per unit path length is known as the linear energy transfer (LET), and is given by the

following relation [2]:

-1 dEjon

LET(x) = — - =1

Eq. 2.1

where p, Eion, and x are the density of the target material, the energy of the incoming ion, and its
current location within the sensitive volume, respectively. The charge generated within the target

material, Qgen, 1S given by the following equation:

Edeposited,ionizing
Qgen = - Eq.2.2
ehp



where Eepp 1s the energy required to produce one electron-hole pair within the target material. (For
silicon, Eenp = 3.6 eV/ehp [3].) The average ionizing energy deposited in the silicon, Edeposited,ionizing,

is given by the following [2]:

£
Egeposited,ionizing = P fo LET(x) dx Eq.23

where ¥ is the path length of the incoming ion within the target material. If the particle has a long
range compared to the sensitive volume geometry (and is not near the Bragg peak), then LET can
be assumed to be constant with respect to x, i.e., LET(x) = LET. Given a constant LET, Eq. 2.3

can be simplified [2] and plugged into Eq. 2.2, yielding the following relation [3]:

_ pLET#

Qgen -

Eq.2.4

Eehp

For silicon, Eq. 2.4 yields that ~1 pC of charge is generated by incoming particles for every 22.5
MeV of deposited energy (the numerator of Eq. 2.2 and Eq. 2.4), or ~1 fC of charge for every 22.5

KeV [3], [4].

I1.B Single-Event Effects

Single-event effects in a circuit happen because of the charge generated by a single particle.
A struck NMOS may begin to discharge a circuit node, or a PMOS may begin to charge a circuit
node, potentially leading to recoverable “soft errors” like unintended bit flips [5], [4], [6], [7].
Single-events may also result in irrecoverable “hard errors” like single event burnouts [8], [9],
where dramatically increased current can burn holes in the die large enough to see under a

conventional (optical) microscope [10].

As previously mentioned, the charge generated by an incoming ionizing particle is able to

move within the target material. If a particle strikes a junction within a transistor, the majority of



the generated charge will initially move through drift processes (in the presence of an electric field,
typically within picoseconds [1], [4]). After this initial phase, the remaining charge carriers are
collected through diffusion processes, which ranges from 100s of picoseconds to nanoseconds. At
the device level, this appears as though there is a temporary (i.e., transient) conduction path
between the source and drain of the transistor. This transient pulse of current (or voltage) is known
as a single event transient (SET). Fig. 1 shows an ion strike hitting a reverse-biased PN junction,
much like one found in an NMOS transistor. The ion initially generates electron-hole pairs within
a column of charge in its path as it travels (a). Near the depletion region formed by the PN junction,
the charge carriers are rapidly collected through the aforementioned drift processes. The amount
of charge collected distorts the local electric field [11], leading to a large depletion region “funnel”
that increases drift collection efficiency (b). After this initial collection phase, diffusion dominates
the charge collection process (c); this phase takes significantly longer (typically hundreds of
nanoseconds) and results in the “tail” seen in the SET pulse (Fig. 1, right). In general, the ion path’s
proximity to the PN junction(s) dictates the magnitude of the SET pulse [4]. In highly scaled
modern processes, it is more likely for SETs to have larger relative magnitudes simply due to

smaller transistor feature sizes.
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Fig. 1. An illustration of charge collection processes and the resulting SET pulse observed for a reverse-biased PN
junction. The initial ion strike generates a column of charge (a) that is pulled up by the electric field, distorting the
depletion region (b). After the initial drift collection, diffusion dominates the collection process (c¢). From Baumann

[4].



Consider a simple buffer consisting of two chained inverters like the one pictured in Fig.
2, where the output of the first inverter (inverterl) is connected to the input of the second inverter
(inverter2). Let the input to inverter] be tied to a digital 1. With a digital input of 1, the output of
inverter] would be a digital 0. If an incoming ion (with sufficient LET) strikes the PMOS transistor
of inverterl and causes an SET on the output node of inverter1, that node could temporarily switch
to a digital 1. (Note that in this example, the bit flip is temporary due to the input of inverterl
constantly receiving a signal of digital 1; once the SET has propagated, the correct output would
be forced by the constant 1 input.) In doing so, the output of the buffer, i.e., the output of the
inverter2, would erroneously be a digital 1, as seen below in Fig. 2. If this erroneous digital 1
propagates to subsequent circuitry to a memory structure, e.g., a latch, it could “upset” the intended

logical state of the latch as a single-event upset (SEU).
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Fig. 2. An ion strike on a PMOS causes an SET to propagate. If the SET pulse propagates to subsequent memory,

then it may “upset” the memory state as an SEU.



In modern ICs, it is possible for single-event transients to cause ‘“digital single-event
transients” (DSETs), or SETs that do not upset the struck node but can cause an SEU as they
propagate through subsequent circuitry [12]. DSETs have been observed in CMOS logic circuitry
[13], [14] and are predicted to become increasingly prevalent [15] due to their occurrence rate

increasing linearly with processor speed [16].

Single-event latchup (SEL) is a condition where the transient effects of a single ionizing
particle can cause uncontrolled increases in current which in turn can cause catastrophic failure in
an IC [9]. Once single-event latchup occurs, the high current state persists until the power source
is disconnected from the device or the device fails catastrophically. A cross section of a circuit that
in a bulk CMOS process that is vulnerable to SEL is shown in Fig. 3(a) (modified by Sexton in
[9] after Soliman [17]). N-channel devices are formed on a p-well region, while P-channel devices
are formed on an n-well region. When an n-channel device is formed near a p-channel device in a
bulk CMOS process, two parasitic bipolar devices are naturally formed. In this region, a lateral
pnp transistor is formed by the p+ diffusion region, the n-substrate, and the p-well. A vertical npn
is formed by the n-substrate, the p-well, and the n+ diffusion region. SEL occurs when either the

lateral pnp or the vertical npn transistors are turned on by any source of excess carriers.
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Fig. 3. A cross section of the structure in bulk CMOS technologies that can lead to single-event latchup (top, a), and
the equivalent circuit schematic (bottom, b). This figure is from [9], modified from [17].

I1.C Total Ionizing Dose Effects

Total 10nizing dose (TID) effects are the cumulative result of many ionizing single-particle
strikes occurring within a target material. The charge generated by single-event strikes rapidly
moves (within picoseconds) through drift processes in an electric field. The electrons move from
negative potential to positive, while the holes move from positive potential to negative. However,
electrons and holes have different carrier mobilities, or the ability to freely move within the
material. As a result, un-recombined electrons are likely to drift away while un-recombined holes

may be left behind within the oxides found within CMOS processes. The most used oxide in



CMOS processes is SiO», an oxide known to trap positive charge [18], [19]. Additionally, electrons

have higher significantly higher mobility in silicon dioxide than holes [20].

Fig. 4 shows the band diagram for a P-type substrate MOS capacitor with a positively-
biased gate node (left) and the primary mechanisms of TID charge buildup. In such a situation, an
ionizing particle can generate electron-hole pairs (ehps) within the oxide. Within the first
picosecond [1], [20], some ehps recombine. The ehps that escape initial recombination begin to
drift within picoseconds, with electrons toward the positively-biased gate node (left) and holes
toward the Si/SiO> interface (right). The holes “hop” through local states within the bulk of the
Si0; and some fraction are ultimately trapped in the bulk SiO» near the interface. As the holes are
positively charged particles, they induce a negative threshold voltage shift. As the holes “hop”
toward the Si/Si0: interface, they liberate protons that can also drift toward the Si/Si0; interface.
These protons may react at the interface to also form interface traps. The interface traps are
positively charged for p-channel transistors and negatively charged for n-channel transistors.

Interface trap buildup may take thousands of seconds to saturate after the ionizing particle strike
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occurs [21], [22]. In contrast, the hole transport to the interface is typically over in much less than

a second at room temperature [23].
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Fig. 4. Illustration of the main processes for radiation-induced charge trapping in an MOS capacitor. The gate is

positively biased. From [1].

The discussion in the previous paragraphs was specifically targeted at the gate oxide in an
MOS device. Modern gate oxides in planar processes are so thin that radiation-induced threshold
voltage shifts have “essentially vanished” [23] and the hardening of planar gate oxides has been
“basically solved” [23]. However, the same trapped hole analysis is applicable to other oxides
present in semiconductor technology processes. The primary TID effect of concern in modern
CMOS processes is the turning on of parasitic transistors along transistor-body adjacent oxides

due to a similar mechanism [1], [24].

In modern CMOS processes, shallow trench isolation (STI) oxide is used in between

transistors. STI acts as a “fence,” blocking current paths between adjacent transistors and making
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transistors into active silicon islands. Like a fence, it does not extend far below the surface of the
wafer. These surrounding oxides can act as a biased “gate” when charge is trapped within, turning
on unwanted parasitic transistors in parallel with the drawn transistor. The isolation oxides
surrounding the transistors are most commonly SiO», and thus can also trap positive charge [18],
[19]. In NMOS devices, the positive charge in the oxides can form a conductive channel from
drain to source, leading to an effective decrease in top-gate threshold voltage and increasing oft-
state current. Fig. 5 below is reproduced from [25] which provides an excellent illustration of this.
In PMOS devices, the positive trapped charge can inhibit the formation of a drain-to-source
conductive path, resulting in an effective threshold voltage increase and decreasing on-state
current. However, the decrease in on-state current is often negligible, as the drive current of the

transistors is often orders of magnitude greater than the decrease from TID effects.

Trench Edge polysilicon
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Fig. 5. An illustration of the leakage current path opened by TID-induced charge trapping in the STI oxide. From
[25].
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IL.D Displacement Damage

The previous segments of this dissertation have focused on ionizing radiation effects. This
is because ionizing energy loss is typically orders of magnitude greater than non-ionizing energy
loss [23]. This section is focused on displacement damage, arising from non-ionizing energy loss
of an incoming particle. Displacement damage effects occur when an incoming particle displaces
an atom in the target material through non-ionizing interaction. Fig. 6 illustrates this displacement.
The location in the target material lattice where the displaced atom was becomes a vacancy, and
the displaced atom comes to rest some distance away. The displaced atom comes to rest at an
interstitial position outside of the lattice. The interstitial atom and its vacancy are known as a
Frenkel pair. Frenkel pairs are the simplest kind of displacement defect; defects are mobile,
particularly vacancies, which are highly mobile. Vacancies can form pairs, and both interstitials

and vacancies can form complexes of several defects.
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Fig. 6. Formation of a vacancy/interstitial (Frenkel) pair. From [26].

For this dissertation, the most important effect from displacement damage defects is the

defect-assisted generation of electron/hole pairs. Fig. 7 shows an example band gap diagram with
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defect centers and two equally valid processes for defect-assisted electron/hole pair generation.
The first process is the excitation of an electron from the valence band to the defect center, then
subsequent excitation to the conduction band. An alternative process is the simultaneous emission
from the defect center of a hole to the valence band and electron to the conduction band. When
free carrier concentrations are significantly less than their thermal equilibrium values, emission
processes dominate over capture processes [23]. These emission processes are therefore especially
important in device depletion regions, such as those found in reverse-biased photodiodes in CMOS

imagers.

Electron/hole pair Generation
assisted by defect states
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Fig. 7. Electron/hole pair generation assisted by defect states within the bandgap.

I1.E Types of Technology Processes

The three most common types of modern planar CMOS processes are bulk CMOS,
partially-depleted silicon-on-insulator (PDSOI), and fully-depleted silicon-on-insulator (FDSOI).

A notional depiction of each is provided below in Fig. 8.
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Fig. 8. A notional depiction of bulk CMOS (left), partially-depleted SOI (middle), and fully-depleted SOI (right)

processes. Figures not to scale.

Of the three mentioned planar processes, bulk CMOS processes were the first to be
developed and are the most common. Bulk processes begin with a p-type substrate. In modern
“self-aligned” processes, the gate oxide is grown on top of the p substrate and dopant atoms are
implanted using the gate oxide as a pseudo-mask. In doing so, the wells of the transistor are
automatically (“self”) aligned with the gate of the transistor. Additionally, shallow trench isolation
oxides (STI) are grown surrounding transistor active regions, providing effective electrical
isolation from neighboring transistors. STI is used in almost every modern CMOS process [12],
though it is important to note that, in bulk CMOS processes, STI does not isolate the transistor

from the p substrate that is shared throughout the IC.

To provide further electrical isolation, silicon-on-insulator (SOI) processes introduce an
oxide layer below the active transistor regions. This removes the conduction path from the
transistors’ body regions to the shared substrate. Transistors that do not share diffusion regions are
effectively in their own conductive “islands” with near-complete electrical isolation from

neighboring transistors [27], [28].
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The two primary types of SOI processes, PDSOI and FDSOI, have a few key differences.
The first is that transistors in FDSOI processes typically have significantly thinner transistor body
regions than those fabricated in either PDSOI or bulk CMOS processes. A combination of this thin
transistor body region and light body doping results in the depletion regions arising from the PN
junctions in the transistor to encompass the entire transistor body regions; the transistor bodies are
said to be “fully depleted” of freely available charge carriers. In contrast, transistors fabricated in
partially-depleted SOI processes have thicker body regions (and typically have higher body
doping) than their FDSOI counterparts. These factors lead the depletion regions in PDSOI
transistors to span well into (but not fully encompassing) the body region, resulting in a transistor

body that is “partially depleted” of charge carriers.

It is important to note that the absolute magnitude of charge collection in SOI devices is
less than the magnitude of charge collection in bulk CMOS devices [28]. However, Oldiges et al.
[29] showed that the relative charge collection per unit length in SOI devices is greater than that
of bulk devices, despite smaller transistor body volumes. This is because the quasi-neutral regions

in SOI floating-body devices (particularly PDSOI) can be affected by bipolar amplification [29].

IL.F Shared and Separated Transistor Layouts

Wafer real estate (i.e., area) is precious and area reduction is typically of the utmost
importance, especially when billions of transistors are in an integrated circuit (IC). Clever circuit
designers typically identify transistors whose schematic nodes may be shared. When converting a
schematic to a physical IC layout, those shared nodes are electrically connected by physically
joining the transistors’ active silicon regions (RX). Not only does this save valuable wafer real

estate, but it also allows the node between transistors to behave more as an ideal electrical
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connection; the sharing of RX regions between transistors maximizes the nodes’ conductivity (i.e.,

minimizes resistance).

Sharing RX regions reduces the wafer’s area overhead and improves the speed of its
circuits, but not without cost. The largest cost is in terms of single-event effect (SEE) resistance:
by sharing RX, the circuit node corresponding to the shared source/drain region becomes
significantly more vulnerable to SEE. This is mostly because of the volume encompassed by the
shallow trench isolation oxide (STI). STI is used in almost every modern CMOS process [12]. The
principle behind STI usage is simple: physically isolate transistors with non-conducting oxide to
prevent unwanted current flowing between adjacent transistors. The STI oxides form a fence
around transistors’ active regions. Like a fence, it does not extend very far underneath the surface

of the wafer.

An illustration of a single NMOS transistor fabricated in a bulk CMOS process is shown
in Fig. 9. All CMOS transistors have a body region where the conductive channel forms between
the source and the drain. This body region is in between the source and the drain, and all three
regions are surrounded by the STI. When multiple transistors in a bulk CMOS process share a
source (or drain), the volume of substrate underneath the transistor bodies becomes contiguous, as
seen in Fig. 10. Despite having different body regions, the transistors are able to share charge
between each other through that under-body substrate. Single-event-induced charge can flow in
this region relatively easily, causing upsets that may affect all transistors sharing active silicon.
Thus, the benefits of STI are completely negated for transistors sharing active silicon regions. The

STI separates other active regions and therefore still provides its benefits elsewhere in the IC.
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Fig. 9. An illustration of an NMOS transistor in a bulk CMOS process. A cross-sectional side view is shown to the

left, and a top-down view is shown to the right.

Side View

Top View

Fig. 10. An illustration of two NMOS transistors in a bulk CMOS process sharing a source. A cross-sectional side

view is shown in the top subfigure, and a top-down view is shown in the bottom subfigure.
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Separating (or in some cases re-separating) the transistors’ active regions is a simple but
effective single-event mitigation technique [28]. Mitigation is achieved by two fabrication-level
consequences of RX separation: increased distance between adjacent transistors’ source/drain
regions and the (re-) introduction of shallow trench isolation oxide (STI) to physically separate the
transistors. The STI provides the intended benefit of reducing leakage current (and charge sharing)
between transistors. As a result, it also decreases the probability that a single ion strike will upset

both transistors.

Cross-sectional depictions of normal-incidence (i.e., top-down) ion strikes in a bulk CMOS
process are illustrated in Fig. 11 for shared RX and non-shared RX transistors. When an ion strikes
the shared source region of the transistors (top), both transistors can be affected, as the charge can
flow through the STI-bounded region of substrate relatively easily. In the case of separate RX
transistors, as shown in the bottom subfigure, charge generated by an ion strike through the source
region of one transistor cannot easily flow into and affect the neighboring substrate region.
Separating the RX negates the area reduction obtained by sharing RX, but it is an excellent option

when SEE resilience is high priority.
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Fig. 11. An illustration of two NMOS transistors in a bulk CMOS process with a shared source (top) and separated,
non-shared sources (bottom). When a low-energy ion (black arrows) strikes the shared diffusion region, both
transistors can be affected by the generated charge (top, black arrows). Conversely, a low energy ion is unlikely to
deposit charge within multiple transistors that have separated RX regions (bottom, black arrows). High-energy ions

(red) are likely deposit charge in both RX configurations (top, bottom) in a bulk CMOS process.

IL.F.i RX Separation in Layout

Circuit designers use circuit layout software, such as Cadence® Virtuoso, to create top-
down floor plans for transistor placement. In layout, reusable portions of the circuit are often saved

as stand-alone “cells.” The orientation, under modern convention, is to have transistor gates
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running vertically. Accordingly, the transistor bodies are horizontally oriented. In this orientation,

the transistor width, W, is vertical while the transistor length, L, is horizontal (see Fig. 12).

transisto
width, W

f—

transistor length, L

Fig. 12. A top-down illustration of a transistor like those seen in circuit layout software. Transistor gates are typically

oriented vertically, causing the transistor bodies to be horizontal.

The two standard methods of RX separation in layout are perhaps the most obvious:
separation along the horizontal or vertical axes, as shown in Fig. 13. In most cases where electrical
performance of the individual transistors is paramount, horizontal separation is preferred;
horizontal separation more readily allows preservation of W/L ratio than vertical spacing. If area
real estate is top priority, then the vertical separation scheme is preferred, especially if the

transistors’ drive current is sufficient (after possible resizing).
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Fig. 13. A top-down illustration of horizontal RX separation (top) and vertical RX separation (bottom). Horizontal

separation is typically preferred, as it allows easy preservation of W/L ratio.

Horizontal separation uses deceptively more area than is immediately apparent. In all
PDKs, there is a standard allowed distance between polysilicon tracks known as the “poly pitch”
[30]. This is also known as the ‘“gate pitch” because transistors (and therefore their gates) are
formed in layout when polysilicon is drawn on RX. There is also a minimum allowed distance

between RX [30].

When transistors share RX, there are as many transistor gates as there are poly tracks within
the RX, i.e., the ratio of gates to potential gate positions is 1:1 (within the drawn RX). In contrast,
horizontally separated transistors will have a gate in every other poly location, giving a maximum
ratio of 1:2. An example is provided in Fig. 14. In this figure is a comparison of three transistors

with shared RX regions (top) and three transistors with horizontally separated RX regions
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(bottom). This figure includes dummy poly, or polysilicon that is not in contact with RX, spaced
according to gate pitch. As seen in the top subfigure of Fig. 14, the three transistors that share RX
have 3 gates in the span of 3 poly locations. In contrast, the horizontally separated transistors

(bottom) utilize only 3 gates in the span of 5 polys, not including the dummy polys on the edge.

3 Shared RX Transistors

3 Horizontally-Separated RX Transistors

——

o WK

Fig. 14. A comparison of three transistors with shared RX (top) and horizontally separated RX (bottom). White space
outside of boxes is implied to be STI.

Vertical RX spacing does not use as much area as horizontal spacing, but it has stricter
requirements. First, the transistors must have their gates electrically connected at the schematic
level, as they will be sharing a gate poly. Secondly, the transistors’ widths must be small enough
such that they can fit within the same cell height. Third, the transistors, after a possible resizing,
must have sufficient drive current to perform reliably. An example comparison between shared RX
and vertically separated RX is shown in Fig. 15. Like the previous example, three transistors are
shown. This example illustrates a cell height that is not tall enough to accommodate three stacked

transistors and their minimum necessary separation. In this case, the third transistor must be placed
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in the next valid location. In such a case, the vertical separation has the same gate pitch efficiency:

3 gates exist within a span of 3 polys.

3 Shared RX Transistors

o ~ ]

3 Vertically-Separated RX Transistors

"y o 0 ™ o

7’

Fig. 15. A comparison of three transistors with shared RX (top) and vertically separated RX (bottom). Due to cell
height constraints, it is not always possible to fit multiple wide transistors along the same poly. White space outside

of boxes is implied to be STI.
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Chapter 111

UNDERSTANDING THE RADIATION RESPONSE OF AN ADVANCED SENSOR

In this chapter, two case studies are presented that explore the difficult task of
understanding the radiation response of a three-dimensional heterogeneously-integrated (3DHI)
integrated circuit (IC); this section also refers to 3DHI ICs as three-dimensional integrated circuits,
or “3D-ICs”. The 3DIC of these case studies is a CMOS imaging chip, abbreviated as “CIS”. The
imaging chip is an advanced IC and is an excellent example of imaging chips that may soon be
used on board satellites or aircraft for various tasks, such as star tracking applications. Thus, it is
important to understand the radiation response of such advanced ICs, especially in aerospace

environments where the radiation levels are higher than terrestrial environments.

This chapter first explores the single-event induced transient response of the 3D-IC imager.
It is found that the imager is susceptible to alpha-particle induced single event effects in the form
of hot pixels, or pixels that light up in the absence of light. These hot pixels are cleared within 1
frame of video capture and are not present prior to irradiation, suggesting these are transient single

event effects.

Next, this chapter explores the persistent effects of alpha-particle irradiation on the same
3D-IC imager. The imager is found to have persistent post-irradiation hot pixels consistent with
displacement damage effects. These persistent effects are present for at least 3 frames post-

irradiation and remain after a power cycle.

ITI.A Imager System Case Study Introduction

In the ever-evolving landscape of commercial off-the-shelf (COTS) integrated circuits

(ICs), there are increasing efforts to create three-dimensionally (3D) integrated systems: devices
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where multiple structures, sometimes of different high-level functions (and even different
technology processes), are intimately integrated into a single IC. Radiation environments are
known to affect the operation of microelectronics [12], and 3D-ICs are no exception. A single
ionizing event in a 3D-IC may simultaneously affect multiple interdependent functional layers.
Radiation-induced effects, both transient and persistent, are largely unexplored in visible-spectrum

3D-CIS chips.

Single-event effects (SEEs) in traditional planar-CISs have been discussed extensively [31]
(and references therein). Studies have reported single-event latchup (SEL) [32], [33], where
rows/columns of pixels errantly move to unexpected values. Heavy-ion induced single-event
transients (SETs) in the pixel arrays of planar-CISs have been reported where symmetric groups
of pixels (i.e., groups with nearly equal row and column spans) are excited above dark field
measurements, with devices remaining fully functional during exposure [32], [34], [33]. (“Dark
field” measurements imply no exposure to the radiation source; these are also referred to as “dark
signal” measurements in other literature.) SETs in pixel arrays of planar-CISs have been reported
in addressing circuitry that cause single-frame appearances of white pixels spanning rows or
columns [33], [34]. Single-event functional interrupts (SEFIs) have also been reported in planar-
CISs [32], [35]. Like most complex ICs, SEFIs in planar-CISs vary wildly, and “SEFI” continues
to be a catch-all term for unintended radiation-induced failure modes [12]. Also, radiation-induced
persistent effects in traditional planar-CISs have been reported extensively (e.g., [31] and [36]),
where protons and heavier ions are found to cause increases in dark field pixel values and the

presence of pixels that display random telegraph signals (RTSs).

In these case studies, a depth profile, or a functional mapping, is created from the sensitive

volume response to the effect of that response on the aggregate device output. A 3D-IC CIS is used

26



as a platform to explore this characterization technique for system-level radiation response
mechanisms of intimately integrated stacked devices. Particle ranges and beam orientations are
leveraged to probe the behavior of the device-under-test (DUT) in response to the single-event
responses of specific volumes of interest. This is similar to the Variable Depth Bragg Peak (VDBP)
method described in [37], in which the energy of an ion beam is degraded to determine the depth
of sensitive volumes in a device. In fact, the two are not mutually exclusive: the VDBP method
can find the most-sensitive volume(s) in a 3D-IC, and a mapping can be produced from the local

SEE to the system-level response of the device.

A COTS 3D-IC imager is exposed to alpha particles with different ranges in order to
characterize its system-level single-event response. Two different alpha particle energies are
chosen such that their ranges correspond to stopping in two separate functional layers within the
imager. The peripheral circuitry in the DRAM layer of the device is found to be vulnerable to
single-event functional interrupt (SEFI) during specific operational conditions. In the first case
study, we show that the processing on board the imager, which uses a demosaicing algorithm [38],
influences the areal span of measured pixels impacted by the alpha particles. Row/column drivers
within the image-sensitive layer are found to be vulnerable to single-event upset (SEU), resulting
in pixel groupings spanning extremely large regions. Finally, similarities between captured data
sets reveal the single-event response of the pixel layer dominates the single-event response of the

DUT.

In the second case study, trends in the observed persistent effects are examined when the
3D-CIS chip is exposed to alpha particles with various energies. The energies of the alpha particles
are selected such that they stop within two separate functional layers of the chip; similar to both

the Variable Depth Bragg Peak method described in [37] and the depth profiling method described
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in [39]. Alpha particles deposit energy via electronic and nuclear scattering along their paths,
causing SEEs and persistent effects observable in the 3D-CIS chip’s system-level output.
Additionally, due to their highly ionizing nature, alpha particles have a low effective charge yield

and therefore deposit little ionizing dose [1].

Analysis of data captured after irradiation reveals that persistent events are observed more
often when the alpha particles stop in the pixel layer, suggesting that the topmost pixel layer is
more sensitive to the effects of persistent damage than the underlying DRAM layer. Persistent
effects, most likely due to SEL in the DRAM layer, are also observed. The type of observed
persistent event is shown to depend upon incoming alpha particle energy, with high-energy
particles causing a larger number of pixels that display RTS than their low-energy counterparts.
Static-valued hot pixels are observed regardless of particle energy, and the 3D-CIS chip’s operating
condition during irradiation was found to affect the characteristics of the observed persistent

damage.

The most important result for several operational scenarios of this 3D-CIS is the impact
that the chip’s onboard processing has on the pixel area affected by persistent effects: effects of
the discrete cosine transform (DCT), a data compression technique performed by chip on-board
processing, was found to affect the size of the persistent effects. The effects appear in groups with
a multiple of 8 in at least one dimension, e.g., persistent events commonly appeared spanning

exactly 16 or 24 rows.

ITI.B Experimental Setup

The device-under-test (DUT) in this work is the 19-megapixel Sony IMX400 3D-CIS chip

(shown in Fig. 16) which was previously described by Hu ef al. in [39]; the description is repeated
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in this section. It consists of 3 different dice that are thinned and flip-chip bonded together, with
connections between dice made possible by thru-silicon vias (TSVs) [40], [41]; die 1 and die 2
have the same upside-down orientation while die 3 is right-side up [40]. In this integration scheme,
interposers between the die are unnecessary. Much about the DUT is unknown, such as the
photodetector scheme used for the pixel array, e.g., pinned photodiode (PPD) or otherwise.
Although the specific implementation is unknown, the common underlying mechanism of
photodetectors, i.e., collection of charge before readout, allows for discernment of insightful
results. The photodetectors, or physical pixels, are arranged under a color filter array following the
Bayer filter layout (Fig. 17) [42]. Each physical pixel is assigned color information from its
neighbors through a demosaicing process, and an RGB triplet is stored. The 3D-CIS chip’s on-
board demosaicing algorithm causes pixel groupings excited by a single alpha particle to appear
unintuitively large [39]. The JPEG [43], [44] and PNG standards [43], [45] store an array of these
triplets as a 3-band image (though JPEG first converts the array to a different color space). The
physical pixel pitch is approximately 1.2 um, and an SEM scan revealed the photodiodes are

partially separated by backside deep trench isolation oxides (Fig. 18) [39].
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Fig. 16. Illustration of the Sony 3D-CIS chip. From Tsugawa et al. [41].

Fig. 17. A typical layout for detector elements, or physical pixels, in a Bayer filter layout. Each colored square is a

unit pixel.
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Fig. 18. An SEM of the DUT. Viewing angle of 54°. Photodiodes are between isolation trenches. Courtesy of JPL
Analysis & Test Laboratory.

Fig. 19 shows an operational block diagram for the DUT. In a traditional monolithic planar-
CIS, the data from the physical pixels are sequentially read out to the logic layer [46], which pre-
processes and sends the data off-chip to external processors, such as the main CPU. In contrast,
the 3D-CIS chip used in this work uses a DRAM layer that serves as a data buffer for both the
physical pixels and on-chip pre-processing. The pixel layer captures an image that is sent to the
pre-processing block before being temporarily stored again in the DRAM. The image data are sent
to the main processing block from the DRAM, where demosaicing occurs [47]. It was shown in
[39] that the demosaicing [38] performed by this 3D-CIS chip was responsible for unexpectedly
large areal spans of alpha-particle excited pixels; the discussion from [39] is repeated in this
dissertation in Section III.C.iii.b . Once the main processing is complete, the image is queued for

read out or returned to the DRAM if necessary.
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Fig. 19. Sony IMX400 operational block diagram [40].

The Sony 3D-CIS chip is housed in a metal package with an integrated ribbon cable.
Materials, e.g., the mechanical lens, were removed to allow for direct exposure of the die to the
alpha particles. The ribbon cable allows the 3D-CIS chip to communicate via the serial MIPI D-
PHY standard [48] to a specific connector used in Sony Xperia smartphones; the smartphone was
used to collect the radiation effects data. Collection of in-air data (as opposed to in-vacuum data)
via the smartphone simplified the experiment setup, however using this approach requires careful

definition of the incident alpha particle environment (addressed in the next section).

ITL.B.i Experimental Methods

The 3D-CIS chip was mounted in a light-blocking container in a dark room to minimize
light that could reach the imager. Dark field values are defined as pixel values recorded while not

exposed to the alpha particle source. Dark field values were taken before irradiation to establish a

32



pre-irradiation baseline. After irradiation, dark field values were recorded to evaluate the

characteristics of the persistent effects.

ITL.B.ii Physical Setup and Radiation Environment

During irradiation, the 3D-CIS chip, the sealed thin-film Am-241 button source, and a
pinhole aperture (manufactured in 0.064 mm thick Al) were mounted in the same in-air enclosure
(shown in Fig. 20). The distance from the source to the surface of the 3D-CIS chip was either 18.6
mm or 0.064 mm; SRIM [49] was used to select air gaps that would attenuate the incident alpha
particles to energies of 1.7 MeV or 4.0 MeV at the 3D-CIS’s surface. Additionally, one imager
chip was used for the 1.7 MeV alpha particles while a different imager chip was used for the 4.0
MeV alpha particles. The 1.7 MeV particles deposit energy and come to a stop within only the top-
most pixel layer, while the 4.0 MeV particles deposit energy in both the pixel and DRAM layers
before stopping in the latter (seen in Fig. 21). A region of 780 x 780 pixels directly underneath
the pinhole, corresponding to roughly 1 mm?, was chosen for data analysis to limit angular effects
from use of a button source. After each irradiation step, the imager chip was shifted in the XY
plane to expose a different region; this shifting limited lingering effects from previous irradiation

steps.
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Fig. 20. An illustration of the experimental setup. From Hu et al. [9].

SRIM Monte Carlo simulations (Fig. 21) demonstrate that the straggle of the alpha
particles is confined within the pixel layer (1.7 MeV alpha particles) and the DRAM layer (4.0
MeV alpha particles). Each SRIM simulation was run for 4000 particles with depths for each layer
determined by SEM images [39], [40], [41]. These energies were selected to maximize the

contribution of the respective functional layers to the DUT’s overall response.
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Fig. 21. SRIM simulations for alpha particles of 1.7 MeV (left) and 4.0 MeV (right) entering the DUT. The simulation

results are plotted such that particles enter from the left side of each plot. From Hu et al. [9].
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Monte Carlo Radiative Energy Deposition (MRED) is a Vanderbilt-developed Monte Carlo
radiation transport tool specifically tailored to model radiation effects in electronics [50], [51].
MRED computes energy deposited by particles in materials of arbitrary composition and structure
using models generally accepted by the radiation effects community [50]. MRED was used to
compensate for geometric differences related to distances from the alpha particle source during
exposure. A not-to-scale representation of the MRED simulation setup is shown in Fig. 7 that
includes the alpha particle button source, an air gap, the pinhole aperture, and a thick absorber.
The sealed thin-film Am-241 button source was fully modeled; the area was 12 mm x 12 mm and
included a 1.5 um layer of radioactive Am-241 with a 2.54 pm seal composed of Au/Pa (details
obtained from the manufacturer). Two air gaps were used: 18.6 mm and 0.064 mm corresponding
to the desired ~1.7 MeV and ~4.0 MeV alpha particle energies. The pinhole aperture was 1 mm? x

2 was used as the absorber

0.064 mm. A 30 um thick block of silicon with an area of 1 mm
(corresponding to the analyzed area of the imager). Two million emitted alpha particles from the
Am-241 were used for each simulation. The ratio of the total number of alpha particles detected
by the absorber for the 4.0 MeV alpha exposure to that for the 1.7 MeV exposure is 11.3. Therefore,
the data acquisition time for the 1.7 MeV alpha irradiation was 11.3 times longer than that for the

4.0 MeV case to achieve nearly equivalent fluences directly underneath the pinhole. We note that

these MRED simulations agree with the selected air gaps estimated by SRIM.
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Fig. 22. Geometric representation of the MRED simulation setup. Not to scale.

IIL.B.iii Data Collection Approach

In-situ video recordings using the H.264 standard video codec [52] were captured in the
built-in Sony camera app using different combinations of sensitivity to light (known as ISO) and
shutter speed (SS). ISO values convey the pixel layer’s relative analog-to-digital (ADC) gain when
shutter speed and aperture size are independently configurable [53], and were available via the cell
phone software from 50 to 3200. Shutter speed is analogous to integration time and was available
from 0.1 ms to 100 ms. The frame recording rates were 30 frames per second and 10 frames per

second for shutter speeds of 0.1 ms and 100 ms, respectively.

Changing ISO and SS independently allowed for recording data at various operating

conditions. For example, ISO = 3200 allows closer inspection of alpha particle-induced leakage
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current in the pixel’s photodetector elements because the increased readout ADC gain would
amplify this leakage current. Similarly, modifying SS changes photodetector integration time,
allowing more charge to be collected before readout. Both pre-irradiation dark field and post-
irradiation data were captured at the four ISO/SS pair extremes. The data collection process was
as follows: pre-irradiation data were captured at a given condition, e.g., (ISO, SS) = (3200, 0.1
ms). Next, the DUT was irradiated and data were captured with the same ISO/SS condition. Finally,

post-irradiation data were captured utilizing the same ISO/SS condition.

The output videos’ frames were converted to lossless PNG files [43], retaining the same
information as each frame in the video. We note that the H.264 standard video codec used to
produce the video is lossy: the H.264 codec is based on the JPEG standard and involves color
down-sampling and discrete cosine transforms to reduce the number of bits necessary to store the
frames of the video [43] (and the references therein). As a result, this experiment does not analyze
raw data from the 3D-CIS chip. We note on-chip processing/corrections and resulting data loss are
not problematic because we are interested in the system-level radiation response of the 3D-CIS
chip. No modifications were made to the H.264 codec and no software was developed for data

acquisition.

The primary metric used in this work to characterize the effect from a radiation event is an
event index of the form: R x C. It is the same metric used in [39], but relevant information is
repeated here. The first element of the event index (R) is the extent of the number of rows affected
by the event and the second element (C) is the extent of the number of columns. The R x C index
pair encapsulates the entire event. We note that not every pixel within a 10-pixel x 10-pixel area
must be affected by the ion event to produce a response index of 10 x 10. While incomplete, this

index provides a general idea of the response of the DUT to multiple ionizing events.
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III.C Understanding the Transient Response of a 3DHI Imager

II.C.i Transient Effect Case Study Overview

The single-event response of a three-layer heterogeneously integrated commercial off-the-
shelf (COTS) CMOS imaging sensor (CIS) to alpha particles of different energies is analyzed. The
energies of the alpha particles are selected such that they stop in two separate functional layers of
the device-under-test (DUT). Differences in the single-event response of the DUT depend on alpha
particle energy. Spatial profiling of ionizing events reveals susceptibility in the peripheral circuitry
of the DRAM layer to single-event functional interrupts (SEFI). The on-chip demosaicing
algorithm contributes significantly to the number of pixels affected by transient-ionizing events.
Large groupings of affected pixels are manifestations of ionizing events in the peripheral circuitry
contained within the image-sensitive layer of the DUT. Similarities in the captured data sets reveal

the single-event response of the pixel layer dominates the system-level response of the DUT.

ITI.C.ii Transient Effect Case Study Experimental Results

This section provides the experimental observations for the 1.7 MeV and 4.0 MeV alpha
irradiations using the four ISO/SS conditions defined above. (Section III.C.iii will provide a more
detailed discussion and comparison of these results.) Pre-irradiation values of each pixel captured
in a light-blocking chamber with no incoming particles (dark field values) were analyzed and
found to follow Gaussian normal distributions. From these measurements, a per-pixel mean (u)

and per-pixel standard deviation (c) were computed. A threshold of

T=upu+8o

was calculated for each pixel from its dark field distribution. This threshold was sufficient to

eliminate false positives caused by dark field fluctuations, as dark field standard deviation for each
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pixel was small. We note the dark field distributions depend on operating temperature, which was
stable except when SEFIs were observed (addressed in Section III.C.iii.a ). The data sets were
analyzed for radiation-induced transient events, defined as a grouping of adjacent pixels where
any color band value exceeds its respective threshold. For example, if a pixel has a red band value
greater than its red band threshold, the pixel was considered above threshold regardless of its green
or blue band values. Event indexes were calculated for groups of pixels affected by radiation
events. Note the operation of the DUT causes both single-event transients (SETs) in the pixel layer
and single-event upsets (SEUs) in the DRAM layer to manifest themselves similarly in the final
video output of the DUT. This is because the DRAM acts as a buffer for the pixel values, and
values from the DRAM are pipelined into the main processing block where demosaicing typically
occurs [47]. We note similar fluences were observed for the same operating conditions across alpha

particle energies, excluding the SEFI condition.

ITI.C.ii.a Transient Effects from 1.7 MeV Alpha Particles

Fig. 23 plots the percentage of events for the 1.7 MeV alpha exposures vs. row and column
indices for four combinations of ISO and SS. In this figure, the black dotted line represents the
line of symmetry. While the details of the distributions are different, a common feature is the largest
peaks occurring along the dotted line, e.g., near 2 x 2 and near 6 x 6; this indicates that a nearly
symmetric event index occurs more frequently than other event types. In addition to what is plotted
in Fig. 23, very large events measuring up to 780 x 20 were also observed; these events span the

entire length of the analyzed region of the imager.
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Fig. 23. ISO and shutter speed effects on 1.7 MeV alpha particle event distributions.

II1.C.ii.b Transient Effects from 4.0 MeV Alpha Particles

Experimental results for the 4.0 MeV alpha exposures are shown in Fig. 24. Like the 1.7
MeV data (Fig. 23), three of the four distributions have the largest peaks near the dotted line, e.g.,
near 2 x 2 and near 6 x 6. The obvious outlier to this trend is the ISO/SS = (3200, 0.1 ms) operating
condition. Also, like the 1.7 MeV data, very large events (not shown in the plot) measuring up to

780 x 20 were observed.

Unlike the data taken using the 1.7 MeV alpha exposure, the ISO = 3200 and SS = 0.1 ms
operating condition also had repeatable SEFIs that were recoverable with a power cycle. This is

the most readily apparent result from using the depth profiling technique akin to the VDBP method.
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Fig. 24. ISO and shutter speed effects on 4.0 MeV alpha particle event distributions.

II1.C.iii Discussion of Observed Transient Effects

HI.C.iii.a SEFI from 4.0 MeV particles at (3200, 0.1 ms)

Repeatable SEFI events were only observed for the 4.0 MeV alpha particle irradiation at
an ISO/SS of (3200, 0.1 ms). These operation settings are the highest available gain and the
shortest shutter speed. A micrograph of the DRAM layer is shown in Fig. 25 where the control
circuitry (highlighted in white) is visible in the center of the DRAM layer. All data were captured

at the location circled in black in this figure.
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Fig. 25. A micrograph of the DRAM layer, with an overlay of the pinhole (black). The central region of this layer (in

white) is control circuitry.

These events are consistent with single-event latchup, as a power cycle was required to
resume operation after a “shutdown due to overheating” error, but we were unable to confirm a
high-current state and therefore choose to call these SEFIs. Additionally, the SEFIs were relatively
rare compared to SETs, with a respective ratio of nearly 1:100. These results suggest that the device
is more susceptible to SEFIs induced by alpha particle events in the peripheral/control region when
operating at the highest gain and shortest shutter speed. SEFIs may occur in the other operating

configurations at higher LET values.

III.C.iii.b On-Chip Data Processing Impact on Transient Pixel Cluster Size

In the previous results section, Fig. 23 and Fig. 24 presented results that suggest transient
events commonly spanned an event index of about 6x6, some as large as 20x20. These large events
are, in part, due to on-chip processing in the DUT which produces enhancement of charge
collection events (including any blooming). Blooming effects are likely minimal (but non-zero) in

this device because of the deep trench isolation used during manufacturing (see Fig. 18). The
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larger number of events with small event indexes (Fig. 23 and Fig. 24) lends support for this
statement.

A common technique in image processing is bilinear interpolation, which is simply linear
interpolation in 2 dimensions: Z as a linear function of X, and Z as a linear function of Y. Bilinear
interpolation is a common method of demosaicing, or the assignment of color information to
neighboring detectors of a different color [38]. Demosaicing is integral to imager operation, as it
is impractical to have detectors for each color band within each physical pixel.

An example scenario illustrating the demosaicing process is presented in Fig. 26. In this
scenario, an alpha particle strikes a blue detector head-on in a zero-valued pixel array, with no
charge shared between pixels (Fig. 26, subfigures a and b). The struck blue pixel is then assigned
an intensity of 100 (Fig. 26.c). Bilinear interpolation results in the nearest neighbors of the struck
pixel being assigned the average value of the struck pixel and its own neighbors. That is, the struck
pixel looks at the 2nd nearest neighbor to the left, containing a value of 0, and assigns the average
value of 100 and three Os (or 25) to the nearest left neighbor. This stage is illustrated in Fig. 26.d,
with a visual aid (in yellow) illustrating which pixels are averaged together. In Fig. 26.e, the non-
blue neighbors of the struck pixel are assigned blue color values in a similar fashion, resulting in

the appearance of 13 pixels experiencing above-threshold values spanning an event index of 5 x 5

(Fig. 26.f).
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Fig. 26. A single blue detector in a zeroed array is hit head-on by an alpha particle, resulting in the assigned intensity
level of 100 (a,b,c). A blue value is calculated for nearest blue neighbors of the struck pixel, and the non-blue neighbors

are assigned blue values from these (d,e). The resulting event appears to have 13 excited pixels within a span of 5 x 5

(.

If an alpha particle hits a corner and deposits charge in the 4 detectors, a transient event
with an event index of 6 x 6 would result, illustrated in Fig. 27. Notice that in both direct hits and
corner hits, large event indexes can occur without any charge sharing between pixels. Research
presented in [32], [33] finds that charge sharing between pixels is indeed possible in a backside-
illuminated CMOS imaging sensor with deep isolation oxides. In this context, the deep isolation
oxides do not span the full thickness of the detector elements. The findings of that research along
with detectors (that are not fully isolated) in this device suggest it is indeed possible for charge
sharing to occur between pixels. Charge shared from a struck pixel would result in further

enhancement due to the on-chip demosaicing.
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Fig. 27. An example of a corner between detectors being hit. In this scenario, the apparent event has 24 pixels lit

within a span of 6x6.

III.C.iii.c Implications of Large Index Transient Events

The ISO/SS operating condition of (50, 100 ms) (Fig. 23 and Fig. 24) produced unusually
large events, often with one dimension up to the span of analysis area, e.g., 780 x 20. Two examples
are shown in Fig. 28; the selected examples are both row-major (for printing convenience), though
column-major events are also observed. These large index events are likely caused by transients
in the row/column readout circuitry in the pixel layer because they are observed at both alpha
energies and the 1.7 MeV alpha particles do not have sufficient energy to enter the DRAM layer.
These large index events are consistent with results presented in [34], albeit at a larger scale. Note

these large index events are independent of SEFIs.
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Fig. 28. Examples of captured row/column driver upsets. The top example occurred in the 1.7 MeV data set, while
the bottom occurred in the 4.0 MEV data set. Both examples were captured at ISO/SS = (50, 100 ms) and extend off-

screen for 100s of pixels. The reproduced cutouts are 154x33.

II.C.iii.d Implications of Event Index Similarities

All event distributions given in Fig. 23 and Fig. 24 have multiple peaks near the symmetry
indicated by the dashed line. (The only exception to this is when SEFIs occurred. Events that result
in SEFI have a precursor effect on the operation of the device prior to loss of functionality. Data
from this operational condition are excluded from the discussion that follows.) This indicates a
common source of event shapes. The 1.7 MeV alpha particles do not reach the DRAM layer, while
the 4.0 MeV alpha particles passed through the image-sensing pixel layer and stopped in the
DRAM layer. The response of the DUT was very similar for both energies. This implies that the
single-event response of the pixel layer dominates the device-level single-event response for both
alpha particle energies.

Furthermore, linear energy transfer (LET) curves in silicon corresponding to 4.0 MeV and
1.7 MeV alpha particles from SRIM [49] are shown in Fig. 29. The 1.7 MeV particles have higher
LETs in the pixel layer than that of the 4.0 MeV particles. The 4.0 MeV particles originated closer

to the DUT and have a larger distribution of incident angles than the 1.7 MeV particles. Despite
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these differences, particles at both energies produce similar responses (Fig. 23 and Fig

suggests that the pixel layer dominates the response of the DUT.
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Fig. 29. LETs of alpha particles in silicon. The gray overlay indicates the active silicon in the pixel layer.

Finally, in all operating conditions (except the SEFI-inducing condition) (Fig. 23 and Fig.

24) the peak around 2 x 2 is larger for the 4.0 MeV alpha particles than that for the 1.7 MeV alpha

particles. The 4.0 MeV alpha particles have a lower LET in the imaging-layer than that of the 1.7

MeV alpha particles. The lower LET value of the higher energy alpha particles will result in a

smaller event index than that for the lower energy alpha particles. This trend is also consistent with

the dominance of the imaging layer.

ITI.C.iii.e The System-Level Response

In general, the layer most sensitive to SEEs will have the largest impact on the SEE

response of the system in any complex 3D-IC. The most sensitive layer in the DUT of this was the

active pixel sensor (APS) layer. In an APS, each pixel consists of a photodiode connected to an
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amplifier [54], [55]. Typical photodiodes are p-n junctions designed for electron-hole pairs to be
created by an incident photon and subsequently contribute to current flow [56]. Any ionizing
particle with sufficient energy can create these electron-hole pairs, and the alpha particles used in
this experiment are no exception. While sub-circuits in a DRAM are also vulnerable to SEEs [57]
(and references therein), they are not as sensitive as photodiodes that are specifically designed to

be sensitive.

Additionally, the position in the stack affects the sensitivity of the layer. That is, the top-
most layer is expected to be most sensitive to SEEs, as it does not have the shielding provided by
other layers in the stack. Consequently, the system-level single-event response of the imager is
dominated by the single-event response of the pixel layer. This dominance results in the similarities

of event index distributions shown in Fig. 23 and Fig. 24 (excluding the SEFI condition).

III.C.iv Transient Effects Case Study Conclusions

An experiment was designed such that alpha particles of predominantly 1.7 MeV and 4.0
MeV penetrate different layer combinations of a 3D-IC imager, allowing creation of a functional
mapping of the single-event response of the device to particles of different ranges. It is found that
when the peripheral circuitry of the sandwiched DRAM layer is struck by alpha particles, the
device ceases to function until power is cycled, suggesting the peripherals are vulnerable to single-
event functional interrupts. The on-chip demosaicing algorithm was found to influence the
outcome of alpha particle events, resulting in transient events that affect a larger area than expected
based solely on the area in which charge is collected. Row/column driver upsets, appearing as
events with one dimension spanning up to the entire area beneath the pinhole, are observed in both
data sets, suggesting the row/column drivers in the commonly affected pixel layer are sensitive to

single-event upsets. Despite differences in energy spectra (and therefore range), the aggregate
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output of the device was largely the same for both data sets. This suggests that the sensitivity to
alpha particles and consequent response of the top-most pixel layer dominates the system-level
output of the device.

These results demonstrate that it is possible to distinguish differences in trends of the
system-level output of a device in response to the radiation responses of each layer, even in COTS
3D-ICs with heavy on-chip processing. Due to the on-board processing, the radiation response of
a COTS 3D-1C may not be the superposition of the radiation response of individual layers. Insight
of system-level radiation responses of stacked 3D-ICs can be obtained through similar depth

profiling experiments.

IIL.D Understanding the Persistent Response of a 3DHI Imager

The next case study explores persistent effects captured in the same imager chip from alpha
particles. This case study uses the same experimental setup as the previous case study, but this case

study more closely analyzes captured dark field data.

IIL.D.i Persistent Effect Case Study Overview

A three-layer heterogeneously integrated commercial off-the-shelf (COTS) CMOS
imaging sensor’s (CIS’s) post-irradiation response to 1.7 MeV and 4.0 MeV alpha particles is
analyzed. The energies of the alpha particles are selected such that they stop in two separate
functional layers of the device-under-test (DUT). Similarities in the captured data sets reveal the
photodiodes in the topmost pixel layer are most vulnerable to alpha-particle-induced persistent
effects. Despite black level clamping, alpha particles of both energies are found to increase the
mean dark RGB values, a surrogate for dark current. Observation of multi-level random telegraph
signal (RTS) pixels suggests that displacement damage dose (DDD) effects dominate the persistent

effect response, rather than total ionizing dose (TID) effects. The energy of incoming alpha
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particles was found to affect the frequency of RTS pixels. Similarly, particle energy affects the
number of RTS levels. Additionally, and possibly most importantly for certain operational
scenarios, the chip was found to perform at least two types of on-board processing that impacted

the observed radiation-effects: pixel demosaicing and discrete cosine transform (DCT).

ILD.ii Persistent Effect Case Study Experimental Results

This section provides the post-irradiation observations for the 1.7 MeV and 4.0 MeV alpha
irradiations using the four ISO/SS conditions defined above. Pre-irradiation RGB values (derived
from ADC output levels) of each pixel captured in a light-blocking chamber with no incoming
particle; these are referred to as “dark field values”. Dark field values were analyzed and found to
follow Gaussian normal distributions. From these measurements, a per-pixel mean (u) and per-
pixel standard deviation (o) were computed across the duration of the video, e.g., the average red,
blue, and green values across the full video duration of the top left pixel was calculated. (The
number of images used to calculate the average varied according to capture length, see Section
I1.B.1 and [39].) This calculation was repeated for every pixel within the analysis region. A
threshold of

T=u+6]o]
was calculated for each pixel from its pre-irradiation dark field distribution. The pre-irradiation
dark field standard deviation for each pixel was found to be small (typically between 0.1/255 and
0.2/255). Because the standard deviations were beyond the resolution of 8-bit RGB values, they
were rounded up to the nearest integer value for threshold calculations. This threshold was
sufficient to eliminate false positives caused by natural dark field fluctuations (in both struck and
non-struck pixels) and any potential persistent effects caused by previous irradiation steps. Some

persistent effect RGB values were close to the threshold cutoff but were considered as long as they
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met the previously defined criteria. Additionally, lack of hot pixels after moving to a new location
indicates good physical separation of the pinhole’s location between irradiation steps; as explained
in [39], some high-incident-angle particles could strike far from the region of analysis. The dark
field distributions depend on operating temperature; the DUT was stable at room temperature for
the duration of the experiment.

It is likely that the 3D-CIS chip includes black-level clamping; it is unclear whether the
clamping is implemented in hardware or software. This clamping also affects the dark field values
by modifying the minimum possible RGB value recorded by the 3D-CIS chip. Therefore, the
black-level clamping directly modifies the average dark field values recorded by the chip. By
selecting a sufficiently large threshold value, T, the black-level clamping’s effects can safely be
ignored for persistent events. Although on-chip black-level clamping inherent to the imager can
also decrease the maximum possible RGB values reported, this is not an issue because the
threshold value method sets only a lower bound on RGB values. The pre- and post-irradiation
behavior of mean dark field RGB values, values that do not consider the minimum threshold,
suggests the presence of black level clamping, as will be discussed in Section I11.D.iii.c.1.

The dark field post-irradiation data sets were analyzed for radiation-induced persistent
events. To be considered a “persistent event”, pixels must meet the following criteria. First, a pixel
must be considered a “hot pixel”, defined as a pixel that exceeds the threshold value for at least
one color band. For example, if a pixel has a red band value greater than its red band threshold,
the pixel is considered above threshold (and thus a “hot pixel”) regardless of its green or blue band
values. Next, the hot pixel must be part of a group of adjacent hot pixels. To catch data processing

boundary conditions, 1 x 1 is considered a group; the following subsections (I11.D.ii.aand I11.D.ii.b

) show that groups of 1 x 1 are uncommon. Finally, the group must persist for at least 3 frames in
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post-irradiation dark field conditions. By inspection of data recorded during irradiation, 1 frame is
sufficient to clear any residual charge lingering within each pixel. Thus, a 3-frame minimum
effectively guarantees any observed hot pixels are the result of a persistent effect. This 3-frame
minimum accounts for RTS pixels that have levels both above and below the threshold.
Furthermore, the group must contain hot pixels after a power cycle occurs.

Event indexes were calculated for persistent events caused by radiation events. As
explained in Hu et al. in [39], the event indices for this DUT are commonly larger than 1 x 1,
regardless of the layer in which the alpha particle stops. This is because the DRAM acts as a buffer
for the pixel values, and values from the DRAM are pipelined into the main processing block
where demosaicing typically occurs [47]. The 3D-CIS used in this work is the same as that used

in [39], therefore it is susceptible to the same on-board demosaicing algorithm.

II1.D.ii.a Persistent Effects from 1.7 MeV Alpha Particles

Dark field data measured following 1.7 MeV particle irradiation are shown in Fig. 30. The
left subfigures were obtained with the shutter speed (SS) of 0.1 ms, and the right with an SS of
100 ms. The subfigures in the top row were obtained when the ISO (analogous to ADC gain) was
set to a value of 50, while the bottom row of subfigures was obtained when ISO =3200. The longer
integration time datasets (100 ms, right subfigures) more commonly have smaller persistent events
(in the range of 1 x 1 or 2 x 2) than the short integration time data set (0.1 ms, left subfigures); this
is likely due to black level clamping, discussed in Section III.D.iii.c.1. Excluding the (50, 0.1 ms)
capture condition (top left), the 1.7 MeV alpha particles frequently induce persistent events sized
in multiples of 8, as illustrated by data appearing along the grid lines of Fig. 30. There is no clear
preference for either row- or column-major events in any measurement condition when irradiated

with 1.7 MeV alpha particles.
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Fig. 30. ISO and shutter speed effects on observed 1.7 MeV alpha particle induced persistent event distributions.

Axes are frequency of events (as percentage) versus row and column span. Displayed bin height limited to 25%.

ILD.ii.b Persistent Effects from 4.0 MeV Alpha Particles

Dark field data obtained after irradiation by the 4.0 MeV particles are shown in Fig. 31.
The left subfigures were obtained with the shutter speed of 0.1 ms, and the right with an SS of 100
ms. The subfigures in the top row were obtained when the ISO was set to a value of 50, while the
bottom row of subfigures was obtained when ISO = 3200. There are a few notable points of these
plots. The first is that there were no observed persistent events caused by 4.0 MeV alpha particles

when ISO = 50. This ISO value corresponds to operating using the lowest available ADC gain.
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Fig. 31. ISO and shutter speed effects on observed 4.0 MeV alpha particle induced persistent event distributions.
Axes are frequency of events (as percentage) versus row and column span. No persistent events were observed for

ISO = 50 when alpha particle energy was 4.0 MeV. Displayed bin height limited to 25%.

The notable difference between the two shutter speed settings when ISO = 3200 (bottom
row) is that persistent effects caused by alpha particles while operating at the 0.1 ms (bottom left)
shutter speed tend to favor pixel groupings that most commonly manifest with row dimensions
divisible by 8. This can be seen by the persistent event distribution containing “lines” parallel to
the column axis. Conversely, the DUT shows no clear preference for row- or column-major

persistent events when operating with a shutter speed of 100 ms (bottom right).
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III.D.ii.c Mean Pixel RGB Values

Mean RGB values were calculated before and after irradiation for all capture conditions.
The means were calculated across time, i.e., each pixel’s average RGB value during the entire
video was calculated. Additionally, the mean RGB values do not consider thresholds, i.e., all of
the pixel’s RGB values are considered for this calculation. While the maximum possible RGB
value is 255, the mean pixel RGB values are commonly less than 1. This is due to the large number
of pixels unaffected by persistent effects and on-board black level clamping; this is discussed

further in Section III.D.iii.c.1.

Across all operating conditions and particle energies, most of the detector count versus
mean dark field RGB value curves are nearly identical before and after irradiation and are therefore
not shown. In addition, most of the curves have a peak value of nearly 0, and most data occur

below an RGB value of 1.

The exceptions to this are shown in Fig. 32 and Fig. 33. The relationship between
photodetector count and mean RGB value before (solid black) and after (dotted red) irradiation
when exposed to 1.7 MeV alpha particles while operating at (ISO, SS) = (3200, 100 ms) is shown
in Fig. 32. After irradiation the curve shifts such that most RGB values are close to zero.
Simultaneously, there are fewer photodetectors with mean RGB values in the 0.1 to 0.8 range.
Above an RGB value of approximately 1, the post-rad photodetector count is slightly larger than
the pre-rad values. This trend continues up to an RGB value of 20 (not shown), where both
approach zero. Fig. 33 shows the relationship between photodetector count and mean RGB value
for the 3D-CIS chip before (solid black) and after (dotted blue) irradiation by 4.0 MeV alpha
particles while operating at (ISO, SS) = (3200, 0.1 ms). The shape of the post-irradiation curve is

much different than that for the pre-irradiation curve.
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Fig. 32. Number of photodetectors with a mean RGB value before and after 1.7 MeV alpha particle irradiation under

(ISO, SS) = (3200, 100 ms). The solid lines are pre-irradiation values, while the dotted lines are post-irradiation values.
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Fig. 33. Number of photodetectors with a mean RGB value before and after 4.0 MeV alpha particle irradiation under

(IS0, SS) = (3200, 0.1 ms). The solid lines are pre-irradiation values, while the dotted lines are post-irradiation values.
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I1.D.ii.d Random Telegraph Signal Pixel Levels

Random-telegraph signal pixels, or pixels that “blink” between values, were observed
following irradiation at both alpha particle energies. No RTS pixels were observed when data were
captured with an ISO value of 50 following irradiation at either particle energy, although non-RTS
persistent events were observed for the 1.7 MeV alpha particles (top row of Fig. 30). Pixels with
RTS-like behavior were observed prior to irradiation, but the method to select a threshold described
above prevented them from being considered during the post-irradiation analysis. A custom
algorithm was developed that identified RTS levels of pixels within persistent events. Pixels within
persistent events (i.e., pixels that meet the previously defined criteria) were determined and the
RGB values of the identified pixels were sorted into distinct bins; the number of bins is the number
of RTS levels. For example, if a pixel has the values 20, 35, 20, 45, 20 for 5 consecutive frames,

then there are 3 bins (20, 35, 45) and therefore 3 RTS values.

The relationship between observed RTS pixel count and observed RTS levels are shown in
Fig. 34 for data captured at ISO = 3200. In this context, the label “RTS level” refers to distinct
RGB values that occur in each pixel, e.g., a pixel with 4 RTS levels transitions between 4 distinct
RGB values. Although not normalized, the data reported in Fig. 34 results from the same number
of pixels in the exposure region, i.e., each curve plotted in Fig. 34 results from an analysis region

of 780 x 780 pixels.
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Fig. 34. Pixel count versus RTS levels for ISO = 3200 conditions. Red lines are post-irradiation by 1.7 MeV alpha
particles. Blue lines are post-irradiation from 4.0 MeV alpha particles. Solid lines are the fastest shutter speed while

the dotted lines are the slowest.

II1.D.iii Discussion of Observed Persistent Effects

Alpha particle exposure caused persistent events categorizable by the following: hot-pixel
effects from SEL, increase in post-irradiation mean pixel values, and an increase in the number of
RTS pixels.

This section is structured in the following way: First, Section Il1.D.iii.a presents a brief
discussion on the energy loss of the alpha particles within each layer of the 3D-CIS chip. The
difference in energy loss leads to the conclusion that the pixel layer likely dominates the system-
level response. Next, Section IlI.D.iii.b presents observations of data captured where alpha
particles could strike peripheral circuitry of the DRAM layer. This sub-section then presents an
argument for why those observations are likely to be hot pixels caused by single-event latchup

events. In Section I11.D.iii.c , the post-irradiation increase in mean dark field values is discussed.
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Section [11.D.iii.d presents RTS pixel observation and the resulting argument for the occurrence
of displacement damage. Finally, Section Il1.D.iii.e provides a discussion of the impact of on-
board processing on persistent events. Like the transient results presented in [39], the 3D-CIS
chip’s on-board data processing was found to affect the size of observed persistent events. The
discrete cosine transform (DCT) caused persistent effects to manifest as either a row or column

dimension as multiples of eight.

IL.D.iii.a Electronic and Nuclear Energy Loss of Alpha Particles

The ionizing portion of a particle’s linear energy transfer (LET) is the average energy lost
by the particle to electronic interactions with the electrons in the target material (per unit path
length) [58]. The peak in the electronic stopping curve is known as the Bragg peak. The electronic
stopping curves for 1.7 MeV and 4.0 MeV alpha particles in silicon from SRIM calculations [49]
are shown in Fig. 35. Nuclear stopping power is the average energy lost to recoiling atoms in
elastic collisions (per unit path length) [58]; the corresponding nuclear stopping curves are shown
in Fig. 36. For both Fig. 35 and Fig. 36, energy loss in the microlens layer is considered but not
shown. We note that in both Fig. 35 and Fig. 36, the curves end abruptly due to the energy loss

modeling limitations of SRIM when the particle’s energy is below 10 keV (range < 100 nm).
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Fig. 35. Linear energy transfer (LET) of alpha particles in silicon, normalized to the density of silicon. The gray
overlay indicates the active silicon region in the pixel layer. This simulation is for silicon, approximating LET after

the alpha particle has passed through the microlens layer. LET values past the projected particle range are omitted.
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Fig. 36. Nuclear stopping of alpha particles in silicon, normalized to the density of silicon. The gray overlay indicates
the active silicon region in the pixel layer. This simulation is for silicon, approximating energy loss after the alpha

particle has passed through the microlens layer. Nuclear stopping values past the projected particle range are omitted.

60



The 4.0 MeV alpha particles, shown by the solid blue curve in Fig. 35, have a lower LET
(by approximately 50%) than the 1.7 MeV alpha particles (dotted red curve, Fig. 35) when in the
pixel layer’s active silicon volume. Likewise, the nuclear stopping power of the 4.0 MeV particles
(solid blue curve, Fig. 36) is never more than 50% of the 1.7 MeV particles while in the pixel
layer. The higher energy alpha particles deposit less energy in the pixel layer as they pass through.
Although less likely to cause displacement damage while in the pixel layer, the 4.0 MeV particles

cause effects indicative of displacement damage, as will be shown in Section III.D.iii.c.2.

Conversely, the 1.7 MeV alpha particles have their Bragg peak entirely within the pixel
layer’s active silicon volume (dotted red curve, Fig. 35). The 1.7 MeV particles’ nuclear stopping
power is also contained entirely within the pixel layer’s active silicon region (dotted red curve,
Fig. 36). As shown by all the presented SRIM simulations (Fig. 21, Fig. 35, and Fig. 36), the
1.7 MeV alpha particles deposit all their energy (and stop) within the pixel layer and are therefore

more likely than the 4.0 MeV alpha particles to cause displacement damage in that region.

The pixel layer’s photodetector elements are far more likely to be sensitive to radiation
induced effects than the cells in the DRAM layer [54], [55], [57]; the photodetectors are expressly
designed to be sensitive to externally-caused charge generation [46], [56]. Because of this
sensitivity and alpha particles’ energy loss curves, the pixel layer is expected to contribute more
than the DRAM layer to the system-level response of the 3D-CIS chip for both single-events and
persistent effects. This is reflected in the experimental results presented above: the relatively low
nuclear stopping power of the 4.0 MeV particles caused fewer total persistent events. In fact, no
persistent events were observed from the 4.0 MeV particles when operating with ISO = 50 (top
row, Fig. 31). As previously discussed, the ISO values are related to the gain of the pixel layer’s

ADC. The low relative frequency of displacement events producing pixels far above the threshold
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combined with the low ADC gain results in a low probability of observing persistent events in

these conditions.

IL.D.iii.b Hot Pixel Effects after an SEL-like SEFI Event

Only when operating with (ISO, SS) = (3200, 0.1 ms), alpha particles with 4.0 MeV caused
persistent events to manifest with an apparent preference for row span in multiples of 8, as seen in
Fig. 31 (bottom left). This suggests that the DRAM layer is vulnerable to alpha particle strikes
while operating in this ISO/SS combination. The alpha particles appear to have permanently
affected readout from the DRAM, leading to the apparent preference for row span. The multiple
of 8 is a result of on-board data processing, as will be shown in Section III.D.iii.e . Simultaneously,

persistent events captured in these conditions have no clear preference in column span.

The 4.0 MeV alpha particle experiment with the operating condition of (ISO, SS) = (3200,
0.1 ms) was conducted with the pinhole directly over the center of the 3D-CIS chip. In the center
of the DRAM layer is control circuitry [40], [41] which was shown to be vulnerable to single-
event functional interrupts (SEFIs) [39]. The 3D-CIS chip experienced SEFIs during irradiation
but resumed normal operation after a power cycle. As explained in [39], this is consistent with the
behavior of single-event latchups (SELs): increased, unintended current draw stops operation (and
by inspection, a significant increase in temperature), but a power cycle restores functionality.
However, the dark field values taken immediately after a power cycle show the mean RGB values
of row/columns are permanently increased, as seen in Fig. 33. This is likely due to abnormally
high current from the SEL causing damage in the DRAM. These persistent effects were still
observable after a few days of annealing, further discounting latchup-related temperature effects.

It is possible that the doping levels within the pixels are impacted by increases in temperature due
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to latchup-induced high current, leading to an increase in photodiode dark signal. However, this

increased dark signal is likely to be suppressed by the innate black level clamping of the imager.

The 4.0 MeV alpha particles can enter the DRAM layer, unlike the 1.7 MeV alpha particles.
As shown in Fig. 21, Fig. 35, and Fig. 36, the 4.0 MeV alpha particles range out near the middle
of the DRAM layer’s active silicon. The active region of the DRAM is near the DRAM/Logic
Layer interface, so the alpha particles range out near the substrate and well interface [41]. This
supports the possibility that the DRAM’s circuitry latches up: the incoming alpha particle deposits
sufficient energy at the end of its range to cause SEL in the DRAM’s control logic. Additionally,
peripheral circuitry in the 3D-CIS chip is shown to be vulnerable to latchup and latchup occurrence
is found to increase with LET [33]. These findings lend further support to the notion of DRAM

latchup.

Persistent effects after a single-event latchup are likely the cause of these row-major
observed data, but because the DUT is a 3D-integrated COTS part, we were unable to verify
increased current draw and cannot definitively conclude that these effects were latchup-induced.
We note that these conditions draw the most power during operation, as it has the highest ADC
gain and the fastest possible data capture speed; these conditions have the highest electric fields
during operation. These operating conditions and the physical location of the pinhole increased the

chance of SEL occurring.

II1.D.iii.c Post-Irradiation Mean Pixel Values

Ionizing radiation has been shown to increase the post-irradiation mean dark current in
planar-CIS [33], [36], [59]. Typically, this relationship is reported as photodetector count and mean
dark current in e/s. However, because of the COTS nature of this DUT, it is not possible to

accurately know the current flowing from the photodetectors in the physical pixels. Therefore, this
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study considers mean dark field RGB values as a surrogate for mean dark current. This is because
the mean dark field RGB values are correlated to the mean dark current; the pixels’ RGB values
are derived from the charge read from the photodetectors. The flow of charge from the

photodetectors, i.e., the current, is converted to digital RGB values.

ITL.D.iii.c.1 Effects of Black Level Clamping
As mentioned in Section III.D.ii.c , both before and after irradiation, the majority of mean
dark field RGB values are relatively unchanged regardless of ISO or SS (these plots are not

shown). Additionally, most of the mean dark field RGB values are nearly zero.

The behavior of the mean RGB value strongly suggests that the 3D-CIS employs black
level clamping. Black-level clamping skews the mean dark field RGB curves by raising the amount
of charge that represents 0, effectively applying a subtraction to the RGB value during pre-
processing. This results in an effective (potentially non-uniform) reduction in the RGB values
stored in the video. While not explicitly radiation effects related, this result has implications for
COTS CIS chips used in certain operational scenarios. For instance, a CIS that employs black level

clamping for star tracking applications may incorrectly suppress light from stars.

The presence of black level clamping improves the accuracy of the thresholding method
for determination of persistent effects. If an effective RGB value reduction is applied to data
collected after irradiation, the likelihood of super-threshold pixels due to random system-level

fluctuations is reduced.

Despite the black level clamping, the curves shown in Fig. 32 and Fig. 33 show notable
differences in mean dark field RGB values before and after irradiation. This indicates that,

although undetectable in other operating conditions, the mean dark current increased after
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irradiation. Most pixels in these curves also have mean values below an RGB value of 1 when the
max RGB value is 255; there are hundreds of pixels stuck at higher RGB values, but there are
hundreds of thousands of pixels that are clamped to low RGB values. We note that dark current
has an integration time dependence, though it may be suppressed by the black level clamping or
other on-chip processing. The difference in curve shapes in Fig. 32 and Fig. 33 suggest some
integration time dependence, especially in the pre-irradiation curves (black). Additionally, the
change in curve shape after irradiation (blue) implies that the variances increase with dark current

while the means remain constant; this is an expected effect of black level clamping.

ITL.D.iii.c.2 Determining the Mechanism of Post-Irradiation Increased Mean Dark Current

Both total ionizing dose (TID) effects and displacement damage dose (DDD) effects have
been shown to increase the post-irradiation mean dark current in planar-CIS [33], [36], [59],
obscuring which cumulative effect is causing the observed persistent events. However, there are
factors that suggest the mean dark current increase in this work’s DUT is due to displacement

damage effects.

In general, TID in CMOS processes increases leakage current by a fixed amount with
increasing dose [1], [12]. This is primarily due to positive charge trapped in the oxides near Si/SiO»
interfaces [1]. Positive charge trapped in oxides can invert bulk transistor regions, creating
unwanted conductive channels. This effectively turns on parasitic transistors parallel to the drawn
transistor, causing “leakage” current to flow even when the transistor is in the OFF state. In modern
CMOS processes, the primary effect of TID is increased leakage current from trapped charge in

the field oxides. The leakage current levels are relatively stable immediately after irradiation.

In planar-CIS devices, TID has been shown to uniformly increase the dark current of pixels

[33], [59]; in photodiode active pixel sensors, dark current is akin to the leakage current [46]. This
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results in a horizontal shift of the peak in the count-vs-mean curve towards increased mean dark
current. We note that it is unclear if the shifts observed in [33], [59] are due to the uniform high
flux commonly associated with proton or x-ray irradiation sources; such conditions would cause
uniform TID effects across the entire pixel array. In this study, no significant shifts in the peaks
are observed, see Fig. 32 and Fig. 33. While this does not fully discount TID effects, the lack of
translation implies that TID is not a main contributor to the observed increases in dark current. It
is possible that TID is the main contributor to dark current increase but is clamped by the on-chip

processing and suppressed by the threshold method.

Additionally, the nature of the particles used in this study discounts TID as the primary
mechanism of dark current increase. Alpha particles are highly ionizing, creating dense charge
columns as they pass through silicon and oxides [1]. As a result, the recombination rate of
generated charge is relatively high. This high recombination rate leads to a low effective charge
yield [1]; the alpha particles leave few un-recombined holes as they travel. In fact, it has been
shown that less than 20% of holes generated by 2 MeV alpha particles escape recombination, even

when electric fields are as high as 3 MV/cm [1].

This 3D-CIS chip employs isolation oxides between photodetectors in the pixel layer. Like
most CMOS devices, isolation oxides are known to cause TID-related current increase in planar-
CISs [59], [60], [61]. If the alpha particles in this study pass through the isolation oxides in the
pixel layer and generate charge within, the high recombination rate makes it unlikely that any
lingering positive charge (holes) will transport to the Si/Si0O, interface. Thus, the likelihood of TID

effects due to the alpha particles of this study is equally low.

It was shown that displacement damage can cause significant increases of mean dark

current in the absence of TID effects in pinned photodiode planar-CIS [36]. Displacement damage
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can cause both stable and metastable defects, leading to static-valued hot pixels and “blinking”
RTS pixels, respectively. Both defect types ultimately increase the mean dark current of the 3D-
CIS chip. Thus, it is feasible that the dark current increases of this study (Fig. 32 and Fig. 33) are
primarily due to displacement damage. Additionally, as shown in the next section (III.D.iii.d ), the

presence of RTS pixels with multiple levels strongly suggests the occurrence of DDD effects.

HIL.D.iii.d Observation of Random Telegraph Signal Pixels

Like mean dark current increases, both TID and DDD effects have been shown to cause
RTS pixels in planar-CISs [33], [36], [59], [60], [61]. TID effects in the DUT would most
commonly appear as pixels that stay at static values greater than their pre-irradiation dark field
values. (It is possible for TID to induce RTS pixels, but the frequency is significantly lower than
DDD [33].) Conversely, displacement damage can cause both stable and metastable defects in the
silicon. Stable defect centers would result in constant currents and therefore cause static-valued
hot pixels indistinguishable from those caused by TID. However, metastable defects would result
in currents with numerous fluctuating levels. In the DUT, this would appear as hot pixels that
transition between multiple RGB values; distinct RGB values are referred to as “RTS levels” in

Fig. 34.

For both alpha particle energies, a majority of persistent events were static-valued pixels
that exceeded their pre-irradiation dark field thresholds. However, a subset of these observed
persistent events manifested as RTS pixels, as seen in Fig. 34. These RTS pixels have RGB values
greater than the pre-irradiation dark field thresholds, but they do not stay at a fixed value. Instead,

they transition between distinct RGB values.

As shown in Fig. 34, the number of RTS levels post irradiation (with ISO = 3200) is

typically greater than 2, with many pixels having as many as 8 RTS levels. This further supports
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the possibility of displacement damage being the cause of persistent events: existence of RTS
pixels with more than 2 levels implies that the alpha particles are causing metastable defects in the
3D-CIS chip [33], [36], [59], [60]. Metastable defects in turn suggest that the primary cause of the
observed persistent effects is DDD rather than TID. (Although they are likely to be metastable
defects, the defects do not change in time; i.e., the RTS behavior was not observed to disappear
from any pixels.) Additionally, DDD is expected to cause greater differences in between RTS levels
than TID [33], [60]. Indeed, the observed RTS pixels’ levels typically had RGB differences greater

than 20/255, significantly higher than the dark field standard deviation of approximately 0.2/255.

As previously discussed, the similarities in event distribution across energy (Fig. 30, Fig.
31) imply the pixel layer is the common cause of persistent events. The 1.7 MeV alpha particles
are unable to enter the DRAM layer; they come to a full stop within the pixel layer. The 1.7 MeV
alpha particles are observed to cause fewer RTS pixels than the 4.0 MeV alpha particles (Fig. 34).
Simultaneously, the 1.7 MeV particles cause more total persistent events. Additionally, 1.7 MeV
particles are observed to have RTS pixels with fewer levels (red curves, Fig. 34). This implies that
the 1.7 MeV particles create more stable defects than metastable ones, and all defects they cause
are contained within the pixel layer. Conversely, the 4.0 MeV alpha particles appear to be causing
more metastable defects while passing through the pixel layer, seen by the peak heights in the blue
curves of Fig. 34. The RTS active pixels caused by the 4.0 MeV particles also typically have more
RTS levels than the 1.7 MeV particles, seen in Fig. 34 by the blue curves extending further to the

right than the red curves.

Additionally, frame by frame inspection of video files displays that the rate at which RTS
pixels transition appears to be affected by operating condition during irradiation, i.e., RTS active

pixels appear to cycle slower when irradiated under a longer shutter speed. When irradiated with
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the shorter shutter speed (0.1 ms), an RTS active pixel may jump to a new value every other frame,
but some RTS pixels observed in the longer shutter speed data (100 ms) stay at a value for a few
frames before jumping to the next level. As there is a difference of 3 orders of magnitude in timing
between the two shutter speed extremes, there is a significant difference in the timing of RTS active

pixel transitions.

ITL.D.iii.e Effect of On-Chip Data Processing on Persistent Pixel Clusters

As seen in the data plots (Fig. 30, Fig. 31), persistent events commonly span pixel areas
much larger than 1 x 1; they span as large as 50 x 50. Given that the pixel pitch is approximately
1.2 um, a single alpha particle strike is unlikely to cause such large spans of hot pixels, even when
considering charge sharing between pixels. Ref. [39] showed that large alpha-particle induced
transients of hot pixels can be caused by the DUT’s onboard processing. Namely, the on-board
demosaicing algorithm caused small groups of hot pixels to manifest in the 3D-CIS chip’s video
output. Similarly, the on-chip processing affects how persistent effects manifest, as the
demosaicing algorithm is performed on the data after it is read out from both the pixel and DRAM
layers.

As seen in Fig. 30 and Fig. 31, persistent events commonly manifested in row or column
multiples of 8, (e.g., as large as 24 x 24), an effect unlikely to be caused by demosaicing alone.
Another on-chip algorithm is found to cause these multiple-of-8 groups. Fig. 37 shows time
heatmaps of exemplar observed persistent events, both caused by 1.7 MeV alpha particles. In this
figure, the darker the pixel, the lower that pixel’s RGB value variance following irradiation, where
the lighter pixels represent pixels with greater variance and are more likely to jump between

different values.
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Fig. 37. Persistent event heatmaps for fixed pixel groups, where the darker the pixel, the more constant its post-
irradiation value (i.e., white pixels did not show persistent events, while black pixels above the threshold after alpha
particle strike). The left was captured under (ISO, SS) = (3200, 0.1 ms) while the right was captured under (3200, 100
ms). Both examples are 32 x 32 and were captured with alpha particle energies of 1.7 MeV. Close inspection of the

left figure reveals that the present squares are 2 x 2 pixels with similar color.

These perfect 8 x 8 squares are due to the discrete cosine transforms (DCTs) used during
the JPEG compression when the video is recorded; the H.264 video codec standard uses 8 x 8
squares for the DCT calculations [52]. The 2-dimensional DCT’s outputs for a given simple
example are shown in Fig. 38. In this example, the input is a mock 8 x 8 block where only pixel
(row 5, column 5) is white and the rest are all black. This highlights the DCT’s unintuitive outputs;
although only 1 hot pixel is present, the DCT alters the entire 8 x 8 block to appear as though a
much larger grouping is a super-threshold persistent event. If multiple pixels are stuck as super-
threshold hot pixels, they may similarly appear as an 8 x 8 block.

Additionally, depending on the location within the 8 x 8 block where stuck hot pixels
appear, multiple contiguous 8 x 8 blocks can appear to be stuck hot pixels. For example, if a corner
in between 8 x 8 blocks has hot pixels that extend into the 8 x 8 block regions, all 4 blocks may
appear as hot pixels. Such corner locations between blocks explains the right subfigure in Fig. 37,
and explains the tendency for persistent events to appear with dimensions divisible by 8 seen in

Fig. 30 and Fig. 31.
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Example DCT along X

DCT along ¥ DCT along both axes

Fig. 38. An illustration of the orthogonally-scaled discrete cosine transform performed on a simple example. All

subfigures are 8 X 8§ pixels. Outputs linearly inverted for printing.

IIL.D.iv Persistent Effect Case Study Conclusions

An experiment was designed to determine how persistent effects manifest when alpha
particles stop in different layers of a 3D-CIS chip. Alpha particles of predominantly 1.7 MeV and
4.0 MeV stop in different functional layers, namely, a pixel array or a DRAM layer. The number
of unique persistent events observed was greater when the alpha particles stopped in the topmost
pixel layer. This suggests that the pixel layer is more prone to persistent effects than the middle
DRAM layer. The previously discussed transient effect case study (Section I11.C ) found that the
DRAM layer is prone to SEFI attributable to SEL; these SEL caused hot pixel effects that were
visible after irradiation. The after-effects of SEL caused a bias toward row-major persistent events.

Despite behavior that suggests employment of black level clamping, alpha particles of both
energies were found to increase the mean dark field RGB values, indicating increases in dark

current. While both TID and DDD effects both cause increases in mean dark current, the results of
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this study suggest that DDD is the primary cause. Observation of RTS pixels with a multitude of
levels lends further credibility to displacement damage causing persistent effects. The 4.0 MeV
alpha particles caused more RTS transitions in pixels than fixed-valued hot pixels. Conversely, the
1.7 MeV alpha particles that have a greater electronic stopping value in the pixel layer caused more
static-value persistent events. Additionally, the operating conditions during irradiation affect the
type of persistent damage observed; operation with longer integration time was found to yield
longer RTS cycling periods than shorter integration time.

The device’s on-chip algorithms (demosaicing and discrete cosine transforms) influence
the outcome of alpha particle induced damage events, resulting in larger-than-expected persistent
effects based solely on the area in which charge is collected. In particular, the DCT commonly
causes persistent events to have a row or column span that is divisible by 8. These results
demonstrate that this 3D-CIS, intimately integrated in both hardware and software, can have
system-level post-irradiation responses that are not what is expected from the superposition of its
constituent layers’ post-rad responses.

The behavior of the mean RGB value strongly suggests that the 3D-CIS employs black
level clamping. While not explicitly radiation effects related, this result has implications for COTS
CIS chips used in certain operational scenarios. For instance, a CIS that employs black level

clamping for star tracking applications may incorrectly suppress light from stars.

For this case study, | would like to thank Kyle Miller, Ball Aerospace, Denver, CO, for his
insightful technical discussions throughout [39] and [62], and collaborators from NASA Jet
Propulsion Laboratory, La Cafiada Flintridge, CA, for their invaluable assistance, insights, and

support.
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Chapter 1V

RADIATION HARDENING-BY-DESIGN OF THE SENSOR SYSTEM

Chapter I1I showed that the three-dimensional heterogeneously integrated (3DHI) imaging
chip was vulnerable to radiation effects, both from single events and cumulative effects. This
section will continue to consider the example 3D-CIS used in the previous case studies. As
previously discussed, the sensitivity to radiation effects of the layers in the 3DHI imager makes it
difficult to harden the pixel layer against those radiation effects. Furthermore, the complexity of
the DRAM layer is difficult to harden, often requiring hardening at the system level instead of the
circuits level. The third layer of the 3DHI imager is a core logic layer and is the simplest layer to
harden against radiation effects. This is because the core logic layer can be hardened at the circuit
level, unlike the pixel or DRAM layers that require hardening at the system level. The core logic
layer must be hardened against both SEEs and TID effects to limit the source of erroneous data to
the sensor half of the 3DHI system. (In this case, the sensor half refers to the pixel layer and the

DRAM layer, since the DRAM layer acts as a buffer for the data read out from the pixel layer.)

To harden the core logic layer against TID effects, a relatively simple solution is proposed:
radiation hardening by choice of technology process. In this chapter, a case study is reviewed that
explores the total dose resilience of a commercial 45nm partially-depleted silicon-on-insulator
(PDSOI) process. The PDSOI process is found to be exceptionally hard to TID effects in the multi-
mega-rad(Si0O;) range and is thus an excellent candidate for radiation hardening by choice of

technology process.

To harden the core logic layer against single-event effects, a circuit-level solution is
proposed: stacked transistor topologies. Stacked transistor topologies have been shown to

significantly reduce the single-event cross section of data flip flops (DFFs) compared to
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unhardened or even DICE counterparts [27], [28]. To further harden stacked transistor designs
against SE effects, a novel layout technique is proposed: the zipper layout technique. At a high
level, the zipper layout technique is a method that maintains the single-event hardness benefits of
stacked transistor topologies while reducing the necessary area for such designs. The zipper layout
technique has a lower predicted single-event upset rate in various simulated space environments
than the vertically-spaced stacked layout; the vertically-spaced stacked layout is the most compact

standard stacked-transistor layout.

IV.A TID Hardening by Choice of Technology Process: Case Study

IV.A.i Understanding the TID response: Overview

Total ionizing dose (TID) is a key factor in designing reliable circuits for military and
aerospace purposes [12]. As such, devices resistant to ionizing radiation doses into the 100s of
krad(Si02) and Mrad(Si0.) range are increasingly desirable to ensure proper circuit functionality,
especially when long operational times are involved. Failure to utilize TID-resistant devices can

lead to large, undesirable changes in electrical performance throughout circuitry.

In radiation-hardened-by-design (RHBD) circuits, it is common to use silicon-on-insulator
(SOI) devices. For TID mitigation purposes, partially-depleted SOI (PDSOI) processes are
strongly preferred over their fully-depleted SOI (FDSOI) counterparts. Both PD and FD SOI
processes have a buried oxide (BOX) which can trap charge, but the body region of PDSOI devices
is thicker and more heavily doped than that of FDSOI devices, and thus coupling from the BOX
is often able to be neglected [12]. The primary TID effect on PDSOI devices is an increase in off-

state leakage current.
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This chapter characterizes the TID response of various transistor geometries fabricated in
a 45nm PDSOI process into the multi-mega-rad(SiO») range. TID responses of body-contacted
and floating-body transistors of both NMOS and PMOS have been measured. At the highest tested
dose, both floating-body and body-contacted devices in this commercial 45nm PDSOI process
exhibit threshold voltage shifts of <4% and transconductance shifts of <|4%|. However, the body-
contacted devices exhibit greater effective threshold voltage shifts at the highest tested dose in the
saturation operating condition, despite isolation of the device body from a sidewall oxide. Finally,
devices analyzed in this paper will be compared to devices fabricated at the 32nm RFSOI and the

older 45nm SOI nodes.

IV.A.ii Understanding the TID Response: Experimental Setup and Devices Under Test

The transistors studied in this chapter were fabricated in a commercial 45nm PDSOI
technology. This process is a PDSOI process with optimizations to support microwave/radio
frequency (RF) designs. The devices under test (DUTs) are shown in Table 1 and fall under one of
three categories: digital floating-body devices, analog floating-body devices, and analog body-
contacted devices. The 3 categories are shown in Fig. 39. The digital devices are more highly
scaled than their analog counterparts. The body contact structure is similar to that of a T-gate [63],
[64], where a heavily doped contact separates the body of the device from the sidewall oxides (as
shown in Fig. 40). Both NMOS and PMOS devices of all 3 categories were tested. The DUTs
were fabricated in multi-finger, multi-device arrays of parallel transistors with identical buried
oxide (BOX) and gate oxide thicknesses. The chips were designed with 256 pins, and selections
of pins were wire-bonded to 64-pin DIP packages. The DIP packages were mounted onto a custom-

designed test board.
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TABLE 1
TRANSISTOR ARRAYS STUDIED IN THIS WORK
) wW/L A
Body Type Device Multiplicit
y lyp (nm) / (nm) plicity
NMOS Analog FB 654 /56 128
NMOS Analog BC 654 /56 128
NMOS Digital FB 152 /40 336
PMOS Analog FB 654 /56 128
PMOS Analog BC 654 /56 128
PMOS Digital FB 152 /40 336
Digital FB Analog FB Analog BC
Body contact
— under poly
s =
3 3
B 2
o E
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L min, digital L min, analog L min, analog

Fig. 39. Representation of the three device types analyzed in this work. From left to right: minimum sized digital
floating-body device, minimum sized analog floating-body device, and minimum sized analog body-contacted device.

Representation is not to scale.

Fig. 40. Notional top-down depiction of a body contact structure representative of the devices of this study. Not to

scale. From [64].
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The test board (with devices connected) was irradiated by a 10-keV ARACOR X-ray
source [65] at a dose rate of ~30 krad(Si0;)/min. During irradiation, the arrays were biased in the
“ON-state” (Vgs/Vsg = VDD, Vps/Vsp =0V, and VDD = 0.8 V), as it is commonly the worst-case

irradiation condition [66]. The DUTS were subjected to a TID of multi-mega-rad(SiO»).

After every irradiation step, each array type was swept from Vgs/Vsg =-0.3 V to Vgs/Vsa
= 0.8 V using a Keithley 4200A-SCS parameter analyzer [67]. A voltage step of 10mV was chosen
for the sweep to minimize annealing time between radiation steps. Drains were biased to 0.1 V and
0.8 V (relative to MOS sources) during sweeps to capture device behavior in the linear and
saturation operating regions. The time necessary to connect and sweep all array types was < 10
minutes. Two NMOS analog body-contacted and two NMOS analog floating-body device arrays
were measured, with both types showing excellent agreement. One digital floating-body device

array was measured for both NMOS and PMOS structures.

Because the devices were tested as arrays, all plots in the following sections are generated
based on the per-finger values. The drain current values were read out from the parameter analyzer
and were divided by the number of fingers in each array. All plotted drain current values are
representative of the average drain current through 1 transistor. Although the arithmetic mean is
prone to outliers, the data recorded is comparable to historical values in similar processes and the

finger counts are sufficiently large to provide some statistical protection from outliers.

IV.A.iii Understanding the TID Response: Experimental Results

Throughout this chapter, emphasis will be placed on off-state behavior, i.e., behavior at
Vags = 0V (referred to as “Vgso”). Although negative Vgs values are not used in circuit designs,

they are shown to present off-state trends. Additionally, “leakage current” is used interchangeably
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with “off-state current” in this paper. Both terms refer to drain current while |Vgs| = 0, regardless
of drain-to-source voltage. Unless explicitly mentioned, the current plots for the NMOS devices
are normalized to the current in the linear operating region for the smallest NMOS devices when
|[Vas| = 0. Similarly, unless explicitly mentioned, the PMOS current plots are normalized to the

current of the smallest PMOS devices in the linear operating region when |Vgs| = 0.

IV.A.iii.a NMOS Devices

IV.A.iii.a.1 Off-State Current

Fig. 41 shows Ip-Vg semi-logarithmic curves representative of an analog floating-body
NMOS device in both the linear region of operation and the saturation region of operation. For
both operation regions, curves are plotted for pre-rad and the highest tested dose. In the linear
region of operation, there is ~45% increase in leakage current at Vgso from the pre-rad value. In
the saturation region, there is a ~20% increase in off-state current from the pre-rad value. The on-

state (Vs = 0.8, Vps = 0.8) current increased by less than 0.1% from pre-rad to post-rad.
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Fig. 41. Normalized Ip-V curves of the analog-length floating-body NMOS devices at pre-rad and the highest tested

dose. Solid lines are pre-rad, while dashed lines are post-rad. Device was ON-biased during irradiation.

Fig. 42 shows Ip-Vg semi-logarithmic curves representative of an analog body-contacted
NMOS device for pre-rad and the highest tested dose. In the linear region of operation, the body-
contacted devices exhibit ~40% increase in leakage current at Vgso from the pre-rad value to the
highest tested dose. In the saturation region, there is a ~45% increase in off-state current from the
pre-rad value. The body-contacted device’s on-state (Vgs = 0.8, Vps = 0.8) current increased by

less than 0.7% from pre-rad to post-rad.
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Fig. 42. Normalized Ip-Vg curves for the analog-length body-contacted NMOS devices at pre-rad and the highest

tested dose. Solid lines are pre-rad, while dashed lines are post-rad. Device was ON-biased during irradiation.

The digital floating-body NMOS device’s Ip-Vg characteristics are shown in Fig. 43 for
both the linear and saturation operating regions at pre-rad and post-rad. In the linear region of
operation, there is ~40% increase in leakage current at Vgso from pre-rad drain current value. In
the saturation region, there is a ~20% increase in off-state current from pre-rad drain current value.

On-state (Vs = 0.8, Vps = 0.8) current increased by less than 0.8% from pre-rad to post-rad.
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Fig. 43. Normalized Ip-Vg curves for the digital-length floating-body NMOS devices at pre-rad and post-rad. Solid

lines are pre-rad, while dashed lines are post-rad. Device was ON-biased during irradiation.

A side-by-side comparison of NMOS device off-state drain current vs. TID is presented in
Fig. 44. For all NMOS device types, leakage current appears to have little TID dependence.
Although devices were all biased the same way during irradiation, leakage current appears to have
a small post-rad Vps dependence, i.e., post-rad operation in the saturation region appears to have

more of a TID dependence than post-rad operation in the linear region.
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Fig. 44. Normalized leakage current vs TID for all NMOS devices. Solid lines are Vps=0.1V, while dashed are
Vps=0.8V. Analog FB, analog BC, and digital FB are circles, x’s, and triangles, respectively. Devices were ON-biased

during irradiation. Note linear |Ip| scale.

IV.A.iii.a.2 Threshold Voltage

All threshold voltages were calculated from peak Gn via linear extrapolation, similar to the
method described in [68]. Fig. 45 illustrates percentage changes of threshold voltage (Vi)
representative of all the tested device types: analog-length floating-body, analog-length body-
contacted, and digital-length floating body. For the analog floating-body devices, the threshold

voltage changes negligibly in the saturation operating region. In the linear operating region, the

threshold voltage shift is still well under 3%.
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Fig. 45. Representative AVt vs. TID plots for the tested NMOS devices. Solid lines are Vps = 0.1V, while dashed

lines are Vps= 0.8V. Devices were ON-biased during irradiation.

Unlike the analog floating-body devices, the body-contacted devices’ threshold voltage
shifts do not have a bias-dependence: in both the linear and saturation operating regions, the

effective threshold voltage changes by <2%.

Like their analog-length counterparts, the digital floating-body devices’ threshold voltage
shifts exhibit a bias dependence. In the linear operating region, the threshold voltage shift is ~4.4%.

In the saturation operating region, the threshold voltage shift is ~2%.

IV.A.iii.a.3 Transconductance

Peak transconductance can be significantly affected by radiation independent of threshold
voltage shifts [69]. Change in peak transconductance is plotted for the analog floating-body
devices, the analog body-contacted devices, and the digital floating-body devices in Fig. 46. The
peak transconductance of the floating-body devices has a stronger irradiation bias dependence than

the body-contacted devices, but the change in peak transconductance was <2% for all device types.
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Both analog and digital length floating-body devices have a negligible percentage change in the
saturation operating region. For the analog floating-body devices in the linear operating region,
the peak Gn decreases by ~2%. The digital floating-body devices have a peak G decrease of

~1.5%. The analog body-contacted devices have shifts of ~1.3% and ~0.6% in the linear and

saturation regions, respectively.
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Fig. 46. Representative AGwpeak vS. TID plots for the tested NMOS devices. Solid lines are Vps=0.1V, while dashed

lines are Vps=0.8V. Devices were ON-biased during irradiation.

IV.A.iii.b PMOS Devices

The Ip-Vg curves of the analog floating-body, analog body-contacted, and digital floating-
body are shown in Fig. 47, Fig. 48, and Fig. 49, respectively. The digital floating-body data (Fig.
49) has an unusual “knee” in the data, attributable to an unintended de-biasing of the electrostatic

discharge (ESD) protection diode.
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Fig. 47. Normalized Ip-Vg curves for the analog-length floating-body PMOS devices at pre-rad and the highest tested

dose. Solid lines are pre-rad, while dashed lines are post-rad. Device was ON-biased during irradiation.
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Fig. 48. Normalized Ip-Vg curves of the analog-length body-contacted PMOS devices at pre-rad and the highest

tested dose. Solid lines are pre-rad, while dashed lines are post-rad. Device was ON-biased during irradiation.

85



10°;
105;
104§
— 103:
2
© 10%
o 10E
;N i
® 10
£ :
' 4
° o
€ 10°:
o A2: Digital FB PMOS
10_1@ —— pre-rad, |Vps|=0.1V
i post-rad, |Vps|=0.1V
10_2§ — pre- rad, |Vps|=0.8V
i - = post-rad, |Vps|=0.8V
103

-0.2 0.0 0.2 0.4 0.6 0.8
|Ves (V)]

Fig. 49. Normalized Ip-V curves for the digital-length floating-body PMOS devices at pre-rad and the highest tested
dose Solid lines are pre-rad, while dashed lines are post-rad. Device was ON-biased during irradiation. The “knee” is

due to unwanted debiasing of the ESD protection diode.

In the linear operating region, the analog floating-body PMOS devices had ~10% leakage
current decrease (Fig. 47), ~0.8% VTH decrease, and ~1% peak GM decrease at the highest tested
dose. In the saturation region, the analog floating-body PMOS devices had ~36% leakage current

decrease (Fig. 47), ~1.7% VTH decrease, and ~0.7% peak GM decrease at the highest tested dose.

In the linear operating region, the analog body-contacted PMOS devices had ~15% leakage
current decrease (Fig. 48), ~0.9% VTH decrease, and ~2% peak GM decrease at the highest tested
dose. In the saturation region, the analog body-contacted PMOS devices had ~16% leakage current

decrease (Fig. 48), ~1.2% VTH decrease, and ~1.4% peak GM decrease at the highest tested dose.

In the linear operating region, the digital floating-body PMOS devices had ~21% leakage
current decrease (Fig. 49), ~1.9% VTH decrease, and ~1.2% peak GM decrease at the highest

tested dose. In the saturation region, the digital floating-body PMOS devices had ~36% leakage
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current decrease (Fig. 49), ~1.1% VTH decrease, and ~5.5% peak GM decrease at the highest

tested dose.

A side-by-side comparison of PMOS off-state drain current vs. TID is presented in Fig. 50.
For all PMOS device types, leakage current appears to have little TID dependence. Similar to the
NMOS devices shown in Fig. 6, the PMOS leakage current appears to have a small post-rad VDS

dependence. Post-rad operation in the saturation region appears to have more of a TID dependence

than post-rad operation in the linear region.
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Fig. 50. Normalized leakage current vs TID for all PMOS devices. Solid lines are Vsp=0.1V, while dashed are
Vsp=0.8V. Analog FB, analog BC, and digital FB are circles, x’s, and triangles, respectively. Devices were ON-biased

during irradiation. Little TID dependence is apparent during post-rad sweeps. Note linear |Ip| scale.

IV.A.iv Understanding the TID Response: Discussion

As illustrated in the previous section, the increase in off-state leakage current was well

under 1 decade, i.e., 1000% increase, for all types of tested devices at the final tested dose.
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The primary TID effect on PDSOI NMOS devices is an increase in off-state leakage
current. In older technology nodes, this leakage current increase was primarily due to trapped
charge in the thick gate oxides [1]. The most commonly used oxide in CMOS processes, SiO2, has
been shown to trap positive charge [18], [19]. This positive trapped charge in the gate oxides causes
the effective threshold voltages of the devices to decrease, resulting in NMOS devices turning
more “on” when Vgs = 0. Similarly, the positive trapped charge causes PMOS devices to turn more
“off” when Vsc = 0. Historically, PMOS devices have been shown to have smaller percentage TID-
induced shifts than NMOS devices [25], i.e., NMOS devices are typically more strongly affected
by TID than PMOS devices. Because of this asymmetry, NMOS devices are usually the focus of
TID response studies, as the increases in off-state leakage current can cause increases in static
power consumption and loss of circuit control. For this reason, NMOS devices typically receive

extra attention when TID is a primary factor in a circuit’s design.

In more modern technology processes, the gate oxides are significantly thinner, and charge
trapped within the gate oxides is no longer the primary TID concern. The new primary TID effect
is the turning on of parasitic sidewall transistors due to a similar mechanism [24]. Isolation oxides
surrounding the transistors are SiO2, and thus can also trap positive charge [19]. In NMOS devices,
the positive charge in the sidewall oxides can form a conductive channel from drain to source,
leading to an effective decrease in threshold voltage and increasing off-state current. In PMOS
devices, the positive trapped charge can inhibit the formation of a drain-to-source conductive path,
resulting in an effective threshold voltage increase and decreasing on-state current. However, the
decrease in on-state current is often negligible, as the drive current of the transistors is often orders

of magnitude greater.
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In the 45nm PDSOI process, the drain and source regions are the same thickness as the
transistor body thickness, i.e., the BOX is physically in contact with the drain, body, and source
regions of the transistor. The BOX can therefore also act as a parasitic transistor gate. Each
floating-body transistor placed by the circuit designer therefore has 3 parasitic sidewall transistors

that can gradually turn on with increasing TID.

The NMOS electrical characteristics shown in the previous section (Fig. 41 through Fig.
44) lend support to sidewall parasitic transistors being the main cause of TID-induced parameter
degradation. The digital-length devices are more highly scaled than the analog-length devices, i.e.,
the digital devices have shorter transistor bodies than the analog devices. The area of the sidewall
is directly proportional to the transistor body length therefore the digital devices also have shorter
parasitic sidewall transistors. The current that a transistor can sustain is inversely proportional to
the length of the transistor, and the parasitic transistors are no exception. Thus, it is expected that
the shorter the transistor body, the greater the possible leakage current through the parasitic
transistors [70]. Indeed, the results in Fig. 41 through Fig. 44 showed that the digital-length

devices did in fact have a greater increase in TID-induced leakage current.

This mechanism of sidewall-trapped charge turning on a parasitic transistor is further
supported by comparing the TID responses of the floating-body devices to the body-contacted
devices. The body-contacted devices have a heavily doped silicon region contiguous to the active
body region of the device (where the conductive channel forms). This body contact not only allows
biasing of the transistor body, but it also physically isolates the body from the sidewall isolation
oxides. This effectively de-couples one of the sidewall oxides from acting as MOSFET “gates” for

the parasitic transistor structures. Thus, the BC devices only have 2 sidewall oxides where trapped
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charge could affect the off-state leakage current: one opposite the body contact, and one along the

BOX.

The data presented in the previous section (Fig. 41 through Fig. 50) illustrate that the
body-contacted devices have a greater percentage increase in off-state current with increasing TID.
However, the absolute increase in off-state current for the BC devices is roughly 66% the increase
in off-state current of the FB devices. This provides further credibility to the sidewall oxide trapped
charge-induced parasitic FET structures. The BC devices have 2 sidewalls, and therefore have 2
potential parasitic transistors. The FB devices have 3 sidewalls, and therefore have 3 potential
parasitic FETs. As the ratio of sidewalls between BC and FB is 2:3, it is expected that the absolute
increase in off-state leakage current is should also be 2:3. It is therefore expected that the increase
in off-state leakage current for the BC devices is ~66% the increase of FB devices. From
experimental results, the BC device average off-state leakage current increase is about 60% that
of the FB devices. This discrepancy is attributed to the voltage bias introduced to the transistor
body when the body contact is introduced. This bias affects not only post-irradiation performance,
but it also affects the device’s operating conditions during irradiation. The bias applied to the
transistor bodies of the body-contacted devices causes the low saturation region leakage currents
seen in Fig. 42. Both analog-length floating-body devices and body-contacted devices had twin

arrays that showed excellent agreement.

IV.A.iv.a Relative Leakage Current Contribution from STI vs BOX

The data presented in the experimental results section (Fig. 41 through Fig. 50) illustrate
that the body-contacted devices have a greater percentage increase in off-state current with
increasing TID. However, the absolute increase in off-state current for the BC devices is roughly

60% the increase in off-state current of the FB devices. This provides further credibility to the
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oxide-trapped charge induced parasitic FET structures. The BC devices have 2 adjacent oxides,
and therefore have 2 potential parasitic transistors. The FB devices have 3 sidewalls, and therefore
have 3 potential parasitic FETs. As the ratio of sidewalls between BC and FB is 2:3, it is expected
that that the absolute increase in off-state leakage current should also be 2:3, provided that the
sidewall oxides and the BOX are of similar quality, i.e., defect density. It is therefore expected that
the increase in off-state leakage current for the BC devices is ~66% the increase of FB devices.
From experimental results, the BC device average off-state leakage current increase is about 60%
that of the FB devices. Both analog-length floating-body devices and body-contacted devices had

twin arrays that showed excellent agreement.

The STI on all sides of each transistor can be assumed to be the same quality, i.e., have the
same defect density. If removing 1 sidewall parasitic transistor reduces off-state leakage current
by ~40%, then it is reasonable to assume that the remaining identical sidewall parasitic transistor
also contributes to ~40% of leakage current. Thus, by simple subtraction, the leakage current
contribution from the back-gate parasitic transistor would contribute ~20% of the total TID-
induced leakage current. This ~20% contribution is significantly lower than the ~33%
contribution predicted if the oxides were of similar quality. This suggests that the STI oxide quality

is worse than the BOX quality.

It has been shown that the “OFF” bias (Vp=high, Vc=Vs=0V) and the “TG” bias (Vc=0V,
Vp=Vs=high) are tied for the worst-case irradiation bias for charge trapping in the buried oxide
for partially-depleted SO [71], [72], [73]. Ferlet-Cavrois et al. [73] find that the TG bias case is the
worst case for PDSOI body-contacted devices when the body is grounded. It is important to note
that the devices tested in [73] were edgeless floating-body devices and body-contacted devices

which had 2 highly-doped body contact regions separating the device body from STI. In both types
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of devices, the only places where trapped charge could affect the transistor’s electrical
characteristics is the gate oxide and the buried oxide. As previously discussed, the thin gate oxides
trap an insignificant amount of charge in modern processes [1], [24]. Thus, the only location charge
could be trapped in the devices of [73] is the BOX. In contrast, the ON bias condition (Vg=high,
Vp=Vs=0V) has been shown to be the worst case for charge trapping in the side wall STI oxides
[19]. This is because the ON bias condition maximizes the electric field gradient within the STI,

leading to more trapped positive charge.

In the 45nm PDSOI devices studied in this dissertation, the worst-case irradiation bias was
found to be the ON bias condition. When irradiated in the OFF bias, smaller TID-induced leakage
current shifts and effective threshold voltage shifts were observed. This lends further credibility to
the notion that charge trapped in sidewall STI is the primary contributor to TID-induced effects in
this process. It appears electrons liberated by particle strike events are unable to move very far
from their electron-hole pair (EHP) generation sites in the BOX, and thus readily recombine with

the nearby holes.

While these results yield that the body-contacted devices are the better choice for TID
resistance, they are not without drawbacks. The body contact requires more area in layout to
implement, and its characteristics (e.g., its geometry) lead to an increase in their gate capacitances
[64], [74]. The resulting increased gate capacitance leads to slower transistor switching speeds

[74], affecting timing-sensitive designs.

IV.A.iv.b Comparison to Similar Technology Processes

The 32nm and the commercial 45nm PDSOI process are commonly used in rad-hard

design, and their radiation tolerance was studied in [75] and [76], respectively. While both the
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other technology nodes are resistant to TID-induced changes, the DUTs in this paper are

significantly more resistant.

Ref. [75] analyzed the TID responses of devices fabricated in a 32nm RFSOI process. As
noted in Ref. [75], the main difference between the 32nm RFSOI node and the 45nm PDSOI node
of this dissertation are the compositions of the gate stacks [77], [78]. The array of analog floating-
body NMOS devices will be used to provide a comparison point, as they are the most similar in
geometry to the devices in [75]. The NMOS devices of [75] have a ~12% increase in off-state
leakage current at 500 krad(SiO>). The analog floating-body NMOS devices of this study have a
comparable increase of ~20% in off-state leakage current at the highest tested TID. Leakage
current recorded when Vps = 0.8 V at Vgs = -0.3 V is representative of the quiescent current
leakage when device is fully turned off. At this negative gate bias, the devices in [75] recorded an
increase in leakage current of nearly 2 decades, or ~2000% increase. In contrast, the analog
floating-body devices in this study had a ~20% increase in leakage current when VDS = 0.8 V and
VGS = -0.3 V at the highest tested TID. The analog floating-body NMOS devices in this study
exhibited a saturation region degradation of less than 2% in peak Gm at the highest tested TID,

compared to a “modest [sic]” degradation in peak G, for the devices in [75].

Ref. [76] analyzed the TID responses of devices fabricated in an older 45nm SOI process,
albeit with different W/L than the devices in this paper. The NMOS devices in [76] have an increase
in off-state leakage current of ~180% at 500 krad(SiO2). In contrast, the digital floating-body
NMOS devices analyzed in this paper have an off-state leakage current increase of ~20% at the
highest tested TID. The “digital floating-body NMOS” are the most highly scaled devices analyzed
in this paper and have gate lengths shorter than those in [76]. As previously discussed, shorter gate

length devices have more leakage current than longer gate length devices [70]. Despite having a
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shorter gate length, the devices in this paper have significantly less leakage current than the devices
analyzed in [76]. Similarly, the degradation in peak Gn is significantly lower in the newer 45nm
PDSOI devices. The NMOS devices of [76] have a peak Gm degradation of ~15% at 500
krad(Si02). In contrast, the digital floating-body NMOS devices of this study have less than 2%

degradation in peak G at the highest tested TID.

IV.A.iv.c TID Circuit Simulations

Schematic-level simulations of a data flip-flop (DFF) and a dynamic comparator were run
to gain insight into how digital or analog/mixed signal circuitry in this technology process may be
affected by TID. Using the Vru values extracted the highest tested dose (Fig. 45), a simple gate-
to-source voltage offset was introduced to all transistors. As the digital-length devices were shown
to have the most significant (but still small) TID-induced parametric shifts at the highest tested
dose (Fig. 43 through Fig. 46), both the DFF and the dynamic comparator were built using the
minimum-width digital-length devices. While it is unlikely that all devices in an analog/mixed

signal circuit will have the same W/L ratio, this simulation showcases the worst-case TID effects.

The simulated DFF uses the transmission gate-and-inverter design presented in [27], and
its schematic is shown in Fig. 51. A pre-rad clock-to-Q simulation was run of the DFF with Vpp
= 1.0V and Vss= 0V. The CLK signal is a 50% duty cycle square wave that switches from 0V to
1V with a period of 1 ns (f = 1 GHz) and rise/fall times of 10 ps. Similarly, the data waveform D
is a 50% duty cycle square wave with f = 2 GHz, with rise/fall times of 10 ps. Data waveform D
was offset by % the clock’s period to avoid violating hold times. To represent the DFF operating
at the highest tested dose, the same schematic was run with an offset voltage representative of the

TID-induced extreme-case AVry added to all gates.
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CLK CK CK

Fig. 51. Schematic of the transmission-gate based DFF used for simulations from [27]. For post-rad simulations, a

V1u offset was applied to every transistor in this diagram, for a total of 20 transistors.

The DFF’s simulation results are presented in. As expected, the TID-induced extreme-case
AVth had negligible impact on the DFF’s operation. Using a simple mid-rail calculation, the
average CLK-to-Q time of the pre-rad DFF was ~17.3 ps, while the average CLK-to-Q time of the
post-rad DFF was ~17.0 ps. The pre-rad DFF’s average power consumption was ~4.9 ¢W, while

the post-rad DFF’s average power consumption was ~5.1 uW.
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Fig. 52. Pre- (top) and post-rad (bottom) DFF clock-to-Q simulation results. Pre- and post-rad results are

indistinguishable.
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The simulated dynamic comparator is patterned after the design presented in [79], and its
schematic is presented in Fig. 53. Both pre-rad and post-rad timing simulations were run with
Vpp=1.0V and Vss=0V. The CLK signal is a 50% duty cycle square wave that switches from 0V
to 1V with a period of 1 ns (f = 1 GHz) and rise/fall times of 10 ps. The inputs, Vp and Vv, are
both sinusoidal with voltage peaks and troughs of 1.0V and 0V, respectively. The frequency of Vn
is 4 GHz, while the frequency of Vp is 2 GHz. Both Vn and Vp were offset by Y4 the period of CLK
to prevent hold time issues. To represent operation at the highest tested dose, the same dynamic
comparator schematic was run with an offset voltage representative of the TID-induced AVtH

added to all gates.

Fig. 53. Schematic of the dynamic comparator used for simulations. From [79]. For post-rad simulations, a Vi offset

was applied to every transistor in this diagram, for a total of 8 transistors.

The dynamic comparator’s timing simulation results are presented in Fig. 54, where the
pre- and post-rad “OUTp” curves correspond to the “O1+” signal shown in Fig. 53. While a few
millivolts of V1y shift may impact sensitive analog designs, the maximum TID-induced AVTH had
little impact on the dynamic comparator’s operation. The evaluation delay changed minimally for

both “OUTp” and “OUTn” in the post-rad simulations, corresponding to “O1+” and “O1-" in Fig.
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53, respectively. On average, the evaluation time of the comparator decreased by ~193 fs for
OUTp, and increased by ~175 fs for OUTn at the highest tested dose. The pre-rad comparator’s
average power consumption was ~44.6 uW, while the post-rad comparator’s average power

consumption was ~45.6 uW.

Transient Response
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Fig. 54. Pre- and post-rad dynamic comparator simulation results. The clock signal is black, while the pre-rad
“OUTp” is in blue and the post-rad curve is in orange. They are virtually indistinguishable. Average timing difference

for OUTp is ~193 fs.

The simulation results presented in Fig. 52 and Fig. 54 show that the impact of TID at the
highest tested dose can be expected to have minimal impact on DFF and dynamic comparator
designs. No simulations are 100% flawless, and these are no exception. For example, Vru shifts
of the exact same value for all transistors in the design are unlikely, as the amount of TID-induced
degradation has been shown to depend on device bias conditions during irradiation [66]. As the

transistors in the designs do not always have the same bias conditions, they will not always have
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the same TID-induced parameter shifts. However, the TID-induced shifts in this process are very
small, as shown previously (Fig. 41 through Fig. 50). In fact, the TID-induced effective Vrn shifts
are smaller than the possible Vtu shifts caused by process variation. With shifts smaller than the
process corners, these simulations using nominal corner devices are reasonably representative of

expected TID effects.

While these average power differences are small for a single DFF or a single dynamic
comparator, this may be an issue for integrated circuits with millions of transistors. For example,
a mission to Europa is a high-dose mission that may see TID values in excess of what was tested

in this case study.

IV.A.v Understanding the TID Response: Conclusions

An experiment was performed to understand the TID response of transistors fabricated in
the commercial 45nm PDSOI process, a partially-depleted, RF-enabled SOI process. This
technology process provides designers with the option to use body-contacted devices which have
a physical connection to the body of the device, eliminating one of the Si-SiO» interfaces. The
following variations were tested under an ARACOR x-ray system and their TID responses were
analyzed: minimum-sized analog-length floating-body transistors, minimum-sized analog -length

body-contacted transistors, and minimum-sized digital-length floating-body transistors.

In modern PDSOI processes, the most significant TID-induced changes are attributed to
charge trapped at the Si-Si0O; interface activating a parasitic transistor at each sidewall. This notion
is supported by the finding that body-contacted NMOS devices (with 2 sidewalls) exhibit roughly
2/3 the TID-induced leakage current increase that the floating-body devices exhibit (with 3

sidewalls). Additionally, NMOS transistors with shorter gate lengths exhibited greater TID-
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induced leakage current increases. This result is expected: although the areal density of trapped
charge in the sidewall is the same, the shorter distance between the source and the drain allows a

parasitic conduction channel to form more readily than a device with a longer gate length.

This case study presented the first look at the performance of a commercial 45nm PDSOI
process in the multi-mega-rad(SiO2) range. All analyzed geometries and body types show minimal
TID-induced changes at the highest tested dose and significantly lower TID-induced changes than
32nm or 45nm SOI at similar doses. In fact, changes induced at the highest tested dose in the 45nm
PDSOI devices of this study are comparable to the TID-induced changes of the other nodes at 500
krad(Si0O). Circuit simulations of a DFF and a dynamic comparator revealed minimal TID-
induced effects on performance. Results presented in this case study suggest that the 45nm PDSOI

process is an excellent choice for rad-hard design at multi-Mrad(SiO2) TID levels.

I would like to thank the DTRA program manager, Dr. Jacob Calkins, for his support of the
work necessary for this case study. I also thank Cadence Design Systems Inc. and Synopsys Inc.

for providing access to design, simulation, and verification tools.

IV.B SEE Hardening by Stacking Transistors

Stacked transistor designs are effective in mitigating SEE in modern CMOS silicon-on-
insulator (SOI) processes [27], [28], [80], [81], [82], [83], [84]. Fig. 55 shows a schematic
implementing stacked transistors, where each NMOS and PMOS transistor is replaced by two in-
series transistors with electrically-connected gate nodes. The borders of the active silicon (RX) are
drawn as rectangles and the polysilicon tracks are depicted as thin, shaded rectangles. A single
particle must strike and deposit charge in both stacked transistors to cause a single-event upset at

the corresponding circuit node. The requirement of coincidence significantly improves the single-
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event tolerance of a circuit with stacked transistors compared to a non-stacked version [27], [28].
Blue arrows map the corresponding transistors in the schematic (left) to the layout implementation
of this schematic using a standard vertically-positioned layout (right). In this example, all four
transistors in the schematic are placed in-line and share the polysilicon track that forms their
respective gates. These transistors do not share RX, as circuits with shared-RX stacked transistors

have been shown to be more susceptible to SEEs than their isolated-RX counterparts [28].

L1

VSS

Fig. 55. An example of an ion striking a stacked transistor. The ion strikes the drain nodes of the PMOS transistors
simultaneously, represented in a schematic (left) and corresponding layout (right) Stacked-transistor designs remove

single-node vulnerabilities in by introducing a second transistor in series.

Fig. 56 illustrates example transistor layouts (vertical, zipper, horizontal) for a schematic
of a stacked-transistor inverter (Fig. 56, top left). Stacked transistors in vertical layout schemes
are positioned such that they share polysilicon (poly) tracks, creating multiple in-line transistors,
while horizontal schemes position stacked transistors on separate poly tracks, creating drawn

transistors that are mutually parallel. In layout design tools, transistors are drawn when polysilicon
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meets active silicon. Foundry rules dictate how IC cells can be drawn, with many rules governing
polysilicon tracks and active silicon (e.g. minimum spacing, minimum area) [30]. In addition to
these rules, there are conventions that a designer must follow to ensure direct compatibility with
industry standard cells, such as a given cell height. Because of these rules and conventions, vertical
schemes enjoy greater transistor density than their horizontal counterparts because cells are smaller
for a fixed cell height and a given transistor size (Fig. 56, bottom left). Conversely, horizontal
schemes require more area than vertical schemes (for a fixed cell height and given transistor size)

and thus have lower transistor density than their vertical counterparts (Fig. 56, bottom middle).
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Fig. 56. A stacked inverter schematic (top left) and various top-down layout implementations, including a non-stacked
cell using a single transistor instead of stacked-transistors (top right). The stacked-transistor versions are shown in the

bottom row as follows: vertical (in-line gates, left), horizontal (in-parallel gates, middle), and zipper (offset gates,
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right). All top-down layouts are shown for a fixed cell height. Silicon volumes representative of the PMOS transistor

bodies (blue boxes) were used for MRED simulations.

Related to the area required by cells is the notion of inter-cell routing flexibility. Electrical
connections between transistors (and cells) are made by metal lines that also follow foundry rules
and industry conventions. For a fixed cell height and a given transistor size, the extra space
necessary to lay out a cell following the horizontal layout scheme provides a greater degree of

flexibility in metal line routing than the vertical layout scheme.

In older SOI technologies, the layout schemes also differ in terms of SEE response. Vertical
schemes have a smaller probability of a simultaneous strike, while horizontal schemes have
smaller worst-case path lengths [28]. This chapter will show, however, that at the more modern
45nm PDSOI node these trends do not hold due to the track structure of the incoming ion. In this
context, the track structure is the track along which electron-hole pairs can be generated by the ion
can and any secondary particles arising from the interaction between the initial ion and the

material.

The zipper layout technique can be described as placing transistors in such a way that their
active regions are simultaneously parallel and vertically offset. The bottom right of Fig. 56 shows
a stacked-transistor inverter employing the zipper configuration. As illustrated in the figure, the
zipper layout increases the separation between the stacked transistor pair relative to the vertical
layout scheme while occupying less area than the horizontal layout scheme. Additionally, the
interleave-able nature of cells allows designs following the zipper layout scheme to be equally as

transistor dense as the vertical scheme.
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Conventionally, the primary predictor of single event effects has been the ionizing energy
loss of a particle along its trajectory and the resulting circuit response. Due to the feature sizes of
modern SOI processes, a reasonable assumption is that the LET of particles is nearly constant
through a transistor’s body region. In the constant LET approximation, the amount of charge
generated within the active silicon is proportional to the path length traveled by the particle within

the active silicon. The following relation holds under the constant LET approximation:

Qgen = i -p - [LET- 4] (Equation IV.B.1)

where Qgen 1s the charge generated in the silicon, ¢ is the ion’s path length in the sensitive
region, Eep,, 1s the ionization energy in silicon, p is the density of silicon, and LET is the linear
energy transfer of the incoming particle. According to Equation IV.B.1, Q¢p, is proportional to the
path length. The most sensitive regions in isolated-RX SOI designs are the body regions of
transistors, or the RX area directly underneath the gate. Therefore, the path length through this
volume (corresponding to a given transistor size) has a strong layout dependence. Based on this
constant LET argument, it is assumed that in environments with high-LET particles the zipper
layout and the horizontal layout will have significantly lower predicted SEU rates than the vertical

layout.

For example, consider the stacked-transistor PMOS devices and the trajectory that
maximizes the path length through both PMOS devices (Fig. 57); the longest path length is the
corner of one transistor to the furthest corner of the other transistor. In the horizontally positioned
scheme, the maximum path length is significantly shorter than the vertical scheme. Because of
this, it is expected that the charge generated within the horizontal scheme would be less than the

charge generated within the vertical scheme. It is therefore assumed that, at high generated charges,
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the upset rates of the zipper and horizontal schemes will become lower than the vertical scheme.
As will be discussed in Section 1V, the constant LET approximation is not always a good predictor
for single-event upset response. In this work, Monte Carlo ion transport simulations show that the
three layout techniques have comparable predicted SEU rates due to the relatively large sizes of

incoming ion track structures compared to transistor sizes.

Vertical Horizontal
Scheme Scheme
e

Fig. 57. Examples of the longest path length a particle can follow through the transistor body regions (bold boxes)
of stacked-transistor designs following the vertical (top left), horizontal (top right), and zipper layout (bottom)

schemes.

The technique of stacking transistors, like nearly all single-event mitigation techniques,
has its drawbacks. The most obvious drawback is that stacked-transistor topologies use more area
than unhardened designs, especially in fully stacked topologies (where every transistor is replaced

by stacked transistors); doubling the number of transistors requires more area due to foundry rules
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[30]. Stacked-transistor designs also effectively have a doubled gate length due to replacement of
one transistor with two transistors in series, resulting in a slower circuit response. As will be
discussed in Section IV.B.iv , these penalties are small compared to other hardening methods, such

as DICE designs.

IV.B.i Improving Stacked-Transistor Designs at the Layout Level

This section details the Zipper layout technique, a layout-level technique that improves
upon stacked-transistor designs. A case study of physics-based Monte Carlo predictions for single-

event upset rate in space environments is presented.

IV.B.ii Case Study Overview

Spacecraft systems rely on complex integrated circuits (ICs) to collect, store, and process
information. In space and other radiation environments, single-event effects (SEEs) due to a single
particle strike can induce unwanted changes in a circuit’s state. These SEEs range from recoverable
“soft errors”, such as unintended bit flips in flip-flops to irrecoverable “hard errors”, such as single-
event gate rupture or single-event burnout [1], [5], [4], [6], [7], [8], [9]- An effective way to combat
single-event induced soft errors, especially in silicon-on-insulator (SOI) processes, is using
“stacked” transistor topologies [27], [28], [80], [81], [82], [83]. The concept of “stacking” is as
follows: replace selected transistors within a given circuit schematic with 2 transistors of the same
type in series with their gates electrically connected. For example, to stack a PMOS transistor:
replace the PMOS transistor with 2 in-series PMOS transistors that share a gate node. By utilizing
stacked transistors, a particle must now strike and deposit charge within the pair to cause an upset.
DICE designs are another effective method to combat SEEs [85], but have a large area penalty due
to the increased number of transistors necessary to create the dual-node feedback loop. Stacked-

transistor designs typically occupy significantly less area and have faster electrical performance
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than DICE designs. In many environments, stacked-transistor designs have cross sections as small

or smaller than DICE designs [86].

In this case study, three different layout implementations of stacked-transistor designs are
studied — the horizontal, vertical, and zipper layouts. The horizontal layout has the stacked-
transistor pair positioned mutually in-parallel. The vertical layout scheme positions the stacked-
transistor pair such that their gates are mutually in-line. The zipper layout technique positions the

stacked-transistor pair such that they are simultaneously in-parallel while vertically offset.

On-orbit single-event upset rates are predicted using Monte Carlo simulation tools for each
stacked-transistor design. SPICE simulations were performed using a 45nm PDSOI process design
kit (PDK) to estimate the critical charge of the PMOS transistors in stacked-transistor designs.
Monte Carlo radiation transport simulations were performed to predict the single-event upset
(SEU) rates at the estimated critical charge for the stacked transistor inverters within several data
flip-flops (DFFs) using different stacked transistor layouts. It was found that the stacked-transistor

designs have excellent SEU resilience, regardless of applied layout technique.

This suggests that stacked-transistor designs are nearly interchangeable in terms of SEU
resilience. When considering other factors, such as ease of design and area efficiency, the layouts
have distinct advantages. The standard horizontal layout is the easiest to design in terms of inter-
and intra-cell metal routing but is the least area efficient. The vertical and zipper layouts are area
efficient but are harder to design than the horizontal layout. The zipper layout is often the most

area-efficient but has the most complex design.
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IV.B.iii Monte Carlo Simulations

Monte Carlo Radiative Energy Deposition (MRED) is a Vanderbilt-developed Monte Carlo
radiation transport tool specifically tailored to model radiation effects in electronics [87], [88].
MRED computes energy deposited by particles in materials of arbitrary composition and structure
using models generally accepted by the radiation effects community [88]. MRED was used to
predict single-event upset rates for the zipper, vertical, and horizontal schemes in low Earth orbit
(LEO) and geosynchronous orbit (GEO) environments. In particular, the MRED simulations were
used to show that the path length argument presented in Section IV.B is not a good predictor in

these example orbital environments.

Sensitive detectors representative of the PMOS transistors in stacked-transistor pairs within
an SRAM cell in a commercial 45nm partially-depleted SOI (PDSOI) process were created for
each layout. The transistor body regions (active silicon underneath the gate) were modeled as
silicon rectangular parallelepipeds (RPPs) for simplicity. Fig. 58 shows the modeled RPPs and an
example of an ion strike and its secondaries that can deposit energy within both RPPs (the initial
ion enters the figure from the left). The sensitive detectors were enveloped in a 1x1x1 pum? block
of silicon to prevent silicon-vacuum boundary conditions from affecting the charge deposited
within the detector volumes. The active body regions of the transistors within the stacked-transistor
pairs are highlighted by blue boxes in Fig. 56. The sensitive detectors had dimensions
representative of the transistor bodies in the 45nm PDSOI process. CREME [87], [89], [90], [91]
was used to determine the flux of particles after transport through 100 mils of aluminum in a space
station orbit (51.6 deg, 450 km radius circular), a GPS orbit (55 deg, 20,200 km radius circular),
and a GEO orbit (0 deg, 35,786 km radius circular). Another simulation was performed for 1000

mils of shielding at the geosynchronous orbit. These simulations consider the trapped protons as
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calculated by the AP8 model [92] under solar minimum conditions as well as a spectrum of heavy
ions (Z=2 to Z=92). A non-stacked version, as shown in the top right of Fig. 56, is included as a
baseline. For all simulations, particles according to environment were simulated from an isotropic

source. Error bars in all figures are given as the standard deviation assuming a Poisson distribution.

Fig. 58. Blocks of silicon representing the vertical layout (white wireframe) used in the MRED simulations and an
incoming ion with secondaries; the ion enters the figure from the left. These blocks correspond to the blue boxes for

the vertical scheme in Fig. 2. The sensitive detectors were enveloped in a 1x1x1 pm3 block of silicon (outer box).

IV.B.iii.a Critical Charge Estimates from SPICE Simulations

SPICE level simulations were run using the 45 nm PDSOI process design kit’s (PDK’s)
built-in electrical models in Cadence to estimate the critical charge for the PMOS transistors in a
stacked-transistor inverter within an SRAM cell. For these simulations, inverters following the

non-stacked schematic and the stacked-transistor schematic were perturbed at their input nodes, as
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shown in Fig. 59. These inverters were biased at nominal voltage for the technology process and
were configured to output a logical 0 prior to perturbation. The single-event transient was modeled
as a short (order of fs) square wave on the inverter input node. To estimate critical charge, the
current was integrated on the output node from half-rail rising transition to half-rail falling
transition. These simulations found that the critical charge for an inverter following the non-
stacked and stacked-transistor schematics was 0.17 fC and 0.2 fC, respectively. These values are

are on the order of the critical charge found by TCAD simulation in [86].
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Fig. 59. Inverter schematics for a non-stacked variant (left) and a stacked-transistor variant (right). Using the PDK,
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SPICE simulations were performed where charge was injected at the input node to estimate critical charge. The critical

charge was greater for the dual-node design (right).
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IV.B.iii.b Monte Carlo Simulation Results

The predicted single-event upset rate (y-axis) is plotted as a function of layout technique
and energy deposited within the representative silicon volume in the simulation result figures (Fig.
60, Fig. 61, Fig. 62, and Fig. 63). In this context, the energy (x-axis) represents the amount of
energy that must be deposited within both stacked transistors to upset the corresponding SRAM
cell. Because the stacked transistors need to be simultaneously struck with each collecting at least
the critical charge, all designs utilizing stacking have significantly lower SEU rates than the non-

stacked counterpart.

Fig. 60 shows the predicted SEU rates for a simulated stacked-transistor pair in an SRAM
cell versus the energy deposited within the cell in a space station orbit with 100 mils of aluminum
shielding. In the space station orbit, the three stacked-transistor designs have predicted upset rates
at least two orders of magnitude than the non-stacked design at all critical charge values. At all
simulated deposited energies, the three stacked-transistor layouts are comparable within

approximately 2x difference.
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Fig. 60. MRED simulated single-event upset rates results for a space station orbit across a non-stacked SRAM cell
and an SRAM cell hardened with the zipper, vertical, and horizontal stacked-transistor layout techniques. The x-axis
is the deposited charge of an SRAM cell using the technique while the y-axis is the predicted SEU rate. Expected Qcrit

for this technology is circled.

Fig. 61 shows the predicted SEU rates for a simulated stacked-transistor pair in an SRAM
cell versus the energy deposited within the cell in a GPS satellite orbit with 100 mils Al shielding.
In the GPS satellite orbit, the stacked-transistor designs also have at least 2 orders of magnitude
fewer predicted SEUs than the non-stacked counterpart. At the lower deposited energies, the three
stacked layouts have overlapping error bars. For the analyzed deposited energy values, there is no
significant difference in SEE performance based on layout choice for the stacked-transistor

designs.
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Fig. 61. MRED simulated single-event upset rates results for a GPS satellite orbit across a non-stacked SRAM cell
and an SRAM cell hardened with the zipper, vertical, and horizontal stacked-transistor layout techniques. The x-axis
is the deposited charge of an SRAM cell using the technique while the y-axis is the predicted SEU rate. Expected Qcrit

for this technology is circled.

Fig. 62 and Fig. 63 show the predicted SEU rates for a simulated stacked-transistor pair
in an SRAM cell versus the deposited energy within the cell in a geosynchronous orbit with 100
mils of aluminum shielding (Fig. 62) and 1000 mils Al (Fig. 63). Although the horizontal layout
has the lowest predicted SEU rate among the stacked layouts in geosynchronous orbit, the three
stacked-transistor designs have similar SEE resilience. Thus, for many near-Earth radiation
environments there is no significant dependence of the SEU rate on the layout technique used. The

trends for the geosynchronous orbit are similar regardless of the amount of Al shielding simulated.
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This suggests that the heavy ions in this orbit have high enough energy that they are not

significantly impacted by the amount of shielding.
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Fig. 62. MRED simulated single-event upset rates results for a geosynchronous orbit with 100 mils Al shielding
across a non-stacked SRAM cell and the zipper, vertical, and horizontal stacked-transistor layout techniques. The x-
axis is the deposited charge of an SRAM cell using the technique while the y-axis is the predicted SEU rate. Expected
Qi for this technology is circled.
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Fig. 63. MRED simulated single-event upset rates results for a geosynchronous orbit with 1000 mils Al shielding
across a non-stacked SRAM cell and the zipper, vertical, and horizontal stacked-transistor layout techniques. The x-
axis is the deposited charge of an SRAM cell using the technique while the y-axis is the predicted SEU rate. Expected
Qurit for this technology is circled.

For all the simulated orbits (Fig. 60, Fig. 61, Fig. 62, and Fig. 63), the energy deposited
by an ion does not change the relationship between stacked-transistor designs to any meaningful
degree; all stacked-transistor curves are within 2x difference regardless of deposited energy.
Independent of the energy deposited by the incoming ion, all stacked-transistor designs have at
least two orders of magnitude lower SEU rates compared to the non-stacked counterpart.
Additionally, as can be seen by the similarity of trends between all data plots (Fig. 60, Fig. 61,
Fig. 62, and Fig. 63), the proton-heavy orbits (space station, Fig. 60, and GPS satellite, Fig. 61)

show similar trends to the primarily heavy-ion orbit (geosynchronous orbit, Fig. 62, and Fig. 63).
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These trends being independent of the aforementioned factors suggest that these results are broadly

applicable.

IV.B.iv Stacked-Transistor Design Discussion

Section IV.B.iii showed that the predicted SEU rates across all simulated environments
were nearly interchangeable for all stacked-transistor layout schemes. This section will explore the
SEU rate predictions, area considerations, circuit-level SPICE simulations, and area savings

arising from inter-cell and routing.

IV.B.iv.a Single-Event Upset Rate Predictions

The MRED predictions for all stacked-transistor designs show upset rates orders of
magnitude lower than a non-stacked counterpart across several near-Earth and geosynchronous
orbits (Fig. 60 through Fig. 63). When compared to each other, the three stacked-transistor designs
are within two- or three-times difference. This suggests that the three stacked-transistor layout
designs are nearly interchangeable in the simulated orbits. These results also suggest that the
constant LET approximation presented in Section II (based on Equation IV.B.1) is not necessarily
a good predictor of single-event upset tolerance for the transistor geometries and orbital
environments in this work. This is most likely because the constant LET approximation does not
contain any information about the track structure of incoming ions. The constant LET
approximation was more suitable for older technologies with relatively large sizes per transistor,

where the track structure of the incoming ion did not necessarily affect multiple transistors.

Rodbell et al. [28] examined a 45nm SOI (different from the PDSOI process examined in
this work), comparing a stacked-transistor latch following the vertical layout scheme (called “end-

to-end” in their work) to a stacked-transistor latch following the horizontal layout scheme (called
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“side-by-side” in their work). That work found that the vertical layout scheme had a smaller cross
section than the horizontal scheme. The authors argued that it is because the solid angle necessary
for a single particle to strike and generate charge within the vertically positioned stacked-transistor
pair is significantly smaller than the solid angle of the horizontally positioned stacked-transistor

pair.

To compare to Rodbell et al., additional MRED simulations were performed. These
simulations used the same blocks of silicon representative of device geometries as seen in Fig. 58.
A fixed-direction 10 MeV/amu beam of oxygen was fired at combinations of tilt angle (30, 60, 90
degrees) and roll angle (0, 30, 60, 90 degrees). The results of these simulations followed the trend
found by Rodbell et al., where the vertical layout had a smaller directional cross section than the
horizontal layout under extreme tilt angles. The additional MRED simulations found that the cross
section integrated across all directions was almost the same (within 2x difference) for the
horizontal layout scheme as it is for the vertical layout scheme. This results in similar predicted
SEU rates across layout scheme (Fig. 60 through Fig. 63), as the SEU rates for isotropic orbital

environments must consider the cross section integrated across all directions.

IV.B.iv.b Area Considerations and Circuit-Level SPICE Simulations

Fig. 64 shows drawn layouts for the non-stacked, vertically-spaced stacked DFF,
horizontally-spaced stacked DFF, zipper stacked DFF, and DICE flip-flop designs. The stacked-
transistor DFFs follow the transmission-gate based DFF schematic shown in Fig. 65. Additionally,
the footprint for a commercial standard DFF is shown as an optimized-area DFF; the commercial
standard DFF does not use isolated source/drain regions for adjacent transistors and is therefore
significantly less single-event robust than even the non-stacked design. A design that only employs
isolation of active silicon regions is included as the non-stacked design. As seen in Fig. 64, the
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stacked-transistor designs occupy less than 2x the area of the optimized commercial standard

design. For comparison, a DICE flip-flop occupied 3.38x the area of the commercial standard

design.

Commercial standard DFF
repeatable: 16 gate pitches
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Fig. 64. An area comparison of various DFF layouts with the number of gate pitches required to repeat the cell. The
single, zipper-stacked, and vertically-stacked DFFs follow the schematic seen in Fig. 65. Although the zipper-stacked
DFF design shown in this figure spans 26 gate pitches, it is repeatable every 25 gate pitches due to the interleave-able
ends of the cell. The bottom design features a DICE flip-flop utilizing the zipper pattern, resulting in a space savings

of ~40% over a non-zipper-positioned DICE flip-flop. P-wells highlighted in green dashed boxes. Routing layers

omitted for clarity.
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Fig. 65. Schematic of a transmission-gate-based DFF. Stacked-transistor layouts were made according to this

schematic, where each circuit symbol is stacked, e.g., all inverters in this schematic are stacked.

Circuit-level simulations were run to compare CLK-to-Q times for a commercial standard
DFF, the three stacked-transistor DFF designs, and a DICE flip-flop. As seen in Table 2, the
stacked-transistor designs are significantly faster than a DICE flip-flop implemented in the same

technology process. The simulated DICE flip-flop is modified after [27] and is not the DICE found

in Fig. 64.
Table 2
Commercial . . Horizontally
Zipper- Vertically-
Standard -stacked DICEFF
DEF stacked DFF | stacked DFF DEE
Area penalty
W/ respect to 1x 1.56x 1.69x 2.94x 3.38x
commercial
standard DFF
CLKto Qtime ~20 ps ~102 ps ~102 ps ~102 ps ~300 ps
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IV.B.iv.c Routing Considerations and Resulting Area Savings

Routing flexibility, both within cells and in-between cells, is an important consideration in
addition to radiation hardness. The extra space necessary to make horizontally-spaced stacked
designs is in fact useful for ease of transistor-to-transistor routing. This extra space allows extra
design flexibility which could be invaluable. Foundry rules dictate that there is a minimum
separation between metal lines on the same layer [30]. Because of this minimum separation rule,
there is a finite number of metal lines that can be drawn within each layer while confined to the
same cell area. In the case of the horizontally-spaced design, the designer can choose to route more
metal lines on the same level, a luxury only possible with extra space. The designer can also use
that space to introduce more vias to higher-level metal lines; both the vias and the higher metal
layers have their own minimum separation rules. This allows for more intricate metal routing

within the same footprint.

While not as extreme as the horizontal layout, the zipper layout provides improved routing
flexibility with respect to the vertical layout. Because of the foundry minimum separation rules,
this improved flexibility can lead to area savings, especially in densely-packed designs. In the
commercial 45nm PDSOI process on which the MRED simulations were based, vertical,
horizontal, and zipper layout stacked-transistor DFFs were laid out following the schematic in Fig.
65, however, the final inverter was replaced to ensure row-to-row signal propagation and is
therefore not considered in the following comparison. Stacked-transistor layouts for the vertical
(top) and zipper (bottom) layout schemes are shown in Fig. 66. It was found that the vertical layout
had such low routing flexibility that it was necessary to introduce extra space in order to ensure
direct compatibility with industry standard cells; the extra space is shown as the blue boxes in Fig.

66, top. In the zipper layout, the extra space was not necessary because of the additional routing
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flexibility, resulting in a cell that was approximately 8.3% smaller (22 gate tracks versus 24 gate

tracks) than the vertical layout counterpart.

Vertical scheme DFF: repeatable every 24 poly tracks

Fig. 66. To-scale stacked-transistor DFF layouts following the same schematic (Fig. 65) implemented in the vertical
scheme (top) and zipper scheme (bottom). Blue boxes are shown in the vertical scheme where additional space was
necessary in order to ensure direct compatibility with industry standard cells. The additional routing flexibility of the
zipper scheme resulted in improved transistor density: the zipper layout did not require these additional spaces and
therefore the zipper saves 8% area per cell in a commercial 45nm PDSOI process. Transistors enclosed by the dashed
green boxes are PMOS devices. The final inverter was replaced by an inverter with higher drive current to facilitate

row-to-row signal propagations; the final inverter is not considered in these layouts.

In many practical applications, zipper layouts may offer designers superior space savings
with similar radiation resilience compared to vertical and horizontal designs. A practical

application example is in supporting circuitry, such as those supporting single-event test structures.
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A common design for characterizing soft error resilience of technologies is to use a DFF chain
with triple-modular redundancy (TMR) for supporting circuitry [93], [94], [95]. In this context,
support circuitry includes clock generation, error detection, error counting, and all other structures
necessary to create circuit for radiation effects self-test (CREST) test circuits [96]. TMR requires
triple the number of transistors plus a voting circuit and therefore occupies a significant area. In
applications where the extra area cannot be used on TMR designs, the zipper stacked designs are
an excellent choice. Stacked designs are not as effective as TMR designs, but they are sufficient
in many situations. For example, when testing at heavy ion facilities, it is common to test with the
die at normal incidence to the incoming beam. At normal incidence, it is not possible to upset both
transistors of a stacked-transistor design following the zipper layout. Simultaneous high tilt and
high roll angles are necessary for errors to appear from the support circuitry following stacked
zipper layouts. Additionally, the voter circuit used in TMR may be the cause of single-event errors.
The voter circuit itself is an excellent candidate for stacked-transistor hardening following the

zipper layout technique.

As shown by the results of this paper, the three stacked-transistor layouts have comparable
predicted orbital single-event upset rates. This means that IC designers can consider other factors,
such as the area necessary to draw the designs in layout tools. As previously mentioned, the area
is related to the inter-cell routing flexibility. Because the horizontal layout occupies the most area
(for a fixed cell height and a given transistor size), it is the easiest layout to use for complex inter-
cell routing. Conversely, the vertical layout requires the greatest amount of planning due to the
lowest degree of inter-cell routing flexibility. The zipper layout scheme has an increased design
difficulty due to the staggered positioning of transistors within cells, but this yields a greater degree

of inter-cell routing flexibility relative to the vertical layout scheme. Thus, the following tradeoff
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space exists: if transistor areal density is no object, the horizontal layout scheme is the easiest to
route both within cells and between adjacent cells. If transistor areal density is of the highest
priority (as is often the case in IC designs), the vertical and zipper schemes are the most area
efficient, albeit with more difficulty in inter- and intra-cell routing. The most difficult to plan is the
zipper layout scheme, but the greater degree of routing flexibility compared to the vertical scheme

often makes the zipper scheme the most area efficient of the three layout schemes.

IV.B.v Stacked-Transistor Case Study Conclusions

This work compares predicted orbital single-event upset rates for stacked-transistor designs
following different layout schemes in a commercial 45nm PDSOI process. The standard stacked-
transistor designs have vertical or horizontal transistor placement, where the gates of the stacked
pairs are in-line or in-parallel, respectively. The novel “zipper” layout method arranges transistors

such that their gates are simultaneously in-parallel and vertically offset from each other.

Based on the constant LET approximation, it was predicted that the zipper and horizontal
layouts would have significantly lower single-event upset rates compared to the vertical layout.
However, physics-based Monte Carlo simulations revealed that the three stacked layouts have
similar (within 2x difference) single-event upset rates in various space environments, suggesting
that the three designs are nearly interchangeable in terms of radiation resilience. When considering

the same particles used by other works, the trends of this work are consistent with previous work.

The area required in silicon for each layout is significantly different. When adhering to
industry design standards, the zipper layout was found to save approximately 8% area per DFF
cell compared to the most-compact standard stacked-transistor layout. The DFFs following zipper

and vertical layouts require significantly less area than a DICE DFF.
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These results suggest that the novel zipper layout technique does not compromise the
excellent single-event effect resilience of stacked-transistor designs while potentially saving area
when using stacked-transistor designs. Circuit designers can consider the use of zipper layout
stacked-transistor designs in non-critical auxiliary circuitry, such as clock generation or error
detection circuitry. Additionally, topologies that utilize TMR are excellent candidates for

replacement by stacked-transistor designs following the zipper layout scheme.

As shown by the simulation results of this paper, the three stacked transistor designs are
comparable in terms of predicted orbital SEU rates. Thus, circuit designs can consider the tradeoff
space between ease of design and area efficiency. In this tradeoff space, the horizontal layout is
the easiest to design, but is the least area efficient. The zipper and vertical schemes are area
efficient but are more difficult to design than the horizontal scheme. The zipper layout scheme

often becomes the most area efficient, though it involves the most complicated design.

I would like to thank Cadence Design Systems Inc. and Synopsys Inc. for providing access

to design, simulation, and verification tools.
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Chapter V

CONCLUSIONS

Spacecraft, from star trackers to deep space probes, rely on sensor systems to provide a
view into the physical world. Sensors are ever-increasing in complexity, with many modern
integrated circuits (ICs) utilizing three-dimensional heterogeneous integration (3DHI) to create
“systems of systems”. It is imperative to minimize sources of error within these “systems of
systems”, especially when any errors within one system may affect subsequent systems. While
parts of each system may not be rad hard, the system can be hardened to ensure that the “system

of systems” is rad hard.

A case study was designed to understand the radiation response of the sensor half of a
complex, commercial 3DHI imaging chip. The experiment was designed such that alpha particles
penetrate different layer combinations of a 3D-IC imager, allowing creation of a functional
mapping of the single-event response and the persistent response of the device to particles of
different ranges. The on-chip demosaicing algorithm was found to influence the outcome of alpha
particle events, resulting in transient and persistent pixel clusters that span a larger area than
expected based solely on the area in which charge is collected. The results of the 3DHI imager
case studies demonstrate that this commercial 3DHI imager, intimately integrated in both hardware
and software, has system-level post-irradiation responses that are different from what is expected

by just the superposition of its constituent layers’ post-rad responses.

To harden the core logic half of the 3DHI imager, hardening by choice of technology
process is proposed to address any TID vulnerabilities. An experiment was performed to
understand the multi-mega-rad(SiO2) TID response of transistors fabricated in the commercial

45nm PDSOI process, a partially depleted, RF-enabled SOI process. All analyzed geometries and
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body types show minimal TID-induced changes at the highest tested dose and significantly lower
TID-induced changes than 32nm RFSOI or 45nm SOI processes at similar doses. All results
presented in this case study suggest that the 45nm PDSOI process is an excellent choice for rad-

hard design at multi-Mrad(Si02) TID levels.

To address single-event effect vulnerabilities of the core logic part of the 3DHI imager, a
stacked-transistor layout technique was proposed that resulted in area savings over standard
stacked-transistor designs. The standard stacked designs have vertical or horizontal transistor
placement, where the gates of the stacked pairs are in-line or in-parallel, respectively. The novel
“zipper” layout method arranges transistors such that their gates are simultaneously in-parallel and
vertically offset. For a fixed cell height and a given transistor size, DFFs following the zipper

layout are often smaller than the other two standard stacked-transistor layouts.

Single-event upset rate predictions for orbital environments were made for stacked-
transistor designs following three different layout schemes in a commercial 45nm PDSOI process.
Physics-based Monte Carlo simulations revealed that the three stacked layouts have similar (within
2x difference) single-event upset rates in the simulated orbital environments, suggesting that the
three designs are nearly interchangeable in terms of radiation resilience. Each stacked design was
shown to have a predicted upset rate several orders of magnitude lower than a non-stacked
counterpart. These results suggest that the novel zipper layout technique does not compromise the
excellent single-event effect resilience of stacked-transistor designs while often saving area

compared to the standard stacked-transistor designs.
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