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“ .. Nothing is more practical than a good theory ...

—Ludwig Boltzmann
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This thesis presents overview of the total ionizing dose effects on integrated circuits. The
main focus falls onto medical imaging applications, computed tomography in particular.
The purpose of this work is to create a solid background for characterisation of the

radiation hardness of the given 0.18 yum CMOS technology.

State of the art in the radiation hardness research field as well as theory behind radi-
ation effects is briefly presented. As ring oscillator is a circuit, widely used for process
characterization, two ring oscillators are designed: standard cell based, and radiation
hardened one. The radiation hardening technique applied is then analysed. The output
stage including frequency divider, tristate buffer and output buffer is optimized. The
modelling of the radiation effects on device, block and top level is performed. The effects
on a single transistor are simulated with the ECORCE software. An analytical and a

Cadence/Spice simulation model of radiation effects on ring oscillators are compared.

Diese Masterarbeit umfasst die Effekte der radioaktiven Strahlung auf integrierte Schal-
tungen. Das Schwerpunkt fallt dabei auf Anwendungen in Computertomographen. Ziel
dieser Arbeit ist, eine Grundlage zur Charakterisierung der Strahlungsrobustheit fiir
0.18 pm CMOS Technologie zu schaffen.

Aktuelle Forschungsergebnisse sowie die theoretischen Grundlagen von Strahlungseffek-
ten sind kurz dokumentiert. Da ein Ringoszillator eine zur Prozesscharakterisierung oft
verwendete Schaltung ist, werden zwei Oszillatoren entworfen: ein auf Standardzellen
basierendes und ein strahlungsrobustes Modell. Zum Erreichen dieser Robustheit wir
die Inverted-Source Methode verwendet. Die Ausgangsstufe, bestehend aus Frequen-
zteiler, Tristatepuffer und Ausgangspuffer, ist optimiert. Die Effekte der radioaktiven
Strahlung sind auf Transistor-, Block- und Schaltungsebene modelliert. Zur Charakter-
isierung eines einzelnen Transistors unter Einfluss von radioaktiver Strahlung wird der
Strahlungssimulator ECORCE verwendet. Zusétzlich werden ein analytisches und ein

Cadence/Spice Makromodell des Ringoszillators verglichen.
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Scope

Presented work is done in the framework of the COTOMICS project. The focus of the
project falls onto the radiation hardness of electronics for computed tomography. The
aim of the project is to create a set of design guidelines for radiation tolerant integrated
circuits. In this particular thesis I concentrate on the design of the circuits for technology

characterisation, particularly on a ring oscillator.

In the Introduction one can find the overview of the research in the field of radiation
hardness of integrated circuits. The first steps on the way of radiation hardness topic
exploration as well as modern challenges are discussed. The purpose of the work is

specified.

Chapter 2 concentrates on the ionizing radiation phenomenon, and its effects on the
integrated circuits. Main focus falls onto cumulative effects, total ionizing dose effects

in particular, as they are the major ones for computed tomography applications.

In Chapter 3 the main approaches to radiation hardening are presented. Some con-
siderations on differences in transistor characteristics after irradiation depending on
technology are discussed. Radiation hardening by design (RHBD) is reviewed, including

layout techniques as well as radiation hard circuit topologies.

Further, circuits design is shown in Chapters 4 and Chapter 5. Two ring oscillators,
as presented in Chapter 4 and design for test, described in the Chapter 5 are meant to
be used for characterization of radiation hardness of the given technology in the future.

Design challenges and optimization process are also discussed in these chapters.

Chapter 6 focuses on modelling of the radiation effects on device, block and top levels.
For the device radiation response analysis, the ECORCE simulation tool is used. It

is briefly described in section 6.1 of this chapter. Section 6.2 gives macro-model for

1
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simulation of the inverter cell, further used in ring oscillator simulations. Moreover,
analytical model for ring oscillator parameters evaluation after irradiation is given. The
results of calculations and simulations for two different ring oscillators are discussed.
The conclusions on radiation hardening technique are made. The comparison of both

models is done, showing the weaknesses and strengths for further use and investigation.

Finally, in the Conclusions I summarize the results of the performed work. The main
outcomes are listed and discussed. The Outlook gives an overview of the next steps in
this research project, based on the conclusions from this work. It includes considerations

on radiation effects contributions, test structures and modelling.



Introduction

The sources of radioactivity are all around us. A harsh radioactivity in space or in a
particle accelerator are only few among the vast of examples. Also solar activity and iso-
topes, naturally present in our surroundings cause low intensity background radiation.
A plethora of applications is influenced by radiation. FElectronics for space missions,
medical imaging and nuclear power plants have to deal with direct radiation sources.
Some effects cumulate themselves over longer periods of time causing long-lasting dam-
age. Also security and safety oriented devices, as e.g. in automotive industry, have to
consider effects of background radiation. Even a single charged particle can cause mal-
function of an IC. Thus, radiation hardness assurance is a critical subject for numerous

applications.

1.1 First Steps

The realisation of a need to study radiation influence on integrated circuits arose in
late 1950s, as semiconductor technology started to be used in aerospace and military
equipment [1]. The sensitivity of MOS devices to radiation was first discovered in early
1960s [2]. The early works determined the fundamental cause of the devices damage -

the charge build-up in the SiOy [3].

The struggle to develop radiation hard technology escalated in 1970s [3]. Different ap-
proaches to gate-oxides hardening [4], [5], and general control of processing procedures
(for example dry oxide gate oxidation at temperature of 1000 °C) [6], [7] provided suf-
ficiently radiation tolerant devices. The dependence of the threshold voltage shift of
CMOS devices on the thickness of oxide regions was discovered [8]. Work in 1980s has

predicted that the gate oxide radiation problem doesn’t appear at thickness less than
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10 nm [9]. However, due to necessity of higher integrated circuits (IC) density, the use

of field oxide introduced new total ionizing dose (TID) related challenges [3].

As it will be further discussed in this work, the prediction, mentioned above, indeed has
become true to some extent. The simulations performed on a single transistor level under
130 krad irradiation show minor changes in the transistor parameters. Nevertheless,
smaller feature technologies still suffer from radiation damage. The main source of

parameter changes, however, appears to be in the field oxide and shallow trench isolation.

As in 1990s the focus fell onto hardening sub-micron silicon gate devices, the issues of
the gate oxide TID response became minor [3]. However, the shallow trench isolation
(STT) approaches, used to meet scaling requirements have shown variety of TID related
failures. Nevertheless, the hardness of STI region depends on a plethora of factors, like
geometry and type of trench refill oxide, creating a vast spread in hardness of similar

processes [10], [11], [3].

1.2 Modern Challenges

As the technology develops, new challenges appear. Over the last 30 years the lengths
of the gate have dropped dramatically, as well as the thickness of the gate oxide. The
radiation hardness concerns have entered commercial applications, in opposite to the
first tries driven mostly by military during the Cold War times [12]. Moreover, increased
complexity of the circuits and systems challenged radiation hardness assurance by test.
Thus, reliable modelling of the radiation response on device as well as on circuit level is

also topical nowadays.

Although the scaling of modern digital CMOS technologies provides advantages by de-
creasing TID effects on threshold voltage, the mixed signal and power MOS integrated
circuits, which still use thicker oxide devices, are still experiencing characteristics changes
due to radiation exposure [3]. Furthermore, STI radiation response is still an issue also

for smaller feature CMOS technologies.

So, it is a task of modern research and development to provide general design guidelines
to mitigate the unwanted effects as well as reliable models of post-irradiation behaviour

in order to be able to analyse achieved improvements without destructive tests.
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1.3 Radiation Hardness in Computed Tomography ICs

In this work focus falls onto medical imaging applications, computed tomography (CT) in
particular. The main particularity of medical imaging applications is long term exposure
of IC to low dose radiation. Normal lifetime of a medical imaging device reaches 10
years (5 days a week, 8 hour operation) [13]. Within this life-span, electronics, used
for imaging is in average exposed to a dose of more than 160 krad [14]. Such dose can
lead to e.g. threshold voltage (V;3) shift of about 100 mV for commercial technologies
with gate oxide thickness of around 6 nm [15]. Thus, sensitive imaging sensors and
signal processing circuits can undergo severe damage, possibly leading to false images
or general malfunction of the machinery.

CT scaner

[ Xeray deveceor |

FIGURE 1.1: Computed tomography scanner

A sketch of computed tomography scanner is presented in Figure 1.1. In early models,
most signal processing has been done on the external computer, CT scanner only includ-
ing detector circuitry. Modern machines, in order to increase efficiency, and save space
and resources, try to partially or fully integrate image processing circuitry into the CT
scanner itself, which obviously leads to more severe radiation hardness requirements of

the ICs.

Presented thesis has been done in a framework of COTOMICS project, dealing with
radiation hardness of ICs for computed tomography. The aim of the project is to create
a set of guidelines for radiation aware IC design. The purpose of this work is to set the
first steps in technology capabilities characterisation, create a modelling background for

later research and to define further investigation directions.



Chapter 2

Ionizing Radiation Phenomenon

Generally, radiation is a transmission of energy in the form of waves and particles. It can
be natural or man-made. It is known that some atomic nuclei are less stable than others
[1]. All elements starting from number Z=83 (lead) undergo nuclear rearrangement with
emission of sub-atomic particles, thus are radioactive. Among them, elements from 93

to 106 have been produced artificially.

Before discussing ionizing radiation phenomenon in more detail, a few important mea-
surement units are to be mentioned. First of all, becquerel, which is a measure of ra-
dioactivity [1]. It is the rate of 1 disintegration per second. Next, it is vital to know
the energy of radiation. This is measured in kilo-electronvolt (keV). The energy levels of
radiation will be discussed further. Furthermore, one should be able to define the dose
of radiation. The SI unit of dose is Gray (Gy), which corresponds to absorption of one
joule of energy in the form of ionizing radiation per kilogram of matter [16]. However,
another unit is still widely used in the scientific community - rad. It was originally
defined in CGS units in 1953 as the dose causing 100 ergs of energy to be absorbed by
one gram of matter [16]. An erg, in turn, is the amount of work done by a force of one

dyne exerted for a distance of one centimetre. 1 rad corresponds to 0.01 Gy.
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FIGURE 2.1: Electromagnetic spectrum

2.1 Types of Radiation

Figure 2.1 shows the electromagnetic spectrum. As it can be seen, the ionizing radia-
tion as it is starts at energy levels of around 1 keV and above. It corresponds to the
frequencies above 1 EHz and wavelength of below 1 nm. A brief discussion about types

of radiation and their characteristic properties is presented in this section.

2.1.1 Gamma Rays and X-rays

These are forms of photon or electromagnetic radiation with the wavelength of 1 nm
and shorter. A gamma ray originates from nuclear interaction, while an X-ray is caused
by electronic or charged-particle collisions. The energy of one photon can be of 100 keV
for soft X-rays and 1MeV and higher for gamma rays and hard X-rays. Depending on

energy levels, the mechanism of interaction with matter is different [1].

2.1.2 Alpha Particles

These particles are high velocity nuclei of the He atoms. They are positively charged and
have mass of 4. They are heavily ionizing due to the high energy level (typically 5MeV).
The penetrating power of such particles is low, and they travel mainly in straight lines.

The depth of penetration in silicon reaches approximately 20 pum [1]. Such small depth
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is explained by Coulomb interaction with atoms of the material, which slows down and

finally stops the particle.

2.1.3 Beta Particles, Electrons and Positrons

Either positively or negatively charged, these particles have the same mass as an electron.
They can easily penetrate matter due to their small size and small charge. They possess

high velocity, usually approaching the speed of light, and are lightly ionizing [1].

2.1.4 Protons

The proton, having a charge of 1 unit, has 1800 times mass of an electron and thus
is difficult to deflect. Such a particle, entering the matter, can lead to the change of
the atomic structure [17], so-called displacement damage, which will be discussed in

following chapters.

2.1.5 Neutrons

Without a charge, and thus no Coulomb interaction involved, and possessing relatively
high mass (the same as proton), those particles are especially hard to stop. A neutron
can be slowed down by a hydrogenous material, which makes water an especially effective

shield for these particles. The capture of a neutron causes an emission of a gamma ray

).

2.2 Interaction Mechanisms

Different types of radiation, having different properties, interact with matter differently.
However, they all result in a limited variety of products: either an electron-hole pair, a

gamma ray, or a charged particle.

So, X-rays and gamma rays usually cause a photoelectric effect, Compton scattering

and electron-hole (e-h) pair production in the matter. Charged particles interact via
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Coulomb forces, generating e-h pairs. Neutrons, as the most penetrative particles, par-
ticipate in elastic (creating gamma ray) or inelastic (resulting in a charged particle)

scattering.

For electronics, the major result of the exposure to ionizing radiation, having effect on

circuitry functionality, is the electron-hole pair generation.

2.3 Radiation Effects on Integrated Circuits

Different interaction mechanisms lead to energy absorption within the chip, causing
ionization. Often, it is a result of photoelectric effect or Coulomb interaction. It leads
to creation of electron-hole (e-h) pairs - an unwanted charge that can lead to damage of
an IC [18]. In this section, basic processes are reviewed. Generally, one can differentiate
between two categories of radiation effects: single event effects (SEE) and cumulative

effects.

2.3.1 Single Event Effects

Single event effects are caused by a single charged particle entering matter. It is mainly
point of concern to space applications. However, cosmic rays can also upset memory
cells on Earth. Moreover, soft errors due to alpha particles from radioactive materials in
packaging are topical since 1978 [19]. Finally, there is a suggestion that an irreducible

minimum rate of soft errors is caused by radioactivity in the silicon itself [1].

So, a charged particle penetrates the matter at high speed, leaving a track of electron-
hole pairs behind (Figure 2.2). This deposited charge is collected in a nearby circuit
node, which may lead to a change of state of the memory cell or other issue. Moreover,
ionizing radiation can trigger "on” condition of the parasitic bipolar structures in CMOS
circuits, known as latch-up. Such a condition is common for complex devices. The device
"locks up” and doesn’t respond to control signals. A destructive consequence of a latch-

up is a "burn-out” [1].
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FIGURE 2.2: MOS cross-section: particle track

2.3.2 Cumulative Effects

If an IC is exposed to low energy radiation for a long period of time, the total dose
causes damage, which can last for life-time. These effects can be observed already at the
device level, consequently leading to degradation of device parameters, which in turn can
disturb functionality of associated circuitry. Such effects are referred to as cumulative

effects.

Generally there are two basic cumulative effects, coming from different interaction mech-
anisms: displacement damage, caused by a particle with a mass, and so-called total

ionizing dose effects (TID), caused by ionizing radiation.

The focus of this thesis falls onto cumulative effects, TID in particular. However, for

full overview of the problematic, displacement damage is also briefly discussed below.

2.3.2.1 Displacement Damage

A particle with mass, such as e.g. proton, can change the grid structure of the crystal
when penetrating matter. The particles of the matter are displaced, so that vacancy-
interstitial atom pair is created, as it is shown in Figure 2.3. Further particles cause

further displacements, leading to cascade of damage.
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The change in the crystal lattice leads to change of energy levels of semiconductor. This
phenomenon often produces energy states close to bandgap [17], and can lead to shorter
lifetime due to recombination within the material, generally increasing leakage currents

and noise of the devices [1].
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FIGURE 2.3: Displacement damage

2.3.2.2 Total Ionizing Dose Effects

As already mentioned above, total ionizing dose effects (TID) are caused by ionizing
radiation. Photoelectric effect leads to generation of e-h pairs. Under application of
the electric field the particles move. Electrons, having higher mobility, can escape the
matter, while holes get trapped in the gate oxide and on its surface (Figure 2.4). This
trapped charge creates parasitic electric field. This leads to degradation of device elec-

trical characteristics, as for example threshold voltage shift or increase in the leakage

current.

X-rays
Gate
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Bulk Source
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FIGURE 2.4: MOS cross-section: trapped charge
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The density of the generated e-h pairs is proportional to the irradiation exposure time
[20]. The total amount of energy that results in e-h pair generation is thus defined as

total ionizing dose [21].

The parasitic charge in the device can be generally subdivided into three basic groups:
oxide trapped charge, border traps and interface traps on the border between Si and

Si0 [21].

The (usually) positive charge in the gate oxide (ozide trapped charge), as presented in
Figure 2.4, first of all leads to decrease of the drain current for a given gate-source volt-
age for both NMOS and PMOS, in other words, to the reduction of threshold voltage of
n-channel transistor and increase of p-channel transistor threshold voltage magnitude,

as shown in the Figure 2.5.

|Ith]

FIGURE 2.5: Transfer characteristic of NMOS (solid line) and PMOS (dashed line)
transistors: oxide traps influence

The effects of the interface traps differ from the oxide trapped charge ones. Interface
traps have a significant influence on carrier mobility and recombination rates. Bias-
dependent trapping or de-trapping of charge at the interface leads to change in sub-
threshold swing [21]. Figure 2.6 shows the change in the transfer characteristic due to

the interface traps.



Chapter 2. lonizing Radiation phenomenon 13

Alog(|Ids|)

before irradiation
—‘h\\ h‘“‘ﬁ'\ / \
5 \\

\ \
b \

PMOS R NMOS

3
~— after irradiation

>
Vgs

FIGURE 2.6: Transfer characteristic of NMOS (solid line) and PMOS (dashed line)
transistors: interface traps influence

The effects of interface and border traps are similar, but their trapping and de-trapping
rate is different [22]. Using common measurement techniques it is difficult to differentiate

between those two phenomena [23].

In the charge pumping measurement, a technique, used to characterise devices with
C-V curves [24], it is expected that the charge recombined per cycle is independent of
waveform frequency. However, according to [24], it increases, when frequency is reduced
from typical 100 kHz - 1 MHz range down to 10-100 Hz. Over these longer periods of
time electrons can tunnel to traps in the oxide and recombine there. These traps are

referred to as border traps [23].

Due to their slow charge exchange rates, border traps have the major influence on
1/f noise of the device, and thus should be considered as a separate phenomenon [21],

[23],[25].

Finally, depending on the initial characteristics of the device, the increase in the leakage

drain current can be observed, critical for some technologies [21], [26].



Chapter 3

Radiation Hardening Techniques

As soon as one becomes aware of the damage that radiation can cause in ICs, the valid
question arises, how to mitigate those effects. The research in the field of radiation
hardening has been going on for already over 40 years. While technologies develop, new

challenges arise, and different proposals for IC radiation response improvement appear.

As the focus of this work falls onto TID effects, main attention has been paid to tech-
niques that allow to reduce their influence. Generally, one can consider two approaches
to radiation hardening: technological one and design one. Although one has seldom in-
fluence on process choice, it is still vital to understand advantages and disadvantages of
different technologies for radiation tolerance of integrated circuits. On the other hand,
there are two ways to improve radiation hardness of an IC at the design level: layout

and circuit topology measures. All three aspects are briefly discussed below.

3.1 Technology Considerations

From the point of view of both designer and user, technology choice plays a great role
in the expected circuit behaviour. Talking about radiation effects, there is also a strong
dependence of the damage on the device size, gate oxide thickness and fabrication process

in general.

As already mentioned in the previous chapter, one of the important technology charac-

teristics, influencing radiation hardness of the devices, is the gate oxide thickness. Since

14
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the building of oxide traps happens at the depth of around 3 nm, modern technologies
like 0.18 pum and 0.13 pm with oxide thickness of 3.2 nm and 2 nm correspondingly ex-
perience minor radiation effects. Thus those technologies are suitable for TID tolerant
applications. However, the shallow trench isolation (STI) oxide thickness reaches above
300 nm, which consequently becomes the major location of radiation damage [21]. The
studies in [21] also show that silicon on isolator buried oxides technologies proves the

least voltage shift, while STI technology damage has the greatest one.

Thus, it can be said, that there is a positive trend in modern small-feature CMOS
technologies towards radiation hardness. However, the extra small scales, on their limits
have to be investigated closely, as additional effects may appear. Also new problematic,

as with leakage currents under STI, must still be addressed.

3.2 Radiation Hard by Design

3.2.1 Layout Techniques

First of all, in general, common ”good practice” techniques, like guard rings and distance
between devices, ensures better radiation response of ICs. In addition, other transistor

topologies can be applied instead of a linear one.

A common-used transistor, as presented in Figure 3.1 (A) is more sensitive to ionization
damage. In order to decrease edge currents, one can apply so-called enclosed layout,
as presented in Figure 3.1 (B) and (C). Those topologies provide better isolation of the

device.

A B &

‘ Source ‘ Source

| Gate | Source
Drain Gate Drain

Drain Gate

FIGURE 3.1: Linear (A) and annular (B) gate, and enclosed drain (C) transistor layouts

However, modelling of such devices presents additional difficulties. The non-linearity of

the channel as well as its asymmetry in case of enclosed drain complicate require the
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whole new set of models for all already known effects. So, the circuits using such layout
techniques require much design experience and effort, in order to provide predictable re-
quired behaviour. Furthermore, increased gate capacitance creates additional challenges
for circuit design. Finally, such layouts lead to the increase of chip area, which may

become critical for some applications.

3.2.2 Circuit Topology Hardening

The main principle of circuit topology hardening lies in understanding of possible circuit
damage. Providing acceptable circuit operation, even after certain degradation of single

devices parameters, is a key to radiation tolerant design.

Introduction of redundancy, for instance, increases chances of correct operation after ir-
radiation. Also, there have been proposed various methods of circuit hardening. Among
them the so-called inverted-source circuit [27]. First proposed for the phase locked loop,

this technique has become popular for hardening of digital circuits in general.

In an inverter, for instance, radiation induced leakage current of the NMOS transistor
at logical zero input leads to unexpected voltage drop at the output due to certain r,,
of the PMOS transistor, as shown in Figure 3.2 (A). This voltage drop leads to energy

losses, and, achieving certain value can also lead to false interpretation of the signal.

An inverter cell with inverted source is presented in Figure 3.2 (B). In this case ad-

ditional inverter consisting of transistors P2 and N2 ensures off-state of the transistor

)

N1 when the input is "low” and thus reduces leakage current, providing correct logical

zero even after irradiation, when it becomes more difficult to switch NMOS transistor off.

|:| Ran| V=TiearRon

~TOut

FIGURE 3.2: Radiation induced parasitic effects in an inverter (A) and inverted-source
inverter (B)
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Ring Oscillator

As the first step to create a set of guidelines for radiation tolerant IC design, the pro-
cess capabilities must be analysed. In order to provide such conclusions, some basic
structures, easy to model and to explain, have to be used for characterisation. One
of such structures is a ring oscillator [28]. Ring oscillator is of an advantage when it
comes to characterization of standard building blocks, as for digital design. For small
dimension transistors it is hard to measure dynamic characteristics. With ring oscillator
one can get this characteristic from the delay measurements. Of course, ring oscillator
is not sufficient for the complete technology characterization: one must also implement
single transistor structures to be able to observe parameters change. Nevertheless, ring

oscillator is very helpful and important for process evaluation circuit.

A simple ring oscillator (RO) consists of an odd number of inverter cells (Figure 4.1).
The oscillation frequency depends on propagation time of a single cell and on number

of cells [29].

1

F=—
2N X tg

(4.1)

where N is number of inverter stages and ty4 is delay time of a single inverter cell. It is

defined as follows [29]:

17
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tg =

[N

X (tprrL + tprm) (4.2)

Since delay times at rising ¢,r,m and falling ¢,r; edges of an inverter are defined by
NMOS and PMOS, it is easy to differentiate between the behaviour of both transis-
tors and its influence on ring oscillator parameters. The t,5; and t,,y are inverse

proportional to the threshold voltage of NMOS Vi, and PMOS Vyy,, respectively [29].

In this work two ring oscillators, a standard cell based, and radiation hardened cell

based, are compared. Also the inverters, as main building block, are discussed below.
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FIGURE 4.1: Ring oscillator

4.1 Standard Inverter Ring Oscillator

In

Ve SJ_

FIGURE 4.2: Inverter cell: standard (left) and inverted-source (right) topology

A usual inverter cell, as presented in Figure 4.2 (left), is the basic building block of the
designed ring oscillator. The dimensions chosen correspond to the standard library cell
of given technology. Thus, it facilitates characterization of the radiation hardness of the

process.
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FIGURE 4.3: Simulated transient response of the standard inverter cell, Vpp = 1.8V,
typical conditions

The ring oscillator consists of 151 inverter cells. Transient simulation plot of a single
cell is shown in Figure 4.3. The rise time ¢, (measured between 10 and 90 percent) of
the single inverter cell is 20 ps, and the fall time ¢¢ is 10 ps. The mean delay of the
cell tg is 25 ps. The oscillation frequency of the RO at supply voltage Vpp = 1.8 V is
128 MHz in typical case.

4.2 Inverted-Source Inverter Ring Oscillator

Radiation hard by design (RHBD) inverted-source inverter cell, as presented in Figure
4.2 (right), basically consists of two inverter stages: one for the basic functionality, and

an additional one to make sure the NMOS is switched off at logical ”0” at the input.

Inverted-source inverter is significantly slower than the standard one. Thus, fewer cells
are needed to achieve the same oscillating frequency. On the one hand, it is an advantage
for applications, needing moderate frequencies, on the other hand, it sets limits for high
frequency ones. The radiation hardened ring oscillator consists of 75 inverted-source
inverter cells. It has been chosen to achieve frequency close to the standard inverter

based RO, for the test purposes.

The transient simulation has also been performed for the inverted-source inverter cell.
The rise time ¢, of the single cell is as for the standard one 20 ps, but the fall time is
significantly higher ¢ = 126 ps, because of the additional inverter stage. The delay time
tq is 56 ps. The oscillation frequency of the RO at Vpp = 1.8 V is 118 MHz in typical

case.



Chapter 4. Ring oscillator 20

4.3 Comparison of Two Ring Oscillator Designs

The layout of the single standard inverter is shown in Figure 4.4 (A) and the layout of
the radiation hardened inverter - in Figure 4.4 (B). As it can be seen, introduction of
additional transistors for radiation hardening does not increase the area of the standard
inverter layout and thus leads to the chip area decrease when speaking of the whole ring

oscillator.

The layouts of the ring oscillators are shown in Figure 4.5. Since the area of the single
inverter is the same, and number of cells of the radiation hard by design oscillator is twice
less than for the standard cell based one, the total area of the block is also significantly
smaller. The area of the standard inverter based ring oscillator is 0.0027 mm? and area

of the inverted-source cell based one is 0.00175 mm?2.

Thus, for the applications, needing relatively low oscillation frequencies, this radiation
hardening technique brings more advantages, than disadvantages. Still, one must con-

sider that for the high frequency applications this method presents critical limitations.

FIGURE 4.4: Layout of the standard (A) and inverted-source (B) inverter

FIGURE 4.5: Layout of the standard (A) and inverted-source (B) inverter based ring
oscillators
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Design for Test

As expected from the literature research, the change in oscillating frequency can be
dramatic. Thus, it is important to ensure IC operation and testability both before and

after irradiation.

To enable accurate and reliable frequency measurement, the circuit must be able to drive
the capacitive load of the test probe. For this purpose an output buffer is needed. On
the other hand, the output buffer must be fast enough to buffer oscillating frequency

even after irradiation, in case it doubles or even triples, due to parameter shift [28].

It is possible to increase the number of inverters in order to decrease the frequency of
the oscillator, or to increase the size of a buffer in order to cope with higher frequencies.
As a result of optimization process, the decision was made to include also a frequency
divider. A single feedback looped D-flip-flop allows to decrease frequency by two. For
the same result one would have to double the number of inverters in the ring oscillator.

Thus, this approach saves chip area.

In order to be able to switch between two oscillators, the tristate buffer has also been

included.

Last, but not least, correct operation of the test structure to measure RO frequency
after irradiation must be provided. So, frequency divider and output buffer must be
radiation hard. In order to keep the results consistent, the same hardening technique

(inverted-source) has also been used for those cells.

21
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Each block has been characterised separately and then the complete test bench was
implemented. For block characterization, typical simulations at room and increased
(70 C) temperature, as well as process corner simulation has been performed, with
supply voltage of 1.8 V. For the test bench only the typical simulation has been done.
The number of the cells is over 300, which leads to the very long simulation times. That
is why after characterization of each block for the worst case, only the typical conditions

functionality has been verified on the top level.

More detailed discussion on each element of the circuit the reader can find in further

subsections.

5.1 Frequency Divider
Among the variety of frequency divider (FD) topologies, the one has been chosen for its
simplicity and controllability.

Each stage of feedback-looped D-flip-flops divides input frequency by two. The schematic
of the block can be seen in the Figure 5.1. The modified radiation hard D-flip-flop is
presented in Figure 5.2. The discussed earlier inverted source technique has been applied

to NMOS transistors, in order to reduce radiation induced leakage currents.

\—D Q—\\D Q—LD Q——-\—D Q H3"
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FIGURE 5.1: Frequency divider

The output stage of the flip-flop includes two inverted source inverter cells for signal
stabilization. Transistor P5 receives ”reset not” signal in order to initiate predefined

states of the cell.
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F1GURE 5.2: Modified radiation hard D-Flip-flop with inverted source technique

It has been found out that the behaviour of the radiation hardened by design D-flip-
flop strongly depends on the NMOS bulk potential. The isolated devices are available
in the given technology. Thus, there are two possibilities of bulk connection for the
NMOS transistors with inverted source: to the source or to the ground. Possibility of
the different bulk potential for some devices of the circuit creates new opportunities: for
instance, radiation response of the devices also depends on bulk bias [30]. For this reason,
connection of the bulk to source has also been investigated. However, the simulation has
shown that for the correct cell operation the bulk terminal of all NMOS transistors must
be connected to ground. Otherwise the capacitance at transistors N1, N3 and N5 is too
large, resulting in delays that disturb correct operation of the flip-flop. The transient
response of the frequency divider with bulk connected to the source is shown in Figure

5.3.

Once the parasitic capacitance was eliminated from the signal path, the operation was
correct. The right transient response of a frequency divider with division factor 8 is

shown in Figure 5.4. In this case all NMOS bulks are connected to ground.

For the frequency divider it is important to be able to follow RO frequency. So the
worst case for the circuit performance would be the worst speed case of this cell. The

cell parameters for typical and worst speed are summarized in Table 5.1.

TABLE 5.1: Simulated parameters of frequency divider

typical | worst speed | worst speed
27 C 27 C 70 C
tr, ps 164 171 189
t, ps 125 134 149
finmass GHZ | 6.9 6.5 5
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F1GURE 5.3: Demonstration of a D-Flip-flop functionality problem with NMOS bulk
connected to source
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FIGURE 5.4: Simulated transient response of a frequency divider, Vpp = 1.8V

5.2 Tristate Buffer

In order to be able to measure test structures with a single output buffer, the tristate
buffer has been chosen as a logical unit. The choice has fallen onto this cell, in order to

leave some flexibility at the top level of the chip. Multiplexer or NAND gates assume
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predefined number of inputs and are complex. The use of tristate buffer, which is
relatively small allows integration of multiple oscillators, even if it was not planned
initially. However, the danger of enabling few cells at a time is a drawback of this

choice, which has to be carefully considered at test.

In this work there are two tristate buffers connected to either standard inverter based
or radiation hardened ring oscillator. Same as for other blocks, inverted source tech-
nique was applied to critical nodes. Figure 5.5 presents the schematic of this block.
The inverted-source technique in this case was used for the input and output stages.
The probability of malfunction due to leakage current in the path from P3 to N3 was

considered as insignificant.
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FIGURE 5.5: Circuit of modified radiation hardened tristate buffer with inverted-source
technique

For the tristate buffer, the worst case conditions are the same as for the described above
frequency divider. The results of the simulations are listed in Table 5.2. For both ring
oscillators frequency divided by 16 with the help of frequency divider does not exceed 9

MHz, which means the tristate buffer will be able to buffer the signal correctly

TABLE 5.2: Simulated parameters of tristate buffer

typical | worst speed | worst speed
27 C 27 C 70 C
t,, ns 111 113 119
Ly, ns 69 79 79
firmans M Hz 11 10.4 10.1
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5.3 Output Buffer

Finally, the output buffer consists in total of 126 double inverter stages and 3 single
ones. It allows to drive capacitive load up to 100 pF at input frequency up to 10 MHz.
Inverter cells with inverted-source have also been used in this device. The schematic of

the block is presented in Figure 5.6.
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FIGURE 5.6: Output buffer

The transient response of the output buffer is presented in Figure 5.7. Input signal
frequency of 10 MHz at supply voltage of 1.8 V has been applied. Above mentioned
load of 100 pF has been used. The peak current of the output buffer reaches 120 mA,

which must be considered for the layout.

%24 Vin, Vout (V)
Vin
Vout
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FIGURE 5.7: Simulated transient response of the output buffer: Vpp = 1.8V, Ciouq =
100pF; fiu = 10MHz

Finally, the parameters of the output buffer under the load of 100 pF are summarized

in the Table 5.3.
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TABLE 5.3: Simulated parameters of output buffer with 100 pF load

typical | worst speed | worst speed
27 C 27 C 70 C
tr, 08 115 119 122
ty, ns 73.6 77.1 78
finmaws MHz | 10.6 10.2 10.0

5.4 Top Level

The schematic of the top level circuit is shown in Figure 5.8. Frequency divider with
division factor 16 and a tristate buffer are implemented in each RO path. The out-
put signal corresponds consequently either to standard cell based or inverted source cell
based RO, dependent on the tristate buffer selection. The tristate buffer is introduced

after the frequency divider because of the speed limitations of the cell.
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FIGURE 5.8: Schematic of the top level

Another important point of the test bench design is power supply ramp, driving start-up.
If the speed of the ramp approaches nominal oscillating frequency, two different states
can propagate over the circuit, in case the threshold voltage and input capacitance of two
or more inverters approaching equal. The sketch in Figure 5.9 demonstrates normal (A)
behaviour and behaviour in case of too fast start up (B) for a simplified ring oscillator

consisting of 5 inverter stages.
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FIGURE 5.9: Demonstration of a 5-stage ring oscillator normal operation (A) and
functionality problem in case of too fast start-up (B)
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FI1GURE 5.10: Power supply ramp up of the top level

In case of 128 MHz oscillating frequency, if the speed of the ramp approaches 10 ns,
this phenomenon is almost sure to occur. However, this is not an issue for the real
sample measurements in the future, since the speed of the real power source is much
lower than the designed oscillating frequency: some hundreds of milliseconds. So, for
the simulation test bench, in order to keep the simulation times short, but still achieve
reasonable results, the ramp as it is shown in Figure 5.10 has been implemented for

VDD source.
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The transient response of the top level, presented in Figure 5.8, is shown in Figure 5.11.
Here V,, is signal of the standard inverter based RO, V,ppq o in RHBD RO output,
Vrp,, and Vpp,,,, .. are signals after frequency division of RO and RHBD RO corre-
spondingly, Viistate and Vi, are outputs of the enabled tristate buffer, connected to

RHDB RO and of the output buffer correspondingly.
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FIGURE 5.11: Simulated transient response of the top level schematic at Vpp = 1.8V

The ”worst case” process condition parameters of the designed blocks are listed in Table
5.4. The frequency of the ROs is given for the worst case power (thus, the highest one),
whereas the frequency for the tristate and output buffers means the highest possible
buffered frequency in case of worst speed. The frequency of the FD is maximal divid-

able frequency of the RO.

TABLE 5.4: Summary of simulated top level designed blocks parameters

| H t-, ps | tr, ps ‘ f, MHz ‘ Note
Inverter 30 20 — tr, t; are delays at the rising...
RHBD inverter 30 84 — ...and falling edges
Ring oscillator — — 128.8
RHBD RO — — 118.1
FD 190 150 5000 Ly, Ly are rising and falling times

Tristate buffer || 119 x 103 | 79 x 103 10

Output buffer || 122 x 10® | 78 x 103 10 maximal frequency at 100pF load




Chapter 6

Modelling of TID Response of the
Ring Oscillators

6.1 Single Device Effects Simulation

As discussed above, there are two most significant consequences of the TID damage in a
transistor: threshold voltage shift and increase in a leakage current. In order to predict

circuit behaviour, a single device radiation response has to be analysed.

The values of parameter change have been extracted with the help of multiphysics fi-
nite element method (FEM) radiation simulation tool ECORCE! as well as from the
literature. A simplified 1-D model of a transistor, has been created and a total dose of
130 krad was simulated. The model of the device is presented in Figure 6.1. Simulation

of the dose rate of 8.5 rad/s and 4 hours exposure has been performed.

Annode Cathode
Gate SiO, Si substrate

FIGURE 6.1: 1-D model of a MOS transistor

As it can be seen in Figure 6.2, the threshold voltage of NMOS decreases, thus leading
to complication of switching the transistor off. The change in PMOS threshold voltage

is also negative, thus making it greater in absolute value. However, the change in the

"http://ecorce2d.free.fr/
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Vip, is not significant, due to the low thickness of the gate oxide.

i 50 krad dOSE‘,’_
-0.004 Al
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FI1IGURE 6.2: Threshold voltage shift of the PMOS and NMOS transistors obtained
with ECORCE for TID 130 krad

Since the gate oxide thickness is less than 5 nm, the major TID caused dark current
appears not in the ”as drawn” transistor, but is caused by parasitic device. Figure 6.3
shows the leakage current path and parasitic MOS devices, composed by STI. Since the
thickness of STI oxide for commercial technologies reaches over 300 nm, this part of
the chip experiences much higher damage. The charge build up at the side wall of the

shallow trench isolation causes additional leakage Ig;.
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FIGURE 6.3: Leakage current path (A) and cross-section of a transistor with STI (B)

Finally, as it has been found out from the literature [21], [28], [15], [31] the param-

eters changes can be much more significant in the real life. Thus, the values from
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the literature have been taken for further simulations, as the worst case condition:

AVthn = 0.3V, AVthP = O.IV, Ileak = l,um.

So, the simplified model of NMOS and PMOS, as shown in Figure 6.4, is proposed,
where current source represents leakage current and voltage source represents threshold
voltage shift. Since the dark current of PMOS does not change significantly (it stays in

order of initial leakage current) [15], it can be neglected.

A B
ﬂVth &Vth
_@—E C) Ileak
NMOS PMOS

FIGURE 6.4: Macro-model of NMOS(A) and PMOS (B) after irradiation

6.2 Radiation Effects on a Single Inverter Cell

The simplified model of the considered above effects can be defined for the inverter
cell as in the Figure 6.5, where voltage sources represent V;; shift and current source

represents radiation induced leakage current.
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FIGURE 6.5: Macro-model of the radiation effects on inverter cell (A) and inverted-
source inverter cell (B)
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In order to analyse change in the cell behaviour, the transfer functions of the inverters
before and after irradiation have been compared. Total dose in this case equals 130 krad.
For digital circuits, correct voltage levels of logical 1 and 0 and the steepness of the
transfer function are very important. The change in these parameters have been observed

and analysed.

Since inverted-source technique is meant to mitigate dark current, only this parameter
was included in order to see the advantages this technique brings. For demonstration
purpose, the simulated dark current has been chosen 10 puA. The Figure 6.6 shows
the difference between radiation response of standard and radiation hardened inverters.
As one can see, the output voltage of the standard inverter does not reach 1.8 V any
more, whereas the RHBD one still operates correctly. Still, there is some change in
the transfer function of the inverted source inverter. It is explained by leakage current
of the additional inverter, which leads to false voltage at its output and thus to some
additional voltage drop, allowing leakage current of the main inverter to flow.
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FIGURE 6.6: Transfer function of the standard (A) and inverted-source (B) inverter
cells before and after irradiation: 10 uA NMOS leakage current influence

Next, in order to draw conclusions about circuit operability after irradiation, all param-
eters have been included into simulation. For this simulation the maximal values of the
threshold shift (300 mV for NMOS and 100 mV for PMOS) have been taken, and the
leakage current value is 1 pA, because of the small size of the transistor. Figure 6.7
shows that change in the RHDB cell is significantly less than in the standard one. One

can see that in this case Vjj shift has greater influence on the cell parameters.
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FIGURE 6.7: Transfer function of the standard (A) and inverted source (B) inverter
cells before and after irradiation: lieqr = 1pA, AVi,, = 0.3V and AVy,, = 0.1V
influence

Additionally, transient analysis has been performed. Both inverters show decrease in
the mean delay time: by 8 percent for the standard inverter, and by 12 percent for the
RHBD one. It means consequent increase in the oscillation frequency of the RO. The

radiation response of the ring oscillator is discussed in the following subsection.

6.3 Effects of Radiation on Ring Oscillators

As the electrical parameters of the single devices change, the circuit characteristics
change as well. In this section, two approaches to the TID effects on ring oscillators
modelling are implemented. First, analytical model, taking into account Vj, shift [28],
has been applied. Further, proposed model of the inverter cell has been applied to
simulate ring oscillator radiation response. The discussion of the obtained results follows

in the next section.

6.3.1 Analytical Model

The frequency of ring oscillator is defined as [28]:

1

F=———
2N X tg
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where N is number of inverter stages and tg is delay time of a single inverter cell. It is

defined as follows [28]:

X (tpHL + tyrH) (6.2)

(NN

tg =

where delay time of the inverter at falling edge t,57, depends on NMOS parameters and

delay time at rising edge ¢,z on PMOS as follows [28]:

C
t HIL — > a (63)
: /anow(%)nVDD "
C
t LH — a (64)
P Mpcow(%)pVDD g
and a,, and a, are defined as follows [29]:
ap = 8Vip (6.5)
TVip —12VppVin, + 4V
8V3p
i 6.6
" TVEp = 12Vop|Vin, | + 4V (6.6)

Some parameters of equations (6.3)—(6.6) are considered unchangeable with increasing
TID: oxide capacitance C,,, device linear sizes W, L, supply voltage Vpp, mobility of
NMOS and PMOS py,, and pp, and output capacitance of the inverter C' [28]. Thus,
according to this model, the change in the ring oscillator behaviour depends only on

threshold voltage V;, shift of NMOS and PMOS, as in equations 6.5 and 6.6.
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After substituting values of V}, for few TID levels into 6.5 and 6.6 for standard inverter
based ring oscillator the expected change in the circuit behaviour is presented in Figure
6.8, where the oscillating frequency is plotted over TID step, corresponding to threshold
voltage shift, as shown in Figure 6.9. The threshold voltage shift reaching maximally
0.3 V for NMOS and 0.1 V for PMOS, as discussed in previous chapter. The curve form
was approximated in MatLab environment accordingly to the results of the ECORCE

simulation.

131 ¢ f, MHz
130
129
128
127
126
125

124

step
0 1 2 3 4 5 6 7 8 9

123

FIGURE 6.8: Expected frequency of the standard inverter based ring oscillator after
irradiation obtained from analytical model

The initial increase in the frequency is explained by decrease of the Vjp, as it is signifi-
cant already at low irradiation doses. The following decrease starts at the dose, where
change in V};,, becomes grater than the one of NMOS. As threshold voltage for both
transistors becomes more negative, for PMOS it means increase of the magnitude, which

consequently means increase of ¢,z and thus the decrease of the oscillation frequency.

Table 6.1 summarizes influence of the threshold voltage shift of PMOS and NMOS on

cell delays and on oscillation frequency correspondingly.

However, this theoretical model does not cover the influence of the leakage current. Con-
sequently, it cannot show improvement of the circuit radiation response due to inverted-
source technique, as leakage current is the effect mitigated by this approach. That is

why the following subsection presents Cadence-Spice simulation results on circuit level,
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FIGURE 6.9: Threshold voltage shift used for frequency change calculations

TABLE 6.1: Radiation response of the standard inverter based ring oscillator according
to analytical model

| Dose step || Vin,, mV | tprr, ps | Vin,, mV | tprm, ps | tq, ps | f, MHz |

0 355 13.42 -450 38.31 25.87 128

1 255 11.95 -465 39.09 25.51 | 129.8
2 185 11.07 -480 39.87 | 25.47 130

3 145 10.65 -490 40.41 25.51 | 129.81
4 105 10.18 -500 40.96 25.57 | 129.49
) 95 10.07 -510 41.53 25.80 | 128.33
6 85 9.98 -520 42.11 26.04 | 127.15
7 75 9.88 -530 42.70 | 26.29 | 125.96
8 65 9.78 -540 43.31 26.54 | 124.75
9 55 9.68 -550 43.93 26.81 | 123.52

using presented in Figure 6.5 macro-model and compares obtained data with theoretical
calculations done in this chapter in order to evaluate degree of influence of the dark

current on radiation response of the ring oscillator.

6.3.2 Simulation of the Radiation Effects on Ring Oscillators

In order to perform comparative analysis of two ring oscillator topologies, the circuit-
level simulation, including radiation effects, has been carried out. The simulation has
been performed in the Cadence analog simulation environment. The change in the

devices’ parameters is presented by the piecewise linear voltage and current sources,
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instead of DC sources as in Figure 6.5. Thus, modelled case represents changes in the

circuit behaviour when exposed to radiation during operation.

The frequency change over time for standard inverter based RO and for RHBD RO
is shown in Figure 6.10 and Figure 6.11 correspondingly. As expected from the single
inverter simulation results, because of the delay time decrease, the frequency increases
for the whole irradiation period, unlike computational results, presented in previous
subsection. It has to be also mentioned that radiation induced increase in the leakage
current has significant effect on ring oscillator, as it has been seen on the block level
simulation. However, introduction of inverted source topology increases the influence of

the threshold voltage shift on the oscillating frequency.
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FIGURE 6.10: Simulation results: frequency of the standard inverter based ring os-
cillator under radiation with radiation induced Ijeqr = 0..1p4A, AV, = 0..0.3V and
AVip, = 0..0.1V, and Vpp = 1.8V

Table 6.2 presents the summary of the parameters of the designed blocks: inverter
(Inv), inverted source inverter (RHBD Inv), ring oscillator (RO), RHBD ring oscillator,
oscillators signals after frequency division (RO FD and RHBD RO FD correspondingly),
frequency divider (FD), tristate buffer (TrBuf) and output buffer (OutBuf) before and

after irradiation.
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FIGURE 6.11: Simulation results: frequency of the RHBD ring oscillator under radia-
tion with radiation induced ljeqr = 0..1u4, AVyy,, = 0..0.3V and AVyy,, = 0..0.1V, and
Vpop =18V

TABLE 6.2: Results of simulation: parameters of the test structures before and after
irradiation and parameters of the output stage blocks

‘ Test Structures H Notes
tq, ps f, MHz
Inv before 25 — Vpp = 1.8V,
after 23 — typical conditions
RHBD  before 56 — Vop = 1.8V,
Inv after 49 — typical conditions
RO before — 128 Vpp = 1.8V,
after — 143 typical conditions
RO FD  before — 8 Vpp = 1.8V,
after — 8.9 typical conditions
RHBD  before — 118 Vop = 1.8V,
RO after — 134 typical conditions
RHBD  before — 7.375 Vpp = 1.8V,
RO FD after — 8.375 typical conditions
Output Stage
tq, ns tr, ps finumass MHz
FD 0.189 0.149 5000 worst speed, 70C
TrBuf 119 79 10.1 worst speed, 70C
OutBuf 122 78 10.0 worst speed, 70C, Cjyqq = 100pF
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6.4 Results Discussion

First of all let us compare the two models. The analytical model describes exactly the
influences of each threshold voltage shift. However, it does not take into account the
leakage current and also must be extrapolated for inverted source inverter based ring
oscillator. Furthermore, it does not take into account additional geometry dependent
effects, like short channel effects. In small feature technologies, threshold voltage can

vary dramatically for different sizes of devices.

The macro-model, implemented in Cadence, in turn, demonstrates advantages of the
inverted source inverter in comparison to the standard one. The more detailed model
of the device parameters is one more advantage of this modelling approach. However, it
still has some drawbacks as for the use in characterisation of the ring oscillator. The use
of ideal current sources does not exactly represent the phenomenon of leakage current
in this circuit. Even at the off state, the current is forced, thus corrupting the actual

parameter values.

As one can recall, for same input parameter range (ljeqr, AVipn, and AVyy,,) the trend
in the oscillation frequency change is different for computed and simulated models.
Nevertheless, the mechanism of change is the same. However, as different results show,
the exact analytical model behind the delay time of the inverter still has to be adapted.
The short channel effects must be taken into account. Eventually, the origin of the dark

current influence, causing additional voltage drop, must be included.

Thus, as the next step in the TID effects research the Verilog A model can be created
in order to simulate all parameters changes accordingly to their physical nature, e.g.

ensuring Ij.qr = 0A when Vg = 0V

Finally, coming back to the circuit design, the inverted-source inverter has been proved
to be more robust against radiation induced changes in the dark current. However, the
threshold voltage shift of additional structure contributes to parameters degradation at

the higher circuit levels, in this case influences frequency of the ring oscillator.

The relative change in frequency for both topologies, although it is caused by different
effects, is still eleven to thirteen percent. Thus, the inverted-source inverter does not
improve radiation hardness of the ring oscillator, while it shows significant improvement

of the single inverter cell.



Conclusions

The radiation hardness is very topical for a vast number of applications. In particular,
integrated circuit for medical imaging suffer from radiation effects. A computed tomog-
raphy scanner electronics is exposed to the total dose of 120 to 160 krad over the lifetime.

The effects of this exposure can lead to severe damage, as discussed in Chapter 2.

In this work, a background for a given CMOS technology radiation hardness characteri-
sation has been created. For this purpose, two ring oscillators were designed: a standard
cell based one, with oscillating frequency of 128 MHz, and radiation hardened one, with
oscillating frequency of 118 MHz. Special attention has been paid to the circuitry op-
erability after irradiation. In order to ensure this correct operation, the output stage
and the output frequency of the oscillators have been optimized. A radiation tolerant
frequency divider with division factor 16 and input frequency range up to 5 GHz, tristate
buffer and output buffer, both capable of driving frequencies up to 10 MHz with capac-
itive load of 100 pF, have been designed. It has been ensured that the output stage can
drive ring oscillators signals even after parameter degradation after irradiation, allowing

change in oscillating frequency to reach up to 30 percent.

The models, implemented in this work, have been proved useful for preliminary analysis
of circuit radiation response. The ECORCE simulator has been used for device radiation
response simulation. The trend in the threshold voltage shift has been observed. It has
also been found out that the main part of leakage current is the STI dark current, since
the thickness of the STI is significantly higher than the one of the gate oxide, therefore
free holes cannot easily escape the volume and lead to parasitic electric field. On the
circuit level, two approaches have been investigated: the computational model according
to [29] and simulation model as presented in Chapter 6, section 2. The analytical

model shows direct relation of the irradiation influenced parameters to the oscillation

41
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frequency and helps to differentiate between NMOS and PMOS contributions to the
circuit behaviour. Thus, it can be used as additional method for understanding radiation
effects in CMOS, especially in standard logic gates. The Cadence simulation macro-
model can further be used for preliminary analysis of circuit radiation hardness at the
design stage. It has also shown importance of the additional effects, such as short channel

effect, which is not taken into account in the mentioned above computational model.

Also, the radiation hardening technique ”inverted source” has been tested. As it is known
from the literature research, this method is efficient for radiation induced increase of the
dark current mitigation. The leakage current of 10 pA has been simulated, and the
transfer function of the inverter has been evaluated. The inverted source inverter has
shown correct behaviour, reaching both VDD and VSS, whereas the standard cell logical
high reached only 1.72 V. However, going beyond CT applications, at higher dose levels,
the value of the current can eventually exceed 20 pA, and the change in the output

voltage can consequently lead to the wrong interpretation of the signal.

This technique has also been implemented for the output stage design. The correct
operation of the cells shows universality of the inverted-source design for digital cells.
Finally, the layout area of the inverted source inverter does not exceed the limits of a
standard cell area, so this radiation hardening method is also cost efficient. Thus, it
can be concluded that this method is useful for digital circuits and possibly can also be

extended for analog circuits improvement, where leakage currents can be very high.

However, the change in the threshold voltage leads to similar changes in the delay times
of the named above cells: approaching 8 to 12 percent. Consequently, oscillating fre-
quency change of both RO is similar, 11 to 13 percent. As the radiation hardened
inverter cell has two more transistors, also influenced by radiation, their threshold volt-
age shift is also contributing to the change of the circuit parameters. So, inverted source
technique might be not efficient for the radiation hard ring oscillator design. Neverthe-
less, comparison of standard cell based and RHBD RO will help to differentiate between
threshold voltage shift contribution and dark current contribution to the circuit perfor-
mance degradation. Moreover, it is of advantage for applications targeting relatively
low oscillating frequencies, delay of around 50 ps for the same cell size whereas the stan-
dard inverter has delay of approximately 20 ps, which means less inverters for the same

oscillating frequency, when using RHBD one.



Outlook

As it has already been mentioned, the presented thesis has been done in the framework
of COTOMICS project, dealing with radiation hardness of ICs used for computed to-
mography. The aim of the project is to create a set of design guidelines for radiation

tolerant integrated circuits for medical imaging applications.

This master thesis gives a background for the first step on the way to creating a list of
guidelines - technology characterisation. As the next step of the research, the designed
circuit will be produced and tested, together with other test structures, including indi-
vidual transistors. The measurement results will be compared with the models. The
models will be consequently improved and adapted, taking into account measurement
results. Moreover, in order to implement the simulation model realistic, a Verilog A
model, taking into account parasitic current and voltage sources dependence on the op-
erating conditions can be used to replace simple transistor behavioural one, in order to

see radiation damage from a single transistor on block level.

Additionally, TID effects in the STT have to be investigated more closely. In the extra
small feature technologies, with gate oxide thinner than 5 nm, the major effect of irradi-
ation takes place in the STI, since its thickness exceeds 300 nm. It is assumed that the
main part of the dark current is the STI leakage. Moreover, inter-device leakage, which
was not included into this work, has to be taken into account. Thus, some additional
structures must be implemented on the test chip in order to be able to differentiate

between those phenomena.

43



Bibliography

1]

2]

[5]

A. Holmes-Siedle and L. Adams, Handbook of Radiation Effects, 2nd ed. Oxford
University press, 2007.

H. L. Hughes and R. R. Giroux, “Space Radiation Effects MOSFETSs,” FElectronics,
vol. 37, p. 58, 1964.

H. Hughes and J. Benedetto, “Radiation Effects and Hardening of MOS Technology:
Devices and Circuits,” IEEFE Transactions on Nuclear Science, vol. 50, no. 3, pp.

500-521, June 2003.

F. B. Micheletti and F. Kolondra, “Relaxation Phenomena Associated with
Radiation-Induced Trapped Charge in Al O MOS Devices,” IEEE Transactions
on Nuclear Science, vol. NS-18, p. 131, 1971.

J. L. Peel and G. Kinoshita, “Radiation-Hardened Complementary MOS Using SiO
Gate Insulators,” IEEE Transactions on Nuclear Science, vol. NS-19, p. 271, 1972.

B. L. Gregory, “Process Controls for Radiation-Hardened Aluminum Gate Bulk
Silicon CMOS,” IEEE Transactions on Nuclear Science, vol. NS-22, p. 2295, 1975.

K. G. Aubuchon, “Radiation Hardening of P-MOS Devices by Optimization of the
Thermal SiO Gate Insulator,” IEEE Transactions on Nuclear Science, vol. NS-18,
p. 117, 1971.

J. G. Fossum, G. F. Derbenwick, and B. L. Gregory, “Design Optimization of
Radiation-Hardened CMOS Integrated Circuits,” IEEE Transactions on Nuclear
Science, vol. NS-22, p. 2208, 1975.

44



Bibliography 45

[9]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

J. M. Benedetto, H. E. Boesch, F. B. McLean, and J. P. Mize, “Hole Removal in
Thin-Gate MOSFET’s by Tunneling,” IFEFE Transactions on Nuclear Science, vol.
NS-32, p. 3916, 1985.

M. R. Shaneyfelt, P. E. Dodd, B. L. Draper, and R. S. Flores, “Challenges in
Hardening Technologies Using Shallow-Trench Isolation,” IEEE Transactions on

Nuclear Science, vol. 45, p. 2584, 1998.

P. M. Lenahan, C. A. Billman, R. Fuller, H. Evans, W. H. Speece, D. DeCrosta,
and R. Lowry, “A Study of Charge Trapping in PECVD PTEOS films,” IEEFE
Transactions on Nuclear Science, vol. 44, p. 1834, 1997.

D. Fleetwood and H. Eisen, “Total-Dose Radiation Hardness Assurance,” IEEE

Transactions on Nuclear Science, vol. 50, no. 3, pp. 552-564, June 2003.

T. I. Group. (2009) Comparative Specifications: 64 Slice CT Scanners. [Online].

Available: nhscep.useconnect.co.uk/ShowDocument.ashx?id=146&i=true

(2015, September) SOMATOM Force: Clinical Use. Siemens. [Online]. Avail-
able: http://www.healthcare.siemens.com/computed-tomography/dual-source-ct/

somatom-force /use

A. J. Womac, “The Characterization of a CMOS Radiation Hardened-by-Design

Circuit Technique,” Master’s thesis, University of Tennessee, 2013.

“The International System of Units (SI),” International Bureau of Weights
and Measures (BIPM), 2006. [Online]. Available: http://www.bipm.org/utils/

common/pdf/si_brochure_8_en.pdf

Z. Luo, T. Chen, A. Ahyi, A. Sutton, B. Haugerud, J. Cressler, D. Sheridan,
J. Williams, P. Marshall, and R. Reed, “Proton Radiation Effects in 4H-SiC Diodes

and MOS Capacitors,” IEEE Transactions on Nuclear Science, vol. 51, no. 6, pp.
3748-3752, Dec 2004.

G. F. Knoll, Radiation Detection and Measurement, 4th ed. Wiley & Sons, 2010.

P. Carter and B. Wilkins, “Alpha-Particle-Induced Failure Modes in Dynamic
RAMSs,” Electronics Letters, vol. 21, no. 1, pp. 38-39, January 1985.



Bibliography 46

[20]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

T. Oldham, “Analysis of Damage in MOS Devices for Several Radiation Environ-
ments,” IEEE Transactions on Nuclear Science, vol. 31, no. 6, pp. 1236-1241, Dec
1984.

H. Barnaby, “Total-Ionizing-Dose Effects in Modern CMOS Technologies,” IEEFE
Transactions on Nuclear Science, vol. 53, no. 6, pp. 3103-3121, Dec 2006.

D. Fleetwood, M. Shaneyfelt, W. Warren, J. Schwank, T. Meisenheimer, and
P. Winokur, “Border Traps: Issues for MOS Radiation Response and Long-Term
Reliability,” Microelectronics Reliability, vol. 35, no. 3, pp. 403-428, March 1995.

D. Fleetwood, “Fast and Slow Border Traps in MOS Devices,” IFEE Transactions
on Nuclear Science, vol. 43, no. 3, pp. 779-786, Jun 1996.

D. Schroder, Semiconductor Material and Device Characterization. Wiley, 2006.

D. Fleetwood, W. Warren, J. Schwank, P. Winokur, M. Shaneyfelt, and L. Riewe,
“Effects of Interface Traps and Border Traps on MOS Postirradiation Annealing
Response,” IEEE Transactions on Nuclear Science, vol. 42, no. 6, pp. 1698-1707,
Dec 1995.

T. Oldham and F. McLean, “Total Ionizing Dose Effects in MOS Oxides and De-
vices,” IEEE Transactions on Nuclear Science, vol. 50, no. 3, pp. 483-499, June
2003.

D. Pan, H. Li, and B. Wilamowski, “A Radiation-Hard Phase-Locked Loop,” in
2003 IEEFE International Symposium on Industrial Electronics, vol. 2, June 2003,
pp- 901-906 vol. 2.

G. Schlenvogt, H. Barnaby, J. Wilkinson, S. Morrison, and L. Tyler, “Simulation
of TID Effects in a High Voltage Ring Oscillator,” IEEFFE Transactions on Nuclear
Science, vol. 60, no. 6, pp. 4547-4554, Dec 2013.

A. Sedra and K. Smith, Microelectronic Circuits, ser. Oxf Ser Elec Series. Oxford

University Press, 1987.

C. Peng, Z. Hu, B. Ning, S. Fan, L. Zhang, Z. Zhang, and D. Bi, “Influence of
the Total Ionizing Dose Irradiation on 130nm Floating-body PDSOI NMOSFETS,”
IEEE Transactions on Nuclear Science, vol. 62, no. 1, pp. 314-322, Feb 2015.



Bibliography 47

[31] D. Fleetwood, “Total Ionizing Dose Effects in MOS and Low-Dose-Rate-Sensitive
Linear-Bipolar Devices,” IEEE Transactions on Nuclear Science, vol. 60, no. 3, pp.

1706-1730, June 2013.



