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Abstract

This thesis describes an investigation into the suitability of complementary metal oxide
semiconductor (CMOS) active pixel sensor (APS) devices for scientific 1imaging applications.
CMOS APS offer a number of advantages over the established charge-coupled device (CCD)
technology, primarily in the areas of low power consumption, high-speed parallel readout and
random (X-Y) addressing, increased system integration and improved radiation hardness. The
investigation used a range of newly designed Test Structures in conjunction with a range of
custom developed test equipment to characterise device performance. Initial experimental work
highlighted the significant non-linearity in the charge conversion gain (responsivity) and found
the read noise to be limited by the kTC component due to resetting of the pixel capacitance.
The major experimental study investigated the contribution to dark signal due to hot-carrier
injection effects from the in-pixel transistors during read-out and highlighted the importance of
the contribution at low signal levels. The quantum efficiency (QE) and cross-talk were also
investigated and found to be limited by the pixel fill factor and shallow depletion depth of the
photodiode. The work has highlighted the need to design devices to explore the effects of
individual components rather than stand-alone 1maging devices and indicated further
developments are required for APS technology to compete with the CCD for high-end scientific
imaging applications. The main areas requiring development are in achieving backside

illuminated, deep depletion devices with low dark signal and low noise sampling techniques.
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Chapter 1: Introduction

1.1. A history of Active Pixel Sensors

The field of semiconductor imaging devices has developed hugely since Gene Weckler
first suggested operating p-n junctions in a ‘photon flux integrating mode’ in the late
1960’s (Weckler, 1967). Weckler’s 1dea was to collect photo-generated charge on the
capacitance of a reverse biased p-n junction and utilise an active charge measurement
circuit within each pixel that could be randomly accessed by a series of switches. Such
a device formed the basis of what has now become known as an active pixel sensor
(APS). The relatively complex architecture required fine feature sizes (< 1 um) to
incorporate the transistor circuitry into the pixel without sacrificing too much of the
photosensitive area but such manufacturing techniques were unavailable at the time.
The use of a different charge measurement circuit for each pixel also meant that fixed
pattern noise (FPN) due to DC offset varnations in transistors of the time would be

SCVCIC.

Shortly after the APS was proposed, Boyle and Smith reported their 1dea for the charge-
coupled device (CCD) in 1970 (Boyle and Smith, 1970). The charge-coupling
technique had two key advantages over the APS technology at the time. The relatively
simple structure of the CCD pixel enabled the production of small pixels (~20 pum 1in
size) using the relatively coarse feature sizes of the existing metal oxide semiconductor
(MOS) technology. The use of charge transfer to measure each photo generated charge
packet with a single amplifier circuit at the output of the sensor array eliminated the
fixed pattern noise problem of the APS technique. Some etforts did continue to develop
the APS technology (then known as nMOS 1magers) in the 1970°’s and 80’s, but
performance was consistently inferior to the best CCD. The CCD therefore was widely

adopted and has since matured into an excellent performing technology, which has

revolutionised digital imaging.

Although attempts at producing active pixels remained unsuccesstul during the 1970’s
and 80’s, integrated circuit (IC) technology continued to advance at a rapid rate as
predicted by Gordon Moore’s seminal paper (Moore, 1965). These advancements were
dominated by the development of high density, low power and low cost complementary

MOS (CMOS) manufacturing processes. The emergence of such processes began to



make APS a potentially viable option. Interest in the technology was therefore re-
ignited in the early 1990’s and it has developed rapidly over the last fifteen years. The
developments were driven by the potential advantages that the APS approach,

implemented in CMOS technology, offers relative to the CCD. The main benefits are:

* Lower power consumption

= Low cost due to wider availability of manufacturing process

* The possibility of random (X-Y) addressing

* Increased system integration such as on-chip analogue to digital conversion
* Improved radiation hardness due to minimal use of charge transfer

* Increased possibilities for high speed parallel readout

The recent realisation of devices encompassing the above qualities has enabled the APS
to compete with the CCD for certain imaging applications. APS devices are now
increasingly popular for use in consumer applications, such as mobile phones and
digital still cameras, which require low cost, highly integrated imaging systems with
low power consumption. The advantages of the APS approach also make the
technology attractive for remote scientific applications where power, mass and space are
limited and radiation environments can be harsh. Consequently there 1s a desire to
replace the CCD with APS for applications 1n fields such as space science (Duvet and
Martin, 2006). The most notable example i1s the plan to use APS within the extreme
ultra-violet spectrometer (EUS) onboard the European Space Agency’s Solar Orbiter
mission, planned for launch in 2015 (Waltham et al.,, 2007). However such high

performance imaging applications have stringent requirements of:

* Low dark signal

* [ow read noise

= High sensitivity

= Robust technology

The CCD has been optimised to meet these demanding requirements through many
years of research and development. The relatively mature technology can now provide
excellent imaging performance. Future APS devices must match this standard of
performance to compete with the CCD for scientific applications. At present, the use of

existing CMOS very large scale integration (VLSI) processes to produce APS imagers



results in devices with poor performance. This is primarily because CMOS processes
are generally optimised for high-speed logic circuits rather than photon detection.
Therefore the use of such processes for APS manufacture tends to result in imagers that
exhibit poor light sensitivity, high leakage current and degraded noise performance.
Consequently the APS technology has not been widely employed in scientific imaging
applications thus far. Efforts have been made to improve APS performance by
optimising the manufacturing method to incorporate the types of custom processes
employed within high-performance CCD 1magers. However, such processes are still not
readily available to the scientific community. Considerable work 1s therefore required
to realise scientific grade image sensors able to compete with the more established CCD

technology.

1.2. Research goals

This thesis describes a pilot project at Brunel University and e€2v technologies, a world
leading manufacturer of scientific CCD imaging sensors, to investigate the feasibility of
producing CMOS active pixel sensors (APS) suitable for scientific 1maging
applications. The project aimed to formulate a series of design rules and processes,
which could be utilised 1n future projects to produce high performance sensors for a

given scientific application. The main objectives of the project were to:

* Produce a fully functioning imaging device

» Explore pixel design optimisation for a given scientific application

* Demonstrate scalability of pixel designs

= Develop arange of APS characterisation techniques

» (Quantify foundry dependent parameters of dark signal and quantum efficiency

» Relate simulated layout-dependent parameters to measured values

The approach to achieving these objectives was to design and manufacture a range of
small-scale test structures for direct pixel addressing with vanation 1n pixel design and
also a smaller number of larger format imaging devices with internal scanning circuitry.
A detailed characterisation of the manufactured devices was then used to verfy the
design principles, and thereby give increased confidence in the design accuracy of

future more advanced devices.



1.3. Thesis organisation

This thesis is organised into nine chapters, with Chapter 1 being this introduction.

Chapter 2 outlines the main features of CCD and APS image sensors. The fundamental
difference between the two architectures 1s explained and the advantages and drawbacks

of the two approaches are summarised.

Chapter 3 begins with a more detailed description of the theoretical operation of the
photodiode and MOS transistor. This includes a description of how these components
are combined to construct the most basic three transistor (3T) plus photodiode active
pixel. A detailed explanation of pixel operation 1s given along with the advantages and
drawbacks of the design. The chapter also includes a description of the various image
sensor performance parameters including quantum efficiency, dark signal and noise
sources. The chapter closes by outlining some developments that have been made 1n an

attempt to improve the performance of the 3T pixel.

Chapter 4 begins with a description of CMOS manufacturing processes and explains
how they are utilised to produce the 3T active pixel. The Tower Semiconductor TS50
CMOS process, selected by e2v technologies to manufacture the Test Structures, 1s also
described. The second half of the chapter focuses on the electrical simulations

performed during the design process and related design 1ssues.

Chapter 5 gives a detailed description of the finalised Test Pixels and Imaging Arrays.

The chapter also outlines the range of drive electronics and test equipment that were

developed to enable characterisation of the different designs.

Chapter 6 describes the initial functional testing and characterisation of the new Test
Structures using the mean-variance method and other techniques. The key measurement
outlined 1n this chapter 1s the charge conversion gain (responsivity), which 1s necessary
to enable the calculation of further parameters such as dark signal and quantum

efficiency. The chapter closes with an assessment of the noise, dynamic range and node

capacitance of the tested devices.



Chapter 7 outlines a detailed investigation into the dark signal behaviour of the Test
Structures. The first section outlines an assessment of the dark signal characteristics of
the Imaging Arrays, including an investigation into the variation with temperature. The
different contributions to overall dark signal are then investigated in more detail using
the smaller scale Test Pixels. This includes a major investigation into the hot-carrier

Injection effect.

Chapter 8 describes an investigation into the electro-optical characteristics of the
devices. The first section outlines an experimental set-up developed to measure
quantum efficiency. The results of the QE measurements are then described. The

chapter closes by comparing these results with work performed at e2v technologies to

assess pixel-pixel cross talk effects.

Chapter 9 summarises the key findings of this thesis and highlights some of the
outstanding i1ssues and the future work to be performed. The thesis closes with a
discussion of the developments needed to further improve APS devices for scientific

imaging applications.

1.4. Publications

The work contained within this thesis has been described in two publications. The

details of these publications are listed below:

Greig, T., Castelli, C., Holland, A. & Burt D., The design of an active pixel sensor test
structure optimised for the read out of scintillator screens, Nuc. Inst. Meth., vol.

A573, (2007), pp. 30-33.

Greig, T., Holland, A., Burt D. & Pike, A., CMOS pixel structures optimised for
scientific imaging applications, SPI/FE, vol. 6660, (2007).



Chapter 2: Introduction to active pixel sensors

This chapter describes two of the most popular solid-state image sensors that are in use
today, the charge-coupled device (CCD) and the active pixel sensor (APS). The first
section gives a brief history of their development. The fundamental difference between
the CCD and APS architectures is then explained and the advantages and drawbacks of
the two approaches are summarised. Finally the two technologies are compared with a
third alternative, known as the hybrid image sensor, whereby a readout circuit is ‘bump-

bonded’ to a detection layer.

2.1. Introduction

Solid-state 1mage sensors have revolutionised the world of imaging during the last 40
years. Many existing imaging applications have been enhanced by their invention and
many new ones, otherwise impossible with approaches such as conventional film or
vidicon tubes, have also been developed. Two of the most significant devices are the
now mature charge-coupled device and the more recently developed active pixel sensor,
which 1s the focus of this thesis. The active pixel sensor offers some potential
advantages over the CCD approach for scientific imaging and is the subject of

significant funding from organisations such as ESA, NASA and CERN.

2.2. A brief history of solid-state imagers

This section outlines a brief history of the development of solid state imagers. A more
detailed description 1s given by Fossum (1997). The first attempts at MOS transistor-
based 1imaging devices were made in the early 1960’s but the devices had an output
proportional to the instantaneous incident light and as such had poor sensitivity. A
major breakthrough was made in the late 1960°’s when Gene Weckler suggested
operating p-n junctions in a ‘photon-flux integrating mode’ (Weckler, 1967). The basic
principle was to collect photo-generated charge on the capacitance of a reverse biased p-
n junction and measure the subsequent voltage change. The first type of solid-state
image sensor to successfully incorporate this 1dea was a device that 1s now referred to as
a passive pixel sensor (PPS). The PPS consisted of a 2-D array of pixels each
containing a photodiode and a switch in the form of an n-channel MOS transistor to
access the photodiode output. Therefore, at the time, the devices were referred to as

nMOS imagers. The architecture was susceptible to noise sources introduced by the



large capacitance of the metal track connecting the pixel to the amplifier at the edge of
the array, so it was suggested that if the charge measurement could be performed close
to the pixel, these noise issues would be eliminated. It was therefore proposed to place
an amplifier transistor within each pixel (Noble, 1968). Such a pixel with one or more
active transistors within it is known as an “active pixel” and the complete device with
many pixels an “active pixel sensor” or APS. However, the concept was difficult to
implement 1n practice due to the relatively large photo-lithographic feature sizes
available at the time. The problem was that the resulting pixel required to contain the
electronics and an appreciable sized photodiode would be too large for many

applications.

Soon after the APS was proposed, Boyle and Smith reported their famous idea for the
charge-coupled device (Boyle and Smith, 1970). The CCD approach promised a
number of advantages. The relatively simple pixel architecture could be manufactured
using the existing coarse photo-lithographic technology and the pixel array was less
susceptible to fixed pattern noise problems, as all the pixel signals were measured by a
single output amplifier. The active pixel approach used a different amplifier for each
pixel, which introduced a different DC offset from pixel to pixel. These fundamental
differences led the CCD to dominate the field of solid-state imaging. The dominance of
the CCD and the disadvantages of the APS approach using the existing VLSI
technology meant there was mmimum effort applied to improving the nMOS 1magers
during the 1970’s and 1980’s. Companies such as Matsushita and Hitachi continued to
investigate the devices (Fossum, 1997), but performance was consistently inferior to

equivalent CCDs.

Interest in Active Pixel Sensor research was not rekindled until the early 1990’s,
primarily by researchers at Edinburgh and Linkoping Universities in Europe, Technion
University in Israel (Yadid-Pecht et al., 1991) and the Jet Propulsion Laboratory in the
United States (Mendis et al., 1993). These groups were driven to develop low power,
low cost, highly integrated image sensors using the more advanced VLSI CMOS
processing. The APS was now possible since the photolithography was now fine
enough to realise usefully small pixels (< 50 um). The theory was that other functions
could also be included on the chip, such as analogue signal processing and even

analogue to digital conversion. The emergence of high-density, sub-micron, low power

7



and low cost manufacturing processes in the early 1990°s enabled such a “camera-on-a-
chip” to be created (Nixon et al., 1995) without the specialised foundries required by
CCDs. Interest in the technology therefore grew and it has developed rapidly over the
last fifteen years. The fact that image sensors could potentially be manufactured using
the same foundries used for many other semiconductor devices also meant that sensor
designers could take advantage of the large economies of scale reducing the cost of
production. The use of CMOS processing has led to the devices now being referred to

as CMOS active pixel sensors (CMOS APS) or simply CMOS image sensors (CIS).

Several varieties of active pixel have evolved from the original passive pixel design and
a comprehensive review of the developments can be found in El Gamal (2005). The
most commonly produced active pixel 1s the three transistor (3T) plus photodiode
design which 1s the focus of this thesis. The first high performance examples were
demonstrated by JPL (Nixon et al., 1995), Toshiba (Iida et al., 1997) and Edinburgh
University (Hurwitz et al., 1997). Many other designs have also been developed to
improve performance. A more detalled analysis of the 3T pixel structure and the other

variants 1s given 1n Chapter 3.



2.3. Charge-coupled devices

The charge-coupled device, or CCD, was originally conceived in the late 1960’s by
researchers at Bell Labs in the United States (Boyle and Smith, 1970). It was originally
intended as a new type of memory circuit, but it was soon realised that the sensitivity of

silicon to light made the CCD ideal for imaging applications. Further information on the

CCD can be found in Holst (1998) and Janesick (2001).

2.3.1. Architecture
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Figure 2.1 A schematic of the three-phase CCD pixel showing the repeating electrode structure combined

with a serial readout register and single output amplifier stage

The charge-coupled device consists of an array of oxide-insulated electrodes or *“gates”™
(essentially Metal Oxide Semiconductor (MOS) capacitors) below which charge signals
can be stored and transferred in the underlying semiconductor under the control of
externally applied drive pulses. Figure 2.1 shows a schematic of the popular three-
phase CCD pixel. The pixel consists of three electrodes bounded by the channel stops
on either side. The pixel is effectively created by applying a positive potential to the
central gate and a lower (or negative) potential to the two adjacent gates. This forms a
“potential well” for collecting charge. Any electrons photo-generated under the three
adjacent gates will diffuse to the middle gate where the potential well 1s deepest and be

collected as a “packet” of charge. Electrons are confined in the horizontal direction by



channel stops. These are made of heavily doped p-type materials with an extra
thickness of oxide over the top. This makes them relatively insensitive to voltages

applied to the gate and the lower voltage creates an effective potential barrier.

The electrodes in the CCD can be arranged in one or two-dimensional arrays to collect
and transfer charge through the silicon. Packets of charge stored under the gates of a
CCD are moved from pixel to pixel by varying the voltages on neighbouring gates. The
most basic arrangement is the full-frame CCD (Bosiers et al., 2003), consisting of a
parallel CCD shift register, a serial CCD shift register and a signal sensing output
amplifier. Each row in the array is shifted out in a parallel fashion to the serial shift

register, which then shifts the row of image information to the output amplifier as a

serial stream of data.

A problem with the design is that, during readout, the pixels are continually 1lluminated
resulting 1n a ‘smeared’ 1mage as spurious charge 1s picked up by the potential wells on
transfer through the array. The image will be smeared in the direction of charge transfer
in the 1imaging part of the array. A mechanical shutter 1s therefore required to shield the
array during read-out to eliminate the effect. The architecture 1s therefore limited to

applications such as astronomy.

In an effort to reduce the effects of smear, the frame-transfer (FT) CCD was developed
(van de Steeg et al., 1985). The frame transfer CCD utilises an additional store section
between the image section and register. After integration the entire frame of i1mage data
is quickly shifted vertically in a column-parallel fashion to the store section, which 1s
covered by a metal light shield. The image data can then be read out from the store
without being corrupted by illumination at the same time that charge from a new 1mage
is being collected in the image section. The frame transfer array 1s useful for TV and

other such fast-framing scientific applications.

Another solution to reduce the effects of smear 1s the interline-transfer (ILT) CCD
(Miyatake et al., 1980). The pixel contains a photosensitive diode and an adjacent
storage and transfer area covered by a light shield. After integration, the charge
generated in the photodiodes 1s quickly (~ 1us) transterred to the vertical CCD registers,

thereby minimising the effects of smear. There 1s of course only a single transfer in each
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case, rather than the whole column of transfers in the case of a frame-transfer device,
hence the fast transfer time. However, the light sensitive area (fill factor) of an ILT
CCD pixel can be as low as 20% due to the presence of the storage and transfer area.
There can also be some residual smear due to light leaking under the shield. The ILT
smear levels are generally much lower than the FT levels and the ILT architecture has
come to dominate the consumer TV markets, €.g. in camcorders. The opaque areas are
actually used to advantage for one-chip colour cameras as they provide a region for the

filter to change from one colour to the next.

2.3.2. Operation

The charge transtfer process (also known as clocking or charge-coupling) is 1llustrated in
Figure 2.2. As the gates are clocked, charge 1s transferred from gate to gate along the
parallel register (parallel to the channel stops and each other) to the serial register at the
bottom of the columns. A row of charge packets 1s then transferred laterally along the
senal register to the CCD output node. The node 1s essentially a small capacitor Cpge
(actually a reverse biased diode which has capacitance) connected to the gate of an
output MOS field effect transistor (MOSFET) amplifier. Before each packet is
transferred, the node 1s reset to a known voltage, which i1s sampled by the output circuit.

Charge from a pixel 1s then transferred onto the node causing a voltage change

proportional to the signal charge transferred (i.e. where AV=AQ/C,o¢). The new
voltage 1s sampled and subtracted from the initial reset level to determine the signal
output from the pixel (White et al., 1973). This process, known as correlated double
sampling (CDS), cancels a major noise source known as kKTC noise and 1s explained in
more detail in Chapter 3. The operation 1s continued for all outputs from a row and then

all rows to achieve complete read-out from the whole 1image section.

The MOSFET amplifier is the only active element in a CCD and the fundamental
advantage of the CCD approach 1s that all the charge packets are read out through the
same amplifier. This means that certain offsets and noise sources introduced by the
output circuit are the same for all pixels and can easily be removed with simple

analogue circuitry to provide a stable image reference.
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Figure 2.2 The CCD charge transfer process. A charge packet is transported through the array by

alternating the voltages on subsequent gates to adjust the potential well beneath the gates

A major concept 1n the CCD is the efficiency of the charge transfer process. During the
charge-coupling process a packet of charge may require thousands of transfers before
reaching the output node. If a significant percentage of the packet is lost during every
transfer, very little information will remain when the packet reaches the output. A
charge packet generated in the centre of a 1024° pixel device will undergo 1024
transfers (512 transfers along the parallel register, 512 along the serial register) to reach

the output node. If 1 % of the charge 1s lost for each transfer, by trapping for example,

then the percentage reaching the node will be:

(0.99'%) x 100 % = 0.0034 %, (2.1)

The percentage of the charge correctly transferred per pixel, known as the charge
transfer efficiency (CTE), must therefore be very close to 100 % for the CCD approach
to be effective. Therefore, for a charge packet to retain 99 % of the information when
reaching the output node, a CTE of 99.999 % would be required. This has been
achieved through many years of CCD development and has resulted in the approach
being very successful for producing imaging devices. However the CTE can be severely

degraded in some applications by radiation damage to the bulk silicon (Hardy et al.,

1998).
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2.4. CMOS active pixel sensors

Although the CCD has dominated solid-state imaging since it invention in 1970, CMOS
active pixel sensor technology i1s now emerging as a strong competitor for some
applications. Before active pixel sensors existed there were devices known as passive
pixel sensors (PPS). The following sections outline the original concept of the PPS and

explain how 1t has developed into the fully integrated CMOS active pixel sensor

‘camera-on-a-chip’.

2.4.1. The passive pixel device

The 1dea of the passive pixel sensor was first proposed in the late 1960’s
(Weckler, 1967) and 1t has changed very little since that time. The basic passive pixel
consists of a photodiode and an MOS enable transistor, which 1s accessed by a column

and row scan circuit common to the array. The arrangement 1s shown 1n Figure 2.3.
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Figure 2.3 A schematic of the passive pixel sensor. The device consists of a photodiode and enable
transistor within each pixel. The array is addressed with the use of horizontal and vertical scanning

registers and the signal is buffered off-chip by a single amplifier
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Before image acquisition, the row scan circuit operates to select a particular row and
each pixel in the row is connected to the adjacent column bus. The column bus 1s then
biased to the reference voltage level and all the photodiodes within each pixel are
reverse biased to the reference level. The row i1s then de-selected and photo-generated
signal charge is collected by the photodiode. At the end of the integration period the
row 1s selected by enabling the row transistor and the photodiode output level is
sampled onto the column bus. Each pixel in the row is then read out by connecting each
pixel sequentially to an output amplifier circuit using the column scan circuit. The main
advantage of the passive pixel approach for imaging is the minimal amount of
electronics required within the pixel. This leaves most of the area available for the
photodiode (e.g. > 80%, known as a high fill factor) and results in a high sensitivity to
incident light signals.

The main disadvantage of the passive pixel array is that the capacitance of the in pixel-
photodiode 1s small compared with the capacitance contributed by the column and row
bus lines. This causes the pixel to have major problems, especially high read-out noise
(Fujimon and Sodini, 2002). The sensor 1s therefore unsuitable for larger array sizes as
the increased bus capacitance and faster read-out speed that become necessary further
degrade the noise performance. The only application for which the PPS 1s still suitable
1s for medical applications, many of which require very large pixel sizes to achieve a
high signal to noise ratio. In these cases the pixel capacitance 1s larger than the column
bus capacitance therefore the noise 1ssue 1s not a problem. The bus capacitance problem

can be partially improved by implementing an amplifier circuit for each column.

2.4.2. The active pixel device

Soon after the invention of the passive pixel sensor, 1t was realised that the fundamental
problem of the large bus capacitances could be eliminated by buttering the photodiode
voltage to the column output by implementing an amplifier within the pixel (Noble,
1968). The architecture of a basic active pixel sensor 1s shown 1n Figure 2.4. It i1s a
development of the passive pixel device with the addition of two further transistors
within each pixel. The first extra transistor 1s used as an amplifier (shown by the
amplifier symbol) and the second is required to reset the photodiode to the reference

level. The reset transistor is not shown in Figure 2.4 for simplicity. The architecture is
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the most well-known active pixel structure and further detail on its design (and other

variants) and operation is given in Chapter 3 and 4.

Pixel amplifier

:g
-
O Enable
= transistor
&)
(7))
5
o
Photodiode

< Column
<+— amplifier
and select

o e G RO RS

amplifier

Figure 2.4 A schematic of the basic Active Pixel Sensor. Signal 1s collected by the diode and the output
voltage is buffered off chip by the in-pixel amplifier when the pixel 1s selected

The use of an MOS transistor amplifier circuit for charge to voltage conversion within
the pixel has a number of benefits, but also drawbacks. The main advantage 1s there 1s
no need to transfer the photo-generated charge packet to the edge of the array for charge
to voltage conversion. This facilitates random access of pixels and increases the
possibility for high-speed readout. Also the lack of charge transter through the bulk
silicon is advantageous for scientific applications in a high radiation environment
(Hopkinson et al., 2003) such as space science or particle physics. As stated earlier,
radiation damage in silicon can cause major problems with charge transfer efficiency

(CTE) (Hardy et al., 1998), therefore if charge transfer 1s mmimised, the sensor will be

less susceptible to CTE problems caused by the radiation damage.
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The fundamental disadvantage of the APS concept compared to the CCD 1s the
iIncreased fixed pattern noise (FPN). This occurs because an APS uses an amplifier
within each pixel, and pixel-to-pixel varnations in the amplifier offset tend to occur due
to vanations in the fabrication process. This offset vanation has to be removed by extra
analogue circuitry or through post processing of the image. The other significant
disadvantage is that the active circuitry within the pixel reduces the area available to the
photodiode and decreases the fill factor. This has the effect of degrading the overall
sensitivity of the device. Ideally the device would be 1lluminated from the backside as
is commonly done with CCDs. A further disadvantage of the basic APS i1s the nability
to perform operations in the charge domain. Charge domain operations can be
advantageous for the application of noise reduction techniques such as CDS. More

advanced APS designs have begun to be incorporate charge transfer and are outlined 1n

Chapter 3.
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2.4.3. ‘Camera on a chip’
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Figure 2.5 A block diagram illustrating the integrated approach to CMOS 1maging. The major advantages
over the CCD are the high speed parallel readout, low power dissipation and high level of on-chip

integration

The majority of active pixel sensors can be produced with CMOS manufacturing
processes that are also used for a wide range of integrated circuits. The use of advanced
CMOS processing provides a number of additional benefits to the APS approach. The
main advantage is the ability to integrate other analogue or digital processing functions
onto the sensor, thus creating a complete integrated 1maging system or ‘camera-on-a-
chip’ (Fossum, 1997). A block diagram illustrating the integrated approach to CMOS
imaging is shown in Figure 2.5. The use of CMOS manufacturing not only enables the
production of the array of active pixels and scanning circuitry, but also timing and

control electronics, further analogue signal processing and even analogue to digital
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conversion. The development of CMOS 1magers can now be divided into three

generations that are as follows (Theuwissen, 2007):

= The first generation contained the pixel array along with some analogue
electronics and an analogue output

* The second generation included an integrated analogue to digital converter
giving a digital output

* The latest third generation includes a full system on a chip approach whereby

the camera 1s simply powered up and image data results

At present, the use of existing advanced CMOS VLSI processes to produce imagers
sensors still results in devices with poor performance. This 1s primarily because the
CMOS processes are generally optimised for high-speed logic circuits and their use for
APS manufacture tends to result in imagers that exhibit poor light sensitivity (quantum
efficiency), high dark signal and degraded noise performance. The second generation 1s
the most popular architecture. This 1s because the imaging part of the device 1s more
suited to a more conservative older technology but the complex digital functions are
best suited to the latest CMOS technology, therefore 1t 1s quite often better to have two
separate devices. Further consideration on the design and implementation of CMOS

image sensors 1s given in Chapter 4.

18



2.4.4. Digital pixel sensors

The most extreme case of on-chip integration is the digital pixel sensor (DPS) whereby
the digital signal processing is incorporated into each pixel. The approach was first
proposed in the late 1990’s by researchers at Stanford (E1 Gamal et al., 1999) and the
principle is illustrated in Figure 2.6. However, the group did not implement the
concept until 2001 (Kleinfelder et al., 2001). The DPS approach enables many new
readout techniques to be employed and the speed of operation can be extremely fast
(> 10,000 frames/s) due to the parallel nature of the signal processing. The main
disadvantage 1s that many transistors have to be employed which drastically reduces the

photosensitive area (fill factor) of the pixel.

Digital
Readout

DPS Pixel

Figure 2.6 The Digital Pixel Sensor. Each Pixel contains a photodiode, an analogue to digital converter

and a logic memory circuit. The high number of components results in large pixel sizes and/or a low fill

factor

2.5. Hybrid and 3-d SOl imaging devices

The problem with using a CMOS process to produce an image sensor 1s that, in general,
it is not optimised for detecting photons, rather for faster more etficient digital logic.
The CCD process on the other hand has been carefully optimised over the past 30 years
for imaging applications, but not for high performance digital logic circuitry. A
solution to this problem is to create two separate devices, one of which 1s optimised for
imaging performance and the other for read-out and analogue and/or digital signal

processing. The subsequent combination of the two devices into one 1s then known as a

hybrid sensor.
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Figure 2.7 The Hybrid pixel sensor. The highest performance imaging system may only be achievable
with the hybrid approach. An optimised imaging structure is interfaced to a high performance readout

circuit using indium bump bonds to make connections between the two layers

There are three main techniques to implementing the hybrid sensor: the CMOS-CMOS,
CCD-CMOS and Hybrnd-CMOS approaches. A good example of the CMOS-CMOS
approach 1s given by Bai et al. (2005) of Teledyne Imaging Systems. The principle is
1llustrated in Figure 2.7. The group use an optimised custom process for the imaging
part of the array, which can be wavelength optimised (e.g. HgCdTe for Infrared (IR) or
CdZnTe for X-ray), but the device 1s then coupled to a high speed CMOS readout

circuit using indium bump bonds.

The hybrid concept has been taken one step further with the emergence of 3-D silicon-
on-nsulator (SOI) technology (Suntharalingam, 2007). The SOI approach enables the
production of much more integrated monolithic sensors, as the detection and readout
layers are only isolated by a thin insulating layer of silicon dioxide. Connections

between the two layers are then made using three dimensional metal ‘vias’, similar to

CMOS processing, hence the term 3-D SOL.

The main disadvantage of hybrid and SOI 1magers 1s the much higher cost. It should be
noted that the two approaches are major areas of research in their own right and further

detail is beyond the scope of this thesis. They are mentioned here only for

completeness.
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2.6. Discussion

The main features of the imaging technologies discussed 1n this chapter are summarised

in Table 2.1.
CCD CMOS APS Hybrid
Mature technology New technology New technology
Optimised for imaging Optimised for digital logic Spectrally optimised
Minimal system integration Major system integration Moderate system integration

Simple manufacturing Complex manufacturing Complex manufacturing
High market penetration Low market penetration Low market penetration
High power consumption Low power consumption Low power consumption

Very low read noise Medium read noise Low read noise

Low dark signal Medium dark signal Low dark signal

Charge domain operations  In-pixel charge conversion
Serial readout High speed parallel readout

Random (X-Y) pixel access =~ Random (X-Y) pixel access

Global shutter
Moderate system cost Low system cost High system cost
Few manufacturers Many manufacturers Few manufacturers

Table 2.1 A comparison between CCD, CMOS APS and hybrid imaging technologies

The fundamental advantage of the CCD approach 1s that all charge packets are read out
through the same amplifier. This means that certain offsets and noise sources
introduced by the output circuit are the same for all pixels and can easily be removed
with simple analogue circuitry to provide a stable image reference. The CCD
manufacturing process has also been optimised for the detection of photons through
many years of research and development. The relatively mature technology can now
provide near perfect imaging performance 1n terms of detection efficiency
(close to 100 %), read noise (< 1 €) and dark signal (1 pA/cm®). The major drawback
of the CCD approach 1s that it 1s not compatible with mainstream CMOS VLSI

processing. This means that 1t 1s not practicable to provide on-chip drive circuitry or
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signal processing functions. This is either because the voltage levels required are
incompatible with conventional integrated circuits, such as low voltage CMOS, or
because of increased power consumption. The fabrication processes also tend to be
highly specific to individual manufacturers, with the result that there are few

possibilities for foundry and second-sourcing of device manufacture.

The more recently developed APS technology has emerged as a competitor to the CCD
due to the advantages listed in Table 2.1. The approach is clearly well suited to
portable applications and the technology is now employed in numerous consumer-
1maging devices such as digital still cameras and mobile phones. The aforementioned
qualities, in conjunction with the increased potential for radiation hardness, also make
the technology of interest for scientific applications such as space science and particle
physics. Consequently research into APS technology is the subject of significant
funding by organisations such as ESA, NASA and CERN (Turchetta et al., 2003,
Clampin et al., 2005).

At present, the use of existing mainstream CMOS VLSI processes that are not
optimised for 1maging has tended to result in CMOS APS devices with poor
performance. Efforts have been made to improve APS performance by optimising the
manufacturing method to incorporate the types of custom processes employed within
high-performance CCD 1magers such as the pinning implant or backside illumination
(see Chapter 3). However, the optimised processes are still not readily available to the
scientific community. The best CCD still has a clear lead 1n most performance areas
and consequently 1t has continued to dominate high quality scientific 1maging
applications. Future APS devices must match the standard of pertormance set by the
CCD to be seriously considered for scientific applications. The CMOS process will
have to be optimised for imaging and this will remove the cost advantage of using
mainstream manufacturing processes. It 1s likely that that the best performing imaging

device, regardless of cost, will be produced using the hybrid approach to take the best

qualities of all the technologies (Janesick and Putnam, 2003).
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2.7. Summary

This chapter has briefly described two of the main approaches to solid-state imaging:
the CCD and the CMOS APS. The fundamental advantages and drawbacks of the two
approaches were outlined along with a third solution, the hybrid imager, which aims to
combine the best of both approaches. The next chapter outlines the theoretical
operation of active pixel sensors in more detaill and also outlines some of the

developments that have been made to improve the basic design.
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Chapter 3: CMOS active pixel sensor theory

Chapter 3 provides a more detailed description of the individual components that are
used to form an active pixel sensor. The first section describes the operation of the p-n
junction photodiode and the MOS transistor. The chapter then describes how these
devices are combined to form the three transistor plus photodiode (3T) pixel. A detailed
description of the operation of the pixel is then given. The chapter then discusses the
range of noise sources and performance parameters used to describe 1mage sensor
behaviour. The chapter closes by describing a number of different evolutions of the 3T

architecture used to improve performance.

3.1. Introduction

Several varieties of active pixel have evolved from the original passive pixel. The most
popular structure 1s the three transistor (3T) plus photodiode design which 1s the focus
of this thesis. The first high performance examples were demonstrated by JPL (Nixon
ct al., 19935), Toshiba (Iida et al, 1997) and Edinburgh University (Hurwitz et al., 1997).
Further developments have since been made to the 3T pixel to optimise the performance
and they are discussed towards the end of this chapter. However, the basic structures
contained within the majority of active pixels are the p-n junction photodiode and the
MOS transistor, therefore one must first understand the operation of these two devices

to understand the operation and performance limitations of the 3T pixel.

3.2. The p-n junction

The p-n junction is one of the simplest semiconductor structures. It 1s used in the

reverse biased mode as a photodiode and as the source and drain regions of the MOS

transistor. A description of p-n junction characteristics 1s given below.

3.2.1. Basic characteristics

A cross section of the p-n junction is shown in Figure 3.1. The device 1s formed when

two homogenous regions of n- and p- type silicon are brought into close contact

(Sze, 1981). At the boundary between the two regions there 1s a large concentration

oradient. The electron concentration in the n-type region is very high and the p-type

region contains a high concentration of holes. The gradient causes electrons to diffuse

from the n-type region into the p-type region and holes to diffuse in the opposite
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direction. Consequently a region of negatively charged acceptor 1ons develops 1n the p-
type region close to the boundary and a region of positively charged donor 1ons
accumulates in the n-type region close to the boundary. This process leaves a region at
the junction which i1s depleted of majority carriers known as the space-charge or
depletion region. The presence of the positive and negatively charged regions causes an
electric field to form across the boundary. As the electric field develops i1t opposes the
flow of electrons due to the diffusion process and causes them to drift in the opposite
direction from n- to p-type. This process occurs until an equilibrium condition 1is
reached whereby the drift and diffusion currents are equal and opposite and zero net
current flows. As a result there 1s a built potential barrier across the junction. Applying
a positive voltage to the p-type region with respect to the n-type region reduces the
potential barrer, causing the diffusion current to dominate over the drift current
resulting in a net flow of current from the p-type region to the n-type region. This
reduces the width of the depletion region and 1s known as operating in forward biased
mode. If the junction 1s biased 1n the opposite manner such that the potential of the p-
type region 1s negative with respect to the n-type region, the potential barrier across the
boundary will increase and the diffusion current will be reduced, resulting 1n the dnft
current becoming the dominant component. This has the effect of widening the space
charge region. This mode of operation 1s known as reverse-biasing. The case of the

reverse biased p-n junction is most relevant to this work so 1t will be examined 1n more

detail here.
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Figure 3.1 p-n junction biasing. The width of the depletion region can be controlled by forward or reverse

biasing of the device.

3.2.2. The reverse biased photodiode

The p-n junction photodiode (Grove, 1967) 1s simply a p-n junction operated in a
reverse-biased mode fabricated such that i1t can be exposed to light. The structure 1is

illustrated in Figure 3.2 and with bias applied 1s depleted of carriers in the depletion

region shown.

Light entering the structure generates electron hole pairs within the semiconductor due
to the photoelectric effect. The band gap of silicon 1s ~ 1.1 eV therefore only incident
photons with energy greater than this will generate an electron-hole pair (i.e.
wavelengths shorter than about 1.1 pm). If the charge 1s generated within the depletion
region, it will be swept apart by the electric field across the junction, thereby causing a
current to flow in the diode. The current 1s usually very small and, for practical device

purposes, difficult to measure. It is far simpler to utilise the parasitic capacitance of the
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diode, Cpp and measure the reduction in potential difference, AVpp across the diode

caused by the charge.

OV

Z

Figure 3.2 The reverse-biased p-n junction photodiode. The device normally consists of a p-type

substrate into which an n-type region is introduced usually by means of ion implantation or diffusion.

The depletion region is increased by reverse biasing of the device

The magnitude of the voltage change for each photo-generated carrier (uV/e') 1s known

as the responsivity and is given by Equation 3.1:

R = AVen (3.1)
AN

C

The voltage change AVpp on the photodiode capacitance due to a change in charge AQ

1S:

AV (3.2)

The change in charge AQ in terms of the fundamental parameters is:

A() a quNe (33)
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where g, is the electron charge and N is the total number of electrons collected by the
capacitance. Substituting Equation 3.3 into Equation 3.2 gives:
q. AN

AV = (3.4)
PD C..

Substituting Equation 3.4 into Equation 3.1 gives the responsivity in terms of the diode

capacitance and the electron charge:

R, = (3.5)

The responsivity 1s therefore inversely proportional to the capacitance of the diode. The
diode capacitance is determined by a number of parameters and can be designed to suit
different applications. The photodiode capacitance and the associated responsivity are

discussed 1n more detail later in this chapter.
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3.3. The MOS transistor

The MOS field effect transistor (MOSFET) is one of the most important devices used 1n
integrated circuit technology. It is the main building block of most microprocessors and

semiconductor memories, and more recently 1t has become the fundamental component

In the active pixel. A detailed description of MOS transistor operation 1s given below.

3.3.1. Basic characteristics

I
! !

—

w Vss

Figure 3.3 Cross section of an n-channel ‘enhancement’ mode MOSFET

The basic structure of an n-channel ‘enhancement’ type MOSFET 1s shown 1n
Figure 3.3 (Sze, 1981). It is a four terminal device consisting of a p-type substrate nto
which two n+ regions are formed (e.g. by 1on implantation). These are known as the
source and drain regions. The control electrode or ‘gate’ 1s formed over a layer of
silicon dioxide (SiO;) deposited on the surface of the substrate between the two n+
regions and known as the gate oxide. Finally three *metal’ contacts are made, one to the
source, one to the gate and one to the drain region. These electrical contacts are usually
made using highly doped polysilicon or a combination of silicide and polysilicon. The
opposite device type is the p-channel type where the conduction 1s due to holes. In this

case the substrate would be n-type silicon and the source and drain regions would be p+
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implants. In addition to the enhancement mode MOSFET there is also the depletion
type, which has an extra implant beneath the gate. This has the effect of enabling

conduction between the source and drain regions with zero voltage applied to the gate.

The basic device parameters describing a MOSFET are:

L Channel length (the distance between the source and drain regions)
y Distance along channel from drain

W Channel width (the width of the source/drain regions)
Co Effective gate capacitance per unit area in (F/cm®)

u Carrier mobility (cm” V™' s™)

d Gate oxide thickness (typically A)

I Junction depth (typically in pm)

Na Substrate doping concentration (cm™)

Vs Source voltage (V)

Vg Gate voltage (V)

Vp  Drain voltage (V)

Vss  Substrate voltage (V)

Ips Drain-source current (A)

\%\ Threshold voltage (V)

In general all voltages are referenced to the source voltage.

If a voltage 1s applied between the source and drain regions, the device initially behaves
like two p-n junctions connected back to back. In this case the only current which will
flow 1s that due to reverse leakage current. However, if a large enough voltage is
applied to the gate contact, a surface inversion layer or channel 1s created underneath
the gate between the two n+ regions. This allows a current to pass through the channel
from the source region to the drain region. The conductance of the surface channel can
be adjusted by changing the voltage on the gate. In general the substrate voltage is kept

the same as the source voltage, however in some cases the source-substrate junction can

be reverse-biased.
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3.3.2. The linear, pinch-off, and saturation regions

Figure 3.4, Figure 3.5 and Figure 3.6 1llustrate the structure of the conduction channel
In the three distinct regions of operation of a MOSFET. These are known as the linear

or triode region, pinch-off, and the saturation region.

V>V,  Vp(Small

| GATE
DS

- Vss

Figure 3.4 MOSFET operating in the linear region (low drain voltage)

The first region of operation, the linear (or triode) region is illustrated in Figure 3.4. If
a voltage is applied to the gate to create an inversion layer, and a small voltage 1s
applied between the source and drain regions, a current flows through the channel from
the source to the drain regions. The channel acts as a resistance, and the current, Ipg,
flowing is approximately proportional to the applied drain voltage, Vp. As the voltage
increases the variation of current in the linear/triode region 1s then described by

Equation 3.6 where Vpg and Vs are the drain and gate to source voltages respectively:

/4 1
I = uC, T(VGSVDS 5 VES] (3.6)
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Figure 3.5 MOSFET operating at the onset of saturation. The point Y indicates the pinch-off point

Figure 3.5 illustrates what occurs when the transistor reaches pinch-off. As the drain
voltage increases to Vpsat, the channel depth decreases to a point where at y = L (the
drain n+-p junction), the channel depth becomes zero. Pinch-off occurs at the point

where VDS — VGS = VT.
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Figure 3.6 MOSFET operating beyond saturation. The effective channel length 1s reduced
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Figure 3.6 illustrates the behaviour when the drain voltage increases beyond the pinch-
off point. Above the pinch off point any increase in voltage will not increase the source
to drain current. This is because for voltages above Vpsat the voltage at point Y
remains constant at Vpsat. The only parameter that changes as the drain voltage 1s
raised above Vpgat is the effective channel length L. As Vpsar increases, pinch off
occurs at the edge of the drain depletion region and the channel length will reduce to L".
In the saturation region the current is no longer dependent on the drain voltage and
remains constant at a value determined by the gate voltage only. The value of the

saturation current is given by Equation 3.7 below.

1 /4
g =—pC, _(VGS —Vr )2 (3.7)
2 L
Figure 3.7 shows how the equations for the triode and saturation regions combine to
describe the operation of an n-channel MOSFET over a range of bias conditions. The

plot includes a more complex addition to the model to account for the variation of

mobility with electric field, and the effects of drain current modulation above the drain

pinch-off voltage.
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Figure 3.7 Characteristics of an n-type ‘enhancement’ mode MOSFET (Vs increasing from 0 to 5 V in

1 V steps)
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3.3.3. Sub-threshold conduction

From the above equations describing MOSFET operation it can be seen that if the gate-
source voltage, Vs, of the transistor 1s below a certain level the device will not conduct
current between the source and drain regions. This voltage is known as the threshold
voltage of the transistor (V). Figure 3.8 shows a plot of Equation 3.7 of Ips versus
gate-source voltage. This shows that when the gate-source voltage is between zero and
Vr no current flows and once the voltage passes Vr the current increases quadratically.
Although 1t would seem that no current should flow when the gate voltage is below the
threshold voltage, this is not actually the case. There is actually current flowing due to
the thermal distribution of carriers within the source region (Gosney, 1972). The sub-
threshold region is particularly important when the MOS transistor is used as a switch in

digital applications as it determines when the switch turns on or off.

VIns

Subthreshold conduction

|
|
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\ Vs
vV Extrapolated V-

T

Figure 3.8 Sub-threshold conduction in an MOS transistor

3.3.4. The source follower circuit

The source follower circuit (Horowitz and Hill, 1989) 1s used to buffer the photodiode
voltage to the output of the sensor. The configuration 1s shown in Figure 3.9 and
consists of two transistors connected 1n series between the supply voltage and ground.
The load transistor 1s biased in the saturation region such that 1t 1s used as current

source. The constant current load (Ip= Ips) 1s set in the appropriate range by adjusting
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the gate to source voltage of the load transistor (Vig). For a given supply voltage

(Vbp), the gate to source voltage of the follower transistor (Vin - Vout) adjusts to match

the current through it (Ips).

VDD

IDS

v

Follower transistor

Vout

| | IDs
Vie

Load transistor

Figure 3.9 The source follower circuit. The output signal follows the input voltage with the presence of a

DC oftset

Assuming (Vi, and V) 1s greater than the threshold of the follower transistor, the

current 1s given by:

| \WY%
s = EHCO [ (Vin =W "'VT,D)2 (3.8)

Assuming Ipg 1s constant, rearranging for V,,; gives:

| [JE [
Vout — Vin —VT,D J = (39)
nC, W,
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The result is that when the input voltage fluctuates the output voltage follows it with an

offset being dependent on the threshold voltage of the follower transistor. The DC

offset is given by:

W, L,

LD 3.10
L W, G5.19)

VOUI — Vin _VT,D o (Vload o T,L)'

In an ideal situation the gain of the source follower circuit would be unity, however it 1s
always less than one. The DC offset 1s highly dependent on the threshold voltage of the
driver transistor. The active pixel sensor uses a different follower amplifier for each
pixel circuit. The threshold vanation between the follower transistors from pixel to
pixel can be from 10 to 100 mV due to manufacturing vanations. Therefore there can
be significant variations in DC offset level from pixel to pixel. This offset vanation is a
major source of fixed pattern noise in the active pixel sensor. Fixed pattern noise

sources are discussed further in the noise sources section of this chapter.

3.4. The 3T photodiode pixel

The most common circuit architecture used in active pixel sensors 1s the three transistor
(3T) plus photodiode pixel. The structure 1s popular due to its relatively simple design
and conformity to many widely available CMOS manufacturing processes. The
following sections focus on the 3T pixel circuit architecture and its electrical
characteristics. Further details on the physical implementation of the 3T design, using

CMOS processing, are given in Chapter 4.

3.4.1. Basic architecture

The 3T active pixel requires two additional transistors compared with the original

passive pixel. The architecture of the pixel is shown in Figure 3.10. The pixel consists

of four separate elements. These are:

= Photodiode
= Reset transistor
=  Follower (amplifier) transistor

= Row select (enable) transistor
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The reset transistor is connected in series between the photodiode and the reset drain
voltage Vgp. The photodiode is reset to the Vgp reference level before an image

acquisition by clocking the gate of the reset transistor high or low (depending on the
transistor polarity). The photodiode voltage 1s buffered to the column output line by the
follower transistor. A row select transistor 1s connected in series between the column
output and the follower transistor drain to ensure the output of the pixel 1s only

connected to the column output when necessary by clocking gate of the row select

transistor.
Follower transistor Von O OR QO V ROS0L
i o transistor
______ T TR DR A
// '
)
& |
|
| : Reverse- biased
' I , photodiode
Column :
|
output : |
| |
| 2N !
| )
| I |
] ]
| TLT |
: |
Vos B e ., i e g i e
ORS Photodiode

capacitance Cy,
Row select transistor

Figure 3.10 Three transistor photodiode pixel circuit schematic. The photodiode voltage is reset by
turning on the reset transistor. Signal 1s then collected by the diode and the output voltage is buffered off

chip by the source follower and a row select transistor

3.4.2. Column output circuit

The pixel photodiode output can only be read when the pixel 1s connected to a load
transistor to complete the source follower circuit. It 1s possible to time-share a single
load transistor between all pixels in the array, but it 1s more common to implement a
load transistor for each column to enable parallel readout and analogue/digital signal
processing. The complete 3T pixel and column output circuit 1s shown in Figure 3.11.
Two extra transistors are required per column to buffer a pixel output to the array
output. These are the column load transistor and the column select transistor. When a

row of pixels is selected, the column select transistors are used to readout the row of
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pixels in sequence. It is also possible to put a load transistor in each pixel, but the total

current drain becomes excessively large.
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Figure 3.11 The three transistor plus photodiode pixel and column readout circuit

3.4.3. Responsivity and pixel capacitance

The photodiode 1n the 3T pixel 1s connected to the gate of the 1n pixel source follower
transistor, which ‘senses’ any voltage fluctuation and translates it to a voltage change at
the source. The connection at the follower gate 1s therefore known as the sense node.
The photodiode 1s directly connected to the sense node and therefore the node
responsivity is directly related to the photodiode capacitance, as shown earlier in
Equation 3.1. However there are other parasitic capacitances within the pixel adding to
the photodiode capacitance. The combination of these capacitances 1s known as the

sense node capacitance, Cnoge, and the resulting voltage change per electron sensed at

the node is the sense node responsivity, Rnoge, g1Ven by qe/Cnode-
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The different contributions towards the sense node capacitance in a 3T pixel are

illustrated in Figure 3.12 and are as follows:

*  Photodiode sidewall Cpps
* Photodiode area Crpa
= Reset transistor gate-source CRras
* Track Crrack
" Follower gate-source CrGs
* Follower gate-drain CErGD
oR Vo
) M Voo
B et T — et R R e e e e e Bl el . BB UL R R NS B __ I -2
Follower :
gate-drain > :
Reset I
transistor I
gate-source

<
O
7

Photodiode \ /
4 sidewall <«— Photodiode area Follower
! Track gate-source

SENSE NODE

OV (Ground)

Figure 3.12 Sources of parasitic capacitance in a 3T photodiode CMOS pixel

The track and gate source capacitances are highly process dependent and are usually
given as empirical values (fF/um) which are directly proportional to the track or gate-
source/drain dimensions. The largest of these capacitances 1s the photodiode
capacitance. The photodiode capacitance comprises two components, the diffusion
capacitance and the depletion layer capacitance. In the case of a reverse biased junction
the majority of the contribution is from the depletion layer capacitance. The diffusion
component is only significant when the junction 1s forward biased. As the photodiode

in a CMOS active pixel is always reverse biased, only the theory behind the depletion

layer capacitance will be considered here.
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The depletion region charge per unit area is given by (Sze, 1981):

_ NaNp yo v
Q, —1/(2esinA N0 Veo ) (3.11)

Where €g; 1s the dielectric constant for silicon, q is the electron charge, Na and Np, are

the acceptor and donor concentrations respectively, ¢, is the built in potential of the

diode, and Vpp is the reverse bias voltage. The depletion region width, W; 1s given by:

2t¢. N, + N '
W; =\/' > —2—2 (0, ~ Vp) (3.12)

q NN,

The depletion layer capacitance per unit area is defined as:

dQ.
Cpp = :
dV,,
N _ (3.13)
8siqe A-'D -1
= - -V
[om—
This simplifies to:
C
C,, = —=2 (3.14)
1_ VPD
P,

Where Cppg 1s the capacitance per unit area of the device under zero bias conditions.

This 1s only a function of the physical parameters of the device and 1s defined as:

€.q _I;TAN]; B
C.,. = [=2=¢ 3.15
FDo \/ 2 N, +N, 0 G.1>)

The total node capacitance 1s therefore:

CNode — CPD + CRGS T CFGS T CFGD + CTrack (316)

Substituting Equation 3.14 into 3.16 gives:
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C
— +Cras + Cros + Crap + Crna (3.17)

\/1_ VPD
P,

Therefore the sense node capacitance increases as the voltage decreases. Recall the

CNode —

responsivity at the sense node 1s:

q
RNode — - (3 ‘ 1 8)
CNode

Therefore the sense node responsivity decreases as the voltage on the node decreases.
Under constant illumination, assuming all photons incident on the photodiode generate

charge within 1t, the photocurrent 1,, 1s related to the incident photon flux I

photons/cm?/s by:

i =LA, (3.19)

ph

Where Ap is the area of the diode. Then, starting with the sense node (photodiode) at

an initial reset voltage Vgp, the resulting varnation with time may be described as

follows:

VNode (t) — VRD o iphtl{ Node (320)

Substituting 3.18 and 3.19 into 3.20 gives:

[ At
Vioae (1) = Vg — -2 (3.21)

C Node

Therefore the photodiode output will be non-linear because as the voltage across the
photodiode reduces, the capacitance increases and the node responsivity reduces. So
under constant illumination, the rate of discharge of the diode will reduce as photo-

generated charge accumulates. The non-linearity of the node voltage as a function of

time is shown 1n Figure 3.13.
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Figure 3.13 The photodiode in integrating mode. The diode is reverse biased to a reference level by
closing the switch. When the switch 1s opened the voltage reduces due to collection of photo generated

charge

3.4.4. Pixel operation

Typical operation of a 3T pixel 1s illustrated in Figure 3.14. By applying a pulse to the
gate of the reset transistor to turn 1t on, the photodiode 1s 1nitially biased to the reset
level and then left floating. Any free carriers collected by the diode will reduce the
potential difference across it until the pixel 1s reset or it reaches saturation. When a
signal is measured from a given pixel, the select transistor for that pixel 1s similarly
pulsed on, thereby completing the source follower circuit between the in-pixel driver
(follower) transistor and the column load transistor, to buffer the pixel output to the
array output. Although the photodiode output can in principle discharge down to 0 V,
the pixel output never reaches that point. This 1s because the gate-source voltage of the
in pixel follower transistor reduces to below its threshold level and it turns off. This can
be seen as the pixel saturates in Figure 3.14. Note that the source follower circuit
introduces an extra source of non-linearity because the, less than unity, gain varies with

the bias conditions. It also introduces also a negative DC offset relative to the sense

node (photodiode) voltage.
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Figure 3.14 Typical operation of a 3T active pixel under varying illumination levels (note the two

waveforms are not to the same scale)

3.4.5. Summary

A significant advantage of the three-transistor photodiode pixel 1s that i1ts main
components conform to conventional CMOS fabrication processes, therefore 1t 1s simple
to produce by out sourcing to an external wafer “foundry”. A further benefit 1s the
minimal number of active elements required within the pixel, compared to more

advanced designs, results in a higher fill factor and improved quantum efficiency for a

given pixel size.

The architecture is incompatible with pixel rate CDS (described in the next section)
therefore the read noise i1s limited by the noise level on the reset transistor. The pixel
also has a non-linear response due to variation of photodiode capacitance with signal
level, although this can be an advantage 1f extended dynamic range 1s required. The
photodiode pixel also has major problem with image lag. Image lag occurs when the
photodiode is not fully reset to the reset voltage before the next integration and some

charge from the previous image remains on the diode. This is a particular problem for

video rate applications.
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3.5. APS performance parameters

There are a number of parameters for characterising APS performance. Some relate to
the quantity of signal generated, others lead to degradation in image quality. Some can
be influenced through improving the quality of the fabrication process, some can be
improved using extra noise cancellation circuitry and others are intrinsic to the materal

and the operating mode and ultimately limit the performance of a device.

3.5.1. Dark signal

Dark signal 1s charge generated and collected by a device under totally dark conditions
(Janesick, 2001).  All semiconductor devices suffer from leakage currents caused by
electrons having sufficient thermal energy to break free from the lattice and enter the
conduction band. It 1s therefore highly dependent on the ambient temperature, with
higher temperatures resulting in higher dark signals. Dark signal can double for every 5
- 8 °C 1increase 1n temperature. It 1s also highly dependent on the design of the sensor
and the manufacturing process used, especially from localised imperfections 1n the

b

silicon wafer called generation/recombination centres or “traps”. Some of the possible

sources of leakage current are:

*  Surface states
*  Impurities close to the S1-S10; intertace
* Impurities in the bulk silicon

» (rystal defects

To compare dark signals obtained from different devices and operating conditions the
values are normalised to an effective current per unit area (nA/cm?), or per pixel.
(e’/pixel/second). Also due to the temperature dependence, results are usually quoted at
a given device temperature. Dark signal can vary greatly from pixel to pixel due to the
manufacturing process variations. This variation 1s known as dark signal non-
uniformity (DSNU) and is a form of dark fixed pattern noise. Dark current also exhibits
shot noise characteristics therefore fluctuation of the signal obeys poissonian statistics
and is equal to the square root of the mean level. Mean dark signal can be suppressed
by cooling the device. DSNU can be compensated for by the subtraction of a dark
reference frame. Dark current shot noise cannot be eliminated and reduction 1s only

possible by suppressing the overall mean level e.g. by reducing the operating
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temperature. A more detailed discussion of the factors affecting APS dark signal is

given in Chapter 7.

3.5.2. Quantum efficiency

The previous section assumed that all photons incident on the diode produce electron
hole pairs. This is not necessarily the case. The important parameter that 1s used to

quantify the conversion efficiency of the diode is the quantum efficiency (QE), n. The
quantum efficiency is defined as the fraction of the incident photons that generate useful

signal and, for optical wavelengths, this 1s essentially the mean number of electron-hole

pairs, (N.) generated per incident photon (N,):

n=—= (3.22)

A more useful form of Equation 3.22 1n terms of measurable quantities is:

[,hc
qu‘Pl

n = (3.23)

Where I 1s the current due to the photo generated charge, P, 1s the optical power of the
incident radiation, h 1s Planck’s constant and A 1s the wavelength of the incident
radiation. At shorter UV and X-ray wavelengths the photo-generated carriers are ejected
with sufficient energy that additional carriers are generated by impact 1onisation, thus

more than one electron-hole pair 1s now generated per incident photon.

There are two main factors affecting the quantum efficiency of a device. Firstly, the
interaction of photons with layers above the surface of the photodiode and, secondly,
the interaction of photons within the silicon diode itself. At the surface of the
photodiode it is possible that incident photons do not enter the silicon due to absorption,
reflection or interference effects in the overlying layers. The nature of these effects is
highly dependent on their composition, as discussed in more detail later on in this
chapter. Thus, assuming a photon reaches the surface of the silicon, the main factor
affecting the resulting quantum efficiency 1s the distance into the silicon at which the

photon is absorbed (Dash and Newman, 1955). The absorption process 1s characterised
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in terms of the absorption coefficient o, where variation of the photon flux with distance

d into the material is given by:
[4(A,d) = [ge~ (M) s

Where o)) is the absorption coefficient for a given photon wavelength (1) and I 1s the
flux measured at d = 0. The absorption coefficient has a very strong dependence on
wavelength. The absorption coefficient can be used to calculate the absorption length,
which 1s defined as the depth at which the photon flux is reduced to 1/e of the value at
the surface. It 1s important to note that this is not the depth at which al/l photons are
absorbed. It 1s between this depth and the surface that 63% of the incident photons will
be absorbed. A plot of the absorption length versus wavelength for silicon at 77 K and
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