
Charge-Transfer CMOS Image Sensors: 
Device and Radiation Aspects 





Charge-Transfer CMOS Image Sensors: 
Device and Radiation Aspects 

Proefschrift

ter verkrijging van de graad van doctor
aan de Technische Universiteit Delft,

op gezag van de Rector Magnificus prof. dr. ir. J. T. Fokkema,
voorzitter van het College voor Promoties,

in het openbaar te verdedigen
op maandaag 18  mei  2009 om 12:30 uur

door

Padmakumar RAMACHANDRA RAO 

Master of Science (Applied Electronics)
Bharathidasan University, India

geboren te Kochi, India



Dit proefschrift is goedgekeurd door de promotor:

Prof.dr.ir. A.J.P. Theuwissen

Samenstelling promotiecommissie:

Rector Magnificus, 
Prof.dr.ir. A.J.P. Theuwissen,
Prof.dr. P.J. French,
Prof.dr.ir. E. Charbon,
Prof.dr. P. Seitz,
Dr. M. Graef,
Dr.ir. I.M. Peters,
Dr.ir. J. Bogaerts

voorzitter
Technische Universiteit Delft, promotor
Technische Universiteit Delft
Technische Universiteit Delft
University of Neuchâtel
Technische Universiteit Delft
DALSA Imaging, Eindhoven
CMOSIS NV, Belgium

ISBN: 978-90-813316-6-1

Het onderzoek beschreven in dit proefschrift in financieel ondersteund door de 
Stichting voor Technische Wetenschappen (STW).

Copyright © 2009 by Padmakumar R. Rao

All rights reserved. No part of this publication may be reproduced or distributed 
in any form or by any means, or stored in a database or retrieval system, without 
the prior written permission of the author.

Printed by PrintPartners IPSKAMP, Enschede, The Netherlands



                         To Gayathri, Sudarshan, amd myFamily
                          ഗായര്തിക്കും സുദ ശനും     സുകുടുംബ ിനും





Table of contents 1

1. Introduction ......................................................................................... 1

1.1 History of photography ..........................................................................  2
1.1.1 Development of the camera—The early period ............................  2
1.1.2 Development of the camera—The early modern and modern 
periods .....................................................................................................  4
1.1.3 Development of the digital camera—Scientific applications ........  7

1.2 Thesis objectives ..................................................................................  12
1.3 Organization of the Thesis ....................................................................  15
1.4 References ............................................................................................  17

2. Device physics—Basics ..............................................................  19

2.1 Semiconductor device physics— Components of an image sensor .....  20
2.2 The gated-diode ....................................................................................  22

2.2.1 Generation/recombination phenomenon—Basics .......................  24
2.2.2 Surface and bulk leakage currents under the GD gate region .....  27
2.2.3 GD design and experiment ..........................................................  29
2.2.4 Diode leakage currents in the FGD .............................................  33
2.2.5 Energy-dependent profiling of interface states ...........................  37

2.3 Summary ..............................................................................................  42
2.4 References ............................................................................................  42

3. Electrical and optical aspects of 4-T image     
sensors ............................................................................................................45

3.1 4-T CIS: Basics ....................................................................................  46
3.2 Spectral characteristics of the 4-T pixel sensor ....................................  50

3.2.1 Internal QE ..................................................................................  51
3.2.2 External QE .................................................................................  60
3.2.3 Spectral response: experimental method .....................................  62

3.3 Dark current of the 4-T pixel sensor ....................................................  64
3.3.1 STI induced dark current .............................................................  65



3.3.2 Enhanced generation due to electric fields ..................................  69
3.4 Chapter summary .................................................................................  71
3.5 Acknowledgements ..............................................................................  72
3.6 References ............................................................................................  73

4. Radiation effects on CMOS image sensors ................  77

4.1 Radiation effects: Basics ......................................................................  78
4.1.1 Ionization damage .......................................................................  78
4.1.2 Displacement damage .................................................................  92

4.2 Experimental ........................................................................................  94
4.2.1 Radiation mechanisms resolved by finger gated-diodes .............  95

4.3 Radiation effects on CMOS image sensors ..........................................  98
4.3.1 Dark-signal degradation ..............................................................  98
4.3.2 Optical degradation ...................................................................  107

4.4 Chapter summary ...............................................................................  123
4.5 References ..........................................................................................  125

5. CCD in standard CMOS technology — A study ..  129

5.1 Background ........................................................................................  130
5.2 Simulation and modelling ..................................................................  131

5.2.1 Fringing fields ...........................................................................  132
5.2.2 Simulation of the device ............................................................  137

5.3 Fabrication and layout ........................................................................  146
5.4 Results and discussion ........................................................................  153
5.5 Chapter summary ...............................................................................  161
5.6 References ..........................................................................................  162

6. General conclusions and suggestions for future 
work ........................................................................................................................... 165

6.1 Radiation hardness of semiconductors and in particular, CMOS image 
sensors ........................................................................................................  165

6.1.1 Finger gated-diodes (FGDs) ......................................................  166
6.1.2 Radiation effects on FGDs ........................................................  166
6.1.3 Radiation effects on CMOS image sensors ...............................  167

6.2 CCD like image sensors in deep sub-micron CMOS technology ......  170
6.3 Suggestions for future work ...............................................................  171

6.3.1 Radiation hardness studies ........................................................  172



6.3.2 CCD-like image sensors in standard CMOS technology ..........  174
6.4 References ..........................................................................................  175

Summary ...........................................................................................  177

Samenvatting ..................................................................................  179

Acknowledgements ....................................................................  181

Publications .....................................................................................  183

About the author .........................................................................  185





1Introduction 1
The Universe has always been a fascination to humans through the 
ages. One of the ancient Rig Vedic hymn relating to the creation of 
the Universe reads thus: “There was not what is not, and there was 
not what is, then” [1.1]. Time has changed much since this most 
celebrated philosophical statement, wherein the author portrays his 
dilemma as rhetoric [1.2]. Yet, Man has only started to objectively 
understand the intricacy of this Universe at the macroscopic as well 
as the microscopic level. It is not far-fetched to argue that both of 
these have been possible, to a large extent, due to the ability of Man 
to see the farthest and the smallest. The photon, which carries 
information in the form of energy (colour) and amplitude 
(brightness), travels with an incredible speed of 3 × 108 m/s. By 
“freezing” these photons, it is not only possible to bring back old 
memories, but also study events more carefully for many scientific 
applications. Aesthetics is a complex topic; at least when it comes to 
photography (the art of freezing photons in a pleasing manner). This 
thesis attempts to study device physics aspects of solid-state detectors 
used in scientific applications: radiation effects on CMOS image 
sensors and a CCD (Charge-Coupled Device) like image sensor in 
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 Introduction
standard CMOS technology (aimed at medical applications)—leaving 
the problem of aesthetics to seasoned artists!

1.1 History of photography 

1.1.1 Development of the camera—The early period

Camera Obscura (literally “dark-room”) utilized a pin-hole to project 
an image onto a wall (inside the dark room) and has been prevalent 
for at least four centuries now [1.3]. The first mention of the concept 
of a pin-hole camera can be traced back to Mozi, a Chinese 
philosopher who lived circa 400 BC. An accurate description of 
camera obscura, however, has been credited to the Persian scientist, 
Ibn al-Haitham. Down the time line, Aristotle also seems to have 
known the principles of the optics of camera obscura. Leonardo Da 
Vinci mentions it in his work Codex Atlanticus and is speculated to 
have even used one of them. The Dutch masters like Johannes 
Vermeer Van Delft (17th century), who painted such intricate details 
may have used such a system, though the idea is regarded highly 
controversial [1.4]. The first “portable” version of camera obscura 
was built by Johann Zahn in 1685 [1.5].

The name “photography” was coined by John Herschel in the 
year 1839. This came at a time when the technique of the 
Daguerreotype—an early camera based on the camera obscura and a 
plate coated with silver salts—was made “public” by the French 
Government. This was the culmination of efforts undertaken by many 
people who studied the effect of light on certain chemicals (e.g., 
silver chloride). A major hurdle was the requirement for large 
exposure times to form an image; sometimes for hours together. The 
issue of sensitivity of the silver chemicals was tackled by using gallic 
acid as a sensitiser which resulted in the Talbotype; another 
photographic technique on paper. Many photographic processes were 
to ensue—like the colloidal method as well as advancements in 
photographic glass plates through the 19th century. 
2
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Fig. 1-1
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(~ 400 BC-1860) [1.3].

In 1851, the invention of the collodion process greatly improved 
the time required for exposure on glass plates—from several minutes 
to a few seconds. Of the different competing types of photographic 
processes, the Talbotype is considered to be the cul-de-sac of early 
photography, culminating to the modern film based cameras. 

The major milestones in the development of photography in the 
early period (~ 400 BC-1860) is shown in Figure 1-1.
3
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Fig. 1-2 Willard S. Boyle (left) and George E. Smith, inventors of the 
charged-coupled device (CCD), demonstrating the imaging 
capabilities of their patented CCD camera in 1974 [1.6]. 
Reprinted with permission.

1.1.2 Development of the camera—The early modern and 
modern periods

During the end of the 19th century, the photographic film was 
developed by George Eastman for his Kodak camera, and became the 
basis for the modern film based photographic system [1.8]. This 
camera became very popular among the public, and no wonder the 
slogan for the Kodak system was: “You press the button, We do the 
rest”! 

The first mass marketed film camera, the Brownie, hit the 
market in the year 1900. A major breakthrough came with the 
4



History of photography
introduction of the Kodachrome film in 1935, resulting in the first 
color camera. From here on, the film camera gained immense 
popularity, with consumers having a variety of choices to make with 
respect to size, cost and features.

The first viable light-to-digital conversion using a CCD was 
developed by Willard S. Boyle and George E. Smith in the year 1969. 
The CCD camera was patented by its inventors in the year 1974 
(Figure 1-2).

But the first viable color digital camera had to wait until the year 
1981, when Sony’s Sony Mavica was released. This was marked a 
major step towards popularising digital photography among the 
masses. The first Megapixel camera was already conceived in 1987 
through Kodak’s Videk. The Megapixel race in the CCD world was 
soon gaining momentum. Between 1973 and 1994, the quality of 
CCD in terms of sensitivity, noise and pixel density became 
comparable to that of the film.

On the other hand, a thin but visible track of CMOS image 
sensors started to emerge in the 1990s. The key figure behind the 
development of a low power and radiation tolerant sensor (thus 
rendering it suitable for outer-space applications) was Eric Fossum of 
JPL (Jet Propulsion Lab). Though developed for scientific 
applications, it soon became popular in the consumer circle, due to its 
lower costs and power requirements.

The first commercial camera which used a CMOS image sensor 
was the 1.8 Megapixel CMOS-PRO digital camera introduced in 
1990. Starting with such a humble beginning, CMOS image sensors 
quickly joined the megapixel race. In early 2008, Samsung 
announced a 14.6 Megapixel CMOS image sensor for the DSLR 
camera GX-20. As of this writing, Sony already has plans for a 24.8 
Megapixel sensor for their DSLR! For many scientific applications, 
even higher resolution sensors are required. Currently only CCDs can 
satisfy this requirement. For example, DALSA has released a 100+ 
Megapixel CCD sensor (to be accurate—111 Megapixel) for 
astronomical purposes. It will not be long before CMOS image 
sensors catch up with CCDs in the ultra-high resolution arena. 

The timeline of major milestones in the early modern and 
modern periods of photography is graphically represented in 
Figure 1-3.
5
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History of photography
1.1.3 Development of the digital camera—Scientific 
applications

Though the CCD (Charge-Coupled Device) was invented in 1969, its 
development and acceptance in scientific imaging was slow. The 
major competitor for the digital image sensor in scientific 
applications was the photographic film itself. Film technology was 
well established, mature and standardised. It had its own merits over 
the then digital sensors. For example, the film corresponds to the 
resolution of a 100+ Megapixel sensor—a feat that could not be 
contested by the early-era digital sensors. This huge resolution is 
particularly important for astronomical applications, like mapping a 
huge portion of the sky. Moreover, film is sensitive to X-rays (thus 
making it suitable for medical applications) and ultraviolet (e.g., 
spectroscopy). Thus the digital sensor had to gain grounds through 
exotic applications like outer-space and the military.

There arose the need for very small, durable and low-power 
sensors to replace the vidicon tubes for space applications like the 
LST (Large Space Telescope—later called as the Hubble), and other 
activities of JPL [1.9]. One of the major drawbacks of film based 
technology for space applications was the “fogging” of the film due 
to high energy cosmic particles, i.e., film was not radiation hard. The 
vidicon tubes, on the other hand, were slow in operation, and their 
lifetime was questionable. 

Bell Labs introduced the CCD to the LST team in 1972. It was a 
100 × 100 pixel sensor, with a very poor charge transfer efficiency. It 
was received by the team because of its large time-frame of operation, 
low power consumption, linearity and ability to output data in the 
digital domain. Moreover, it exhibited good radiation tolerance 
(compared to films). Soon, many groups including JPL, Fairchild, 
RCA, Texas Instruments etc were busy refining and optimizing the 
CCD. Its first success in conventional applications was in the field of 
astronomy; as a sensor in telescopes. Soon, CCDs gained a place in 
almost every branch of applied sciences. 

Performance of early CMOS image sensors did not match up 
well with the then mature CCDs due to its high dark current and 
read-out noise. 
7
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Fig. 1-4 A capsule endoscope. The patient swallows this “imaging pill” 
that captures and transmits high resolution images for 
gastro-intestinal study. Requirements such as compact size, low 
power operation and SOC (System on Chip) are met through the 
use of a CMOS image sensor. From Wikipedia.

Thus initial CMOS image sensor systems were limited to low-cost 
cameras and very specific applications including machine vision. In 
the late 1990s, however, the use of pinned photodiodes, charge 
transfer gates, microlenses etc, which were originally CCD concepts, 
helped revolutionise CMOS image sensors. As a result, they became 
more acceptable in both consumer as well as precision scientific 
applications. 

CMOS image sensors can be realized as an SOC (System on 
Chip), thus rendering it useful for many customised applications. 
Moreover, compact size, low power/voltage requirements and 
standardised production meant it could meet many scientific 
requirements. These include low-light imaging, high-speed and high- 
dynamic range applications, three-dimensional range finding, target 
tracking, etc. Application fields include, but not limited to: 
bio-technology, medicine and medical sciences, information and 
communication technologies, astronomy and outer-space, 
spectroscopy, microscopy etc [1.7].
8



History of photography
Fig. 1-5 Development of solid-state sensor (judged by the pixel count) and 
the important radiation study undertaken during that period 
[1.9].

One particular application that summarises the advantages of 
CMOS image sensors in a “nutshell” is capsule endoscopy 
(Figure 1-4).

In the following sections, the history of digital image sensors 
relevant to the topic of this thesis—study of radiation effects as well 
sensors for medical applications—will be discussed in detail. 

Radiation effects on solid-state imagers
The research on the radiation tolerance of solid-state digital sensors 
was soon to follow their introduction, as they were to be deployed in 
radiation-harsh environments. Figure 1-5 traces the development of 
the image sensor (judged by the sensors pixel count) and the 
important radiation studies undertaken during that period.

In the 1970s, the investigation of radiation tolerance focused on 
neutron and γ -ray damage on the sensor. Parameters that were 
9
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observed include CTI (Charge Transfer Inefficiency), flatband shifts 
as well as dark current after irradiation. Some of the early attempts 
for a radiation tolerant CCD design have been covered in the 
excellent article by J. M. Killiany [1.10]. The important steps that the 
early investigators took to achieve a radiation tolerant image sensor 
include: n-buried channel devices, planar isolation techniques to 
minimize CTI and doped polysilicon for inter-electrode isolation.

With the invention of the MPP (Multi-Phased Pinned) CCDs in 
the 80s, surface traps could be filled with holes, leading to better dark 
current suppression and significant hardening towards ionizing 
damage [1.11].

With the increasing resolutions (800 × 800 pixels for the Hubble 
telescope), cosmetic quality assumed importance. In mid 1980s, 
single neutron and proton effects were studied. It was also discovered 
that elastic collisions in the high electric field regions in the CCD 
resulted in high dark current spikes of several orders of magnitude 
[1.12], [1.13], [1.14]. Researchers concluded that field-enhanced 
emissions were responsible for such drastic dark current spikes that 
were observed after irradiation. A decrease in the thermal activation 
energy was also observed which corroborated the findings.

In recent years, work has been done on radiation damage 
characterization of CCD sensors used in space telescopes like the 
Chandra, XMM Newton, the Hubble etc especially on the proton 
induced CTE degradation. Similar work has also been undertaken in 
the case of CMOS image sensors. Dark current and dark current 
non-uniformity, fixed pattern noise, and spectral response are the key 
degradation observed in CMOS image sensors. Flatband voltage 
shifts were found to be small due to the thin gate oxides employed in 
current CMOS technology [1.15].

Solid-state imagers for medical applications
The first use of digital imagers for medical purposes started in the late 
1980s [1.16]. The first device for dental imaging, for example, was 
the Trophy radiology system introduced in 1987 in France [1.17]. The 
first version of the dental sensor was very thick and had an active area 
of only 19 × 28 mm. This was capable of producing the image of a 
single molar tooth. 
10



History of photography
In 1979, [1.18] developed a CCD system for direct detection of 
single X-ray photons. The pixels were 30 μm in size and had a 
resolution of 100 × 100. It used a buried channel, front-illuminated 
sensor. A video rate X-ray imager was conceived by [1.19] in 1987. 
This also used direct detection especially for soft X-rays. The 
researchers also recommend in their paper the use of phosphor plates 
to reduce blooming effects and improving radiation tolerance.

In 1990, [1.20] presented the first results of a X-ray imaging 
with scintillating glass and optical fibre coupling. The scintillating 
plate was coated with cerium activated glass (GSI). It was observed 
that the plate had a high radiation tolerance (up to 108 rads) due to the 
strong electron affinity of cerium which inhibits the formation of 
color-centres. The authors of [1.20] also envision in their report, an 
immediate use of their invention in medical imaging.

Following the steps of [1.20], [1.21] reported an X-ray area 
imager sensor consisting of an intensified CCD camera which utilizes 
a terbium-doped glass plate as the scintillator. Optical fibres were 
used for photon coupling and to reduce optical cross-talk. Soon the 
field caught on with many reports on improved scintillators, 
cross-talk and even portability [1.22]. 

To study a large area with a digital imaging system for 
bio-medical applications, large area pixels are required. This reduces 
the resolution of the sensor. To circumvent this problem, 
multiple-CCDs arrays which are small in size are generally employed 
for reducing costs. Similarly, since many solid-state imaging 
solutions utilize a less-than-ideal scintillation screen to convert the 
incoming X-rays to visible light, sensitivity of the sensor is 
paramount.

The most important drawback of the CCD based detectors is 
CTE (Charge Transfer Efficiency) degradation due to some of the 
high energy radiation that happens to be incident on them. Radiation 
damage also leads to defective pixels and inoperative columns. 
Another problem of CCD based system is blooming effects due to the 
thick absorption regions present in the CCD, which absorbs part of 
the direct X-rays [1.17].
An alternate CMOS based X-ray detector was reported by Fossum et 
al. [1.24] and later by Abdalla et al. [1.17]. The latter concluded that 
the detector must be at least 20 × 30 mm2 and that the pixel size need 
11
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not be more than 50 × 50 μm2 for X-ray imaging in medical (dental) 
applications, based on the following facts:

• The scintillator on top of the image sensor as well as the dis-
tance between the object and the sensor determines the max-
imum resolution obtainable by the detection system. This 
sets the minimum size of the pixel.

• On the other hand, the intensity of light emitted by the scin-
tillator decides how big the pixel should be. A larger pixel 
size is required when the emitted photons are scant.

1.2 Thesis objectives
The objective of this thesis is to study the radiation and device 
physics aspects of CMOS image sensors fabricated in the 0.18-μm 
technology. Aggressive sub-micron technologies are not optimized 
for imaging applications. The technological drive behind the IC 
fabrication industry is the need for high density integration of digital 
circuits. While semiconductor fabrication technology progresses 
(judged by the minimum feature size) according to the Moore’s law 
(Figure 1-6), several phenomenons hitherto unknown begin to appear 
for imaging applications. This thesis aims to study the two main 
points given below, in the context of deep sub-micron technology as 
applicable to image sensor. The main aims of this thesis are:

• Investigating the effect of γ-ray radiation on 4-T CMOS 
image sensors. 

• The possibility of realizing a CCD like sensor in standard 
0.18-μm CMOS technology. 

The first point is also a precursor to a project presently being perused 
at TUDelft: a sun-sensor for attitude determination, and parallel to 
other projects on radiation hardness. 
12



Thesis objectives
Fig. 1-6 Evolution of CMOS process technology as a function of year. The 
ITRS (International Technology Road map for Semiconductors) 
road map is represented by the straight line [1.23].

The second aim of this thesis, i.e., a CCD like sensor in standard 
0.18-μm CMOS technology is self-contained. However, many 
semiconductor fundamentals and models used in the study of 
radiation effects are carried over to this study. Moreover, a study of 
the radiation characteristics of CMOS technology, particularly to 
high-energy photons, will be both logical and supplementary while 
dealing with sensors for medical imaging. 

Radiation effects in CMOS image sensors
This part of the thesis is devoted to studying the effect of radiation on 
the electrical as well as optical performance of 4-T CMOS image 
sensors. These sensors are state-of-the-art. This investigation is 
carried out from the view point of device physics. Only γ-ray 
radiation effects have been studied and transient effects have not been 
considered. The choice of γ-ray is due the fact that the results 
13
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obtained can also be used to predict the radiation effects due to 
X-rays used in medical applications (since both are high-energy 
photons). This helps in designing a novel sensor discussed as the next 
objective of this thesis. The results also help to understand the weak 
points of the sensor that lead to its degradation, and ideas to improve 
the sensor for applications pertaining to harsh environments. 

Though there have been many studies on radiation tolerance of 
image sensors in the past, the work presented here is a pioneering 
effort undertaken to study radiation tolerance of 4-T CMOS image 
sensors in the 0.18-μm technology. In addition, it also bridges many 
knowledge gaps existing in the other works. For example, a 
quantitative analysis of the radiation induced bulk/surface 
degradation has not been done yet. The fundamental aspects of the 
degradation are studied in this work using a very simple structure 
called as the gated-diode. Similarly, the effect of radiation on some of 
the oxides used in the fabrication process has been analyzed and 
studied using models that were developed. The measurements for the 
optical degradation are carried out using FTIR (Fourier Transform of 
Infrared) as well as ellipsometry.

Similarly, the spectral response of pinned-photodiodes has been 
analyzed and an analytic model has been derived. The derived model 
will help to understand not only the operation of the image sensor, but 
also the mechanism of its degradation due to radiation. 

CCD like image sensor in standard CMOS technology
This part of the thesis investigates the possibility of utilizing the 
0.18-μm standard CMOS technology for fabricating a CCD targeted 
at medical applications. The major hurdles faced by current 
solid-state image sensors for medical applications include the issues 
with dynamic range, resolution and radiation hardness. Dynamic 
range in radiography is important because of the high contrast 
between the dark (flesh and tissue) and the light (bones etc) part of 
the image. Similarly, there is a trade-off between the resolution and 
the dynamic range. A larger pixel implies a lower resolution and 
vice-versa. In our approach, we utilize split-gates to perform clever 
operations inside the pixel. This is possible due to the very small gaps 
that can be formed between polysilicon gates in current 
14



Organization of the Thesis
semiconductor technologies. This helps the surface potentials under 
the gates to merge, and allow charge transfer. By carefully choosing 
the mode of operation, both dynamic range as well as resolution of 
the pixel can be enhanced.

There have been some efforts carried out in this direction in the 
past. But the efforts were not fully fruitful due to the lack of 
technology as well as incomplete analysis. This thesis hopes to 
generate interest and spearhead the fusion of CCD and CMOS 
technologies so that the advantages of both of these can be harnessed. 
Needless to say, this study also comes at a time when several groups 
have started to realize the advantages and are working towards this 
goal (for e.g. see [1.25]).

Since the conversion efficiency of the scintillator layer in front 
of the sensor is not 100%, there is still high-energy radiation incident 
on the sensor that could affect its performance. Therefore, the results 
obtained in the previous discussion on radiation tolerance can be 
utilized effectively in the present part. 

1.3 Organization of the Thesis
Chapters 2 to Chapter 4 concern mainly with the theory and 
experiments carried out in the topic of radiation hardness. It is 
advisable to read them in that order. Chapter 5 is more or less a self 
contained work, though some background information will be found 
in the first two chapters. All chapters contain a brief summary of the 
important concepts presented in that particular chapter.
Chapter 2 introduces the gated-diode (GD). Concepts such as 
generation lifetime and surface recombination velocity are presented 
and experimental results obtained through the GD are discussed. 
Further, thermal and diffusion leakage currents are presented together 
with the Arrhenius plots. Other important semiconductor concepts 
useful later in the thesis are also presented in this chapter.
Chapter 3 deals with the fundamentals of the 4-T CMOS image 
sensor. The basic structure as well as the working principle of the 
sensor is presented. An analytic model of the spectral characteristics 
of pinned photodiode is derived and the sensitivity of the sensor to 
15
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various variables is studied. This model is used in chapter 4 for a 
better understanding of the degradation of spectral characteristics of 
the sensor due to irradiation. The fundamentals of dark current 
leakage mechanisms in the sensor are introduced in this chapter. This 
exposes the reader to the necessary mathematical as well as 
theoretical background required to read ensuing chapters. This 
chapter is concluded with some background information on electric 
fields in advanced image sensors, and its effect on sensor 
performance.
Chapter 4 discusses the experiments carried out on the gated-diodes 
as well as the 4-T CMOS image sensors. Experimental results on both 
the electrical as well as optical degradation of the image sensor due to 
radiation is presented. The effect of various STI (Shallow Trench 
Isolation) parameters on the radiation damage is investigated. FTIR 
and ellipsometry are used to identify the degradation in oxides. The 
chapter is concluded with a short description of the role of electric 
fields on enhanced emission and its likelihood of increasing the 
sensitivity of the sensor towards radiation effects. The results are 
corroborated with the theory presented in previous chapters.
Chapter 5 is a study on the feasibility of a CCD like structure in 
standard CMOS technology. As mentioned earlier, such a fusion 
would enable a sensor to acquire the merits of both these 
technologies. First, the basic concepts as well as some simulation 
studies will be presented. The design of the pixel structure and other 
details follows this. Experimental results are then discussed and the 
concept is proven. Finally conclusions are drawn based on the results.
Chapter 6 summarises the thesis, and presents some possible future 
work in the direction of the study presented in this thesis.
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2Device 
physics—Basics 1
This chapter introduces the basics of semiconductor physics that will 
serve as a background for ensuing chapters. A simple device structure 
for semiconductor characterization—the gated-diode (GD)—will be 
presented and some experimental results which compliment the 
theory will be discussed. Further, the concept of Arrhenius plots will 
be explained. The Arrhenius plot helps to determine the thermal 
activation energy of the semiconductor device under study. The 
presence of traps—both in the bulk as well as in the 
interface—increases the thermal generation and hence the leakage 
current of silicon sensors. A mathematical treatment of the leakage 
current process will help in understanding the different variables 
involved. Further, a simple method to profile the energy dependent 
traps at the Si-SiO2 interface using the GD will be introduced. This 
technique, called as the sub-band photonic GD method, uses infrared 
(IR) to excite the traps in the interface. The resulting trap-induced 
leakage current is used to extract the energy dependent profile of 
surface traps. 
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2.1 Semiconductor device physics— 
Components of an image sensor
Image sensors in a CMOS technology, or CCD for that matter, 
consists of either a photodiode or a photogate as its primary 
photo-sensing element [2.1]. A photodiode is formed by using one or 
more doped semiconductor layers, usually an n- over a p-region. In 
CMOS technology, the p-type region is the epi-layer region that is 
formed on top of a much higher doped substrate region (which is also 
a p-type). The sandwich of contrasting layers (n- and p-regions) 
creates a “depletion” region in their interface, where the 
semiconductor is free of carriers (electrons and holes) and consists 
only of immobile ions. This region is also called as the space charge 
region (SCR). If a reverse bias is applied across this diode, the 
thickness of the depletion width will increase as the square root of the 
applied voltage. It is important to note that the electric field due to the 
applied reverse bias would be contained within this depleted region. 
The carriers that are generated in this region due to the incoming 
photons would be immediately separated (collected) by the electric 
field due to the “drift” process. This implies that the electrons would 
move towards the n-region (highest potential) and the holes, to the 
p-type region (lowest potential). The carriers that are generated at the 
neutral regions (n and p) due to impinging photons would “diffuse” to 
the depletion region, and separate due to the electric field. The drift 
process is more effective and fast compared to the diffusion process 
[2.1], [2.2]. 

A photogate on the other hand, consists of a MOS 
(Metal-Oxide-Semiconductor) capacitor. The metal region is formed 
using a highly-doped polysilicon material, usually an n-type. When a 
suitable positive potential is applied at the gate with respect to the 
substrate (p-type), a depletion region is formed underneath the gate 
region in the semiconductor. The polysilicon gate region is very thin 
(~150 nm), so that photons can penetrate through it—albeit suffering 
some absorption in this process. The incoming photons generate 
electron/hole pairs according to the process outlined above. Thus the 
fundamental units of a CMOS image sensor pixel are the diode and 
the gate.
20



Semiconductor device physics— Components of an image sensor
Fig. 2-1 The gated-diode schematic and the different leakage components 
in the device.

A simple device that contains these two elements is the
gated-diode or the gate-controlled diode (Figure 2-1). 

n+

p-sub

I
jun

V
g

I

I

Y

fij

V
d

dI

Gate oxide

Poly Si gaten+

Depletion

surf

wd

xn
xp

Contact

wg

Z

Many device 
physics aspects of an image sensor pixel can be comprehended by the 
use of this structure. The rest of the thesis deals with the different 
techniques that can be employed using the GD for semiconductor 
parameter extraction. Along with this, explanation will also be 
provided for various semiconductor variables that are to appear later 
in this thesis.
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2.2 The gated-diode
Gated-diodes (GD) or gate-controlled diodes are an important tool in 
the characterization of semiconductor bulk as well as the surface. The 
gated-diode measurements date back to the earliest of the 
semiconductor industry and have been discussed in the literatures for 
quite some time. It was first proposed by A. S. Groove and D. J. 
Fitzgerald in the year 1966 and since then it has been used to 
characterize the surface as well as the bulk properties of silicon 
devices [2.3]. Of importance are the bulk and the gate leakage 
currents, the surface related leakage mechanisms characterized by the 
surface recombination velocity, the mapping of the interface as well 
as the bulk defects, hot-carrier effects, short-channel effects, and 
radiation effects to mention a few.

The GD technique evolved as an extension to the MOS 
capacitor studies in silicon devices that were used to characterize the 
surface effects. But while the pulsed capacitance method is a 
non-steady state phenomenon and its interpretation is difficult, results
obtained through gated diode measurements are straightforward and 
the current components can be evaluated more easily [2.4], [2.5]. 

The gated-diode (GD) is a simple structure that consists of a p-n 
diode region and a gate region which overlaps the diode, as shown in 
Figure 2-1. The diode is reverse biased with a very small voltage Vd , 
creating a depletion region (wd ) around the junction. A very small 
reverse current (Ijun ), flows through the diode as a result of excess 
carrier generation in the depletion region ( Idp

jun ) and in the 
neutral-bulk (Idiff ) region. At room temperatures, however, the 
diffusion component can be neglected. The application of a reverse 
bias Vd  on the diode lowers the quasi-Fermi level for electrons, and 
thus modulating the gate voltage Vg  required to induce an inversion 
[2.10]. In this non-equilibrium case and the simplifying assumption 
that potential variation in a direction parallel to the surface (Y axis) is 
negligible, sweeping the voltage of the overlapping gate Vg  of the 
GD through the regimes of accumulation, depletion and strong 
inversion while monitoring the reverse current Ijun , helps resolve the 
surface leakage component Isurf  as well as the bulk (field-induced) 
leakage component Ifij . 
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Fig. 2-2
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The energy band diagram in a GD in both Y (Z = 0) and Z (Y = 
gate location) directions under inversion condition [2.12].

These leakage components help establish two important device 
parameters, s0 —the surface recombination velocity and τ0 —the 
generation lifetime of minority carriers. They are 
temperature-dependent parameters, whose temperature dependence is 
determined by the energy position of the dominant generation centre 
and temperature dependencies of the centre capture cross sections 
[2.6]. The energy band diagram along the length (Y axis) and the 
depth (Z axis) for a GD in strong inversion is shown in Figure 2-2
[2.12]. In the figure, EC  is the conduction band, EV , the valence, 
Ei is the intrinsic level, EF  the Fermi level, EFn and EFp the quasi- 

Fermi levels for electrons and holes respectively, φFn  and φFp  the 
quasi-Fermi potentials of electrons and holes respectively.
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Fig. 2-3 Possible electron transitions via a recombination centre at energy 
Et.

2.2.1 Generation/recombination phenomenon—Basics

Though semiconductor materials are of the highest quality, they are 
not perfect. They might have crystal defects such as interstitials 
(excess semiconductor atoms in the crystal lattice), vacancies 
(missing semiconductor atoms in the crystal lattice), dislocations 
(cr
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E
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g

ystal structure imperfections), as well as traces of impurity atoms 
[2.2]. These defects and impurities create additional energy levels in 
the energy bandgap. Consider a level, Et , in the bandgap 
(Figure 2-3). This permitted level can lose an electron to the 
conduction band (A) called as electron generation; gain an electron 
from the conduction band (B) called as electron recombination; loose 
a hole to the valence band (C) called as hole recombination; or gain a 
hole from the valence band (D) called as hole generation. These 
permitted levels could be either acceptor levels (negative when 
empty) or donor levels (neutral when empty). These addition levels 
are also known as generation-recombination centres or in short, 
recombination centres. The recombination events are called as SHR 
(Shockley-Read-Hall) recombination events. An analytic expression 
for the recombination rate for electrons and holes—Un  and Up  can 
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The gated-diode
be written when there are recombination centres in the bandgap as 
[2.2]:

U
pn ni

2–

τp n nie

Et Ei–
kT

--------------
+

⎝ ⎠
⎜ ⎟
⎜ ⎟
⎛ ⎞

τn p nie

Et Ei–
kT

--------------
+

⎝ ⎠
⎜ ⎟
⎜ ⎟
⎛ ⎞

+

--------------------------------------------------------------------------------------= (2-1)

with τn  and τp  defined as:

τn
1

Ntvthσn
------------------=  and τp

1
Ntvthσp
------------------= (2-2)

where τn  and τp  are the lifetimes of electrons and holes in steady 
state conditions respectively, σn  and σp  the capture cross section 
areas of electrons and holes respectively, Nt  the volume density of 
traps, p  and n  are the electron and hole concentrations, ni  the 
intrinsic carrier concentration, Ei  the mid gap energy level, Et  the 
trap energy level, vth  the thermal velocity of electrons or holes, k  the 
Boltzmann constant, and T  the absolute temperature. From (2-1), we 
find that the recombination rate is directly proportional to pn ni

2– . U  
can be regarded as a force that tends to bring the pn  product back to 
its equilibrium value; ni

2 . The three conditions that U  exhibits are 
[2.2], [2.7]:

• U 0=  if pn ni
2=  (equilibrium)

• U 0>  if pn ni
2>  (recombination)

• U 0<  if pn ni
2<  (generation)

It should be noted that the recombination rate is highest when the 
energy level of the recombination centre Et  is very near to mid gap 
(Et Ei≈ ). The condition pn 0→  is approximated at the SCR, 
signifying a generation process [2.7].
The electron or hole capture cross section area (cm2) is a measure of 
how close the electron or hole must be to a centre in order to be 
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captured by it. Assuming that the electron and hole capture cross 
sections are equal (σn σp σ0= = ), the recombination rate takes the 
following form [2.2], [2.3]:

U
pn ni

2–

τ0 p n 2ni
Et Ei–

kT
--------------cosh+ +⎝ ⎠

⎛ ⎞
----------------------------------------------------------------= (2-3)

where τ0
1

Ntvthσ0
------------------=

The recombination rate of excess carriers occurs not only within 
the bulk of the semiconductor crystal, but also at the surface of the 
crystal. This is because of the interrupted periodicity at the surface of 
the crystal. An expression very similar to (2-1) can be derived for the 
surface recombination rate (S ). With the assumption that the capture 
cross sections are equal, it can be written as [2.2], [2.3]:

S
σ0vthNst psns ni

2–( )

ps ns 2ni
Est Ei–

kT
----------------cosh+ +

-----------------------------------------------------------= (2-4)

where ps  and ns  are the electron and hole concentrations at the 
surface respectively, Nst  is the concentration of surface 
recombination centres, and Est  is the their energy.

The surface recombination velocity, s , can be related to S  as:

Sn sn n n0–( )=  and Sp sp p p0–( )= (2-5)

where n0  and p0  are the equilibrium electron and hole 
concentrations, and sn  and sp  are the surface recombination 
velocities of electrons and holes respectively.

The surface generation is maximum for a depleted 
surface—where ns  and ps  are small. The surface recombination 
velocity at the depleted interface is usually represented as s0 .
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2.2.2 Surface and bulk leakage currents under the GD gate 
region

The ideal GD curve representing the contribution of the different 
leakages to its response is shown in Figure 2-4. A mathematical 
treatment of these leakage components is carried out below.

Surface leakage current
The diode surface leakage current is the leakage current that is 
generated in the region where the depletion region touches the 
surface, and can be mathematically stated as [2.8], [2.9]:

Isurf qniASD's0= (2-6)

where ASD'  is the depleted surface area and s0  is the surface 
recombination velocity. The recombination at the surface is usually 
described by considering it as a plane sink, with a gradient of carrier 
concentration close to it. For cases where the gate length is larger 
than the gate-diode overlap region given by ASD , 
ASD' ASD Agate Agate≈+= . 

Field-induced leakage current in the bulk
The current Ifij  is due to the generation via the G-R 
(Generation-Recombination) centres in the depletion region of the 
field-induced junction close to the surface under the gate and hence 
provides information about the carrier lifetimes in this region of 
interest [2.11], [2.12]. This current can be expressed as [2.3], [2.9]:

Ifij
qniAgatewg

τ0
--------------------------= (2-7)

where wg  is the width of the depletion region under the gate region 
and τ0  is the generation life time of minority carriers in the depletion 
region in the bulk under the gate-region. The surface analogue of a 
minority carrier lifetime in the bulk, s0  provides a conveniently 
homogeneous boundary condition for the excess minority carrier con-
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Fig. 2-4 The ideal GD curve and its leakage currents components.

centration. Both s0  as well as τ0  can be related to the trap density 
Dit  (in the interface) or Dt (in the bulk) by [2.3]:

I     = constantsurf

I
fij

I
jun

I
fij-max

ID

V g
V

fb
V

th

Accumulation Depletion Inversion

0

s0  as well as 1
τ0
----- σvthπkBTDit or t=  (2-8)

where σ  is the effective capture cross-section of traps in the surface 
interface or in the bulk (σ 1

2
--- σnσp= , where σn  and σp  are the 

capture cross sections for electrons and hole traps respectively), vth  
is the thermal velocity (107 cm/s), Dit  is the trap density in the 
interface and Dt  the trap density in the bulk (cm-2 eV-1), and k  is the 
Boltzmann constant.
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Leakage current in the diode depletion region
When the gate is held in the accumulation regime, the leakage current 
generated is from the depletion region of the reverse biased diode. 
This leakage current can be expressed as:

Idp
jun qniwd Adiode×

τ0
---------------------------------= (2-9)

where q  is the electronic charge, ni  is the intrinsic carrier 
concentration at a temperature T , wd  the width of the depletion layer 
(wd xn xp+= ), Adiode  is the diode area and τ0  is the generation life 
time. 

2.2.3 GD design and experiment

Figure 2-5 shows the actual structure of the GD that was fabricated. 
Since the leakage currents obtained will be quite small, it is important 
to fabricate devices with very large areas so that appreciable leakage 
currents could be obtained through the structure. Thus devices were 
fabricated with an area of at least 300 × 300 μm2. Similarly, from the 
values obtained through the literature, it was realized that s0  could 
vary from a few cm/s to 1000 cm/s, while τ0  could vary from a few 
μs to many ms. Keeping these in mind and solving the fundamental 
GD equations discussed above, it was decided that to obtain an 
appreciable “step” in the GD response, the gate as well as the diode 
areas need to be “comparable”. In the design, the areas were chosen 
to be equal. The GDs are fabricated in the form of finger gates called 
finger gated-diodes (FGDs). The diodes and gates are connected in 
series. The gate and the diode length were chosen to be 1 μm. The 
finger gates thus preserve the required gate (diode) area to gate 
(diode) length to extract the necessary semiconductor parameters. For 
the present study, FGD structures were fabricated in the Philips’ 
0.18-μm CMOS technology. The gate oxide thickness of the GDs for 
the present study was 4 nm. 
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Fig. 2-5
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The finger gated-diode (FGD) layout.

The n+ diodes and the overlapping poly-Si gates were fabricated on a 
p-epi layer (NA ~ 1015 cm-3) and STI (Shallow Trench Isolation) 
technique was used to isolate individual devices in the wafer. 

Figure 2-6 shows the experimental setup used for the FGD 
experiment. The measurements were carried out on wafer-level in the 
dark, utilizing a probe station. Since the leakage currents are very 
low, special precautions were taken during the measurements. An 
Agilent 4156C parameter analyzer in conjunction with SMUs (Source
Monitoring Units) was used for generating, sweeping and recording 
the FGD signals. An AttoguardTM system was used for adequate 
isolation of the DUT (Device Under Test) from external interferences. 
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Fig. 2-6 The setup for characterizing the FGD structures.
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A temperature control unit was used to control the ambient 
temperature inside the wafer enclosure. The gate voltage sweep was 
carried out in steps, ensuring a DC condition at each gate voltage. 
This was to avoid any high-frequency effects. The measurements 
were recorded at each gate voltage after adequate averaging to 
minimize noise. For measurements involving the infra-red laser, a 
fibre optic cable was introduced into the probe station, after ensuring 
there was no external light leakage present.

Figure 2-7 shows the I-V characteristics of the FGD. When the 
gate is sufficiently negative, the region under the gates is in strong 
accumulation. The holes that accumulate passivate the surface 
interface traps. The leakage current obtained from the FGD under this
circumstance is limited to the diode leakage current. On increasing 
the gate voltage towards the flatband voltage (Vfb ), the fast-centres at
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Fig. 2-7 The FGD I-V curves obtained via the experiment.

the Si-SiO2 interface and in the field-induced region under the gate 
contribute to the increase in the leakage current until threshold 
( Vth Vd Vfb 2φB Qsd– /Cox+ += ) where φB  is the bulk Fermi potential, 
Qsd  is the “depletion charges” [2.2]. At threshold however, the 
inverted surface under the gate again passivates the traps. The signal 
obtained in this case is the leakage currents from the diode and the 
field-induced region under the gates. These three regimes can be used 
to resolve the leakage currents from the three different regions of the 
structure namely, the diode, the surface as well as the bulk region 
under the gates. More importantly, using (2-6) and (2-7), we can 
resolve both s0  as well as τ0 . The different parameters extracted 
using the FGD and their relationship to fundamental parameters is 
highlighted in Table 2-2. 

It should be noted that a small depleted region underneath the 
gates will interact with the STI located at the periphery of the FGD 
structure. The area of the interaction is estimated to be ~ 0.06% of the
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Fig. 2-8 The I-V curve of the diode in a FGD (keeping the gate in 
accumulation) at three different temperatures.

total gate area. The contribution from the STI is thus coupled with 
Ifij , and the extent of this contribution is decided by the STI 
properties. If the STI surface is “heavily” damaged, the contribution 
from the STIs can be significant. Using the current FGD structures, it 
is not possible to separate the STI leakage component from Ifij . The 
STI will be treated in more detail in Chapter 3. The influence of 
radiation on both the STI as well as the FGD structures will be 
discussed in detail in Chapter 4.

2.2.4 Diode leakage currents in the FGD

The diode leakage currents can be studied by keeping the gate area in 
accumulation. In this way, the diode region is isolated from the gate 
region. The leakage from the diode Ijun , can be expressed as the sum 
of the diffusion (Idiff ) as well as thermal generated (Ijun

dp ) given as 
[2.13]:
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Fig. 2-9 The leakage current of the FGD diode region (keeping the gate in 
accumulation) as a function of temperature.

Ijun Idiff Ijun
dp+= (2-10)

As stated above, at room temperatures the diffusion component can 
usually be neglected. However, at higher temperatures, there is a non-
negligible contribution due to diffusion from the neutral p- and 
n-regions of the diode.

Figure 2-8 shows the leakage current as a function of reverse 
bias applied on the diode while Figure 2-9; the temperature behaviour 
of the diode leakage current. 

The leakage current density as a function of reverse bias can be 
expressed as [2.13], [2.2]:

Jjun q
Dn
H
------⎝ ⎠

⎛ ⎞ ni
2

NA
-------- q

ni
τ0
-----wd+≅ (2-11)
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where Dn  is the electron diffusion constant (in the p-layer), H  is the 
thickness of the neutral p-layer, NA  is the acceptor concentration, and 
wd  is the depletion width (ref: Figure 2-1). The first part of the 
equation is the diffusion part, and the second, the thermal generation. 

Since the doping concentration of the n+ region is very high, the 
diffusion contribution from this region is very small and hence can be 
neglected. 
 The depletion width can be expressed as [2.2], [2.14]:

wd
2εsi

q
---------

NA ND+
NAND

-------------------
⎝ ⎠
⎜ ⎟
⎛ ⎞

Vbi Vd+( )= (2-12)

where εsi  is the permittivity of silicon, Vbi  is the built-in (junction) 
potential, NA  and ND  are the acceptor and donor concentrations 
respectively, k  is the Boltzmann constant and T  is the temperature in 
Kelvin and where the built-in potential is given by [2.2], [2.7]:

Vbi
kT
q

------
NAND

ni
2

--------------
⎝ ⎠
⎜ ⎟
⎛ ⎞

ln=

(2-13)

It can be readily seen from (2-11) and (2-12) that the leakage 
current due to thermal generation increases as the square root of 
applied voltage. 

The intrinsic carrier concentration, on the other hand, can be 
expressed as:

ni T
3
2
---
e

Eg
2kT
---------–⎝ ⎠

⎛ ⎞

∝ (2-14)

where Eg  is the silicon energy bandgap (1.12 eV). 
Thus we see that the leakage current is highly sensitive to 

temperature in an almost exponential relationship. Moreover, the 
diffusion and the thermal generation are dependent on two different 
mechanisms; the former on ni

2  and the latter on ni . 
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Fig. 2-10 The Arrhenius plot of the diode in the FGD (keeping the gate in 
accumulation).

These two mechanisms can be distinguished by an Arrhenius plot, 
which is a plot between the inverse of temperature (1/T ) and the 
diode leakage current (Jd ), in log scale. The Arrhenius equation is of 
the form [2.15]:

R Ae

Eact
kT

---------⎝ ⎠
⎛ ⎞–

= (2-15)

where R  is the observed process (leakage current in this case) and 
Eact  is the “activation” energy of the process. As explained earlier, 
the leakage current can have two dependencies; Eg  corresponding to 
ni

2  at high temperatures and Eg/2 , corresponding to ni  at low 
temperatures. However, the careful reader can also notice from (2-14)
that this is only an approximation, since ni  has also a T1.5  
dependence. Recent experiments have shown that a value of 1.7 may 
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be a better approximation for the exponent. More interesting reading 
can be done here [2.16].

For the present work, however, the approximation is taken for 
granted. The Arrhenius plot of the diode in the FGD is shown in 
Figure 2-10. It can be seen clearly that for low temperatures (below ~ 
70o C) the thermal generation mechanism dominates the leakage 
current. An activation energy of 0.62 eV (~ Eg/2 ) was extracted from 
the Arrhenius plot for this temperature range. At higher temperatures, 
the activation energy is seen to be dominated by the diffusion process.

Table 2-1. The dependence of the leakage components on temperature, voltage 
and geometry.

Isurf Ijun
dp Idiff

Thermal generation 1
2
---Eg

1
2
---Eg Eg

Reverse bias  f Vd( )≠ Vd  f Vd( )≠
Geometry Area Volume Volume

An activation energy of 0.98 eV (~ Eg ) was extracted from the 
Arrhenius plot for this temperature range. 

The different leakage currents and their dependence on the 
applied voltage, temperature and geometry are listed in Table 2-1.

2.2.5 Energy-dependent profiling of interface states

Infrared (IR) has an energy that is sub-band gap in the case of silicon. 
This means that the energy of IR photons is less than sufficient for 
optical excitation of electrons from the valence band to the 
conduction band (Eph Eg< ). Interestingly, devices may show a 
response to IR radiation due to excitation of electrons from traps in 
the bandgap to the conduction band; a process which requires lesser 
energy. Thus this phenomenon can be useful to determine the 
properties of traps. In this section, the energy-dependent profiling of 
surface interface traps is studied using this effect. 

For the experimentation, a fibre optic cable was coupled to a 
laser source (λ 1310 nm= ). Two sets of measurements were carried 
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out; one in the dark, and one under IR illumination. The interface trap 
induced leakage current, Iit  can thus be written as [2.17]:

Iit Iopt IR( ) Idark– Ag Jit
ΔE
∑= = (2-16)

where Iopt IR( )  is the FGD current due to IR radiation and Idark  is the 
FGD leakage current in the dark.

The surface trap induced leakage current density can then be 
written as:

Jit qnis0 qni
σsvthNit

2
-------------------⎝ ⎠

⎛ ⎞= = (2-17)

which leads to:

ΔJit qni
σsvthΔNit

2
-----------------------⎝ ⎠

⎛ ⎞= (2-18)

The surface potential under the gate (φs ) can be modulated by the 
gate voltage (Vg ). The relationship between gate voltage and surface 
potential for a MOS system (without any interface or oxide trapped 
charges) in deep-depletion can be expressed as [2.1], [2.21]:

Vg
qNAwg

2

2εsi
-------------------

tox
εox
------- qNAwd( ) Vfb+ += (2-19)

where, φs
qNAwg

2

2εsi
-------------------= . (2-20)

Here, Vg  is the gate voltage, q  is the fundamental electronic 
charge, wg  is the depletion width under the gate, εsi  and εox  are the 
permittivity of silicon and silicon-dioxide respectively and Vfb  is the 
flatband voltage. Using this information, the energy dependent 
interface state density Dit  can be obtained as:
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Fig. 2-11 The extracted interface trap density as a function of its energy 
with σs  assumed to be 10-16 cm-2.

Dit
1
q
---

∂ΔNit
∂Vg

------------- 
∂Vg
∂φs
--------- 2

Agq2niσsvth
-----------------------------

∂ΔIit
∂Vg
----------- 

∂Vg
∂φs
---------

⎝ ⎠
⎜ ⎟
⎛ ⎞

= = (2-21)

where φs  is the surface potential underneath the gate, σs  is the 
capture cross section area of surface interface traps (cm2), and Dit  is 
the interface trap density (cm-2 eV-1). 

The value of σs  is in the order of roughly the size of an atom. 
Many studies using charge pumping methods have indicated the 
surface traps to be around 10-16 cm-2. More details on this can be 
found in these references: [2.18], [2.19], [2.20]. The extracted Dit  
with the assumption of σs  of 10-16 is shown in Figure 2-11. Note that 
the shape of Dit  has a minimum near the mid-gap and sharply 
increases towards either band edge. This is typical for interface trap 
in the Si-SiO2 system [2.22]. The interface trap density is continuous 
throughout the Si forbidden energy gap, with a “U” shape with 
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monotonically increasing energies towards the band edges [2.7]. The 
levels in the middle are the most important for the operation of the 
device and is heavily influenced by the processing [2.23]. The value 
at the mid bandgap is around 0.5 × 1011 cm-2 eV-1from the figure. 
The values of σs  and Dit  also make perfect sense when substituted in 
(2-8), which yields a s0  value of 4 cm/s at T=300 K, which is in the 
range of the expected value.

Parameter
Relationship/ 

Reference Value
φms  (Metal semicon-
ductor work function)

[2.7] -1.08 V

vth  (Thermal Velocity) [2.2] 107 cm/s
tox  (Gate-oxide thick-

ness)
Process manual ~ 4 nm 

Cox  (Gate-oxide capaci-
tance)

ε0εr
tox

--------- 8.3 × 10−7 F/cm2

Vfb  (Flatband voltage) FGD Measurement data -410 mV
Vth  (Threshold voltage) FGD Measurement data 350 mV

Jjun (Vd  = 0.5 V, T = 
298 K)

FGD Measurement data ~ 1 nA/cm2

NA  (Acceptor concen-
tration epi-layer)

Process manual ~ 1 × 1015 cm-3

φB  (Bulk potential) kT
q

------
NA
ni
-------

⎝ ⎠
⎜ ⎟
⎛ ⎞

ln
0.288 V

wg (max) (Maximum 
depletion width under 

the gate, (Vd 0= )

4εsiφB
qNA

---------------
0.24 μm

Table 2-2. Values for different semiconductor parameters obtained from manuals 
and through the FGD.
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Very careful processing have resulted in Dit  as low as 1010 cm-2 eV-1

[2.22]. Depending on the oxidation conditions and the substrate 
crystal orientation, these states can be either donor-like (positively 
charged when empty) or acceptor-like (neutral when empty). 
Therefore these traps give rise to surface charges called as 
interface-trapped charges (Qit ). 

When the silicon surface layer is converted to SiO2 by the 
oxidation process, a thin interfacial layer (~ 50 Ao) of oxide of the 
form SiOx (0 < x < 2) is formed [2.23]. This results in a sheet of 
immobile positive charge which is bias independent. More 
problematic are the mobile ions due to alkali metal ions that create 
reliability problems in MOS structures. When the device is subject to 
radiation, extra charges may be trapped in the oxide called as oxide 
trapped charges (Q'ss ). These issues will be dealt with in more detail 
in Chapter 4.

Qsd (max) (Maximum 
space charge density in 

the depletion region, 
Vd 0= )

q–( )NAwg (max) -3.8 × 10-9 C cm-2

s0  (Surface recombina-
tion velocity)

Isurf
qniAgate
--------------------

2.78 cm s-1

τ0  (Generation lifetime)
qniAgatewg

Ifij
--------------------------

3.47 μs

σs  (Capture cross sec-
tion area in the surface 

interface)

[2.18] 1 × 10-16cm-2

Dit  (Interface trap den-
sity) at mid bandgap

Sub-band photonic 
gated-diode method

~ 0.5× 1011 eV-1cm-2

Parameter
Relationship/ 

Reference Value

Table 2-2. Values for different semiconductor parameters obtained from manuals 
and through the FGD.
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2.3 Summary
In this chapter, fundamental semiconductor physics has been 
introduced. A very simple yet effective device for semiconductor 
parameter extraction, the gated-diode (GD), has been introduced and 
its operation presented. The gated-diodes have been fabricated in 
finger-like structures—the finger gated-diode (FGD), to preserve the 
GD geometries. Several device physics parameters were extracted 
using the FGD. Of these, the generation life time (τ0 ) and the surface 
recombination velocity (s0 ) have been given prominence. They 
establish the basic leakage currents in CMOS devices. The 
degradation of these parameters due to γ-irradiation will be presented 
in Chapter 4. 

The concept of Arrhenius plot has also been introduced. The 
two major temperature-dependent leakage mechanisms—the thermal 
generation as well as the diffusion have been studied using the diode 
present in the FGD (keeping the gate in accumulation). The 
Arrhenius plot allows us to extract the activation energy of these 
mechanisms; viz Eg/2  for thermal generation and Eg , for diffusion. 

The FGD also hides some tricks up its sleeves. By using an 
infrared source, the interface trap density was extracted through the 
sub-band gap induced leakage current. A “U” shaped distribution was 
obtained using the photonic sub-band gap technique. Assuming an 
equal capture cross-section areas for holes and electrons 
(σn σp 10 16–= =  cm-2), the value of Dit  at the mid-gap obtained 
through the sub-band photonic method is around 0.5 1011×  ev-1

cm-1. 
This chapter also introduces several variables and key concepts 

which are imperative in understanding ensuing chapters. 
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3Electrical and 
optical aspects of 
4-T image sensors 1
Before CMOS image sensors (CIS) and CCDs, there were MOS 
sensors. The 1960s was an experimental era where many research 
groups toyed with PMOS, NMOS and bipolar devices [3.1]. Some 
sensors that were developed during this era were: the computational 
sensor, which determines the position of a light spot (1963), the 
scanistor based on n-p-n junctions (1964), p-n junction in photon-flux 
integration mode later called as the reticon (1968), as well as CdS/
CdSe TFTs (1967), etc [3.2], [3.3]. These developments were 
followed by the introduction of buried channel photodiodes for 
extremely small dark currents (1968), source follower for in-pixel 
buffering, and the technology for FPN (Fixed Pattern Noise) 
reduction. CCDs were the focus of attention for the next few decades, 
after being introduced in 1970. In the 1990s however, there was a 
renewed interested in CMOS image sensors; the main motivation 
being the possibility of utilizing “standard” CMOS technology, where 
cost rather than quality was the driving force. Very soon, with several 
independent research groups actively perusing the CMOS technology, 
CIS became a major challenge to CCDs. The main attraction of CIS 
was its low power consumption (few tens of mW), sensors tailored 
45



 Electrical and optical aspects of 4-T image sensors
for custom applications, as well as harnessing the vertical integration 
and the exponential growth of CMOS technology [3.4].

Section 3.1 discusses the basics of CIS, especially the choice of 
the day: the 4-T CIS (4-Transistor CMOS Image Sensor); Section 3.2
on the spectral characteristics of the image sensor and Section 3.3, on 
the dark current aspects. Section 3.4 reviews the major aspects 
covered in this chapter.

3.1 4-T CIS: Basics
A pixel with an active amplifier inside it is called as an active pixel 
sensor (APS). Earlier in its progress, device mismatch of this 
amplifier was a major source for FPN [3.3]. Techniques like CDS 
(Correlated Double Sampling) have been used to reduce FPN 
significantly.

A 4-T pixel has four transistors inside the pixel and is 
schematically illustrated in Figure 3-1. A part of the device simulated 
in a process simulator is shown in Figure 3-2. Darker colours indicate 
a higher doping concentration. 4-T sensors employ what is called as a 
“pinned” photodiode structure [3.5]. This is achieved by the 
formation of a heavily doped p+ layer on top of a n-p type 
photodiode. This isolates the depleted regions of the photodiode from 
interacting with the surface and hence reduces surface leakage 
currents. The doping levels are chosen such that the photodiode is 
completely depleted (fully-depleted photodiode). In essence, the 
diode is pinned at a fixed voltage called as the “pinning” voltage 
[3.6]. This has an added advantage in that the structure suffers much 
less from the problem of “reset” noise and image lag. Reset noise 
occurs when the photodiode is reset to a different level each time the 
reset operation of a photodiode is carried out. Since the diode is fully 
depleted, uncertainty in reset levels from this region can be 
eliminated. CDS is usually employed at a later stage to reduce the 
reset noise that originates from the FD node. 
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Fig. 3-2 A part of the 4-T CMOS sensor simulated in a process simulator. 
Darker colours indicate higher doping concentrations.
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Fig. 3-3 The basic sections of a complete CMOS image sensor. 

The heavily doped p+ layer contributes to the sensitivity of the 
photodiode to the blue/green regions of the visible spectrum as will 
be explained in Section 3.2.1. But since the reset potential is fixed, 
these sensors suffer from low well capacity. 
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The integration of charges takes place in the pinned photodiode, 
and the charges are moved towards the floating diffusion node (FD) 
by switching “ON” the transfer gate (TX). The FD node is usually 
reset just before the actual transfer operation to minimize dark 
current. This reset value is read-out via a source follower (SF) and 
stored in a capacitor in the column bus. The reset potential “falls” 
after the charges from the photodiode are transferred due to the 
discharge of the FD node capacitance [3.5]. 

Figure 3-3 shows the sensor schematic. The main sections of the 
sensor include a column and a row selector, a timing and control 
circuit, an analog processing block as well as ADCs (Analog to 
Digital Converters). In a typical rolling shutter mode, each row is 
selected sequentially, and read-out through the column. The column 
contains important analog blocks like the CDS circuitry (Figure 3-4).
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Fig. 3-4
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CDS operation is basically used to cancel pixel offsets and reset 
noise (especially from the FD node). The operation includes storing 
the reset value (by enabling “Reset sample”) and the signal value (by 
enabling “Signal sample”) on capacitors Creset and Csignal which are 
in the column bus. These two values are sampled within a very short 
interval, for efficient noise reduction. The sampled values are 
buffered through the source followers “SFreset”, “SFsignal” and 
enabled for read-out by the “Select” switches. The sampled value are 
either subtracted in a differential amplifier or fed as differential inputs 
to an ADC. The operation helps in effectively cancelling the pixel 
reset noise, pixel FPN as well as flicker noise [3.7]. 

Due to the rapid development in the field of CMOS image 
sensors, there have been different flavours of the sensor aimed at 
specific applications. For instance, ADCs have been included in each
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column and even inside each pixel [3.8]. Improvements have also 
been made on the power consumption of the sensors by tuning the 
performance of ADCs as well as the analog blocks. Efforts have also 
been undertaken to perform more operations inside the pixel, so that 
post-processing can be reduced for higher speed of operation of the 
sensor.

With the reducing pixel dimensions, modern CMOS sensors 
have very small FD geometries and hence a very high conversion 
gain ( ). This is especially true for the 4-T image sensor, where a 
separate FD node is used for charge conversion rather than the large 
area photodiode used in other APS like the 3-T.

3.2 Spectral characteristics of the 4-T pixel 
sensor
The quantum efficiency of any photodetector is the fraction of photon 
flux (F0 ) that contributes to photocurrent as a function of wavelength 
λ .The quantum efficiency (QE) establishes a very accurate 
relationship between the number of photo-charges generated by a 
photon incident on the photodetector [3.9]. Quantum efficiency can 
be divided into two parts:

• The internal quantum efficiency: Refers to the number of 
photo-electrons generated inside the semiconductor material 
per incident photon. 

• The external quantum efficiency: Refers to the number of 
photo-electrons generated per incident photon taking into 
account the transmission loss at the surface (including reflec-
tion and absorption). A detailed knowledge of the optical 
stack that forms on top of the silicon substrate is necessary to 
establish the external QE.

In the following section, an analytic model of a pinned 
photodiode is developed to predict the internal QE of the sensor. 

μV/e-
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Fig. 3-5 The p+/n/p-epi/p-sub structure formed in the 4-T pixel and the 
various geometrical parameters used.

A representative case of the influence of the optical stack on the QE 
will be introduced following this.

3.2.1 Internal QE

An analytic model for the internal QE of a pinned photodiode shown 
in Figure 3-5 is derived by solving the continuity equation of a usual 
p+/n photodiode, by using an equivalent diode reverse voltage Vdp , 
which represents the depleted diode. The contribution from the p-type 
epitaxial region as well as the p-type substrate is included for the 
contribution from carriers
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 collected through diffusion. Since the 
penetration of the depletion region into the highly doped pinning 
region is negligible, this solution is a very good approximation to the 
spectral response of the pinned photodiode. The p+ region is 
considered to have a Gaussian profile for the solution. 
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The diffusion length, LA , of the p+ layer may be considered to 
be small compared to the minority carrier (electron) diffusion length 
which is given by:

Ln Dnτn= (3-1)

where Dn  is the electron diffusion constant, and τn  is the minority 
carrier lifetime in the p+ region. This results in a simplified continuity 
equation [3.10]:

∂2Δn

∂r2
------------ r∂Δn

∂r
---------– Δn–

F0α
Dn

----------2LA
2e

2αLA–
–= (3-2)

where Δn  is the excess electrons in the p+ region, F0  is the photon 
flux incident on the front surface of the photodiode where reflection 
is assumed to be zero, α  is the absorption coefficient of silicon, and 
r  is given by:

r
xp

2LA
-------------= (3-3)

where xp  is the penetration of the depletion region into the p+ region.
This penetration depth can be determined by the doping concentration 
as well as the total depletion width W  which is given by:

W
2εsi

q
--------- vdp φn φp+ +( ) 1

NA
------- 1

ND
-------+⎝ ⎠

⎛ ⎞×= (3-4)

where εsi  is the silicon permittivity, Vdp  is the reverse bias voltage, 
φn , φp  are the bulk potentials of the n and p+ regions and NA  and 
ND  are the acceptor and donor concentrations.

The depth of penetration into the p+ region is then given by:

xp
W

1 1
k
---+

----------= (3-5)
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where k
NA
ND
-------= . The depth of penetration into the n region is given by:

xn xp
1
k
---×= (3-6)

The minority carriers lost in the front surface interface (x 0= ) is 
governed by the relationship:

sΔn x 0= Dn
∂Δn
∂n

---------
x 0=

μnEΔn x 0=+= (3-7)

where s  is the surface recombination velocity (SRV) at the front 
surface. The concentration of excess carriers at the boundary of the 
depletion region (x ω= ) with a reverse bias Vdp , can be determined 
by the diode equation:

Δn x ω=

ni
2

NA
------- e

qVdp
kT

-----------
1–

⎝ ⎠
⎜ ⎟
⎜ ⎟
⎛ ⎞

= (3-8)

where ni  is the intrinsic carrier concentration, and NA  is the acceptor 
concentration. An analytic solution based on a power series can be a 
used to solve (3-2) applying the boundary conditions (3-7, 3-8) to 
yield the photo-current density from the p+ region (Jp+) [3.10].

The photo-generation at the depletion or the space charge region 
(SCR) is given by:

Jsc qF0 e
α xj xp–( )–

e
α xj xn+( )–

–( )= (3-9)

Recombination in the space charge region is not considered. The 
contribution from the epitaxial region can be given as [3.13]:
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Jepi
qF0αL'n
α2L'n

2 1–( )
---------------------------e

xj xn+( )–
αL'n

h H
L'n
------⎝ ⎠

⎛ ⎞cos e αH––

H
L'n
------⎝ ⎠

⎛ ⎞sinh
---------------------------------------–

⎝ ⎠
⎜ ⎟
⎜ ⎟
⎜ ⎟
⎛ ⎞

×=

(3-10)

Here xj  is the metallurgical junction depth of the p+-n diode, xn  is 
the depletion width into the n-region and H  is the thickness of the 
neutral p-region. L'n  is the electron diffusion length in the p-epi 
region.

Finally, the contribution from the substrate can be given as 
[3.15]:

Jsub qF0α e

H
Lop
--------–

⎝ ⎠
⎜ ⎟
⎜ ⎟
⎛ ⎞

Lop× Ls×
Lsn Lop–

Lsn
2 Lop

2–
-------------------------

⎝ ⎠
⎜ ⎟
⎛ ⎞

×= (3-11)

where H  is the width of the neutral p-epi region, Lop  is given by 1
α
--- , 

and Lsn  is the electron diffusion length in the substrate region. 
The total current density (Jtot ) is the sum of the contribution 

from the heavily doped p+ region, the SCR, the neutral epi-region as 
well as the substrate. The quantum efficiency can be calculated by the 
ratio of the total current to the total photon input which is:

QE
Jtot
qF0
---------= (3-12)

A internal QE (%) simulation of the various photocurrent 
components obtained by the derived model and utilizing the 
parameters listed in Table 3-1 is shown in Figure 3-6. 

The p+ region is seen to be contributing in the window from 
350-500 nm, with a peak around 400 nm. Thus, the p+ region can be 
considered to be a high-pass filter. Some reserach has also proved that 
the pinned-photodiodes have better blue response than other detector 
types [3.16]. Thus, this layer should be tailored for optimal 
performance of the sensor towards the blue spectrum. 
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Parameter Value Remarks
F0 4 1012×

(~ 10 Lux at 
λ 555=  nm)

Photon flux (pho-
tons/cm2s)

Dn 2
[3.11]

Electron diffu-
sion constant in 

p+ (cm2/s)
D'n 34.8

[3.11]
Electron diffu-
sion constant in 

epi- layer (cm2/s)
LA 0.119 10 4–×

Process simu-
lation

Impurity diffu-
sion length of p+ 

(cm)
sd 3.5 10 4–×

[3.15]
Epi-region depth 

(cm)
T 300 Temperature (K)

Doping (epi) 1 1015×
[3.14]

cm-3

Doping (p+) 1 1020×  
[3.17] 

cm-3

Vdp 1 2→
[3.6]

Equivalent deple-
tion voltage (V)

Jd 0.25 10 4–×  
[3.19]

p+ junction depth 
(cm)

s 1 105× 1 106×→
[3.18]

Surface recombi-
nation velocity 

(cm/s)
τn 1 10 9–×

[3.12]
Lifetime (elec-
tron) in p+ (s)

Table 3-1. Device parameters used in the simulation.
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Fig. 3-6 The contribution of the individual spectral components to the 
total quantum efficiency.

The depleted region (space charge region) is seen to respond to 
a wide bandwidth from ~ 400-700 nm, with a peak at around 500 nm. 
This peak represents the green region of the visible spectrum. Thus, 
the SCR plays a major role in detecting the green and also some of 
the red regions of the spectrum. The SCR can be conveniently 
thought of as band pass filter, reacting to the green and red portion of 
the visible spectrum. 

τ’n 100 10 6–×
[3.12]

Lifetime (elec-
tron) p-epi (s)

Lsn 4 10 4–×
[3.15]

Diffusion length 
(electrons) in sub-

strate (cm)

Parameter Value Remarks

Table 3-1. Device parameters used in the simulation.
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Fig. 3-7 Effect of surface recombination velocity (s) on the internal QE.

The epi-region (3-4 μm) is seen to contribute towards the higher 
wavelengths (~ 550-900 nm) of the visible spectrum. Thus it forms a 
low-pass filter with much less peak efficiency than the SCR region, 
owing to its limited thickness.
The red-photons require much deeper penetration depths for it to be 
collected effectively. Thus the thickness of the epi-region/substrate 
plays an important role in deciding the sensors performance at this 
part of the spectrum. Modern CMOS technologies are built over thin 
epi-layers, to minimize noise coupling. This can be a major 
disadvantage in imaging applications, since the efficiency towards the 
red/deep-red regions is reduced. But on the other hand, pixel cross 
talk is reduced due to the thin epi-layer. 

The epi-layer/substrate junction can be thought of as a carrier 
sink. Most of the charge carriers at this junction or near to it in the 
substrate are forced towards the epi-region. But since the substrate is 
heavily doped, carrier mobility in the substrate region is rather 
limited. As can be seen from the simulation, the contribution from the 
substrate is the smallest. The very little contribution it offers is in the 
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red portion of the visible spectrum. On the other hand, it is an 
advantage in disguise since cross-talk between pixels due to charges 
generated deep in the silicon bulk can be minimized.

The surface recombination velocity (SRV) included in the 
model is varied from 105 cm/s to 106 cm/s in the simulation 
(Figure 3-7). It can be seen that the SRV affects the response of the 
sensor to shorter wavelengths [3.20]. 

The SRV depends on the quality of the interface. The larger the 
number of interface traps, the higher the value of SRV. Since high 
energy photons like blue up to green are absorbed very close to the 
interface, they are affected more than the other photons. The curves 
are seen to saturate at ~ 5×105 cm/s. 

The depletion width varies as the square root of the applied 
(pinning) voltage. Figure 3-8 shows the variation of the spectral 
response as a function of the reverse voltage (Vdp), where Vdp is 
varied from 1 to 2 V. A very small change is noticed in the 
mid-section of the spectral response (the green photons).

The thickness of the epi-regions effects the larger wavelengths 
as was explained before. This is because they have lesser energy, and 
require larger depth for effective collection. Figure 3-9 shows the 
simulation in which the epi-layer depth is varied from 10 μm to 200 
μm. As expected, the efficiency increases dramatically with the 
epi-layer thickness. The curves saturate for epi-thickness > 80 μm.

As explained before, limiting the collection of carriers 
generated deep in the semiconductor bulk also limits cross-talk at the 
price of a lower QE.

The model derived in this section is used to fit the experimental 
QE curves to be discussed in Chapter 4. The change in the fit 
parameters is used to analyse radiation induced damage mechanism 
in the 4-T CMOS image sensor.
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Fig. 3-9 The effect of epi-thickness on the internal QE.

Fig. 3-8 The effect of reverse bias voltage on the internal QE.
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3.2.2 External QE

Modern CMOS processes involve multiple inter-dielectric layers on 
top of the silicon, mainly for isolating individual metal layers. They 
usually comprise of different kinds of oxides and organic materials. A 
final passivation of the entire chip is also carried out usually by 
silicon nitride (Si3N4). These layers have different optical constants 
(refractive indices, absorption coefficients etc). The light that passes 
through this stack of materials undergo multiple reflections and thus 
exhibit interference effects. Due to the reflection and absorption, the 
transmission through the stack will not be 100%. This loss determines 
the external quantum efficiency of the photodetector. For the very 
simple case of an air/oxide/silicon structure, the wavelength 
dependent reflection from the top surface of the stack is given by the 
equation [3.15], [3.20]:

R λ( )
nSiO2

2 nair nsi–( )2 2 2πp
λ

---------⎝ ⎠
⎛ ⎞ nairnSi nSiO2

2–⎝ ⎠
⎛ ⎞ 2 2πp

λ
---------⎝ ⎠

⎛ ⎞sin+cos

nSiO2

2 nair nsi+( )2 2 2πp
λ

---------⎝ ⎠
⎛ ⎞ nairnSi nSiO2

2+⎝ ⎠
⎛ ⎞ 2 2πp

λ
---------⎝ ⎠

⎛ ⎞sin+cos
---------------------------------------------------------------------------------------------------------------------------------------= (3-13)

Here, nSiO2
 is the refractive index of silicon dioxide; nair  that of air; 

and nSi  that of silicon. p  is the optical path difference given by:

p nSiO2
tox θ( )cos= (3-14)

where tox  is the oxide thickness and θ  is the angle of incidence. 
When the optical path difference is an odd multiple of λ/4 , the value 
of R λ( )  is minimized leading to the simplified equation [3.15]:
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Fig. 3-10 The transmission (%) vs. wavelength for various silicon dioxide 
thicknesses. The curve trend is indicated by the linear fit and 
expressed in the standard form Y=mx+C.

R
nairnSi nSiO2

2–⎝ ⎠
⎛ ⎞2

nairnSi nSiO2

2+⎝ ⎠
⎛ ⎞2
-----------------------------------------= (3-15)

Modern CMOS processes utilize several oxides or nitride layers of 
varying thicknesses. Thus it is difficult to emulate a real structure. 
But it many cases, for example in comparative study, an 
approximation can be done on the stack, the material and its 
thickness. Many intuitive insights can also be obtained though the 
study of simple stacks.

Figure 3-10 shows the transmission curves (%) for a simple air/
oxide/silicon structure. The refractive index of the oxide is chosen to 
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be a constant; 1.46 throughout the spectrum, and no absorption is 
considered in the oxide layer. Though this is a simplification, this 
helps to understand the concept. The spectrum is seen to be cyclically 
varying with the wavelength. When this transmission (or 1 R– , where 
R  is the reflectance) is multiplied with the internal QE, we get the 
external QE. 

The thickness of the oxide layer is varied from 0.5 μm to 3.5 μm 
in 1 μm steps in Figure 3-10. It can be seen that the number of peaks 
increases with the thickness of the oxide layer. The average 
transmission is also seen to increase slightly with the thickness of the 
oxide in the spectral range considered. Needless to say, the refractive 
index, surface properties, absorption in the layers, etc complicate the 
analysis to the extent that only a simplified, empirical approach 
would be feasible for a model.

3.2.3 Spectral response: experimental method

To measure the spectral response of the image sensor, a setup 
consisting of a monochromator, filter and grating set, focusing optics 
and a camera board interfaced to a PC are used. Figure 3-11 shows 
the scheme of the setup. A halogen light source (LS) is used to 
produce a highly intense, polychromatic beam of light. A band-pass 
filter wheel (F1) is used to select a band of wavelengths falling in the 
blue, green or red portion of the spectrum. This beam is then directed 
by a mirror (M1) into a grating (GR-1) that separates it into individual 
color components. After a final mirror that deflects the wavelength of 
interest, the beam travels further through a slit. The gratings and 
mirrors are controlled using a digital interface.
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Fig. 3-11

LS

F1
M1

M2

M3

O1

BS-1

GR-1

LS: Halogen light source
F1: Filter
GR-1: Grating
M1: Mirror 1
M2: Mirror 2
M3: Mirror 3
O1: Optical system
BS-1: Beam splitter (50%)

OD-1

OD-1: 

Sensor
Camera

PC

Controller

Ammeter

Calibrated photo-
diode

The setup for the spectral response measurement.

A 50/50 beam splitter (BS-1) splits the beam into two. One part 
falls directly on the sensor, and the other one, on a pre-calibrated 
photodiode (OD-1). The calibrated photodiode is used to determine 
the power incident on the sensor. For this reason, it is ensured that the 
path length from the beam splitter to either the calibrated photodiode 
or the sensor is fixed.

To calculate the number of incident photons from the input 
power the following expression can be used:

Number of photons
s

------------------------------------------------ Power
Energy
------------------ P

hν
------= = (3-16)

where h  is the Plancks constant and ν  is the frequency of the photon.
The number of photons responsible for generating the sensor current 
is given by:

Number of photons generating carriers
s

--------------------------------------------------------------------------------------------------- Sensor current
q

-------------------------------------
Isensor

q
---------------= =

(3-17)
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The quantum efficiency is given by:

QE Number of photons generating carriers
Number of photons

---------------------------------------------------------------------------------------------------= (3-18)

The number of photons incident on the sensor can be estimated using 
(3-16). At the same time, the output of the sensor is measured 
utilizing the camera board. The QE can then be determined by (3-18). 
In reality, the beam splitter may also have a wavelength dependent 
behaviour, and should be considered during the experimentation. The 
experimental results and the fit through the model derived in 
Section 3.2.1 are further discussed in Chapter 4. In that chapter, the 
model has been used to quantify the effects of radiation on the 
spectral response of the image sensor.

3.3 Dark current of the 4-T pixel sensor
As with any other semiconductor device, the 4-T pixel sensor too 
suffers from leakage currents. The basic leakage current mechanisms 
such as thermal generation as well as diffusion have been treated 
fairly well in Chapter 2. The 4-T pixel achieves a very low dark 
current by isolating the photodiode from the surface by using a 
heavily doped p+ pinning layer, thus minimizing the surface leakage 
component. We have seen earlier that the p+ pinning layer on top of 
the photodiode also contributes to the spectral response of the sensor 
in the blue/green regions. 

The other major sources of dark current in the pinned 4-T pixel 
are the STI (Shallow Trench Isolation) region and the transfer-gate 
region. As the pixel size reduces, the total dark current is influenced 
by the perimeter leakage than the area. The perimeter leakage in a 
pixel is due to the generation from the sidewalls of the STI. The 
Poole-Frenkel effect is an electric field induced lowering of potential 
barrier for the thermal emission of a carrier from a level in the 
bandgap. Reduced dimensions contribute to increased electric fields 
and thus an enhanced dark current via the Poole-Frenkel effect. Each 
of these issues will be discussed in this section.
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Fig. 3-12 Cross sectional SEM image of the STIs in 0.18 μ m node. The 
STI/silicon interface is notorious for defects and hence leakage 
currents [3.26]. Typical STI depths are ~ 0.3-0.5 μ m. © 2002 by 
IBM Corporation.

3.3.1 STI induced dark current

The isolation regions are usually formed of local oxidation of silicon 
(LOCOS) or in sub 0.25-μm processes; the STI [3.21]. A cross 
sectional SEM image of the STI in 0.18-μm process is shown in 
Figure 3-12. The dislocations at these structures, as well as the stress 
upon the photodiodes due to the STIs are primarily responsible for 
dark current observed in these sensors [3.22], [3.23]. They are also 
prone to degradation in harsh environments [3.27]. The side walls as 
well as edges of the STI play an important role in the dark current 
generation. Some research has been carried out to estimate the 
surface recombination velocity as well as the bulk generation lifetime 
of STIs [3.24]. The study revealed a high surface recombination 
velocity of around 2570 cm/s at the STI interface. The study also 
indicated that etch damage removal process when employed, reduced 
the surface roughness leading to leakage current improvements. 
Recent DLTS (Deep-Level Transient Spectroscopy) measurements 
reveal mid-gap traps of energies Et Ei– 0.05∼  eV and Et Ei– 0.02∼  
eV of capture cross sections, 1.02 10 13–×  and 6.06 10 16–×  cm-2

respectively [3.23]. The study by the group of H. I. Kwon et al. 
([3.23]) contribute the defects to the RIE (Reactive Ion Etching) 
process for the STI manufacturing process which results in 
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mechanical stress-induced lattice damage, stacking fault as well as 
dislocation. They also attribute the quantized dark currents in their 
studies to the STI.

The leakage current from a diode surrounded by STI can be 
given as:

Itotal A[ ] Adiode Iarea× Pdiode Iperimeter Istress+×+= (3-19)

where Adiode  is the area, and Pdiode  is the perimeter of the diode. 
Iarea , Iperimeter , Istress  are the leakage current components from the 
area, perimeter and the stress respectively. In fact for very small 
diodes, another factor will add to the total leakage current: the corner 
effect (Ic ) which is proportional to the number of corners.

The area leakage can be written as the sum of the area diffusion 
and area thermal generation currents as:

Iarea Idiff
A qniwdAdiode

τ0
-----------------------------+= (3-20)

where Idiff
A  is the area diffusion component, wd  is the width of the 

depletion region, Adiode  is the area and τ0  is the generation lifetime. 
The second term of (3-20) represents the area thermal generation 
component.
The perimeter current component, on the other hand, is composed of 
a perimeter diffusion current and perimeter generation current similar 
to the area leakage. In addition, it also contains the surface 
recombination current characterized by the surface recombination 
velocity at the Si-SiO2 interface.

The surface leakage current can be written as:

Isurf qniAs
π
2
---⎝ ⎠

⎛ ⎞σsvth kTDit( )= (3-21)

where As  is the depleted surface area, Dit  is the interface state 
density, and σs  is the capture cross section area of the traps.
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Fig. 3-13 Area, periphery and corner leakage components extracted using 
various STI test structures using data from [3.30]. The depth of 
STI was 3000 Ao.

Two methods to improve STI quality are by reducing sidewall 
damages and corner rounding. The former is achieved by a thermal 
‘liner’ oxidation and the latter by “undercutting” of pad oxide [3.25].

Figure 3-13 shows the extracted leakage components introduced 
by the STI using diode test structures consisting of various 
geometries (area, periphery or corner intensive) [3.30]. The STI 
includes: liner oxidations (L) of 150 Ao and 200 Ao, and liner 
undercuts (H) of 90 Ao, 175 Ao, as well as no undercuts. The labels 
used in the X axis in Figure 3-13 for different STI schemes are of the 
form: “L liner value H undercut value”. Undercut etches the pad 
oxide under the nitride mask along the corner sidewall and induces 
the corner shape to change [3.31]. 

As typical STI structures are perimeter intensive devices, the 
perimeter leakage component will be many times the area 
component. As can be seen from Figure 3-13, the corner leakage 
components are indeed very small and negligible. 
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Fig. 3-14 Simulated STI stress and resulting leakage for different STI types 
obtained from [3.30].

Stress due to the STIs also contributes to leakage current. 
Compressive stress can cause silicon bandgap to narrow. STI as well 
as LOCOS peripheries exhibit high stress. The intrinsic carrier 
concentration, ni  is given as:

ni e

Eg
2kT
---------–

∝ (3-22)

where Eg  is the bandgap of silicon. Thus, even a small change in the 
value of Eg  can increase the intrinsic carrier concentration 
dramatically. This leads to increased thermal generation from 
depletion regions near the areas of the stress.
The anisotropic compressive stress in the diode, due to STI as well as 
silicides in modern CMOS technologies can reach several MPa 
[3.28]. 
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Fig. 3-14 shows the results of a Tsuprem4TM stress simulation 
on some STI types [3.30]. It can be seen that the stress increases for 
higher liner values as well as undercuts.

One of the “practical” methods prevalent to reduce the dark 
current from the STIs include the formation of a p-type passivation 
around the STI as well as tailoring the distance between the STI and 
the photodiode. The excess holes in the p-well reduce the probability 
of electrons from reaching the diode region, thus reducing the STI 
induced leakage current. In Chapter 4, the effect of such passivations 
on radiation tolerance of 4-T CMOS image sensors will be discussed 
in detail. 

3.3.2 Enhanced generation due to electric fields

Processes like trap-assisted tunneling and field-enhanced emissions 
have been though to increase the dark current in image sensors. The 
emission rate from a defect that is located in a high local electric field 
is believed to increase dramatically [3.29]. The presence of strong 
electric fields in semiconductors results in higher emission rates from 
defects via processes like Poole-Frenkel effect, phonon-assisted 
tunneling and direct tunneling. The Poole-Frenkel effect is an electric 
field induced lowering of potential barrier for the thermal emission of 
a carrier from a level in the bandgap. The Poole-Frenkel effect occurs 
in the case of charged defects while phonon assisted tunneling occurs 
for defects which are both charged as well as neutral. 

The ionization probability due to electric field increases as 
[3.32]:

e E( )
e o( )
---------- e

εpf
kBT
---------⎝ ⎠

⎛ ⎞

∝ (3-23)

where the lowering of the barrier εpf  is given as:

εpf 2 Zq3E
χ

------------= (3-24)
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Fig. 3-15 Histogram of the activation energies of some 1000 pixels in a 
CMOS image sensor.

Here Z  is the charge of the centre, q  is the electronic charge, E  is the 
electric field strength and χ  is the dielectric constant. This equation 
tells us that the emission in an electric field, denoted by e E( ) , increa-
ses exponentially to the square root of the electric field.

The emission rate in the case of phonon-assisted tunnelling is 
given as [3.32]:

e E( )
e 0( )
---------- e

E2

Ec
2

------
⎝ ⎠
⎜ ⎟
⎛ ⎞

= (3-25)

where Ec  is the characteristic field strength, given by:

Ec
3m*h
qτt

3-------------= (3-26)
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where m*  is the effective mass of charge carriers, τt  is the tunnelling 
time. We thus find that the emission increases exponentially with the 
square of the electric field for phonon-assisted tunnelling.
Figure 3-15 shows the histogram of the activation energy of some 
1000 pixels of a 4-T CMOS image sensor in 0.18-μm technology. 
The activation energy histograms has a wide span, which ranges from 
Eg/2  to Eg . A detailed description of activation energies has been 
covered in Chapter 2. As can be observed from the figure, some 
pixels reveal an activation energy < 0.56 eV, which is physically not 
possible. These pixels provide a clue that hints towards an activation 
energy lowering mechanism in action, as described in the previous 
section. 

It is known that the high electric fields at the 
photodiode-transfer gate overlap is an important dark current 
mechanism in CMOS image sensors [3.33]. A 0.2 μm overlap is 
present between the pinned layer and the TX gate due to self-aligned 
process. A very strong electric field of 3×105 V/cm is present in this 
region (when the reset voltage of the FD node is ~ 2V) that gives rise 
to higher leakage current. This amounts to an emission enhancement 
factor of 18 in a 3-dimensional model [3.34]. Increasing the voltage 
on the TX gate moves the channel “pinch-off” point towards the 
photodiode region and results in an even higher electric field. This 
phenomenon can be expected to be worse for future devices where 
the dimensions are made smaller and thus leading to higher electric 
fields. Traps that are located in this high electric field region may 
exhibit a higher darker current than the traps located outside this local 
field. This could also lead to a higher RTS (Random Telegraph 
Signal) noise in the sensor [3.35]. 

The phenomenons described in this chapter are also revisited in 
Chapter 4 which deals with radiation effects in CMOS image sensors. 

3.4 Chapter summary
In this chapter, a basic introduction to the 4-T CMOS image sensor 
has been presented. These imagers are state-of-the-art and have 
excellent qualities that make in at par with CCDs. The pinned 
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structure minimizes dark current and increases the sensors efficiency 
in the blue spectrum of visible radiation. Moreover, by applying CDS, 
very low noise levels can be achieved in these sensors. 

The QE of such a sensor has been empirically modelled by 
solving the continuity equation as well as applying suitable boundary 
conditions. It was found that the heavily doped pinned region
contributes to the sensors sensitivity at the blue spectrum. But since 
modern CMOS fabrication utilizes a thin epitaxial layer, the 
sensitivity towards the red photons is hampered. The model derived 
has been used later in this thesis to quantify the effects of radiation on 
the spectral response of these sensors.

The STI has a predominant contribution to the leakage 
mechanism. This is mainly through the high surface recombination 
velocity at the STI interface. By employing p-well passivation around 
the STI, the leakage currents from the STI can be substantially 
reduced. This is also evident later in this thesis, when various test 
structures with different STI configurations are subjected to 
irradiation. Those with a p-well protection exhibits a higher tolerance 
to the radiation process.

Very high electric fields present in modern day silicon devices 
contribute to a enhanced emission rates. The electric fields play a 
major role in reducing the activation energy of traps located in its 
vicinity. This was noticed in the activation energy histogram where 
pixels with very low activation energies were present. This is possible 
when there is a activation energy lowering mechanism like the 
Poole-Frenkel effect or phonon assisted tunnelling.

The discussion and results in this chapter are used as a precursor 
to comprehend and analyze the radiation effects on the sensor which 
will be presented in Chapter 4.
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4Radiation effects on 
CMOS image 
sensors 1
CMOS Active Pixel Sensors (APS) rival CCDs (Charge-Coupled 
Devices) in domains that include low power operation, on-chip 
integration of analog and digital circuitry as well as cost 
effectiveness. Since CMOS image sensors are utilized for 
applications involving the detection of signals as low as a few 
electrons as well as high energy photons (especially for medical/
outer-space applications), radiation tolerance of such devices is of 
primary concern [4.1], [4.4], [4.5]. Though many studies have been 
undertaken on the issue of radiation hardness of image sensors, not 
much work has been carried out on the state-of-the-art in the imaging 
world: 4-T (4-Transistor) CMOS image sensors. These sensors utilise 
a heavily doped p+ pinning layer to isolate the photodiode from the 
surface. This reduces the leakage current from the surface and 
contributes to the performance of the sensor in the blue region of the 
visible spectrum, as discussed in Chapter 3. But the effect of radiation 
on image sensors in the presence of the pinning layer has not yet been 
studied. Similarly, the issue of leakage currents due to STI (Shallow 
Trench Isolation) structures was highlighted in Chapter 3. How 
sensitive are these structures to radiation? These are some of the 
questions that will be discussed in this chapter. The simple tool 
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introduced in Chapter 2, the gated-diode, is used as a radiation 
sensitive tool in this study. It is found that these devices are simple 
yet efficient in resolving radiation induced damages in advanced 
CMOS processes [4.6]. 

4.1 Radiation effects: Basics
All possible radiation effects are usually grouped into three basic 
types: transient effects, ionization damage and displacement damages 
[4.5]. Transient effects have not been included here since the scope of 
this study is to evaluate long-lived degradation. Ionization damage as 
well as displacement damages will be dealt in the following sections. 

4.1.1 Ionization damage

Ionization damage is the dominant mechanism when energetic 
photons (γ and X-rays) interact with solid-state matter. This damage 
causes charge-trapping at Si-SiO2 interfaces (in the gate region as 
well as the STIs) and trap build-up at these locations. Ionizing rays 
can interact with the atom under consideration in three different ways 
[4.2]: 

Photoelectric effect: When ionizing radiations pass through a 
semiconductor material, the energetic photons ionize the target atom 
and generate electron-hole pairs (photoelectric effect). The photon is 
completely absorbed in this process. The vacancy thus introduced in 
the electron orbit may be filled by an electron in the outermost orbit 
of the atom, resulting in a low energy photo-electron to be released.

Compton effect: The incoming ionizing radiation is scattered on 
interacting with the atom, just like visible light is diffused from a 
rough surface. Here, the energy of the incident radiation is divided 
among the electron that is released and the scattered photon.

Electron-positron pair creation: The incident photon is completely 
annihilated. This phenomenon occurs for radiation energies of more 
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Fig. 4-1 Interaction effects as a function of photon energy and atomic 
mass [4.7].

than 1.024 MeV. This energy increases with decreasing atomic mass 
(Z).

The probability of these interactions with the material under 
consideration depends on the atomic mass of the target [4.7]. The 
various effects of interaction as a function of the atomic mass and 
photon energy are depicted in Figure 4-1. For Silicon, the interaction 
of γ-rays with energy of about 1.25 MeV is mainly through the 
Compton effect. The energy of X-rays are lower than γ-rays: in the 
range of keV, and the interaction is mostly through the photoelectric 
effect.

Ionization damage affects the interfaces and are more damaging 
for certain devices (e.g., MOSFET) than displacement damages 
(whereby a neighbouring interstitial atom or vacancy is created thus 
modifying carrier lifetimes). MOSFETs are sensitive to interface 
effects since the conduction channel is very close to the surface and 
does not extend into the bulk. 
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Fig. 4-2
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For devices that rely on the semiconductor bulk, for e.g., long-length 
photodiodes, displacement damages can also start to play a role.

When ionizing rays strike a MOSFET, electron-hole pairs are 
formed due to photoelectric effect. Most of the generated 
electron-hole pairs in the doped polysilicon gate and in the 
semiconductor bulk recombine and disappear rapidly as these regions 
are highly conductive. In the oxide, a fraction of the generated 
charges recombine and the rest are separated by the electric field 
across the oxide. When a positive bias is applied on the gate, the 
electrons move rapidly (~ few pico seconds) towards the gate while 
the holes move slowly towards the Si-SiO2 interface. This is because 
in the oxide region, electrons and holes have different mobilities 
which can differ by as much as twelve orders of magnitude. The 
movement of holes towards the interface is through a characteristic 
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transport phenomenon which is dispersive in time. Near the interface 
(but in the oxide), the trapped charges give rise to a net positive 
charge that can shift the threshold/flatband voltages. These events are 
summarised in Figure 4-2. The generation/movement/trapping of the 
charges is elaborated in Section 4.1.1.1. In addition to the above, 
charge trapping and interface traps generation will be explained in 
Section 4.1.1.2 and Section 4.1.1.3 respectively.

Fig. 4-3 Fractional yield in SiO2 as a function of the electric field for 
various particles [4.7].

4.1.1.1 Charge generation and movement in the oxide
The amount of charge that is generated in the matter depends on the 
total amount of energy deposited by the particles. This amount is 
related to their LET (Linear Energy Transfer), which is the linear 
transfer of energy to the material by the particles. This factor depends 
on the nature of the incident particle and on the density of the material 
under consideration [4.7], [4.8]. Once the value of LET is known, the 
number of charges generated can be deduced from the fact that the 
generation of a single electron-hole pair in the oxide requires 17±1eV.
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After a pico second of its generation, a partial recombination of the 
charge pairs occur. The percentage of the recombined pairs is a 
function of the LET as well as the gate-bias. For instance, the 
fractional yield due to γ-rays obtained through a Co60 source in 
silicon dioxide for zero gate-bias is 30%. For X-rays, this value is 
10%. Increasing the electric field makes this value even higher. For 
electric fields above 5 MeV, the fractional yield is almost 100% [4.7]. 
The fractional yield in SiO2 as a function of electric field for various 
particles is shown in Figure 4-3. 

The charge mobility of electrons in an oxide is much higher than 
for holes as discussed in the previous section. E.g., the mobility for 
electrons at room temperature in the oxide is about 20 cm2V-1s-1. For 
an electric field of 105 V/cm and an oxide thickness of 4 nm, the 
electrons that do not recombine transit in about 0.2 ps. The hole 
mobility in the oxide is much lower, varying from 10-4 to 10-11

cm2V-1s-1 [4.3]. Thus hole trapping in the oxide is of much concern in 
ionization damage rather than electron trapping. As mentioned 
earlier, the transport of holes in the oxide is dispersive in time. The 
study of this phenomenon in silicon dioxide can be described by a 
model that is based on a concept known as small polaron hopping 
[4.9]. This mechanism is related to the strong interaction between the 
hole and the lattice. The presence of a hole polarizes (distorts the 
lattice) its immediate vicinity inside the medium, and the medium in 
turn reacts to this charge. If these interactions are strong enough, the 
carrier becomes localised at a particular site thereby increasing the 
effective mass of the carrier. The carrier which in principle is “self 
trapped” is called as a small polaron. When the hole moves through 
the insulator, it carries with it the potential well that arises from the 
distortion of the lattice. The motion is facilitated through thermal 
fluctuation of the system which permits tunnelling. This motion can 
be mathematically described by a model called as CTRW (Continuous 
Time Random Walk) which has been developed to study dispersive 
phenomenon in a disordered solid [4.7]. This model provides good 
time-scale response of the motion of holes as a function of the 
temperature, electric field in the oxide and oxide thickness. 

To conclude this section, a simple relationship connecting the 
characteristic time-scale of hole transport process in the oxide (ts) of 
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thickness (tox), the electric field (Eox) at a temperature (T) can be 
given as [4.7]:

ts ts
0 tox

a
------⎝ ⎠

⎛ ⎞

1
α
---

Δ0 0.5qAEox–
kT

---------------------------------⎝ ⎠
⎛ ⎞exp= (4-1)

where a  is the average hopping distance in the electric field 
direction, Δ0 and ts

0  are constants, and α  is the principle parameter 
of the CTRW model linked to disorder in the solid and determined by 
detailed microscopic transport processes. In case of holes in silicon 
dioxide, α  = 0.25. It can be seen that the characteristic time scale of 
the hole transport process in silicon dioxide varies with the fourth 
power of oxide thickness and decreases exponentially with the 
electric field and temperature. Thus, devices and technology that 
employ thin gate oxides can be considered to be less prone to 
radiation effects than those which employ thicker oxides.

4.1.1.2 Charge trapping in silicon dioxide
After the transport of the charges across the oxides, there is a 
possibility of holes being trapped very close (a few nanometers) to 
the Si-SiO2 interface. This region is under mechanical stress and 
oxygen deficient. When the generated holes encounter this interface 
region, the strained bonds break and relax into an E'  centre [4.3]. The 
model for the hole trapping and formation of an E'  centre is depicted 
in Figure 4-4. 

The trapping of holes at the Si-SiO2 interface leads to negative 
threshold shifts represented by the term ΔVth Q'ot( ) . This residual 
change can remain for a time period of a few milliseconds to several 
years. The amount of charges trapped is directly proportional to the 
number of defects in the interface and insensitive to the surface 
potential. The hole that reaches the interface is trapped according to 
the mean hole trap density (Nht ) and the field dependent capture 
cross section given by σht Eox( ) . The fraction fT  of trapped holes on 
which ΔVth Q'ot( )  depends can be given as [4.10]:

fT Nhtσht Eox( )ΔX= (4-2)
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Fig. 4-4 Model for hole trapping in SiO2 [4.28].

where ΔX  is the width of the trap distribution. Typical values for the 
parameters are, Nht : 1018-1019 cm-3, σht Eox( ) : 10-14-10-13 cm2 [4.7]. 

This means that based on the quality of the oxide, the 
percentage of trapped holes can vary between 1% and 100%

+ hole

Strained Si-Si bond E‘ center

Silicon

Oxygen

. The 
holes that are not trapped reach the Si-SiO2 interface and recombine 
with the electrons mainly through three phenomenons:

• Recombination at the Si-SiO2 interface.

• Tunnel-based annealing effect where a hole tunnels from the 
oxide into the silicon substrate and recombines with an elec-
tron.

• Recombination with an electron generated in the vicinity of 
the trapped hole, depending on the local density of the 
trapped hole (Nht ) and the electric field dependent capture 
cross-section area (σht Eox( ) ). This phenomenon increases 
with radiation dose and contributes to the saturation 
ΔVth Q'ot( )  at high irradiation dose levels. 
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• Recombination of holes with thermally generated electrons 
in the oxide (thermal annealing).

The probability of tunnelling depends exponentially on the 
distance from the trap to the Si-SiO2 interface and can be expressed 
as [4.7]:

Ptun αfe
βx–= (4-3)

where αf  is the “attempt” to escape frequency, and β  is a parameter 
related to the height of the potential barrier. Since electric fields 
reduce the barrier height for tunnelling to occur, this type of 
annealing is more effective at higher electric fields. 

Thermal annealing can be explained as the thermal emission of 
radiation-induced holes from the traps in the oxide to the valence 
band in the oxide, where it conducts/hops to the substrate. The 
emission probability Pem of a hole from the oxide hole trap to the 
valence-band can be expressed as [4.7]:

Pem AT2e

qφvt
kT

----------⎝ ⎠
⎛ ⎞–

= (4-4)

where A is a constant depending on trap cross-section and other 
parameters, and φvt  is the difference between the trap and the valence 
band energies. From the equation, we see that the emission rate is 
decided by the temperature and is independent of the spacial 
distribution of the traps. Thus, this kind of annealing depends mainly 
on the energy distribution of the traps in the oxide. The tunnel 
annealing, on the other hand, depends on the spatial distribution of 
the traps in the oxide. 

4.1.1.3 Radiation induced traps at the Si-SiO2 interface
An important consequence of irradiation is the increase of radiation 
induced traps at the Si-SiO2 interface. There are many competing 
hypotheses to explain this phenomenon, based on models that take 
into account electric fields, temperature and total dose. The radiation 
induced traps introduce energy levels in the bandgap (between the 
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valence and the conduction bands). Majority of the traps above the 
mid-bandgap are believed to be acceptors and those below; donors. 
An accurate analysis of the phenomenon requires a detailed 
knowledge of distribution of the traps rendering the analysis quite 
complicated. The three major hypotheses to explain the phenomenon 
are [4.7]:

• Direct creation of traps by radiation.

• Generation of traps due to hole trapping near to the surface.

• Traps due to secondary phenomenon.

Experiments carried out with UV radiation on thin metallic 
MOS gates confirm that traps were being generated at the interface 
despite the fact that UV radiation gets absorbed in the first few layers 
of the oxide [4.12]. Thus the experiments rule out a direct generation 
of interface traps due to radiation. Similarly, experiments also rule out 
the generation of traps due to hole trapping near the surface, as the 
interface build-up with respect to dose was found to evolve slower 
than the hole transport in oxide. The model by Winokur and McLean 
[4.13] proposes a two stage mechanism for the interface trap 
generation. 

Upon irradiation, hydrogen ions (from the hydrogen and other 
impurities usually present due to the fabrication process) are set free 
from the oxides through the generated holes. These ions move 
towards the Si-SiO2 interface upon the application of a positive 
gate-bias and form new states which act as traps. In this case, only the 
ions that are generated very close the interface give rise to interface 
traps. This model successfully explains the temperature dependency 
and time-evolution of the traps. Since the movement of ions is very 
slow, the time-evolution of traps is smaller than the hole transport in 
the oxide. At low temperatures, these ions “freeze” and give rise to 
relatively lower trap densities and hence the temperature dependency. 
But it fails to explain the electric field dependency of 
radiation-induced traps. One would assume, based on this model, that 
at higher electric fields holes are capable of setting out more 
hydrogen ions leading to a higher trap-generation. In reality, the 
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trap-generation has been verified to be inversely proportional to the 
square root of the electric field. This inconsistency was resolved 
through yet another model known as the (HT)2 (hole-trapping/
hydrogen-transport) [4.14]. In this model, the holes drift towards the 
Si-SiO2 interface and get trapped very near to it. They then release 
the hydrogen ions which in turn get trapped in the interface leading to 
the generation of traps. In this model, the hole capture cross-section 
area determines the electric field dependency, but the time-evolution 
is still determined by the motion of the ion. Hence it satisfies the 
experimental results entirely. One of the assumptions of the 
hypothesis is the generation of hydrogen ions in the entire oxide 
volume. Thus experimental results should reveal an interface 
trap-generation dependency based on the thickness of the oxide. This 
has been verified by some recent experiments (e.g., [4.15]). 

The models that have been discussed are also able to explain the 
reason as to the larger trap formation in wet-grown oxides compared 
to dry-grown ones. 

4.1.1.4 Radiation effects on electrical and optical parameters

Radiation induced voltage shifts
Radiation can shift the flatband/threshold voltages of MOS structures 
by introducing:

• Trapped charges in the oxide region.

• Charge introduced by the interface traps. 

The flatband voltage shift, ΔVfb , of an ideal MOS device 
(having no oxide charges or interface traps) due to irradiation can be 
given as [4.17]:

ΔVfb
Q'ot Q'it+

Cox
----------------------–= (4-5)
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Fig. 4-5
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where Q'ot  is the equivalent charge trapped per unit area in the oxide 
close to the Si-SiO2 interface, Q'it  is the charge per unit area due to 
interface states, and Cox  is the oxide capacitance per unit area. The 
value of Q'ot  can be expressed as the integral of all charges in the 
oxide volume and given as:

Q'ot
1

tox
------ xρ x( ) xd

0

tox

∫= (4-6)

where tox  is the oxide thickness, x  is the distance from the gate oxide 
interface and ρ x( )  is the distribution of charge density. It can be 
deduced from equations (4-5) and (4-6) that: 

• The flatband shift is negative when Q'ot  is positive (lower 
gate voltage required for flatband condition) and 

• The closer the charges are to the interface, the higher the 
shift. 

The second statement can be understood better in this manner: 
Consider the situation where a uniform charge of charge density A  is 
situated in the upper part of the oxide as shown in Figure 4-5 (a). In 
this case, we can formulate the boundary condition as ρ x Wc<( ) A=  
and zero everywhere else. The shift in the flatband voltage due to the 
presence of trapped charges can then be given as:
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ΔVfb Q'ot( )
AWc

2

2εox
-------------–= (4-7)

where εox  is the SiO2 permittivity. In case that the charges are 
present near the interface, (Figure 4-5 (b)), ρ tox Wc x tox< <–( ) A=  
and (ρ 0 x tox Wc–< <( ) 0= , the shift in the flatband can be represented 
as:

ΔVfb Q'ot( )
AWc

2

2εox
-------------–

2tox
W

--------- 1–⎝ ⎠
⎛ ⎞= (4-8)

We note that there is an additional multiplication factor in (4-8)
compared to (4-7), being 2tox /Wc . Since tox Wc> , a larger flatband 
shift can be noticed in this case. Moreover, another interesting 
observation can be made using (4-8). When tox  is reduced retaining 
Wc  a constant, the shift in the flatband is also reduced proportionally. 
Thus the thinner the gate-oxide, the more radiation tolerant the device 
would be especially in terms of variations due to charge-trapping.

The change due to the presence of charges at the interface can 
be simply equated as:

ΔVfb Q'it( )
Q'it
Cox
--------–= (4-9)

where Q'it  is the amount of charges (per unit area) at the interface. 
The interface state build up is considered to be slower than the charge 
trapping phenomenon in the oxide. 

The analysis for the threshold shift can be deduced in a similar 
fashion as:

ΔVth
Q'ot Q''it+

Cox
-----------------------–= (4-10)
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where Q''it  is the amount of charges trapped at the interface during 
the condition of inversion. It should be noted that the charge density 
at the interface (Qit ) is a function of the surface potential, and hence 
is different during flatband (Qit Q'it= ) and inversion (Qit Q''it= ) 
conditions. 

Radiation induced leakage current
Ionizing radiations can cause increased generation primarily through 
the creation of addition interface states in the oxide/silicon interfaces. 
Assuming a uniform interface trap density across the bandgap, the 
generation rate can be expressed by integrating the contribution from 
all interface traps in the bandgap and is given as [4.28], [4.18]:

G 1
2
--- σnσp( )vthDitπkTni= (4-11)

This equation reveals that the contribution of traps from the energy 
window of πkT  around Ei  is of importance, and generation through 
traps located further away from mid-gap is negligible. Using (4-11), 
generation current density through the surface can be conveniently 
written as:

Jsurf qs0ni= (4-12)

where s0  is the surface recombination velocity in cm/s. Thus, an 
increase in interface traps result in a proportional increase in s0 .

Radiation induced optical changes (top layer material stack)
Radiation affects optical materials in three different ways:

• The darkening of these materials when exposed to ionizing 
radiation. This effect is supposed to be due to the introduc-
tion of new energy levels (color centres) within the bandgap 
of the material under consideration, and also the trapping of 
electrons/holes in these defect sites. 
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• Changes in the reflection from the surface through a change 
in the material properties like refractive index. 

• Changes in surface properties like increased surface rough-
ness and “pit” formation.

The darkening is usually modelled as [4.16]:

T λ D x, ,( ) Toe
αDxopt–

= (4-13)

where T  is the transmittance at wavelength λ , through an optical 
path xopt , after a total dose of D , T0  is the initial transmission and 
αD ; the absorption coefficient after irradiation. Here αD  can be 
written as:

αD αsat 1 e
βaD–

–( ) KD+=

αsat

(4-14)

, βa  and K  are independent of dose, but depend on material and 
wavelength. The term with αsat  and βa  denote absorption due to 
inherent defect sites. 

For doses which are < 1/βa , K  can be neglected and (4-14)
expanded to a first order approximation as:

αD αsatβaD≈ (4-15)

Thus, for small doses, the modified absorption coefficient can be 
considered to be linear with dose.
Ionizing radiations can also bring upon “densification” in oxides 
(glasses). This, in turn, affects the refractive index of the material and 
can lead to severe aberrations in optical instruments and detectors. In 
the case of high energy photon irradiation like γ-rays, densification 
occurs due to optically active point defects created by the breaking of 
atom-to-atom chemical bonds in the oxide. The energy of a single 
γ-ray photon is enough to break a Si-O bond. Dopants as well as 
intrinsic defects play a significant role in the glass network 
modification process. Thus, the maximum radiation hardness is 
observed in “pure” glasses that do not have impurities in them. 
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Bulk refractive index changes can be estimated by the 
differentiated Lorentz-Lorentz relation [4.21]:

Δn
n

------ Δρ
ρ

------- 1 Ω+( ) n2 1–( ) n2 2+( )
6n2

----------------------------------= (4-16)

where n  is the refractive index, Δρ /ρ  is the relative compaction, and 
Ω  is a parameter based upon whether the densification was elastic or 
inelastic. 

4.1.2 Displacement damage

If the energy is high enough, ionizing radiations can also affect both 
the generation current (by the introduction of additional energy levels 
in the silicon bandgap), as well as diffusion currents. This 
phenomenon is usually very small in the case of γ- and X-rays, but 
nevertheless, not completely absent. Thus, this phenomenon is also 
discussed for completeness.

The generation rate U  due to bulk defect states located at an 
energy Et  under the assumption that the free carrier concentration of 
holes and electrons are significantly less than their equilibrium values 
can be written as [4.18]:

U Et( )
σnσpvthNTni

σn
ET Ei–

kT
---------------⎝ ⎠

⎛ ⎞ σp
ET Ei–

kT
---------------⎝ ⎠

⎛ ⎞–exp+exp
-----------------------------------------------------------------------------------------= (4-17)

where σn and σp  are the capture cross-section area of electrons and 
holes respectively, vth  is the thermal velocity, NT  is the trap density 
per unit volume, Ei  is the intrinsic Fermi level and k  is the 
Boltzmann constant. Under the assumption, the generation process 
dominates the recombination process. Radiation-induced dark current 
density increase, ΔJD  in the bulk-depletion regions of the sensor can 
be written as [4.19]:

ΔJD
qniφW

Kg
----------------= (4-18)
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where φ  is the particle fluence, W  is the depletion width and Kg  is 
the generation lifetime damage coefficient for a particular particle 
type and energy defined through the relation [4.19]:

Kg
φ

1
τ0
----- 1

τ'0
------–

--------------------= (4-19)

where τ0  and τ'0  are pre-and post-irradiated generation lifetimes 
respectively. Assuming that a single trap of energy level ET  is 
responsible for the thermal generation process, (4-17) can be 
conveniently re-written in terms of generation lifetime as:

τ0 τp
ET Ei–

kT
---------------⎝ ⎠

⎛ ⎞ τn
ET Ei–

kT
---------------⎝ ⎠

⎛ ⎞–exp+exp= (4-20)

where the pre-factors are: τp σpvthNg( ) 1–=  and τn σnvthNg( ) 1–= . 
Here, Ng  is the generation centre density. This equation is a general 
relationship between the generation lifetime, capture cross-section of 
electrons/holes, the generation density as well as the energy of the 
trap. From this equation, we can arrive at the conclusion that the 
increased thermal generation through radiation-induced generation 
centres is the basic mechanism responsible for the increased leakage 
current in the depletion region [4.19]. The value of Kg  for a 
particular type of radiation particle and energy is usually correlated 
through experiments.

Displacement damage usually signifies creation of generation 
centres in the silicon bandgap. This has the effect of decreasing the 
generation lifetime, τ0  and thus a higher dark current. Kg  is 
inversely proportional to the generation lifetime. It has been 
established that impurities in the silicon are not responsible for this 
effect through various experimental studies. For generation via 
mid-gap, the generation rate G  expressed in (4-17) reduces to:

G
σnσp

σn σ+ p
----------------vthNTni σvthNTni= = (4-21)
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The generation current density is then given by:

Jbulk
qniW

τ0
------------= (4-22)

4.2 Experimental
An important goal of radiation studies is to correlate the effect of 
radiation on the properties of materials and devices. The unit used to 
describe the average energy or dose (ionization) that a material 
receives during an irradiation is termed as Gray (1 J/kg). The 
equivalent quantity for displacement damages is the non-ionization 
dose which does not have any particular unit. Definition of the basic 
radiation units started to be developed in the 1950s, with the 
introduction of linear energy transfer (LET). The special unit of the 
radiation absorbed dose is the rad (100 erg/g). It was observed that 
many biological phenomenons could be correlated on the basis of the 
average energy deposited independent of the characteristics of the 
particular radiation causing it. The launching of satellites in the 1950s 
and the resulting discovery of the Van Allen belts broadened the 
interest of the radiation effects community. The radiation response of 
semiconductor devices became a major area of study during this and 
the following era.

In this work, radiation effects of γ-rays have been studied. 
X-rays and γ-rays are the same class of radiations (i.e., photons), with 
γ-rays having more energy and thus the ability to displace atoms to 
some extent. The results from the experiments shed light on the 
performance of semiconductors fabricated in deep sub-micron 
technology in general, and specifically on CMOS image sensors 
fabricated in the same technology. The results can be used to model 
the behaviour of the sensor if it were used for outer-space or for 
medical applications, including X-ray detection.

Co60 γ-source was used to study ionization ray induced damage 
in CMOS image sensors. The facility of Reactor Institute Delft (RID) 
was utilized for the study. As long as their energy is above a 
threshold, the secondary electrons produced by the incident γ-rays are
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Fig. 4-6 Radiation response of the FGD to a irradiation dose of 200 Gray.

capable of displacing atoms to some extent. The γ-ray (1.17 
MeV-1.33 MeV) dose used for the experiments was from 0 to 1000 
Gray in steps of 200 Gray, with a dose rate of 75.9 Gray/min. The 
source was calibrated using Fricke dosimetry technique. All the test 
structures for the experiments were fabricated in Philips' 0.18-μm 
CMOS technology, and was kept unbiased during the irradiation.

4.2.1 Radiation mechanisms resolved by finger gated-diodes

The finger gated-diode (FGD) introduced in Chapter 2 has been used 
to resolve the radiation damage mechanisms. Figure 4-6 shows the 
response of the FGD to an irradiation dose of 200 Gray. An obvious 
increase in the response can be seen after irradiation. The mechanism 
for this shift is an increase in the number of interface traps in the 
surface and/or in the bulk that leads to a higher leakage current. The 
point of inversion of the curves remained unchanged indicating that 
no charge trapping has occurred in the SiO2 region that can shift the 
flatband or threshold voltages concurrent with the earlier discussions. 
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Fig. 4-7 s0 and τ0  resolved using the FGD.

This is especially encouraging since 4-T CMOS image sensors 
include in-pixel amplifiers and transistors for its operation. Radiation 
induced threshold as well as gain variation in these transistors will be 
minimal.

Figure 4-7 shows the variation of s0  and τ0  as a function of 
radiation dose resolved using the FGD (using (2-6) and (2-7) of 
Chapter 2 respectively). The surface component increases 
monotonically and saturates at higher doses. The bulk component, on 
the other hand, exhibits a rapid change after 400 Gray. The surface 
recombination velocity, s0 , is related to the fast surface states in the 
interface, assumed to be uniformly distributed in energy near the 
centre of the silicon bandgap. Thus an increase in the surface 
recombination velocity implies a proportional increase in the density 
of fast surface states located near the middle of the bandgap. The fact 
that there is a change in the value of s0  despite its very small initial 
value of 2.8 cm/s, indicates that the degradation is not related to the 
initial interface quality [4.12]. This means that degradation is not 
specific to “defective” devices.
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Fig. 4-8 The reverse-computed current components using the obtained s0
and τ0  values.

The leakage currents reverse-computed from the s0  and τ0
parameters are shown in Figure 4-8. A similar knee-point for the the 
leakage current in the Figure 4-8 was noticed by [4.22]. They 
contribute it to the fact that radiation-induced defects are divacancy 
and oxygen-vacancy (O-V) centres which are amphoteric (i.e. acts as 
both generation as well as recombination centres). Radiation-induced 
electron traps would saturate at high radiation doses, increasing the 
density of excess electrons reaching the n+ drain region. In our case, 
however, it should be kept in mind that the leakage contribution from 
the STI is coupled with the bulk component as was discussed in 
Chapter 2 (Section 2.2.3). Because the area of the depletion region 
which interacts with the STI is very small, the surface recombination 
velocity of the STIs need to be very high for a significant 
contribution. Many studies have indeed reported a very high surface 
recombination velocity as was indicated in Chapter 3, Section 3.3.1. 
Thus, it is difficult to ascertain the cause of the increase in the bulk 
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leakage from Figure 4-8. Since displacement damage due to γ- or 
X-rays is quite limited, the contribution of bulk depletion regions to 
the leakage increase is doubtful. The degradation of the STI is further 
investigated in the next section. This helps to come to a clear 
conclusion regarding the bulk leakage current in the FGDs. However, 
from the current FGD results, it can be concluded that an increase in 
the radiation induced leakage current density with a slope in the range 
of a few pA/cm2/Gray for both the surface as well as the bulk 
component occurs. The surface leakage is seen to evolve slowly, and 
saturate at higher radiation doses. Further, no threshold shift occurs 
implying that the gate region is highly radiation tolerant.

4.3 Radiation effects on CMOS image sensors

4.3.1 Dark-signal degradation

With the continuing reduction of dimensions in CMOS technology, 
isolation techniques have gained great prominence. The two 
important isolation techniques for sub 0.25-μm processes are the STI 
(Shallow Trench Isolation) as well as PELOX (Polysilicon 
Encapsulated Local Oxidation) techniques. The increased mechanical 
stress in both STI as well PELOX contributes to higher leakage 
currents. Defect analysis through spectroscopic techniques have 
confirmed that the peripheral leakage current is determined by the 
isolation technique used, while the area component is due to defects 
during processing [4.27]. For sub 0.25-μm processes, STI is the only 
viable scheme of achieving high packing densities [4.23]. The STI is 
considered to be the prominent mechanism of leakage current in 4-T 
CMOS image sensors that employ pinned photodiodes [4.24], [4.25]. 
The generation rate can be characterized through the surface 
recombination/generation velocity at the interface and also by the 
generation lifetime in the bulk of the STI, the interface effects being 
prominent [4.26]. The STI has been treated fairly well in Chapter 3. 
Protecting the STIs by p-well structures has proved useful against STI 
induced leakage mechanisms. But not much work has been done to 
characterize the effect of radiative environments on such structures.
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Fig. 4-9
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Si-SiO  interface
2

Layout schematic for the test structures.

Table 4-1. 4-T CMOS image sensor parameters.

Parameter Value
Technology 0.18-μm Philips 

process
Pixel pitch 3.5 μm

Conversion gain 40 μV/e
W/L (source follower) 0.46 μm/0.34 μm
Transfer gate length 0.6 μm
Operating voltage 3.3 V

Integration time for 
measurements

6.4 ms

Dark current (300 K) 0.3 nA/cm2

Spectral range ~350-900 nm
Peak external quan-

tum efficiency
37%
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In this study, radiation effects as a function of type of layout 
(with and without p-well protection) and distance separating the STI 
from the photodiode, has been carried out. Test structures 
(Figure 4-9) with and without p-well protection were fabricated for 
two different “p-well to active region” distances (NTA) to estimate 
the degradation due to γ-ray irradiation in these configurations. All 
test structures were fabricated in Philips’ 0.18-μm CMOS technology 
and had properties listed in Table 4-1. The tests were carried out on 
36k pixels of each configuration. The histograms of the dark signal 
(i.e., no of pixels (count) vs. dark signal in digital number (DN)) of 
the sensors (Figure 4-10 to Figure 4-13) reveal that the 
radiation-induced degradation mechanism is sensitive to the nature 
and the location of the STI. The largest degradation is seen in 
structures that have unprotected STIs. Further, structures that have 
the STI closer (NTA = 0.2 μm) to the photodiode is seen to degrade 
faster than the structures that have the STI further apart (NTA = 0.3 
μm). The results are summarized in Figure 4-14. A larger value of 
NTA results in higher immunity to radiation damage, but this value 
should be optimised so the sensitivity and saturation level of the 
sensor is not overly sacrificed. 

Since the doping density of the p-well region is relatively higher 
than that of n-type region of the photodiode, the STI is isolated from
the depletion region during integration for structures with p-well 
protection [4.25]. This explains the slower degradation of these 
structures to irradiation.

From Figure 4-14, it can also be observed that the diode 
structures that are “completely” isolated from the STI (case NTA = 
0.3 μm, p-well protected), the dark signal evolution is negligible. As 
the diode has a large depletion region, this points to the fact that 
displacement damages due to γ- or X-rays is negligible. This should 
also be true for the FGD structures, and it can be safely concluded 
that degradation of the STI region is primarily responsible for 
increase in  in the FGD structures as well. Ifij
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Fig. 4-11 Dark signal histogram, NTA = 0.3 μm, with p-well (T = 300 K).

Fig. 4-10 Dark signal histogram of un-irradiated sensors (T = 300 K).
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Fig. 4-13 Dark signal histogram, NTA = 0.3 μm, no p-well (T = 300 K).

Fig. 4-12 Dark signal histogram, NTA = 0.2 μm, with p-well (T = 300 K).
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Fig. 4-14 Relative increase in the mean dark signal w.r.t. dose for the three 
sensors. All measurements were conducted at T = 300 K.

The Arrhenius plot of the mean dark current of un-irradiated as well 
as radiated sensors is shown in Figure 4-15, carried out on the sensor 
with NTA = 0.3 μm, bare STI. The activation energy of silicon 
devices such as CMOS image sensors usually lie anywhere between 
Eg  (1.12 eV; characteristic of a diffusion process) and Eg /2 (0.56 eV; 
characteristic of a thermal generation process). Generally, at room 
temperature, the thermal generation process dominates the diffusion 
mechanism. However, pixels with a low dark current may also see a 
diffusion current dependence [4.28]. Upon irradiation of the sensors, 
it was found that the average activation energy of the sensors was 
reduced and the slope tends towards the slope of thermal generation. 
From the above discussions, this appears to be due to the introduction 
of additional energy states, that enhances thermal generation. 
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Fig. 4-15 Arrhenius plot of radiated and un-irradiated sensors. The scaled 
slopes of ni and ni

2 are shown for reference.

Other processes like trap-assisted tunnelling and field-enhanced 
emissions can also be thought to play a role in this behaviour (see 
Chapter 3). The emission rate from a defect that is located in a high 
local electric field is believed to increase dramatically [4.28], [4.29]. 
To further investigate this phenomenon, the activation energies of 
some 1000 pixels (of a radiated sensor) as a function of dark current 
(Figure 4-16 to Figure 4-18) were extracted. The activation energy of 
the pixels forms a band from 1.2 eV to 0.56 eV, with most of the 
pixels being concentrated around the mean activation energy of the 
sensor. Pixels with lower activation energies were seen to exhibit a 
higher dark current. It can also be seen that these pixels are very 
sensitive to temperature (Figure 4-17, Figure 4-18). These findings 
reveal a field-enhancement mechanism in action [4.5], [4.29] as was 
explained in detail in Section 3.3.2 of Chapter 3. High electric fields 
reduce the activation energy for thermal emission. The high electric 
field at the photodiode-transfer gate overlap is an important dark 
current mechanism in CMOS image sensors [4.30]. 
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Fig. 4-17 Leakage current vs. activation energy of 1000 pixels at 30° C.

Fig. 4-16 Leakage current vs. activation energy of 1000 pixels at 24° C.
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Fig. 4-18 Leakage current vs. activation energy of 1000 pixels at 40° C.

A 0.2 μm overlap is present between the pinned layer and the 
transfer gate due to self-aligned process. A very strong electric field 
of ~ 3×105 V/cm is present in this region (when the reset voltage of 
the floating diffusion node is ~ 2V) that gives rise to higher leakage 
current during charge transfer. This amounts to an emission 
enhancement factor of 18 in a 3-dimensional model [4.31]. Increasing 
the voltage on the transfer gate moves the channel “pinch-off” point 
toward the photodiode region and results in an even higher electric 
field. This phenomenon can be expected to be worse for future 
devices where the dimensions are made smaller and thus leading to 
higher electric fields. Traps that are located in this high electric field 
region may exhibit a higher darker current than the traps located 
outside this local field. This could also lead to a higher RTS (Random 
Telegraph Signal) noise in the sensor [4.29]. Clearly, further studies 
are necessary in this direction to establish the mechanism by which 
such electric fields interact with traps introduced through irradiation 
and the effect of future aggressive technologies where dimensions are 
continuously being shrunk.
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4.3.2 Optical degradation

The spectral response degradation is the result of changes to the 
top-layer materials that form as part of the fabrication process above 
the photodiode element, as well as its Si-SiO2 interface. In this 
section, the change in the spectral response of a 4-T (4-Transistor) 
CMOS image sensor due to irradiation is studied. To further 
investigate the effects, FTIR (Fourier Transform Infrared) as well as 
ellipsometry is carried out on some commonly used materials that 
form the top-layer of a standard 0.18-μm CMOS process.

4.3.2.1 Sensor spectral characteristics
A detailed analysis of the 4-T CMOS image sensor as well as its 
spectral characteristics has been introduced in Chapter 3. The model 
that was developed is used to resolve the radiation induced 
degradation mechanisms in the sensor. This has been carried out by 
fitting the response curve with the variables s  (the surface 
recombination velocity) that affects the photons in the shorter 
wavelengths, and a correction factor for the mean; ζopt . Figure 4-19
shows the normalized quantum efficiency of radiated as well as 
un-irradiated devices.A very good fit for all the curves is obtained by 
using the correction factor ζopt  as well as the term for surface 
recombination velocity, s seff= . 

From Section 4.2.1 on gated-diodes, it can be seen that there is 
negligible change in the threshold as well as gain of in-pixel 
transistors due to irradiation. Thus the parameter ζopt  can be 
decoupled from such electrical variations and related mainly to the 
optics. ζopt  reflects the need for a correction factor in the model to fit 
the irradiated curves through the mean. This arises due to the effect of 
operating a non-linear change in the internal QE as a function of s  on 
the “wavy” interference pattern produced by the optical stack. In 
other words, the peaks and valleys of the interference pattern are 
modulated (pulled up and down in different rates) by the change in 
the internal QE spectra. Other optical factors, like the presence of 
color centres if any, will also be reflected in this term.
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Fig. 4-19 Normalized quantum efficiency of radiated and un-irradiated 
sensors and the fit through the model.

Also, it is worthwhile to note that only an effective surface 
recombination velocity (seff ) can be determined by this approach 
since wavelength-depended properties of the optical stack has not 
been included in the model. Nevertheless, the relative change in this 
parameter offers insight into the degradation of the Si-SiO2 interface 
quality of the photodiode element.

The extracted seff  parameters indicated in Figure 4-19 reveal an 
increase in the Si/SiO2 interface traps and thus the surface 
recombination velocity. As explained in Chapter 3, the blue and green 
photons are primarily affected by the interface traps resulting in a 
modified internal QE spectra. Furthermore, the peaks and valleys are 
also modulated by this change. This in turn affects the mean value of 
the curves indicated by the need for ζopt . From Figure 4-19, a 
smoothening of the sharp peaks found in the un-irradiated devices can 
be seen on radiated devices. This may be due to a change in the 
material properties due to irradiation.
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High energy rays such as γ-rays can change the material 
properties of the materials they penetrate and mainly interact through 
electronic excitation, electronic ionization and limited atomic 
displacements as has been discussed in 4.1.1.4. As a result, color 
centres can be introduced in the material [4.35]. Moreover, material 
densification can also occur. It is not immediately clear how much of 
these phenomenons play a role in the present result. To further 
investigate this phenomenon, radiation studies on oxides were 
conducted and have been presented in Section 4.3.2.2. This also helps 
us to understand the nature of .

The variation of the lifetime in the epi-layer does not have much 
effect in the present sensor, with a thickness of a few micrometers. 
Since γ-ray irradiation do not produce significant displacement 
damages as can be seen from the results of the experiments presented 
in this chapter, the change in lifetimes due to radiation can be safely 
neglected.

4.3.2.2 Radiation effects on oxides 
Various oxides form the top-layer of conventional CMOS processes 
as shown in Figure 4-20. In general, as the number of metal layers in 
the fabrication process increases, so does the stack height due to the 
oxides. Usually, the designer is not offered any control over the type 
of oxide that has been used in the fabrication process or its thickness. 
Hence the study of radiation effects on oxides begs importance. The 
results will be helpful in modifying the process flow for increased 
radiation tolerance of CMOS image sensors.

The oxides that are usually used as part of the process flow are 
BPSG (Borophosphosilicate glass), and TEOS (Tetraethyl 
Orthosilicate). Another material that may form as a passivating 
material is Si3N4 (silicon nitride). These layers are usually deposited 
by CVD (Chemical Vapour Deposition) processes [4.33]. There are 
two major CVD processes used in the fab: LPCVD (Low Pressure 
CVD process) and PECVD (Plasma Enhanced CVD process). 
LPCVD is usually performed at temperatures between 550 and 750°
C, at pressures from 0.25-2.0 torr. This process ensures better step 
coverage. PECVD, on the other hand, is a low temperature process. It 
is preferred for deposition subsequent to the first metal layer since 
aluminium cannot be heated to more than 450° C.

ζopt
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Fig. 4-20 The cross-section of a CMOS image sensor in 0.18-μm 
“imaging” process from [4.32]. The micro-lens (μLENS) focuses 
light into the photodiode. The light passes through a color filter 
(CFA), a silicon nitride passivation layer (NIT PASS), an oxide 
passivation layer (OX PASS), inter-dielectric material layers 
(ILD2, ILD1), and BPSG oxide layer before reaching the 
photodiode. The image sensor used in the current work does not 
contain the micro-lens or the color filter. © 2004 EEE.

The plasma used in the deposition is derived by applying RF 
fields to a low-pressure gas thereby causing gas-phase disassociation 
and ionization of reactant gases. This process also has a higher 
deposition rate that other CVD processes. The various oxides that are 
deposited by utilizing these two processes are listed below:

BPSG: This is a kind of silicate glass that includes additives of both 
boron and phosphorous. This is usually used as an insulating material 
between inter-metal layers in CMOS processes. Since it contains 
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more “impurities”, this material can be considered to be more prone 
to optical damage during irradiation. 

TEOS: TEOS forms highly conformal films with both LPCVD and 
PECVD processes. In many cases, TEOS is also used as first-level 
dielectric. TEOS films are known to be quite porous and absorb 
moisture. 

Si3N4: Silicon nitride films are used primarily for two purposes. One 
is as an oxidation mask, and the other is as a final passivation layer on 
chips. LOCOS (Local Oxidation of Silicon) occurs using silicon 
nitride as a mask, since diffusion of oxygen through the film is very 
slow. These masking layers are deposited by the LPCVD process. As 
a final passivation layer, silicon nitride is a very good barrier against 
water and sodium diffusion. It can also be deposited conformally. 
PECVD is used in this process. 

For the experiments, the oxides (thicknesses of 1 μm) were 
deposited on silicon wafers. The samples were diced into squares and 
irradiated at the irradiation facility. Care was taken not to damage the 
surface of the samples.

FTIR measurements
The FTIR (Fourier Transform Infrared) transmission 

measurements were carried out in the wavelengths from 2.5 μm 
(wave number = 4000 cm-1) to 25 μm (wave number = 400 cm-1). 
The silicon bulk itself becomes “transparent” at these wavelengths, 
and the changes being reflected by the changes in the oxide (glass). 
Glass in fully transparent to IR wavelengths up to about 2.6 μm 
([4.34]). In the higher wavelength region, there is also some 
absorption depending on the constitution of the glass, including 
impurities. Thus the oxide can be “probed” using this method. The 
FTIR measurement results for the different oxides before and after 
irradiation are shown from Figure 4-21 to Figure 4-26. A radiation 
dose of 800 Gray was used in all the cases. The BPSG (PECVD) 
layer, TEOS (PECVD) layer and the thermal oxide show a reduction 
of up to 3%, 1% and 1% respectively in the transmission spectra. 
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Fig. 4-22 FTIR on Si3N4 layer (PECVD).

Fig. 4-21 FTIR on BPSG layer (PECVD).
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Fig. 4-24 FTIR on TEOS layer (PECVD).

Fig. 4-23 FTIR on SiO2 layer (PECVD).
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Fig. 4-26 FTIR on SiO2 (grown thermal oxide through wet-process).

Fig. 4-25 FTIR on Si3N4 layer (LPCVD).
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It is also observed that no peaks or valleys are introduced in the 
spectra after irradiation, though the change in the spectra is 
wavelength dependent. BPSG oxides contain Boron and Phosphorous 
as impurities that make them vulnerable to degradation. Similarly, 
TEOS films are quite porous and absorb moisture readily. This could 
be a contributing cause to their optical degradation. Silicon nitride 
layer processed in both the PECVD and LPCVD methods did not 
show any significant changes after irradiation. 

The small change in the transmission seen in some of the oxides 
can be either due to change in the reflectance or due to color centres 
that may have formed due to irradiation. To study this further, 
ellipsometry is performed on the oxides to see whether the optical 
constants change after the irradiation process. So far we have 
conducted experiments in the IR region. A transmission measurement 
in the visible region is difficult because that requires a 
“free-standing” oxide membrane and sophisticated alignment/
measurement procedures. So ellipsometry is performed on the oxides 
to determine if there are changes to the optical constants after 
irradiation. This will be explained in the next section.

Ellipsometric measurements
Ellipsometric studies were also performed on the oxides that 

were subjected to FTIR measurements. This enables to see the effect 
of radiation in the visible spectrum, and also extract optical 
parameters like the refractive index (n) and the extinction coefficient 
(k). Figure 4-27 to Figure 4-33 show the results of the ellipsometry. 
Concurrent to the FTIR measurements, the BPSG layer (PECVD) and 
the TEOS layer (PECVD) manifest a small increase (densification) in 
the refractive index, Δn of ~0.002 after irradiation. The refractive 
index of BPSG shows the highest change in the range 300-700 nm, 
while for the TEOS, the change is noticed after 500 nm. The value of 
k obtained from ellipsometry in the wavelength used in the study was 
negligible, even after irradiation. This indicates that no color centres
are formed due to the irradiation process in the dose range considered 
in this study.
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In the very simple case of radiation reflection from the boundary 
of two optical media of refractive indexes n1  and n2  is given by:

R
n1 n2–
n1 n2+
---------------

2
= (4-23)

The total transmittance Ttotal  of m  identical plates placed in 
series is given by [4.36]:

Ttotal
T0

m T0 m 1–( )–
------------------------------= (4-24)

and the radiation transmitted directly, Tdir  is given by:

Tdir 1 R–( )2m= (4-25)

Thus from the above equations, we can see that a change in the 
refractive index will cause a change in the reflectance pattern of the 
spectra. Further, for a stack of optical layers, the effect of changes in 
the refractive indices on the transmission is multiplicative.
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Fig. 4-28 Ellipsometry on Si3N4 layer (PECVD).

Fig. 4-27 Ellipsometry on BPSG layer (PECVD).
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Fig. 4-30 Ellipsometry on TEOS layer (PECVD).

Fig. 4-29 Ellipsometry on Si02 layer (PECVD).
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Fig. 4-32 Ellipsometry on Si02 layer (thermal oxide via wet-process).

Fig. 4-31 Ellipsometry on Si3N4 layer (LPCVD).
119



 Radiation effects on CMOS image sensors
Fig. 4-33 Ellipsometry on the silicon bulk.

Table 4-2. Surface roughness profile of oxides before and after irradiation.

Oxide type
Surface roughness (A°) 

Un-irradiated
Surface roughness (A°) 

Irradiated
BPSG (PECVD) 34 54
Si3N4 (PECVD) 47 63
SiO2 (PECVD) 41 34
Si3N4 (LPCVD) 44 71
SiO2 (LPCVD) 71 65

TEOS (PECVD) 44 59
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Surface profilometry
The data obtained through surface profilometry of the oxides is 

shown in Table 4-2. A dedicated surface profilometer was used for 
the experiment. The results indicate that no “pits” or roughness was 
introduced in the surface after irradiation in the dose range 
concerned. All the values are within the noise range. 

4.3.2.3 General discussion on radiation-induced optical effects
From the experiments and the fit through the model (Section 4.3.2.1), 
it can be understood that the Si/SiO2 interface degrades after 
irradiation. The FTIR measurements on the oxides reveal that there is 
a very small decrease in the transmission spectra of certain oxides 
like BPSG and TEOS. This is most probably due to the small change 
in the refractive index of these oxides after irradiation. Further, no 
peaks or valleys were introduced in the spectral response of the 
oxides after the irradiation process. Likewise, there was no indication 
of the introduction of color centres by the irradiation process. No 
physical modification of the oxide surface was noticed. Thus it is safe 
to conclude that the post irradiated change in the QE of the 4-T sensor 
is mainly due to the change in the surface recombination velocity 
(SRV). The change in the SRV also modulates the interference pattern 
as mentioned in Section 4.3.2.1. This results in a further change in the 
average value of the sensor response. 

Figure 4-34 shows the simulated QE (normalized) utilizing the 
refractive indices of un-irradiated and irradiated TEOS shown in 
Figure 4-30. A single layer of TEOS (thickness = 3.5 μm) above a 
silicon substrate is assumed for this simulation. The wavelength step 
was chosen to be 40 nm. The resulting transmission spectra are 
multiplied by the corresponding internal QE spectra, simulated for 
two values of surface recombination velocities: 1.3×105 cm/s and 
6.8×105 cm/s, extracted from the experiments (Figure 4-19). To 
evaluate the effect of change in the refractive indices on the QE, the 
unmodified transmission spectra is operated on the internal QE 
response corresponding to modified SRV of 6.8×105 cm/s. A 3rd

order poly-fit is also shown for all the spectra. 
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Fig. 4-34 Simulated QE (normalized) using the ellipsometric data for 
TEOS before and after irradiation. An oxide thickness of 3.5 μm 
is assumed in the simulation.

It can be seen that, similar to the experimental curves shown in 
Figure 4-19, there is a diminished optical response for a higher SRV 
value. Further, the change in the refractive index contributes to small 
shifts and changes to the the peaks, but there is negligible change in 
the mean value. Thus it can be concluded that the major degradation 
mechanism in the optical response due to irradiation (in the dose 
range concerned in this study) is due to a change in the SRV.

Two more predictions can be made from the discussion so far on 
the optical degradation:

• Sensors that have very small interface defects and are 
already very sensitive—especially to blue and green photons 
—will degrade more due to irradiation compared to the less 
sensitive sensors. This follows the discussions in Chapter 3, 
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(Section 3.2.1) on the effect of SRV on the internal QE. At 
high values of SRV, the spectral curves tend to saturate, lead-
ing to less noticeable differences.

• The effects of radiation damage on the spectral characteris-
tics will be more noticeable in ultra-shallow junction diode 
types such as the pinned photodiode, which has a higher 
response to the blue and green photons. In photodiodes with 
deeper junctions, the effect of the change in SRV will be less 
noticeable. 

4.4 Chapter summary
In this chapter, effects of γ-ray irradiation on CMOS image sensors 
fabricated in 0.18-μm CMOS process were studied. Some interesting 
results were observed during this venture. On the positive side, it was 
found that the very thin oxides employed in advanced CMOS 
processes offer an inherent radiation tolerance to sensors fabricated in 
this technology. The flatband/threshold shift due to charge trapping in 
the oxides and thus the change in the conversion gain of in-pixel 
transistors was found to be negligible. The FGDs reveal an increased 
leakage current after irradiation. It was found that the surface leakage 
evolution was very small, but the bulk component degraded fast 
especially above 400 Gray. In the FGD structures, there exists a very 
small region where the depletion under the gate interacts with the STI 
at the device periphery. Thus, the STI leakage component is coupled 
with Ifij  and cannot be separated with the current FGD structures. 
The results from the imagers offer more clue to the observations.

By utilizing techniques like p-well passivation and optimizing 
the value of NTA, dark signal evolution in the imagers were found to 
be effectively mitigated. This also strongly hints to the fact that 
displacement damages due to γ-ray irradiation should be negligible. 
Thus, it is concluded that the STIs are primarily responsible for 
leakage current increase due to irradiation in the imagers as well as 
the FGDs. 
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It was found that an increased dark current generation due to the 
presence of high electric fields can hamper high-quality imaging in 
radiation-harsh environments. Radiation induced traps are found to 
be sensitive to such local electric fields. With the shrinking of 
geometry, attention should be given to such field effects when 
utilizing such sensors for medical/outer-space applications. 

From the results, lifetime variations in the silicon bulk are 
predicted to be minimal. This indicates that the spectral response 
variations due to ionizing radiations will be negligible. 

The surface recombination velocity at the Si/SiO2 interface in 
the photodiode region is seen to increase after irradiation. This affects 
the spectral response of the sensor and results in a reduction in the 
internal QE. The peaks and valleys of the interference pattern 
produced by the optical stack above the photodiode are also 
modulated by the change in the internal QE. This results in a 
modified external QE which manifests as a decreases in the overall 
sensor response. 

Finally, some of the oxides that form on top of the sensor are 
also found to be affected by irradiation. The major material change 
due to irradiation in the dose range concerned is a change in the 
refractive index (densification). Materials like BPSG and TEOS are 
found to succumb to this degradation. However, the change is very 
small and does not contribute to drastic changes to the response, and 
can be neglected. Further, there was no indication of the formation of 
color centres in the oxides. 

The designer usually does not have control over the oxide 
properties or its physical parameters while designing the sensor. With 
the evolution of aggressive technologies, the number of metal layers 
will increase and thus affect the thickness and the choice of material 
used in the stack by the fabs. Hopefully, fabrication processes aimed 
for imaging solutions would take into consideration the effects 
mentioned above as well, to improve the quality of imaging in future 
technologies. In summarizing, it can be safely concluded that 
deep-submicron process are the choice of technology when it comes 
to radiation tolerant designs, if measures are taken in the direction 
presented in the work. 
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5CCD in standard 
CMOS technology 
— A study 1
A CCD (Charge-Coupled Device) is a series connection of capacitors. 
In simple terms, it is a charge collection, storage and transport device 
aimed at imaging [5.1]. Each of these capacitors can also be regarded 
as a photogate. The incoming photons fall on the photogate to 
produce electron-hole pairs in the silicon bulk. The charges are then 
collected by potential “pockets” formed by pulsing each of these 
photogates to deep depletion. Since the charges are confined within 
each pocket, each of these capacitors can be viewed as individual 
pixels. The charge transportation occurs by manipulating the potential 
pocket digitally, so that the charges “flow” from one pixel to another. 
This continues until the charges are dumped into an output node 
which converts the charge packets into a corresponding voltage to be 
read-out. Several charge transportation schemes can be utilized for 
moving the charges through the CCD, the popular ones being the 
four-phase and two-phase systems [5.1], [5.2]. 

CCDs are fabricated in specialized foundries which allow the 
fabrication of overlapping polysilicon gates and override many 
constrains imposed by CMOS fabs. While CCD image sensors 
benefit through high dynamic range, quantum efficiency and noise 
performance, CMOS image sensors benefit through integration of 
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electronics, and random access capabilities [5.3]. With these in mind, 
it would be worthwhile to investigate the possibility of integrating a 
CCD in the CMOS technology [5.4]. Current deep-submicron 
technologies allow the fabrication of polysilicon gates very close to 
each other (~0.24 μm). This study investigates whether this ability 
could be used to allow surface potentials to overlap between adjacent 
polysilicon gates and achieve a CCD like structure in standard CMOS 
technology. The advantages and applications of such an endeavour 
will be clarified further in this thesis.

5.1 Background
CCDs have conventionally used overlapping (0.5-2.5 μm) polysilicon 
gates to achieve smooth charge transfer between photogates with a 
very high CTE (Charge Transfer Efficiency) [5.1]. The advantages of 
hybridizing a CCD structure with CMOS are:

• At the pixel level, clever strategies like charge addition, 
sub-pixel resolution, etc are possible. 

• At the sensor level, easier integration with electronics and 
readout circuitry, lower power supply requirements and 
power consumption. 

• At the consumer level, potential lower price, mass produc-
tion capability and the ability to develop application specific 
CCD structures.

To verify the feasibility, device simulations were carried out 
using the software SPECTRA®. This is presented in Section 5.2. 
Subsequent to the feasibility study, test structures were fabricated in 
the TSMC 0.18-μm process based on the results obtained through the 
simulation study. The layout and fabrication details are presented in 
Section 5.3. The experimental results are discussed in Section 5.4. 
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Fig. 5-1
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The simplest form of the intended structure. It consists of at least 
two photogates (PG-2, PG-1), a transfer gate (TX1), the drain, 
the reset transistor (Rst) and a source follower (SF). Transfer 
gate (TX2) and the source are formed as part of the fabrication 
process. It can be used to test the pixel through charge injection.

5.2 Simulation and modelling
The simplest form of the intended structure is shown in Figure 5-1. It 
contains two polysilicon photogates (PG-1 and PG-2) separated by a 
very small gap. The transfer gate (TX1) is used to transfer charges 
collected from the photogates into the floating diffusion node (FD). 
The FD node is also the drain region of the structure. 

The reset transistor (Rst) is used to reset the FD node, and the 
voltage is read-out through a source follower (SF). These two form 
the basic circuitry in the sensor. A bias current (Ibias) is used to bias 
the SF and is provided off-chip in this study. Additionally, a transfer 
gate (TX2) formed in the source region is used to “inject” charges 
under the photogates for electronically characterizing the sensor 
without the necessity for a light source. The simulations only include 
PG-2, PG-1, TX1 and the FD node. The length of PG-2 as well as 
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PG-1 was chosen to be 6 μm for the simulations. The length of TX1 is 
1 μm. The fabricated test structures discussed later have up to 5 
photogates based on the layout scheme shown in Figure 5-1. The 
photogate area is kept constant in all cases: this requires the tailoring 
of the photogate lengths accordingly. 

Charge transfer between two gates of a CCD is through the 
movement of charge carriers along the surface of the CCD. The three 
driving forces behind charge transfer are [5.1]:

• The thermal diffusion of charge carriers by redistributing its 
local gradient towards an equilibrium state.

• Self-induced fields that result from the repulsion of carriers 
of the same type.

• Fringing-fields where the existence of electric fields due to 
voltage on gates helps drive charges from one location to 
another. This effect is gate-geometry dependent.

Whereas the first two mechanisms are “slow” and help in the transfer 
of charges initially, for a near-complete charge transfer to occur 
fringing-fields are necessary. Thus this effect is detailed in the next 
section.

5.2.1 Fringing fields

The forcing of transport by electric fields due to voltages on the gates 
enables high transport efficiency coupled with speed of operation. 
The surface potential is determined not only by the applied gate 
voltage, but also by its neighbouring gates. If the surface potentials 
were “flat” beneath a gate, there would not be any fringing fields. 
However, in reality, the fields have a certain gradient and this allows 
the surface potentials under two gates separated by a small gap to 
“overlap”. The fringing fields are a function of the oxide thickness, 
substrate doping and geometry [5.1], [5.5]. 

The relationship between gate voltage and surface potential in 
deep-depletion is given in Chapter 2; (2-19), (2-20). 
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Fig. 5-2 The surface potential under a gate in deep-depletion for a thin 
gate-oxide.

When there are no trapped charges in the oxide or in the 
interface, the flatband voltage is the work function difference 
between the gate and the semiconductor. For the highly doped n+

polysilicon gate used in CMOS technology, the flatband voltage
without any charge trapping is -0.55 V. Figure 5-2 shows the surface 
potential as a function of the gate voltage computed using the gate 
voltage/surface potential relationship. For the thin gate-oxide value 
used in this simulation (~4 nm), the relationship between the gate 
voltage and surface potential is almost linear. We can see from the 
graph that when the gate voltage is 0 V, the surface potential is ~ 0.52. 
Likewise, when the gate voltage is 3.0 V, the surface potential is ~ 
3.52 V. The gate-oxide thickness as well as the presence of fixed 
charges in the silicon-dioxide region can influence the surface 
potential. 

Conventional CCDs have typically used overlapping polysilicon 
gates to achieve high charge transfer efficiencies. However, standard 
CMOS technologies usually employ single-poly process.
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Fig. 5-3 The conceptual diagram of the surface potential under two gates 
separated by a small gap. The thick line shows a step-response 
while the dotted lines show modified surface potential due to 
fringing fields.

Overlapping of polysilicon layers is generally not allowed. This 
stringent requirement is a hindrance to fabricate a CCD in a standard 
CMOS process.
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 But the merit of modern 0.18-μm CMOS process is 
the ability to have feature sizes as small as 0.18 μm. When two gates 
are placed close to each other, with a very small gap in between, the 
surface potentials overlap. This ability was in fact recognized early 
on, but the technology was not yet mature enough for a practical 
device to be fabricated. Some early efforts in this direction can be 
seen in the work of [5.7]. Figure 5-3, which is a conceptual diagram, 
further explains the idea. It shows two gates, Gate-2 and Gate-1, 
placed close to each other. The surface potential φs  is indicated 
positively down. With no fringing fields, the surface potentials form a 
“step” curve. Condition (a) represents the situation where equal 
voltages are applied to the gates. In this situation, if the gap is 
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Fig. 5-4 Surface potential (along Y axis) for different gap sizes. Surface 
potential under PG-1 is not shown for clarity.

sufficiently large, the potential in that region steeps back towards the 
bulk potential of the semiconductor referred to as . This forms a 
potential “pocket”, inhibiting the smooth transfer of charges between 
the two gates. If the gap size is reduced, the height of this barrier will 
also reduce. With fringing fields, the transition in the gap will be 
smoother as indicated with the dotted line. In condition (b), the gate 
voltage on Gate-1 is increased to a more positive value. As 
represented in the figure, a small pocket is still present, which could 
defer the efficient charge transfer. On further increasing the voltage as 
represented in condition (c), a very smooth curve can be noticed 
enabling efficient charge transfer. Thus, the key for efficient charge 
transfer depends on the gap-size for the voltage range that is planned 
to be used on the gates. Though there can be a study undertaken 
towards optimizing the substrate doping, this effort will not be useful 
in a situation where “standardised” CMOS processes are used.

Figure 5-4 shows the simulation result whereby the gap between 
PG-2 and PG-1 is varied between 0.8 μm and 0.28 μm, on a substrate 
doping of NA = 1×1015cm-3. PG-1 is biased at 3.0 V and PG-2 at 0 V. 
The surface potential is represented in the Y-axis (positively 
downwards). 
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Fig. 5-5

2.0 4.0 6.0 8.0 10.0 12.00.0

1.0

2.0

3.0

G
at

e 
vo

lta
ge

 (V
)

0.0

PG-2 PG-1

Y

Surface potential as a function of gate voltage. PG-2 is swept 
from 0 to 3V keeping PG-1 at 3 V.

It can be immediately seen that as the gap is increased, the potential 
bump increases as well. Thus, the smaller the gap-size that can be 
fabricated, the better. As mentioned earlier, current CMOS 
technologies such as the 0.18-μm technology can be used to fabricate 
gap sizes as small as 0.24 μm, which will ensure a monotonous 
potential formation. Figure 5-5 shows the surface potential simulation 
wherein PG-1 is kept at 3.0 V and PG-2 is biased from 0 V to 3 V. 
When both the gates are at equal potentials, a potential pocket can be 
seen. In fact, this need not be a disadvantage since this allows the two 
photogates to perform charge integration simultaneously and without 
the problem of charge mixing. Thus clever schemes like charge 
addition (for high-dynamic range applications) or sub-pixel 
resolution within the same pixel becomes a reality. In the latter case, 
the higher resolution comes with the price of slower device 
performance and memory requirements due to the multiple read-outs 
required and information storage.
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Fig. 5-6 Timing scheme used for the device simulation.
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Simulation of the device

The timing diagram for operating the device is shown in Figure 5-6. 
The source region as well as the transfer gate TX2 is assumed to be 
isolated in this simulation. These are used in the test devices for 
injecting electrons under the photogates. This helps enable the study 
of linearity and light leakage tests to be explained later. To apply the 
initial conditions, a reset potential of 3.0 V is chosen on the floating 
diffusion node. To apply this condition, the “n-fermi” (quasi-Fermi 
level of electron) parameter in the simulation environment is chosen. 
This “fixes” the electron Fermi potential in the FD node, and thus 
would allow a time varying analysis to be carried out [5.9]. 

The cycle starts at t = 0 ms, where PG-2 and PG-1 start their 
integration process. The integration is carried out by switching the 
photogates to a high potential of 3 V. The surface potentials under the 
gates would be held at ~ 3.5 V in this condition. A rectangular light 
pulse (1 mW/ cm2, Eph  = 2.25 eV) with a dimension 0.5 × 3.5 μm2, 
is simulated to be incident on the photogates at t = 2 ms for 1 ms. 
Since the light pulse “ON” condition occurs during the time when 
both the gates are integrating, equal amounts of photo charges will be 
collected by each of the photogates. In the simulation, optical effects 
including reflection are not considered.
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During the integration cycle, TX1 is held at a potential of 1.5 V. This 
isolates the photogates from the floating diffusion node during the 
integration process. The 2-D electron concentration plot at the end of 
the integration period is shown in Figure 5-7 (a). The electrons are 
filled up in the potential “bucket” formed in the substrate as can be 
seen from the 2-D plot. The concentration amounts to ~ 3 × 1016

electrons/cm3 as is evident from the 1-D plot (along Y axis) shown in 
Figure 5-7 (b). The surface potential at this stage is shown in 
Figure 5-7 (c). As explained earlier, since the gates are held at the 
same potential, a potential barrier is formed in the gap which isolates 
the two charge “pockets” and prevents the charges from “mixing”.

Subsequently, PG-2 switches to 0 V at 4 ms, thus transferring 
the charges underneath it to PG-1. The gate voltage switching is not 
instantaneous but takes some ns to reach 0 V. The condition at the 
instance of switching is shown in Figure 5-8. The charge pocket 
under PG-2 has not been completely emptied as can be seen from 
Figure 5-8 (a). Approximately 99.8% of charges have been 
transferred as can be seen from Figure 5-8 (b). The surface potential 
under PG-2 decreases as the gate voltage is reduced (Figure 5-8 (c)).

At 5 ms (Figure 5-9), however, we see that all the charges have 
been completely transferred from PG-2 to PG-1. The charge “pocket” 
under PG-2 disappears (Figure 5-9 (a)). In reality, almost all of the 
charges are transferred within several ns after the switching is 
complete. This can be simulated using the program with very small 
time-steps, but will result in a very large computation time. The 
electron concentration increases under PG-1 (Figure 5-9 (b)) and the 
surface potential under PG-2 reaches 0.52 V (Figure 5-9 (c)) 
consistent with a gate voltage of 0 V.

At t = 6 ms, PG-1 switches to 0 V, thereby transferring all the 
charges underneath it into the FD node. The condition at t = 7 ms is 
shown in Figure 5-10. The charge “pocket” under PG-1 disappears 
(Figure 5-10 (a)), and the electron concentration reduces to zero 
(Figure 5-10 (b)). The surface potential under both the gates are now 
around 0.52 V (Figure 5-10 (c)). Since the transfer gate has been 
biased at a constant potential of 1.5 V, electrons flow smoothly from 
PG-1 to the FD node. It can be noticed that the electron quasi-Fermi 
level at this stage decreases from the initial value of 3.0 V to 2.76 V. 
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Fig. 5-7
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Fig. 5-8
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Fig. 5-9
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Fig. 5-10
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Fig. 5-11
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Fig. 5-12
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transfer gate in this simulation is biased at 0.5 V instead of 1.5 V. 
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This change in the quasi-Fermi potential is due to the electrons that 
discharge the floating node capacitance and change the reset 
potential. 

The sequence of operation in 3-D representing the Y-axis 
(length), the Z-axis (depth) and the surface potential corresponding to 
the timing sequence described above is shown in Figure 5-11. 

Figure 5-12 shows the simulation in which the transfer gate 
(TX1) is biased at a constant potential of 0.5 V. It can be seen that a 
potential hill is present between PG-1 and TX1. This would hamper 
the smooth flow of electrons from the photo-gate into the floating 
diffusion. As shown earlier in Figure 5-5, the potential hill disappears 
for gate voltage differences of ~ 1 V. Thus, potential difference of at 
least 1 V should be maintained between PG-1 and TX1 for ensuring a 
smooth transfer of charges into the FD node. In order to minimize the
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Simulation and modelling
Fig. 5-13 The number of electrons under PG-1 and PG-2 as a function of 
time.

dark current generated from the transfer gate, a pulse of an 
appropriate voltage can be applied instead of a DC bias. The reset 
operation can also be carried out immediately before the actual 
transfer so as to clear any dark current collected by the FD node 
during the integration period.

To calculate the generated electrons, we can use the formula 
[5.10]:

# e
Pin

W
cm2
---------⎝ ⎠

⎛ ⎞ Area cm2( ) time×× s( )

E λph( ) eV( ) q×
---------------------------------------------------------------------------= (5-1)

where Pin  is the incident power, E λph( )  is the energy of incident 
photon (2.25 eV corresponding to green photons) and q  is the 
fundamental charge constant. Considering 100% quantum efficiency, 
the generated electrons can be calculated to be 4.86 × 104. 
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The simulation of the number of electrons beneath each gate as a 
function of time is shown in Figure 5-13. The simulation predicts the 
number of electrons to be 4.27 × 104. This implies a QE of 87%. The 
high QE is unrealistic in real cases due to the absorption of photons in 
the polysilicon layer (up to 20%), as well as limited epi-layer 
thickness (~ 3 - 4 μm). The simulation predicts almost equal amounts 
of photo charges (electrons) being collected under the gates after the 
integration time. This simulation also points towards the possibility 
of integrating the charges independently under the gates. Though this 
simulation is directed towards charge addition (mixing the charge 
packets under each photogate), multiple charge transfer can be done 
(starting from PG-1) for sub-pixel resolution.

5.3 Fabrication and layout
From the previous section, we understand that the gap-region is very 
important for efficient charge transfer. The smaller the gap, the better 
will the charge transfer efficiency. The presence of dopants or 
impurities in this region can “distort” the surface potentials and 
hamper a smooth charge transfer process. Thus, this gap-region 
should be formed in such a way that it is rendered free of 
unintentional dopants. Conventional MOSFET processes utilize 
“self-aligned” processes for device fabrication. This means that it 
uses the gate region as a mask for the drain and source region 
formation. During this process, the gate region is also doped, thus 
reducing the polysilicon resistance and thereby gate-contact 
resistances. An n-LDD (n- type) deposition is performed prior to this 
step especially in deep-submicron processes. This is necessary since 
as device dimensions reduce, strong electric fields may be created in 
the gate channel resulting in “hot electron” problems [5.11]. These 
electrons possess high energies that can cause impact ionization and 
additional electron-hole pairs by breaking Si-Si bonds. Such carriers 
may also gain sufficient energy to surmount large energy barriers 
such as the 3.2 eV barrier between Si conduction band and the SiO2 
conduction band. This results in carriers being injected into gate 
dielectrics which may get trapped and cause reliability problems.
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Fig. 5-14
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The deposition of polysilicon gates that act as “natural” masks 
for drain/source deposition (not to scale).

The main approach taken in our design is to fabricate “split” or 
finger gates with a small gap in between the gates. Obviously, it is 
necessary to circumvent the problem of unintentional doping of the 
gap regions due to the self aligned process used in CMOS technology. 
The approach should be such that it is simple (i.e. does not introduce 
extra masks) and effective. The introduction of a simple n-LDD mask 
was found to be enough for this purpose. In order to understand how a 
minor modification can help achieve the goal, the steps involved in 
the fabrication process are highlighted.

The first step in a CMOS process is the formation of the gate 
regions that naturally act as masks for the drain and source diffusions 
as was mentioned earlier (Figure 5-14). Next, the n-LDD regions are 
deposited. This is a relatively lighter doping compared to the source/
drain regions. The lighter doping reduces the electric fields and the 
problems related to the same. If this is masked, the deposition is not 
performed (Figure 5-15). The n-LDD deposition is masked by using 
an n-LDD block layer. Since we do not operate the device as a 
conventional MOSFET, (in the strong inversion region), but rather in 
the depletion mode, we do not have to consider hot-carrier and related 
effects in our design.
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Fig. 5-16 Due to the very small gap, the spacers merge.

Fig. 5-15

LDD-stop
mask

N-LDD
implant

The n-LDD deposition is masked by using an n-LDD block layer.

After the n-LDD step, sidewall spacers are formed by LPCVD 
deposition of conformal spacer dielectric (SiO2 or Si3N4) and 
anistropic etching, usually a plasma reactive-ion etch (Figure 5-16). 
These sidewall spacers help in providing a smooth doping-transition 
from drain/source diffusion regions to the gate. The minimum 
thickness of this spacer in technology used is around 100 - 120 nm 
(Figure 5-18). When the gates are placed extremely close (~ 240 nm), 
these spacers will merge due to their thickness as well as 
technological constrains. 

Spacer Merged spacers
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Fig. 5-18 Cross-section of the source/drain (S/D) spacer in a 0.18-μm 
process [5.14]. © 2007 X-FAB Semiconductor Foundries AG

Fig. 5-17

n  implant+

n+

Source Drain
n+

Finally, the source and drain regions are formed by n+ doping.

The merged spacers further act as masks for subsequent source or 
drain deposition [5.12], [5.13]. This ensures that the gaps are free 
from all types of dopants. A recent trend in technology is to reduce 
the thickness of the spacers. Thus care should be taken to preserve the 
thickness so that the merging can be accomplished by this technique. 
In addition to these steps, it is also necessary to use a silicide blocking 
mask. This is to prevent the silicide formation on top of the gates as 
they could hinder the transmission of light through the polysilicon 
gates. The high concentration n+ drain and source regions are formed 
as the last step (Figure 5-17). 
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The source region is not really necessary in the formation of the 
CCD. In our design, it is an added advantage since it can be used to 
inject electrons underneath the photogates for electrically 
characterising the sensor. An addition transfer gate (TX2) is 
necessary to isolate the source from the CCD during normal 
operation. 
The 1st and higher order metal contacts, intermediate dielectrics 
including organic materials and a final passivation layer are formed 
subsequently. It should be noted that these fabrication steps do not 
affect the electrical properties of the CCD though the optical 
properties would be affected. 
 Figure 5-19 and Figure 5-20 respectively show the layout of a 1 
photogate and a 2 photogate structure that were designed. The 
photogates, the transfer gates, the source follower, the reset transistor 
as well as the source/drain regions are indicated in the layout. A 
metal-2 layer is used to cover the whole of the non-imaging regions. 
It was kept grounded to avoid shifts in device operation conditions 
due to the possibility of charge trapping in the metal-dielectric region. 
The reason to use the metal-2 layer was to keep the routing simple 
(since metal-1 was used to contact the drain/source regions), but at 
the same time keep the metal layer as close as possible to the 
structure. During the experiments, this did present problems as a 
small light leakage was observed and is explained in the section on 
experimental results. It is hoped to be prevented in future devices by 
careful metal-1 routing as well as utilizing higher order metal light 
shields.
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Fig. 5-20 Layout schematic of the 2 photogate structure.

Fig. 5-19
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Fig. 5-21 Timing diagram for the 5 photogate structure.
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Table 5-1. Important parameters of the CCD fabricated in standard CMOS 
technology.

Parameter Value

Photogate dimension 26×31.5 μm2 
Transfer gate length 1 μm

Gap width 0.24 μm
Floating diffusion dimension 3.7×31.5 μm2 

Conversion gain 10 μV/e-

Full-well capacity (FD node) 113 ke-

Dark current 0.6 nA/cm2 

(300 K)
Ibias 5 μA
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Results and discussion
Fig. 5-22 Output response of the 1 as well as the 5 photogate structure on 
charge injection from the source by pulsing transfer (TX2) gate.

5.4 Results and discussion
The important parameters of the fabricated CCD are shown in 
Table 5-1. For the operation of the device, a test-system was 
developed based on Xilinx FPGA (Field-Programmable Gate Array) 
and analog components for analog voltage levels. The chip was 
housed in a light-proof box and has the LED mounted through a tiny 
hole. Care was taken to seal stray light from entering through the 
system and all measurements were carried out at room temperature. 
In the following experiments, use of the 1 and the 5 photogate 
structures are utilized, and the functioning of the structures compared.

For the confirmation of the operation of the CCD, the pulses 
were provided as per the scheme represented in Figure 5-21 and 
measurements were performed in the dark (using charges injected 
through TX2). The reset transistor gate-voltage (VRst) was pulsed 
momentarily to reset the floating node and clear it off from residual 
charges. The integration of charges was carried out by pulsing the 
photogates to a high potential. 

0.0 0.5 1.0 1.5 2.0 2.5
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Fig. 5-23
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Each of the photogates were driven with a small offset (φd ) of a few 
μs w.r.t the previous gate. The source region was kept grounded while 
the transfer gate (TX2) was pulsed momentarily to inject electrons 
into the FD node. This is done during the period that the photo-gate 
integration periods overlap. Thus the gates integrate equal amount of 
charges in this scheme. To drive the charges from the left to the right 
(into the floating diffusion node), the integration was started with 
PG-5. The charges that are collected beneath it are transferred and 
added with charges under PG-4 and so on. The integration time under 
each of the photogates (tint) was 0.73 ms. The accumulated charges 
are then transferred to the floating diffusion node via the transfer gate 
(TX1). In this measurement, the transfer gate was biased with a 
constant DC voltage of 1.5 V. A bias current of 5 uA was chosen to 
bias the SF (source follower).

Figure 5-22 shows the FD node voltage as a function of time. 
The node voltage resets to a high voltage (1.13 V) and holds at this 
value until the integration (tint) period of 0.73 ms. When the collected 
charges are transferred to the FD node, a drop in potential is seen.
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Results and discussion
Fig. 5-24 Output response of the 1 photogate as well as 5 photogate 
structure on charge injection from the source by pulsing transfer 
(TX2) gate.
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No appreciable difference was observed in the response of the 1 
photogate or the 5 photogate structure. The reset potential dropped 
from the value of 1.13 V to about 0.98 V after the charge transfer 
operation in both the structures. The linearity of the CCD was 
checked by varying the duty cycle of the TX2 signal (Figure 5-23). 
This was thanks to the fact that the amount of injected carriers in 
linearly dependent on the width of the TX2 pulse. The output was 
found to be linear until the saturation value of 1.13 V. 

 Figure 5-24 shows the response of the CCD to an excitation 
with a light source obtained through a LED. In this case, the TX2 is 
held at a small negative potential so that the source region is 
disconnected from the CCD. As can be seen, there is a small light 
leakage present in the response of the CCD, both during the 
integration period as well as the transfer. The slopes of these curves 
are also parallel to each other, confirming a light-leakage problem. As 
mentioned earlier, we opted for a metal-2 layer for the light shielding. 
The photons incident on the CCD can undergo multiple reflections 
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from between the metal layers to reach the FD node. This is hoped to 
be prevented in future devices by using multiple metal layers and 
careful routing. In our present measurements, this can be avoided by 
adopting the following measures:

• Performing a reset operation prior to charge transfer. This 
would clear both the dark current collected at the FD node 
during the integration period, and any stray photons col-
lected by the node.

• Using a pulsed-light excitation rather than a constant light 
source during the integration period. In this way, the inten-
sity of the source can also be accurately varied by controlling 
the pulse width of the light source.

CTE (Charge Transfer Efficiency) measurements
The contributing factors to charge transfer inefficiency are 

[5.15]: 

• The nature of the exponential decay of charge during transfer 
by diffusion and the fringing fields. 

• Finite transfer time during the clock period.

• Potential barriers in the gap region.

Usually specialised techniques like X-Ray transfer methods, 
extended pixel edge response (EPER), pocket pumping etc are used 
for absolute CTE measurements. This works for large CCD structures 
which can “amplify” the tiny losses at each stage. The device under 
consideration does not have many stages that can accurately 
characterize these inefficiencies. Thus the characterization of 
absolute CTE is beyond the scope of the present work. However, a 
simplified experiment is attempted to see if there are serious charge 
losses due to the presence of pockets in the structure. The technique 
employed for this is multiple read-outs of the charges to see if there 
are any charges remaining under the gates or in potential pockets. 
Figure 5-25 illustrates this idea. 
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Results and discussion
Fig. 5-25 CTE measurements on the 5 photogate structure.

The operation begins with the integration process wherein the 
photons from a short pulse of LED are collected by the photogates. A 
reset of the FD node is performed to remove any charges collected 
here. Following this, the photogates are sequentially switched to 
move the charges towards PG-1 and finally, the transfer gate is pulsed 
high to transfer charges to the FD node. The collected charges reduce 
the floating node potential. The second set of integration is performed 
but this time, without the light pulse and the transfer process repeated. 
This process is continued several times. If there are serious charge 
losses, we would see each transfer discharging the FD node until a 
“stable” and flat region is attained. 

The experiment was conducted on the 5 photogate structures at 
both low and high light levels obtained by varying the “ON” period of
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Fig. 5-26
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capability of the sensor.

the LED. As can be seen from Figure 5-25, no major losses can be 
observed in the structure. The output is found to be stable at the first 
transfer process. This indicates that there are no major charge losses 
in these CCDs. However, exact CTE measurement techniques as 
mentioned before may help in locating the few hundreds of electrons 
that may have been lost in potential pockets in these structures. 

Multi-resolution capabilities

The device operation until now was based on the 
charge-addition capabilities of the CCD sensor. This is very useful in 
low-light conditions where high sensitivity is paramount. It was 
noticed from the simulations that it is also possible to perform 
multiple transfers thanks to the surface potential pockets that are 
formed when the gates are biased at the same potential. This means 
that it would be possible to collect information from each of the 
photogates, the downside being a larger memory requirement (for sto-
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Results and discussion
Fig. 5-27 Contribution from each of the photogate after CDS.

ring the information on-chip) as well as a larger read-out time. This 
will also hamper the dynamic range of the sensor. The multiple 
read-out process would be useful in situations where the image 
intensity is high enough and read-out speeds/memory requirements 
are not stringent but where high resolutions are required.

To verify the idea, the scheme shown in Figure 5-26 is used. The 
charges in each photogate, starting from PG-1, are sequentially 
dumped into the FD node that has been reset. The output signal after 
CDS is noted for each transfer. The LED light incident on the CCD 
can be considered to be uniform across the area of the sensor. The 
output voltage after the CDS operation is shown in Figure 5-27. It can 
be seen from the figure that each transfer process contributes 1/5th of 
the total charge collected from the CCD. This confirms the idea that 
multi-sampling capabilities can be realised easily with the structure. 
By incorporating micro-lenses above each of the photogates, photons 
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Fig. 5-28 Normalized output after CDS as a function of transfer gate (TX1) 
voltage.

can be focussed onto each of these pixels for higher efficiency and 
prevent pixel crosstalk. The multi-resolution scheme can be very 
useful in many medical applications where a small area has to be 
read-out at high resolution. The dexterity of this CCD structure is in 
its ability to perform both in the high dynamic range mode by charge 
addition within the pixels, as well as multi-resolution by independent 
read-outs. Other clocking schemes can also be employed using this 
structure for faster read-out as well.

To conclude this section, the effect of transfer gate (TX1) on the 
output is investigated. Figure 5-28 shows the normalized output after 
CDS for different transfer gate (TX1) voltages. It can be seen that the 
output reaches a maximum and saturates at around 1.0 V. This is 
consistent with the simulations result (Figure 5-5) where a difference 
between the gate voltages of around 1 V results in the disappearance 
of the potential hill. By employing the selective transfer gate 
switching mechanism, dark current introduced through the transfer 
gate can be effectively curtailed.
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Chapter summary
5.5 Chapter summary
In this chapter, the feasibility of a CCD like image sensor in standard 
0.18-μm CMOS technology has been discussed. It was found that by 
using the standard processing capabilities, and utilizing the very 
small feature sizes available in the standard technology, a CCD like 
structure can be realized. Since the deep-submicron technology is 
essentially radiation hard, these CCDs can be used for medical/
outer-space applications without the need for further modifications. 
Moreover, clever techniques can be employed within the structure 
like charge addition for increased dynamic range or multiple read-out 
for higher resolution. The latter however comes with the price of 
higher memory requirements for storing the signal on chip as well as 
lower read-out speeds. The dynamic range is also affected since the 
photons under only one gate is effectively read-out. Thus it is highly 
suitable when high image intensity is available, and where speed 
requirements are not paramount. Digital X-ray diagnostics is a good 
example of the application of this sensor. Recently, a CCD like image 
sensor in CMOS technology has also been reported by [5.16].

With the aggressive development of deep-submicron 
technologies, there is a trend to also reduce many of the key 
fabrication steps that are essential for realizing this device, including 
the sidewall spacer thickness. Additional design considerations have 
to be taken care under such circumstances. Thus, the progress of 
submicron technology is a double edged sword: in one hand, the 
smaller feature sizes help in efficient surface potential manipulations, 
on the other hand changes in the technology does not allow the easy 
fabrication of such sensors without much careful revision of the 
design. 
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6General conclusions 
and suggestions for 
future work 1
In this chapter, some of the general conclusions derived from the 
work presented in this thesis is summarised. In addition to the 
suggestions provided in each of the chapters, some guidelines for 
possible future work will be highlighted here. It is hoped that this will 
install the curiosity and enthusiasm necessary for researchers to carry 
out further research on the present topic.

6.1 Radiation hardness of semiconductors and 
in particular, CMOS image sensors
In this thesis, fundamental radiation studies were carried out on a 
simple, yet effective structure called as the finger gated-diode. The 
results obtained through this structure was helpful in analysis the 
radiation induced effects on complex devices such as CMOS image 
sensors. This section presents some conclusions based on the 
radiation studies on the finger gated-diodes as well as 4-T CMOS 
image sensors.
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6.1.1 Finger gated-diodes (FGDs)

In the first phase of this investigation, radiation hardness of deep 
sub-micron technology was evaluated using a very simple structure 
called as the gated-diode (GD). It was found that the GDs are very 
simple, yet effective structures for semiconductor parameter 
extraction and non-destructive testing (NDT). The GDs were 
successfully fabricated in the form of fingers to preserve the 
geometry required to extract necessary parameters in 0.18-μm 
technology. The characterization of these finger gated-diodes (FGDs) 
was successfully accomplished using a specialized test system. The 
surface recombination velocity (s0 ) and the generation lifetime (τ0 ) 
were successfully extracted using the FGD. The values obtained for a 
virgin FGD were s0  = 2.78 cm/s and τ0  = 3.47 μs. Several other 
parameters were also successfully estimated using the FGDs. An 
activation energy for the FGD diode leakage current of 0.62 eV in the 
low temperature range (< 70o C) was obtained using the Arrhenius 
plot. This is close to the value of Eg/2 . The slope of Jjun  vs 1000/T  
in this temperature range corresponds to the slope of ni . For the high 
temperature range (> 70o C), an activation energy of 0.98 eV was 
obtained. This is close to the value of Eg . The slope of Jjun  vs 
1000/T  in this temperature range corresponds to the slope of ni

2 .
By using a photonic sub-band technique which utilizes an infra 

red laser, the density of interface traps at the Si-SiO2 interface (Dit ) 
was successfully mapped. With the assumption of the capture cross 
section area of 10-16 cm-2, a U-shaped distribution of Dit  was 
extracted with a mid gap level of ~ 0.5× 1011 eV-1cm-2. This indicates 
that the surface is of very good quality.

6.1.2 Radiation effects on FGDs

Since the FGD structure enables the characterization of the silicon 
technology, these devices were further utilized in studying radiation 
induced damage mechanism. This provides more clues to radiation 
induced degradation in very complex devices such as CMOS image 
sensors. Only γ-ray irradiation studies were carried out and transient 
effects were not included in the study.

The γ-ray (1.17 MeV-1.33 MeV) dose used for the experiments 
was from 0 to 1000 Gray in steps of 200 Gray, with a dose rate of 75.9 
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Gray/min. An obvious increase in the FGD response was seen after 
the irradiation process. Since the gate oxide thickness in deep 
sub-micron technologies is very small (~ 4 nm), charge trapping and 
interface trap build-up should be minimal. This was confirmed by 
observing the point of inversion of the curves, which remained 
unchanged. This indicates that negligible charge trapping has 
occurred in the SiO2 region that can shift the flatband or threshold 
voltages. This is especially encouraging since 4-T CMOS image 
sensors include in-pixel amplifiers and transistors for its operation. 
Radiation induced threshold as well as gain variation in these 
transistors will be minimal. This is also true for transistors used in the 
analog/digital modules of the sensor such as the CDS circuitry.

The dark current degradation from the bulk and the surface as a 
function of irradiation was resolved successfully. The surface leakage 
current is found to saturate at ~ 400 Gray, which signifies a saturation 
of the interface traps. There was a knee point for the bulk leakage 
current at around the point of 400 Gray, after which it increases 
quickly. In the FGD structures, there exists a very small region where 
the depletion under the gate interacts with the STI at the device 
periphery. Thus, the STI leakage component is coupled with Ifij  and 
cannot be seperated with the current FGD structures. Since 
displacement damage due to γ- or X-rays is quite limited, the 
contribution of bulk depletion regions to the leakage increase is 
doubtful. However, from the available FGD results, it was concluded 
that an increase in the radiation induced leakage current density with 
a slope in the range of a few pA/cm2/Gray for both the surface as well 
as the bulk component occurs. The surface leakage is seen to evolve 
slowly, and saturate at higher radiation doses. Further, no threhsold 
shift occurs implying that the gate region is highly radiation tolerant.

6.1.3 Radiation effects on CMOS image sensors

Electrical effects
Several test-structures with different STI (Shallow Trench Isolation) 
configurations were successfully fabricated in deep sub-micron 
technology. These test structures were subjected to radiation as was 
with the FGDs. It was found that the p-well passivated STI structures 
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suffered less leakage current degradation compared to the 
un-passivated ones. Further, the closer the STI was to the photodiode, 
the higher was the degradation. 

It was observed that the imagers that had the diode structures 
“completely” isolated from the STI (case NTA = 0.3 μm, p-well 
protected), had a negligible dark current evolution after irradiation. 
As the fully-depleted diode has a very large depletion region, this 
points to the fact that displacement damages due to γ- or X-rays is 
negligible. This it can be safely concluded that degradation of the STI 
region is primarily responsible for increase in Ifij , also for the FGDs.

In this context, it was suggested that the distance as well as the 
passivation should be tailored so that other features of the image 
sensor (like full-well capacity) are not overly sacrificed. 

The Arrhenius plots indicate that there is a decrease of the 
activation energy after irradiation. This could be due to the 
introduction of additional energy states that enhances thermal 
generation. It was also concluded that other processes like 
trap-assisted tunnelling and field-enhanced emissions can also be 
thought to play a role in this behaviour. 

When the activation energy as a function of the pixels leakage 
current was plotted, it was noticed that pixels with lower activation 
energies exhibited a higher dark current. This confirms the hypothesis 
that a field-enhancement phenomenon is in action can lower the 
energy required for thermal generation. A major candidate for this 
mechanism is the Poole-Frenkel effect. A 0.2 μm overlap is present 
between the pinned layer and the transfer gate due to self-aligned 
process, where high electric fields are present. This region is thought 
to be a major source for enhanced generation.

Optical effects
As a first step towards characterizing optical effects of radiation, an 
analytic solution for the internal quantum efficiency of a pinned 
photodiode was successfully derived. Using this model, the quantum 
efficiency of radiated as well as un-irradiated sensors was fitted. A 
post-irradiated QE attenuation in the mean of about 20% was 
observed at 800 Gray. Two components were resolved through the 
derived model for the observed change: the effective surface 
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recombination velocity (seff ) which affected the high frequency 
photons and a mean correction factor (ξopt ). The value of seff  
increased from 1.3 × 105 to 6.8 × 105 cm/s upon an irradiation dose of 
800 Gray. ξopt , on the other hand, changed from 1.0 to 0.83. The 
high frequency photons generate carriers very close to the surface, 
and are very sensitive to surface traps. ζopt  turns out to be a 
correction factor that is needed to fit the curve through the mean 
value of the irradiated devices. This occurs due to the effect of 
operating a non-linear change in the internal QE as a function of s  on 
the “wavy” interference pattern produced by the optical stack. In 
other words, the peaks and valleys of the interference pattern are 
modulated differently by the change in the internal QE, as a result of 
the change in surface recombination velocity. 

Using FTIR (Fourier Transform Infrared), the oxide was 
“probed”. Since silicon by itself is transparent to far infrared, it gives 
a good indication of the changes to the oxide. The transmission of 
certain oxides such as BPSG and TEOS were seen to undergo a 
reduction of up to 3% and 1% in the infrared region, after irradiation 
with a dose of 800 Gray. To further study this phenomenon, 
ellipsometry in the visible spectra was also carried out. It was noticed 
that the refractive index of some oxides (BPSG, TEOS) undergo a 
slight increase upon irradiation. This can be attributed to material 
densification. An increase of the refractive index of ~ 0.001 was 
observed. Simulations conducted in the visible spectrum conclude 
that this change would only introduce slight shifts in the curves, and 
hence can be neglected. For the dose range considered, there was no 
indication of color centres being formed as well. Further, the average 
surface roughness of the oxides remain within the noise level after 
irradiation, thus confirming that there has been no physical 
modification of the surface. Thus the major reason for the change in 
the spectral response after irradiation can be attributed to a change in 
the surface recombination velocity tn the Si/SiO2 interface of the 
photodiode region. 

With the evolution of aggressive technologies, the number of 
metal layers will increase and thus affect the thickness and the choice 
of material used in the stack by the fabs. Hopefully, fabrication 
processes aimed for imaging solutions would take into consideration 
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the effects mentioned in this work, to improve the quality of imaging 
in future technologies.

6.2 CCD like image sensors in deep sub-micron 
CMOS technology
In this part of the work, feasibility of a CCD like image sensor in 
standard 0.18-μm CMOS technology was investigated. It was found 
that by using standard processing capabilities, and utilizing the very 
small feature sizes available in standard CMOS technology, a CCD 
like structure can be realized. 

As a first step, some software simulations were performed. It 
was found that the closer the gap between two gates, the “smoother” 
and monotonic the surface potentials in the gap becomes. This 
enables a smooth charge transfer between adjacent photogates. For 
the fabrication, the minimum gap space allowed in the fabrication 
process—which is 0.24 μm—was chosen. 

The fabrication was accomplished in 0.18-μm CMOS 
technology. The structures had an active photogate area of 26 × 31.5
μm2, with a transfer gate length of 1 μm. The floating diffusion was 
3.7 × 31.5 μm2. Due to the fact that the technology constrains 
produce merged spacers, all kinds of impurities in between the gaps 
can be avoided without the requirement for extra masks.

Experiments were successfully conducted with a dedicated 
setup consisting of an FPGA solution that could provide digital pulses 
to the DUT. The sensor exhibited a small light leakage problem due 
to the fact that a higher order metal was employed. By utilizing a 
pulse sequence that ensures that the light source is present only 
during the time of integration, and reset is done just before charge 
transfer, the above mentioned problem was circumvented 
successfully for both characterization and successful operation of the 
device. The sensor showed a linear response to the light intensity.

Under this scheme, the dark current density was estimated to be 
0.6 nA/cm2 at 300 K. The sensors conversion gain was determined to 
be 10 μV/e-, rendering a full-well capacity of 113 ke- at the reset 
voltage of 1.18 V. 
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By carrying out multiple charge transfer and read-outs, it was 
concluded that the device does not have measurable charge transfer 
inefficiencies at both low- and high- lighting conditions. Further, the 
multi-resolution capability of the device was confirmed by 
transferring charges from individual photogates to the floating 
diffusion node, and carrying out multiple read-outs. The disadvantage 
of this technique in a camera system is the need for extra memory for 
storing each of these individual values, as well as slower device 
operation. It was concluded that while the charge-addition property of 
the sensor was useful in low-light conditions, the multiple read-out 
technique could be used when there is sufficient light and higher 
resolutions are necessary.

An output signal dependency on the transfer gate voltage was 
noticed. The signal output was seen to increase with the transfer gate 
voltage up to ~ 1 V, and thereafter saturate. To minimize transfer gate 
induced dark current, an appropriate pulse of the optimal voltage can 
be applied just before the actual readout. 

6.3 Suggestions for future work
The work done in this thesis is far from complete. There is 

enough room for further research in the topics described in this thesis. 
Suggestions for improvements will be described below.
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Fig. 6-1 Different types of radiation and their effects on semiconductor 
devices [6.1], [6.2], [6.3].
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6.3.1 Radiation hardness studies

In this thesis, gamma-ray effects on semiconductors and in particular, 
CMOS image sensors have been undertaken. The main reason for 
choosing gamma-ray is due to the fact that the radiation tolerance of 
the novel CCD-like structures in standard CMOS technology (for 
medical applications) could also be predicted. Both gamma-rays as 
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well as X-rays are high energy photons. In nature, several other 
radiation types exist.

Figure 6-1 shows the characteristics of each of these radiation 
types. Unfortunately, there has not been a study that utilizes an 
efficient device to extract and correlate the effects of these particles 
on semiconductor materials. Such an effort would also enable the 
development of a “universal” model that would predict the effect of 
these particles on sensors in a radiation harsh environment. 
Moreover, utilizing this model, the effect of radiation damage due to a 
plurality of particles can be understood. This would enable designing 
radiation-tolerant sensors—especially for outer-space applications 
—where multiple types of radiation exist.

As mentioned earlier, the FGDs were successfully utilized to 
resolve the bulk and surface degradation mechanisms due to 
gamma-irradiation. Further it was also used to map the 
energy-dependent interface trap density using the sub-band photonic 
GD method. The following additional experiments can be done using 
the FGDs.

• Utilize the FGD to study the degradation mechanism due to 
plurality of particles (and their processes) referred in 
Figure 6-1.

• Evaluate the effect of semiconductor processing conditions 
on radiation tolerance using the FGDs.

• Study and compare the effect of temperature, bias conditions 
as well as annealing of different radiation types on silicon 
using the FGDs.

• Correlate the effect of radiation dose rate with natural radia-
tion events.

• Map the energy dependent interface trap density before and 
after different kinds of irradiation.

• Employ multiple optical techniques on dedicated test struc-
tures for evaluation radiation induced optical degradation.
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• Use the FGDs to accurately establish the effect of terrestrial 
cosmic rays.

The last two suggestions require more explanation. In this work, 
radiation effects on oxides were performed using ellipsometry 
(visible light) as well as FTIR (IR region). “True” transmission 
studies can be done using MEMS techniques that can be used to 
fabricate free standing “membranes” of the oxides which are both 
sufficiently thick as well as mechanically stable. This obviously 
involves a lot of additional study. Moreover, experimental techniques 
have to be explored including the exact alignment of these 
membranes with both the source as well as the detector.

In relation to the last suggestion, it was discovered by 
Theuwissen [6.4], [6.5] that CCD image sensors exhibit an aging 
effect whereby there is an increased “white” spot generation. This 
effect was observed even on sensors stored on-shelf. It is 
hypothesized that this effect is due to high-energy terrestrial rays, in 
particular neutrons. To confirm the hypothesis, the sensors were 
flown via air and land to different geographical locations. Those that 
were exposed to high altitudes exhibited a higher white spot 
generation rate.

The exact mechanism as well as the nature of particles can be 
effectively deduced by comparing FGDs with different geometries 
and oxide thicknesses which have been subjected to radiation tests. It 
is not known at present if the ageing effect is also a matter of concern 
for CMOS image sensors. Hopefully, more studies will be carried out 
in this direction.

6.3.2 CCD-like image sensors in standard CMOS technology

The feasibility of a CCD-like structure was presented in this thesis. It 
was concluded that such a device is indeed possible, and that too, 
without the requirements for additional masks/fabrication steps. It 
will indeed be valuable to fabricate a complete image sensor 
employing the idea. It was mentioned earlier in this thesis that several 
groups are active at the time of this writing to do exactly the 
same—albeit utilizing different techniques and improvisations. For 
example, Fife et al. [6.6] recently demonstrated a CCD in 0.11-μm 
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CMOS technology. They used a very small pixel pitch of 0.5 μm and 
the sensor was targeted towards depth mapping applications. As 
predicted from the simulations in this thesis, the smaller the gap, the 
better would be the performance. Thus the concept has a real 
advantage as the technology progresses.

As described in this thesis, the sensor can be applied for a wide 
spectrum of applications by choosing an appropriate logic due to its 
ability to perform multiple resolutions as well as charge addition 
within the same pixel. Some other suggestions are listed below:

• Employ the technique of fabricating CCD in CMOS technol-
ogy in more aggressive technologies after sufficient optimi-
zation. The gap size reduces as technology improves, and 
this results in better charge transport. 

• A complete sensor, if fabricated, can be used for a wide vari-
ety of applications, such as: SPECT (Single Photon Emis-
sion Computed Tomography); digital X-ray imaging; 
commercial camera systems; and of course, outer space 
applications amongst others.

• Instead of the square pixels, these closely spaced gates can 
also take upon interesting geometries such as a hexagon or 
octagon. In this scheme, the floating diffusion would occupy 
the centre of the pixel. This also has the added advantage in 
that all the charge packets would experience approximately 
the same amount of force towards the centre, thereby 
increasing transfer speeds.
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Summary 1
The aim of this thesis was twofold: investigating the effect of ionizing 
radiation on 4-T CMOS image sensors and the possibility of realizing 
a CCD like sensor in standard 0.18-μm CMOS technology (for 
medical applications). Both the aims are complementary; borrowing 
and lending many aspects of radiation and device physics amongst 
each other.

Chapter 2 introduced the gated-diode (GD). The GD turned out to be 
a very simple, yet powerful device capable of extracting many device 
physics parameters. Concepts such as generation lifetime and surface 
recombination velocity were presented and studied using the GD. 
Other essential semiconductor concepts necessary for the ensuing 
chapters were also presented.

Chapter 3 dealt with the fundamentals of 4-T CMOS image sensors. 
These sensors are state-of-the-art in the imaging world. An analytic 
model for the spectral response of the pinned photodiode was 
successfully derived and the sensitivity of the sensor to various 
variables was studied. The derived model was used later in the thesis 
to characterize the spectral degradation of the sensor due to 
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irradiation. The fundamentals of dark current and field-enhanced 
generation mechanisms were also studied.

Chapter 4 dealt with the radiation experiments that were carried out 
on the gated-diodes as well as the 4-T CMOS image sensors. On the 
positive side, it was found that the thin gate oxides used in advanced 
CMOS technologies provide inherent radiation tolerance. No charge 
trapping effects or threshold voltage shifts were noticed after 
irradiation. However, a rapid increase in the bulk-leakage current 
component was observed after irradiation in the GD and the imagers. 
It was found to be caused due to the degradation of the STI (Shallow 
Trench Isolation). By utilizing a p-well passivation around the STI 
and tailoring its location with respect to the diode, it was possible to 
curtail the dark current increase. 

A decrease in the spectral response of the 4-T CMOS imagers 
was noticed after irradiation. FTIR and ellipsometry ruled out 
degradation of the optical stack that forms above the sensor. Using 
the spectral response model that was previously derived, it was found 
that an increased surface recombination velocity at the diode surface 
interface was to be blamed for the spectral response degradation.

In Chapter 5, the feasibility of a CCD like image sensor in standard 
0.18-μm CMOS technology was investigated. By carrying out 
simulations, it was found that the formation of a very small gap 
between adjacent gates allowed the surface potentials under the gates 
to “overlap” and provide charge transfer capabilities. For the 
fabrication, the minimum gap space allowed in the fabrication 
process—which is 0.24 μm—was chosen. The functioning of the 
device was verified. Charge addition and multiple readouts schemes 
were successfully tested. Key sensor parameters were presented.

Chapter 6 highlights the important conclusions derived in this thesis, 
and offers some suggestions for future work.
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Samenvatting 1
Het doel van deze thesis was tweeledig: het omvatte enerzijds de 
studie van de invloed van ioniserende straling op 4-T CMOS 
beeldsensoren en anderzijds de realisatie van een CCD-type sensor 
voor medische toepassingen, gemaakt in standaard 0.18-μm CMOS 
technologie. Beide doelstellingen zijn complementair waarbij 
aspecten als straling en systeemfysica konden worden uitgewisseld. 

In hoofdstuk 2 werd de gated-diode voorgesteld. Dit bleek een zeer 
eenvoudige maar toch krachtige structuur te zijn waarbij veel 
systeemfysische parameters konden worden afgeleid. Concepten als 
levensduursbepaling en oppervlakte recombinatie snelheid werden 
voorgesteld en bestudeerd. Andere essentiële halfgeleider concepten 
werden eveneens besproken.

Hoofdstuk 3 handelt over de basisprincipes van 4-T CMOS 
beeldsensoren. In de industrie worden deze sensoren beschouwd als 
de meest geavanceerde. Er werd succesvol een analytisch model 
opgesteld waarbij de spectrale respons van de pinned fotodiode kon 
worden opgemeten en eveneens de gevoeligheid ten aanzien van 
verschillende variabelen kon worden bestudeerd. Dit model werd 
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later ook gebruikt voor de karakterisatie van spectrale veroudering 
door bestraling van de sensor. De basisbeginselen van donkerstroom 
en veld-verbeterde generatie mechanismen werden eveneens 
bestudeerd.

Hoofdstuk 4 handelt over de stralingsexperimenten die werden 
uitgevoerd op zowel de gated-diodes als de 4-T beeldsensoren. 
Enerzijds werd opgemerkt dat het dunne poort oxide dat gebruikt 
wordt in geavanceerde CMOS technologie een inherente 
bescherming geeft tegen straling: er werden geen ladings-trap 
effecten, noch veranderingen in drempel spanning opgemeten na 
bestraling. Anderzijds werd wel een snelle toename van 
bulk-lekstroom opgemeten na bestraling in de GD en beeldsensoren. 
Dit werd veroorzaakt door veroudering van de STI. Wanneer een 
p-well passivatie werd aangebracht rond de STI en de afstand tot de 
diode op maat werd aangepast, was het mogelijk om de toename van 
de donkerstroom terug te dringen. Voor de 4-T CMOS beeldsensor 
werd eveneens een vermindering van de spectrale respons opgemerkt 
na bestraling. FTIR en ellipsometrie toonden aan dat er geen 
veroudering was opgetreden van de optische lagen boven de sensor. 
Gebruik makend van het eerder afgeleide spectrale respons model, 
werd gevonden dat de verhoogde oppervlakte recombinatie snelheid 
aan het diode oppervlak te wijten is aan de spectrale respons 
veroudering.

In hoofdstuk 5 werd de mogelijkheid voor het maken van een 
CCD-type beeldsensor uit 0.18-μm CMOS technologie onderzocht. 
Door het uitvoeren van simulaties werd gevonden dat bij een zeer 
smalle afstand tussen naburige poorten de oppervlakte potentialen 
overlappen wat ladingsoverdracht toelaat. Voor de fabricatie werd de 
minimaal toegelaten afstand tussen twee poorten, zijnde 0.24 μm, 
gekozen. Het functioneren van de structuur werd bevestigd. 
Ladingstoediening en meervoudige readout schema's werden getest. 
Eveneens werden de voornaamste beeldsensor parameters 
voorgesteld.

Tenslotte geeft hoofdstuk 6 de belangrijkste conclusies van deze 
thesis en worden er enkele voorstellen gedaan voor verder onderzoek.
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