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Silicon is an excellent detector matefal electromagnetic radiation in the
wavelength range of 0.1 to 1000 nm. In the visigectral range (400-700
nm), external quantum efficiencies approaching 1088 obtained. When
combined with the amazing miniaturization capaiesitof the semiconductor
industry, this fact explains why silicon is the evé&l of choice for very
efficient, highly integrated, cost-effective imagensors: In 2007 about one
billion image sensors were produced and employedcamera systems.
Profiting from the unrelenting progress of semiaactdr technology, silicon-
based image sensors with astounding performance lheen demonstrated, in
terms of resolution, pixel size, data rate, serigfti time resolution and
functionality: 111 million pixels on a single CCip were produced, pixels
with a period of 1.2um were fabricated, sustainable image acquisiticth an
readout rates of 4 billion pixels per second weeelized, single-photon
sensitivity at room temperature and at video rates achieved, timing
resolution of the pixels in lock-in image sensoetolv 5 ps was obtained, and
the processing complexity of “smart pixels” wasedl to several ten transistor
functions per pixel. The future of semiconductoraga sensing lies in the
extension of the accessible wavelength range tanfr@red spectrum (1.5-10
pum), the development of affordable, high-performaXemy image sensors in
particular for the medical energy range (20-120 )keMe realization of
sensitive and cost-effective sensors for Terahieneging (100-500um), as
well as the integration of an increasing amount anialog and digital
functionality on single-chip custom camera systeiifse Holy Grail is the
“seeing chip”, capable of analyzing the contenta stene and of recognizing
individual objects of interest.

Solid-state image sensing. Electronicaging. X-ray imaging. Infrared
sensing. Seeing chips.
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1 INTRODUCTION

Over the last decade, electronic imaging has madenendous
progresses, basically replacing film-based camierasmost all application
fields, including consumer, security, industrialdascientific applications.
These cameras rely on the excellent optoelectropioperties of
semiconductor materials, with silicon being in moases the material of
choice. High quantum efficiency over the visiblaga and the cost effective
manufacturing capability of the semiconductor indusave enabled the
production of image sensors at affordable pricesth wexcellent
performances, in particular in terms of spatiabhatson, pixel size, dynamic
range and sensitivity. Until the year 2000 the déamgpjority of commercially
available electronics cameras and camcorders wasedbon CCDs (Charge
Coupled Devices). Today CCDs still play an importesie in electronic
imaging, due to their high performances providirgg £xample spatial
resolution of up to 111M pixels, dynamic range ktess of 80dB and
sensitivity down to single-photon detection. Howev€omplementary
Metal-Oxide-Semiconductor (CMOS) image sensors Hasen since the
1990's the subject of significant development. Thake advantage of the
capability to integrate analog and digital circwits chip for the control and
readout electronics. This on one hand enables thAeufacture of cost-
effective image sensors and on the other hand sllthe realization of
imagers with added functionalities, leading to @agingly smarter and more
compact imaging devices. As a result, CMOS images@s have today
become worldwide the dominating technology botkeims of units sold as
well as in terms of revenues. CMOS image sensersiaw widely used for
consumer applications, such as in compact digitidll gicture cameras
(DSCs), mobile phones and camcorders, as well aarimerous other fields,
including surveillance, security, robotics, autoiwet industrial control and
even medical applications.

CMOS image sensors clearly profit from the progess®ealized in the
semiconductor industry and the continuous trendatds/ miniaturization,
smaller minimal feature size and the increased mumbf transistors/pixels
per unit area, following in this regards Moore'svlas often referred to for
other integrated circuits such as processors amdames. On the other hand
the trend in the development of image sensors gegsnd just a race for
more pixels and a higher level of integration. Imagnsors are more and
more used for applications covering a significarmaoler spectral range,
from X-ray up to Terahertz imaging. Moreover thes@lepment of smart
imagers opens up completely new possibilities, doxample in three-
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dimensional imaging, object tracking, smart intousidetection or spectral
imaging.

The present chapter gives an overview on fundartseotaemiconductor
image sensing and technology, giving insights imrent technological
trends and the state-of-the art in high-sensitiglgctronic imaging. This is
followed by application examples in high-speed imggcolor imaging and
optical 3D Time-Of-Flight imaging. While many apgdtions and products
are focused on the visible range of the electromtgnspectrum, the
extension towards shorter wavelength (e.g. X-raygimmg) and longer
wavelength (such as infrared and Terahertz imagiigg)gaining in
importance. Examples of IR sensors include Quantivell IR
photodetectors, bolometers and HgCdTe sensors. éfiagresonance and
ultrasound imaging in turn are not addressed witténscope of this chapter.

2 FUNDAMENTALS OF SEMICONDUCTOR IMAGE
SENSING

2.1lInteraction of light and semiconductor

The capability of solid-state image sensors to aldight is related to
their semiconducting properties. The interactiotigift and semiconductors
has two principal components. First light wavesédtat a reduced speegy
= c,odN Where n is the refractive index of the material ap.=3x10° m/s is
the speed of light in vacuum. Secondly the incidigit intensitylo (W/m?)
is absorbed exponentially with the thickneissf material through which it
travelled, according to Beer's law:

I(x)=lge 9% (1)

The absorption coefficierd (in units of cnt) depends strongly on the
wavelength and thus the energy of the incidentligbr energies below the
bandgap E the material is essentially transparent. For giasrlarger than
the bandgap, the material absorbs the incidentatiadi The higher the
energy (the lower the wavelength), the smallehés genetration depth. For
direct-bandgap semiconductor materials such as @&X%gE) curve is even
steeper than for indirect-bandgap materials suchile®n (figure 1). The
bandgap of the material used has thus a directatrmgrathe spectral range
that can be addressed. Silicon with a bandgap gfl.EeV at room
temperature has a cut-off frequency ofpinl whereas Germanium with a
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lower bandgap of 0.67eV leads to a cut-off freqyesitl.8um enabling to
address applications in the near infrared patefspectrum.

124
A(pm) = = @
E, (eV)
hv (ev)
106 3’.0 2‘0 4].5 1i0 0.75 10-2

300K

105 Ge (Ac=1.24/Eg=1.88um) 10~

Ga3oin 70Ase4P3g)
(1.4 um)

104

GaAs
" (0.871m)

103 - 10!

Si(1.1um)

ABSORPTION COEFFICIENT a (cm-1)
LIGHT PENETRATION DEPTH 4/@ (um)

-
(<]
nN

102

10! 1 [ 1 1 1 1 103
0.2 04 06 08 1 1.2 14 416 1.8

WAVELENGTH (em)

Figure 1. Optical absorption coefficients and light peneétrat depths for various
semiconductor materials [1].

2.2Quantum Efficiency

The processes of photon absorption and thermalizadf charge pairs
happen in sequence, contrary to the generatioiglof Via a recombination
process, requiring the simultaneous presence olitabse phonon in
indirect-bandgap materials to satisfy momentum eoradion. For this
reason, all semiconductor materials are excellertotquletectors,
independent of their type of bandgap, direct oirawd. Virtually 100% of
the incident photons with energy above the bandgayld therefore be
detected, in principle. In actual devices, the @k quantum efficiency
(QE), defined as) = number of photogenerated charge pairs / number o
incident photons, is smaller than 100% for theof@lhg reasons:
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D) Fresnel reflection of the incident light aé tsurface of the device

2 Multiple reflections in thin layers coveringet device. This causes
the characteristic thin film interference oscilteits in the spectrum.

3) Absorption of the incident light either in thevering layers or in the
electrically inactive part of the semiconductor mis& surface.

(4) Absorption deep in the semiconductor, at sadie greater than the
diffusion length L, where charge carrier pairs mabine instead of
being able to diffuse to the depletion region o fhotodetector
near the surface.

(5) The semiconductor is too thin (too transpgreot that not all the
incident light is absorbed and parts of it (thegenwavelengths) are
transmitted.

Figure 2 shows the measured spectral QE of aorsubstrate silicon
photodiode, realized in a 2 um CMOQOS process (Qnoit Sunnyvale, USA)
that can be explained with a model taking into actohe effects mentioned
above [2].
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Figure 2.Comparison of a model of the quantum efficien@sfted line) and actual
measurements (solid line) of a photodiode, realizitd a standard 2.0 um CMOS process

2.

The QEn is a measure of the number of photogeneratedretect
charge per incident photon. If, instead, the gemdrphotocurrenty, [A] is
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measured as a function of the incident light poR¢W)] at the wavelength
A, the corresponding responsivifin units of A/W] can be defined as

_Iph
R—? (3)

R is obviously related to the quantum efficiency
A
RU) = 12 7(A) (4
Cc

with Planck's constanth = 6.6%10* Js, and the speed of light in
vacuumc = 3x10° m/s.

2.3Temperature effects: dark current

The strongest impact of temperature is undoubteglgted to leakage
currents. The so-called dark current (i.e. currer@asured without any
applied optical signal) significantly varies frommeotechnology to another
with CCD still providing the best figures (below fA/cn?). Optimized
CMOS processes for Image Sensing technologiestrégores of a few 10s
of pA (30pA/cnt - 50pA/cnf) at room temperature. It is important to note
that the dark current depends strongly on tempexattendering high
temperature applications very challenging. Thisedejgence is essentially
given by that of the intrinsic carrier concentratiin the semiconductor:

3 B

n OT2 e 2kT (5)

With E; = 1.11eV for silicon at room temperature the dewkrent is
found to double roughly every 10 degrees. Expertaignthis doubling
occurs even every 7-8 degrees. Thus cooling theosdy 25 degrees leads
to a decrease of the dark current by almost a @eeetuich is significant and
explain why most scientific cameras targeting agtions with long
exposure time (e.g. in astronomy) still need tacbeled. The current trend
towards higher integration and smaller design festuead to typically
higher doping levels and increased leakage cureemd dark current
densities. This renders the realization of imagemoviding high
performances especially under low-light conditi@v&n more challenging.
In this specific case the higher integration / ¢wmus trend towards
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miniaturization basically works against key perfarme figures of imaging
devices.

2.4Photosensor principles: Photodiode and CCD

In image sensors the photo-generation of an etettsignal takes place
in most cases either in a photodiode (i.e. a potjon) or in a MOS
capacitance. Other approaches involve the useegfazed devices such as
avalanche photodiodes and phototransistors. Génepdaking photodiodes
are used in CMOS image sensors, whereas MOS capees are preferably
implemented in CCD imagers. However Interline Tfan€CDs as mostly
used in consumer cameras are typically based ontogibdes as
photosensitive elements, whereas some CMOS imagkesadvantage of
photogates, a structure that is basically derivechfCCD imagers.

Assuming a pixel size of 10x[ufn’, a fill-factor of 100% and a quantum
efficiency of 100%, an illumination level of 1 luxvhich corresponds to
about 16° photons/s mfor white light) leads to a photocurrent of thel@r
of 160fA. In order to effectively read-out such Iewgnals special care must
be taken. Different detection circuits have beemettpped over the last
decades to address this challenge, the simplest adsml most often
implemented one being a source follower. In thipraach the photo-
generated current is first integrated during a giveegration time i; onto a
capacitor C. After this integration/exposure tirties chargAQ accumulated
is converted to an output voltag¥ .; according to

T,

int

AQ = [ ppo(t) et (6)

A\/out = (AQ/C) @a (7)
with g, = 06-0.8=1 the “gain” of the source follower.

For a capacitance df =10fF, the conversion gain amounts to
g/C =164V/eleading to a measurable signal for typical chargekpt of a
few thousands of electrons. Higher conversion gain be achieved by
lowering the capacitance, or using current amplifiegith very small
feedback capacitances. This becomes mandatorgifvamts to detect small
signals, ultimately reaching for single electron @moton detection
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3 SEMICONDUCTOR TECHNOLOGY FOR IMAGING

3.1Silicon sensors

The unrelenting progress of semiconductor techiyotogde it possible
in the early 1960s to fabricate reliably severaltteousand transistors on the
same chip. This capability was quickly used for theoduction of
semiconductor image sensors using the then-availddDS process
technology. These image sensors were based on hbtodiode pixel
architecture illustrated in Figure 3. Each pixehsists of a photodiode that
can be connected individually to an output amplifierough a row-select
transistor connecting the photodiode to a colunattebde, and through a
column-select transistor connecting the columrhéowvideo output line. The
charge detector measures the stored photochargtheonmeverse biased
photodiode’s depletion capacitance, and at the gameeit performs a reset
operation on the photodiode. These long signalslinesult in effective
capacitances at the input of the charge deteatowitiof several pF, causing
significant readout noise, typically in excess 00Q electrons.
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Figure 3.Architecture of photodiode based image sensoy$/@S or photodiode array, (b)
CMOS compatible Active Pixel Sensor (APS) imager.

It was realized as early as 1968 that the inventibthe active pixel
sensor (APS) principle makes it possible to utilzestandard MOS or
CMOS process for the fabrication of image sensdfering a similar
imaging performance as CCDs [3]. The basic iddastiated in Fig. 3,



8. Semiconductor Image Sensing 73

consists of supplying each pixel with its own seufallower transistor, thus
reducing the effective capacitance at its gatefemetens of fF or less. Since
each pixel still requires a row-select transistod a means of resetting the
photodiode — implemented with a reset transistartGMOS pixel with three
transistors, a so-called 3T APS pixel, results. rpBsingly enough, this
insight was only picked up commercially fifteen geéater, once the urge to
co-integrate analog and digital functionality o ttame image sensor chip
became significant [4]. For almost a decade aftetg/aindustrial CMOS
processes were employed for the fabrication of CM@&ge sensors and
single-chip cameras of growing complexity, incragspixel number and
rising imaging performance.

In the late 1990s it became clear that the roadofiapainstream CMOS
technology, in order to satisfy the device scakegording to Moore’s law,
foresees technological changes that are partiaflirirdental to image
sensing [5]. This is summarized in Table 1, makingvident that the
increasing demands in semiconductor imaging canpet met with
mainstream CMOS technology long after 2000.

As a result, the semiconductor industry startedld¢gelop variants of
their established CMOS processes under the acrdd@n(CMOS Image
Sensing) processes. Such CIS processes contiqueftiofrom the enduring
reduction in the feature size of the main-streamQ&Viprocesses. This
permits the integration of a growing number of easingly smaller pixels.
The largest semiconductor image sensor fabricatediate contains the
impressive number of 111 million pixels, while thenallest pixel pitch
reported to date is 1,2m [6]. The reduction of the threshold voltage to a
current value of about 0.3 V is also beneficial fmmiconductor image
sensors because the available voltage swing igased. The reduction of
the power supply voltage, however, is a mixed lagsOn one hand, power
consumption is lowered appreciably, since it ispprtional to the square of
the supply voltage; on the other hand, this lovedss the voltage swing for
representing photo-signals and, as a consequesogha dynamic range of
the image sensor is reduced.

The replacement of doped poly-silicon as the gtetr@de material with
silicides (CoSi or TiSk) is beneficial since the gate’s electrical conilifgt
is improved but since silicides are essentiallyqugato visible radiation,
photosensitive devices employing photogates losehnatdi their sensitivity.
The replacement of bulk silicon with epitaxial cilh layers of a fewum
thickness (as in silicon-on-insulator SOIl) techgglo also reduces the
sensitivity of photosensitive devices, in particula the red and near
infrared spectral region where the penetration deftlight in silicon is
particularly large. In order to enhance the eleatriconductivity of the
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silicon substrate, doping levels of the implantati@re increased to typical
levels of about 1§ cn. This implies a significant increase of the dark
current density to values beyond 1 nAfanhroom temperature. Such values
are clearly unacceptable in many imaging application view of the low
dark current densities of a few 10pAfcrim commercially offered CIS
processes and the record value of 0.6pAfumthe best CCD process.

CMOS technology trend Eval Reason
Reduction of feature size ++ |More pixels and functionality on chip
Reduction of threshold voltage + [Higher signal levels and dynamic range

Reduction of power supply voltage | + |Reduced power consumption
- |Lower signal levels and dynamic range

Gate material: poly-Si - silicides - |Opaque gates in the visible spectrum
SOl or epi-Si technology - |Low red response and reduced QE
Increase of substrate doping - |Larger dark current

Increase of number of metal layers | - |"Tunnel vision"; low QE of small pixels
Reduction of gate oxide thickness | - - |Larger dark current

Table 1. Technological trends on the roadmap of main-stré@hiOS technology, an
evaluation (Eval) of their positive or negative imap on semiconductor imaging with these
processes, and the main reason for this partiev@uation

The combination of shrinking pixel period and iresi|g number of
metallization and via layers results in “chimnexgds”, as illustrated in
figure 4, which at the same time reduces the optical seitgitf the pixels
and increase the angular dependence of their gsgtonse. Finally, the
reduction of the gate oxide thickness to todayfsdsgl values of less than 2
nm increases the tunnel density current throughottide to values excee-
ding 1mA/cnf, which is clearly unacceptable in image sensingiegtions.

For these reasons, CIS processes are offered thadbagre derivatives of
industrial CMOS processes, where all the problenestioned above are
addressed appropriately, and where great carkes that the photosensitive
devices can fully profit from the excellent optagtenic properties of the
silicon base material.

An example of pixel layout for a CMOS Active Pix@ensor is given in
Figure 4. Due to the presence of circuitry withire tpixel the area that is
effectively sensitive to light is reduced to tygige25% - 65% of the total
pixel area. This corresponds to the so-calleddittor. In comparison CCDs
typically have fill-factors of 70 - 100% for Fullfeéme CCD (FF-CCD) and
Frame Transfer CCD (FT-CCD), whereas Interline $fan CCDs (IT-
CCD) achieve fill-factors in the range of 25 - 30%.
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A typical cross section of a pixel structure fabted with such a
commercially available CIS process is illustratad-igure 5. In the silicon
substrate photosensitive regions are created usinigble implants: As
detailed above, the preferred devices are photedioduried (pinned)
photodiodes or CCD structures.
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Figure 4.Example of pixel layout for an Active Pixel Sensor

Oxide material is deposited on top of the silicoontaining the copper
interconnects and vias, as well as the gate smextfor the transistors.
Different types of color filters are produced owke individual pixels,
followed by microlens structures to enhance theatiffe light collection
efficiency of the pixel. Their focusing effect ibustrated with the broken
lines in Figure 5, indicating schematically the tegcing modeling that is
necessary to optimize the optoelectronic perforraarfcthe pixels. Typical
dimensions of state-of-the art CIS pixels as englofpr example in cost-
effective image sensors used in mobile phone cavemperiods of 2-8m
and a total thickness of 3pdn.

In order to produce more pixels for less money,Gle industry will not
cease to invest in the continuing reduction of pigige. This involves
solving the problem of reduced capacitance and cextiyphotosensitive
surface of the ever-shrinking pixels: As an examptmsider a pixel with a
storage capacitance of 1.6 fF; assuming a maximoltage swing of 1V,
such a pixel cannot store more than 10,000 elextron
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Figure 5.Cross section of a typical CIS pixel, consistingdfilicon substrate with implanted
photodiode regions, on top of which oxide materiigl deposited, where the copper
interconnects, vias, gate structures and coloer§iltare fabricated. To improve the light
collection efficiency, a microlens array is proddice

Since the photogenerated and stored charges shassoRo noise
statistics, perceived picture quality deterioraaesa function of the stored
photocharge numbers [7]. For this reason, gooditgquahages require
photocharge storage capacities of a few 10,000Qretecin each pixel. This
problem is quite similar to the one in memory citsu Despite the
continuing reduction of the unit cell size, the aeifance of the unit storage
cell must be kept at a certain value, in ordergsuee reliable operation of
the storage function. The solution adopted in @é&hhology is, therefore,
also related: The third dimension is exploited mmréase the specific
capacitance of pixel storage devices. An examplhiefdevelopment is the
recently developed “stratified pinned photodiodegalized by corrugating
the outer shape of the buried photodiode implat [8

The other problem of smaller pixels with increaseohnel vision”, as
illustrated in Figure 5, is the reduced photoséamsitsurface and the
increased angular dependence of the response. Wiititelenses can help to
alleviate the problem, there will always remainaaigular dependence of the
pixel's response, which reduces the pixel's ovesaltsitivity, in particular
when imaging lenses with small f/# are employed. phomising
technological approach to solve this problem is #eparation of the
optoelectronic transduction and the electronicuiirg into different layers.
This is achieved by depositing a thin film of amtwops or microcrystalline
silicon (or another suitable semiconductor) on tdpan ASIC structure
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(TFA = Thin Film on ASIC technology). Photodiode® dabricated in the
top layer of TFA image sensors, and electrical ections to the charge
sensing circuits on the ASIC are produced. In thimy, an effective
geometrical fill factor approaching 100% can be i@obd, and the
photoelectric conversion properties, including &tample very low dark
current, can be optimized separately from the Ailte thin film [9].

4 EXAMPLES AND APPLICATIONS OF IMAGERS

4.1Electronic imaging in the visible spectrum

In the past, the main drivers of electronic imagimave been cost,
performance and functionality; without doubt, thedevers will stay
unaffected in the foreseeable future. The challetigerefore, is to take
advantage of the continuing progress of semicomdypttysics to satisfy the
demands of the market in terms of cost, performamcefunctionality of the
realized image sensors and camera systems.

4.1.1 Challenges and opportunities

The key to meeting present-day challenge is integraMore electronic
circuitry will be placed on each image sensor, thedpixels themselves will
be supplied with all the analog and digital elersett improve their
performance and to increase their functionality. enéver economically
justified, an application-specific single-chip dajicamera (SoC = System-
on-Chip) will result that just needs to be complatad with inexpensive
optics to arrive at a highly cost-effective soluatio

A first huge, fast-growing and highly contested kearis electronic
imaging for cell phones. It is estimated that clas®ne billion cell phone
cameras will be sold in 2007. Consequentially,ghiee of such a complete
single-chip digital camera has dropped to less $&in volume, while its
resolution is already exceeding one Megapixel. Fithis development,
other mass markets such as automotive applicatigasne console
interfaces, personal computer peripherals and elgferencing will surely
profit. Typical single-chip camera developments these and related
applications where price is the main driver arecdbed below.

Two other fast-growing markets with considerablghgr margins are
digital still cameras (DSC) and security/surveilanAlthough both markets
combined require only about 100 million image sesso 2007 — slightly
more than 10% of the cell phone camera market — pgldormance
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expectations of the customer are much higher: énctise of DSCs, multi-
Megapixel resolution (already exceeding 10 Megdpixaven for amateur
cameras), high uniformity and low noise are demdndde performance
expectations of the security/surveillance camerassanilar; however, the
emphasis is not on the number of pixels but onldenoise performance
for low-light applications. The ultimate physicatrformance in this respect
is single-photon resolution, and as soon as cdésttgfe solutions will be
available, most other electronic imaging applicagiawill demand such a
performance, as well. The most promising approacfas low-light
semiconductor image sensors are detailed below.

—

I —
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Figure 6.Symbolic functionality of conventional imagers

The third driver of electronic imaging is functiditia In conventional
image sensors, the available functionality is ret&d to the four basic tasks
symbolically illustrated in Figure 6: Conversion iotident light intensity
into a linearly related photocurrent, integratiord sstorage of the resulting
photogenerated charge packets, sequential accebede charge packets,
and amplification/buffering of the signals to makem available off chip.
By complementing this basic optoelectronic functiity with analog and
digital circuit building blocks, in each pixel odjacent to the pixel matrix, a
very rich toolbox for the realization of applicatispecific “smart image
sensors” is created. Some of this additional fmetiity, all fabricated with
the technological capabilities of the same CIS essc¢ is schematically
illustrated in Figure 7, indicating the broad rangg building blocks
available for the design of custom imagers. Thigludes, among other
things, smart pixels with non-linear response fordgnamic range
approaching 200 dB, color pixels making use ofwhelength-dependent
absorption of silicon, pixels with unusual geonestrimplementing selected
linear or non-linear transforms, in-pixel analo@g@ssing circuits for basic
arithmetic operations in the photocharge domainwak as conventional
analog and digital circuits in the pixels or as ptementary building blocks
beside the photosensor area on the image sengor [10

The availability of this toolbox of functionalitys ithe key for improving
the performance of novel, smart pixels over previtypes of pixels, and for
providing the custom functionality required for theccessful integration of
special image sensors for a large variety of apfitios.
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Figure 7.Symbolic illustration of a few examples of functiouilding blocks
available for smart pixels and custom image sensors

As detailed below, this development is expecteccubminate in the
realization of complete single-chip machine visiggstems, so-called
“seeing chips”.

4.1.2 Single-chip digital low-power camera

The continuous trend towards miniaturization andhbi density in
CMOS mixed-signal technologies has a strong impacthe development
and progress in solid-state image sensors andedesgiplications. Whereas
image sensors based on a passive MOS (Metal OxadecSnductor) array
architecture were already demonstrated in the segertheir noise figures
and overall performances turned out to be by fdarsudficient to compete
with dedicated CCD (Charge Couple Devices) basedjiing products. It is
only with the introduction of the Active Pixel Sems (APS) concept in the
nineties that CMOS imagers have been able to sfeftdp close the gap
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with CCDs imagers. The main improvement came with ¢tapability to
integrate active transistors within every pixel tbk imager in order to
locally amplify the typically very small photo-geated signals. This
approach basically reduces significantly the lasty@y capacitances that
characterize passive MOS array imager to a fewdéffs, i.e. values similar
to the input capacitance of CCDs’ output stagee U$e of more aggressive
technologies and submicron processes was thusummstital for the
performance improvements of CMOS imagers. Furthezntbe use of
standard CMOS technologies opens up the possihilitynanufacturing
imaging devices that can be monolithically integdatfunctions such as
timing, exposure control, and analog to digital \ension (ADC) can be
implemented on one single piece of silicon, enablihe production of
single-chip digital image sensors. With ever desireptransistors size, it
also becomes technically and economically posdibleombine the image
sensor with functions such as digital signal preogsmicrocontroller or
further interfaces (e.g. USB). Clearly the highemtver of pixels that can be
integrated on ever decreasing areas have fuelledstitcess of CMOS
imagers. As such, to a large part, the successgleschip digital cameras
can be seen as a direct result of “more Moore”.

Figure 8.Micrograph of a digital single-chip camera witp@ver consumption of less than
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Today solid-state cameras have become pervasil@itomany markets.
It is forecasted that already next year more thaillian solid-state imagers
will be sold world-wide, the dominating applicatioand markets being
mobile phones, digital still photography, securigytomotive and toys.
CMOS technologies and in particular CMOS imagergeteso intrinsically
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the potential for lower power consumption. CMOS @@ can be driven
from one single supply voltage (typically < 3.3 \And with power
consumption below a few tens of mW making theseicésvparticularly
attractive for mobile applications, such as the ieophone market. The
latter market corresponds today to roughly 50%hefunits sold worldwide.

Low power consumption also helps to reduce the &aipre (or
temperature gradient) of the sensor chip and catvead, leading in general
to improved performances. Figure 8 shows a singip-digital camera with
a spatial resolution of 176x144 pixels. It operates$.5 Volts and consumes
less than 1mW [14]. The low power consumption iiexed by the
reduction in the power supply voltage and by apwdpecial techniques for
the analog design. Sensors operating at less thaW have also been
demonstrated [15]. Video cameras in mobile phone Heecome a reality
today. Undoubtedly further applications, for exaeph medicine (e.g.
minimally invasive medicine / endoscopy) or sutegite and security, will
profit from the progress made in low power digitahging.

4.1.3 High-sensitivity electronic imaging, single-chip djital
low-power camera

As we have seen in section 2, the external quastffiziency of silicon
can be close to 100% in the visible spectral don{fn monochrome
imaging). Since this means that almost each intigdwton is converted
into an electron-hole pair, the physical problemhafh-sensitivity image
sensing is really an electronic problem of highsstarity charge sensing.
The electronic photocharge detection circuit usédost exclusively in
semiconductor image sensing is illustrated in Fglr In a p substrate, an
n+ output diffusion (OD) is implanted. Using thesee transistor R, this
diffusion is reversed biased to a certain resetmi@l, and it is left floating
afterwards. The photocharge Q that should be medssrthen placed on
OD, lowering its potential by the amount V=Q/C, wh€ indicates the total
effective capacitance at the gate of the sourdevier transistor SF. The
voltage at C in each pixel can be measured indaliglby connecting SF
with the row-select transistor RS to the columnnalgline Col, which
terminates in a load transistor for SF.
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Figure 9.Typical readout structure for semiconductor imagesors

Two noise sources dominate the charge measurenmmenegs in the
source follower circuit shown in Figure 9: (1) Reeseise — also called kTC
noise — introduced by the reset process effectuayetansistor R, and (2)
Johnson noise in the channel of the source follotremsistor SF. Both
effects cause a statistical uncertaim) (standard deviation) in the
measurement of charge packet Q:

AQreset = v kTC (8)
and

4kTBa

AQJohnson: C
Om

(9)

where k denotes the Boltzmann constant (k=1x38%3J/K), T indicates
the absolute temperature, B is the bandwidth ofhteasurement process,
is a constant — with a value not too far from uritthat depends on the way
the source follower transistor is operated, apdignotes the transconduc-
tance of the transistor SF.

For the ultimate high-sensitivity photodetectiomfpamance of an image
sensor, both of these charge measurement uncersamtist be minimized.
Although it has already been demonstrated thatlesipigoton imaging
performance can be achieved with several approackesn at room
temperature and at video readout frequencies &woreling to an output
circuit bandwidth of a few tens of MHz), the affalildle CIS-compatible
single-photon image sensor with at least Megape®blution is still elusive.
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It is not clear, therefore, which of the variougghsensitivity charge
detection approaches will be the winner in thigerac

In conventional photodiode-based CIS image sensdisre the output
diffusion OD is identical with the photodiode (disistrated for example in
Figure 9), the reset noise described by equatigntgpically one order of
magnitude larger than the Johnson noise in equétidiith the invention of
the CCD principle, it became possible to complettiminate reset noise by
adopting the following measurement sequence: Qigsst to a certain reset
voltage and then left floating. The voltage on GDrieasured and the value
is stored. The photocharge Q is physically trameteon OD, employing the
CCD principle, and the resulting voltage drop isaswged. The difference of
these two measurements results in a voltage vhhiteig linearly related to
the photocharge Q, and its statistical uncertaty is reduced to the
Johnson noise described in equation 9.

TG

Ox - Se
pt n+
n p

Figure 10.Cross section through a pinned (or buried) photbali

Since it was believed that it is not possible tm$fer a stored amount of
charge from one diffusion (e.g. a photodiode) tother one (e.g. the OD in
Figure 9), without introducing additional noise, B@mage sensors were
considered superior in terms of noise performammapared to imagers
fabricated with CMOS-compatible processes. A cotgpbreakthrough
occurred with the invention and the fabricatiorhtemlogy of the pinned (or
buried) photodiode (PPD), illustrated in Figure 10.

As shown in this figure, a buried n-type volumeiirely surrounded by
p-doped silicon. This PPD can be fully depleted, tkat CCD-type
operations such as complete charge transfer usiagtransfer gate TG
become possible. This implies that image sensdisctted with CCD as
well as CIS technology can reach the Johnson noisié described by
equation 9. Using this approach, a charge measumtemése of less than 10
electrons r.m.s. can be obtained in practice.

For the past two decades, researchers have grapjtledhe Johnson
noise equation, with the aim of attaining singleetdon photocharge
detection noise in an image sensor at room temperaand at video
frequencies (corresponding to a readout bandwitill®€0 MHz):



84 Chapter 8

» The effective capacitance C can be reduced to sabetow 1 fF
using double-gate field-effect transistor (DG-FEfchnology.
Although single-electron noise is achieved, it ceraethe expense
of complex technology modifications and voltageswh20V.

* A similar approach with buried charge modulatiorides (BCMD)
results in charge noise values of a few electragsin requiring
complex technology modifications.

» CCD image sensors used for astronomical applicatize read out
at very low frequencies of around 50 kHz, and theycooled down
to about -108C. This results in single-electron noise perforneanc
but at the expense of very long readout times.

e The so-called Skipper CCD is operated at room teatpee, using
floating gate readout structures to measure thee salnotocharge
repeatedly in a non-destructive way. The averagedsorements
show the desired single-electron charge noise betrtecessary
averaging over more than 100 individual measuresneet pixel
slows down readout significantly.

* In order to circumvent the problem of noisy elestcocharge
detection, physical amplification mechanisms wiitv lexcess noise
factors are actively pursued. Image sensors witlalamche
photodiodes (APD), either working in the linear inrthe Geiger
mode, have been realized, exhibiting the wantedleialectron
charge noise at room temperatures and at videodray readouts.
Several products such as the Impactfo@CD image sensor with
avalanche amplification section, developed by Telxesruments,
are offered commercially. Unfortunately, the higlectric fields
required to cause avalanche amplification stillessitate voltages
of 20V and more, making the use of avalanche-basggle-electron
imagers somewhat unpractical.

* Probably the most promising approach for cost-&ffecsingle-
electron image sensors is “bandwidth engineeringrhe
measurement bandwidth B in equation 9 is signifigareduced,
either at each pixel site or in each column an®lifSuitable imager
architectures with parallel readout capabilitieoviae for data
readout at unimpeded speeds, despite the low-flgering effect,
see for example [11]. The large advantage of thigr@ach is its
entire compatibility with standard CIS technologg, well as low-
power, low-voltage operation.

None of these approaches has yet resulted in tineneocial availability
of cost-effective, easy-to-use image sensors witlsecto single-photon
performance. Without doubt, such devices, basedren of the described
principles, will become available in the next fegays.
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Pixel dimension reduction is justified not only tiecrease the costs,
following the Moore’'s law trend, but also to redutiee volume and
thickness of the imager including its optical pdrhe reason is that for a
given optical f#, a reduction of the lens diamee&=ults in a reduction of the
focal length and hence to the total thickness @& itmager. The main
drawbacks of this trend concern the optics, wifffralition effects close to
the pixel pitch, and the pixel collected chargesfukties, reduced as the
pixel size is lowered. The drastic size reductiérthe well collecting the
photogenerated electrons, able to collect typica3000 e- with 16um in
pitch pixel, 10’000 e- with 2.2um and 6’000 e- wittd5um, is the strong
motivation to decrease the total noise coming weilch pixel reading: the
dynamic range being reduced with its upper limie fower limit must
improve drastically. The best read noise resuésaiv in the range of 1 to 2
electrons RMS. Nevertheless, even with a low nmsgling, the fluctuations
of photogenerated electrons number is correlatéd avPoisson distribution,
which predicts a RMS value given by the square ofdhe total electrons
number. This phenomenon comes from the photon nurskaistical
fluctuation, and cannot be avoided without incnegghe total number of
collected electrons. To obtain a SNR (Signal onsidratio) of 10, 100
photogenerated electrons are necessary with acpenfm-noisy reading
circuit. To increase this collection number, selveat@ections are to be
considered.

SNR limitations come primarily from the optics esiza lower f# is
necessary to both lower the diffraction and inceet®e collected photons.
This leads to large incident angles not compatibitn the path through
interconnection layers, as illustrated in Figure 11

Figure 11.Light path through interconnects for large optapérture (low F#)
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To overcome this limitation, large angle collectisrprovided by back-
side and thinning approaches. This technique, get dor high end CCD
products for space applications, provides high féttor, high photon
collection angle and improved pixel crosstalk. Ttashnique is based on
wafer bonding and thinning, and the thin top siidayer, necessary to
collect efficiently the photo generated electroissdifficult to obtain and
passivate. One way is to use a SOI substrate, ialjpto keep the initial
buried oxide as the top final passivation layer,High quality interface and
controlled Silicon thickness: this back-side tecjuei is illustrated in Figure
12. Another way is to improve the thinning conttol reach the desired
value, and to passivate to the final silicon swefag the use of laser anneal
and low temperature deposition.
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Figure 12.Back side technique to overcome the light pateesung through interconnects for
large optical aperture (low F#)

4.1.4 Color imaging

Appropriate color restitution requires that the ocofecording is as
reliable as possible. Human sense of color is based triplet cells in the
eye’s retina: the spectral sensitivity of thesgs of cells is the base of the
color recording. Color science, as investigatedtiy CIE (Commission
Internationale de I'Eclairage), gives the rulesathieve good restitution of
the available colors in the world, as seen by tlmmdn eye. The main result
is as follows: the reconstruction of all colorspisssible if for each image
point 3 different light intensity measurements aaequired, these
measurements having relative spectral sensitiviigen in Figure 13, or
linear combinations of them.
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Figure 13.Normalized spectral sensitivities allowing relialéconstruction of all colors

filters. They are made of photoresist layers depdsbn top of the imager
circuits, as previously shown in Figure 13. Thrgees of photoresist, e.g.
Red, Green and Blue are necessary; complementissamuld be used as
well; they are generally deposited in a 2x2 pixgttern known as the Bayer

pattern (Figure 14).

Figure 14.Bayer pattern for color filters

The limitations of this technique are:

e The thickness of the resist, around 800nm, becohigls with
respect to the width of the pixel. Thinner filtensould lead to
reduced optical aberrations due to lateral opfizah from the top
surface to the silicon
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* The maximum temperature allowed by the resist ishmawer than
any other layers in the circuit: no high temperatprocess step can
be done after color filter deposition

» The filters absorb around 2/3 of the incoming ljghis is a main
cause of loss of photons and thus sensitivity

* The three types of color sensors are not at thee skation,
resulting in some color reconstruction difficultiésd aliasing/Moiré
effects

To overcome these limitations, several techniquesveh been
investigated. The 3 types of sensors can be armdamgdically, i.e. using
stacked photodiodes as demonstrated by Foveosedt the light absorbance
variation in silicon to detect the red signal désjp the silicon, while red
and green signals are absorbed closer to the surtand finally
red+green+blue signals are detected in the topjymction that is located
closest to the surface of the silicon. An altenmatiechnique consists in
using mineral filters integrated in the CMOS pracekhis leads to a higher
temperature resistance and a thinner total stackntiss, thus lowering the
lateral shift of photons causing diaphoty. Moreerdty the use of the
filtering behavior of submicron metal patterns tirga plasmons when
impacted by light has been envisioned and is ctiyrbeen investigated.

4.1.5 High-speed image sensing

High-speed imaging allows motion analysis in vasi@application fields
such as scientific measurements, machine visidrolmgraphic data storage
to mention a few. Impressive application examples available from
various suppliers [16].

In a broad sense, image sensors can be considerddgha-speed” as
soon as they exceed video rates (over some 60 $rperesecond (fps)). The
“speed” (maximum frame rate) of an image sensaladsely related to its
spatial resolution and more particularly to its t@mof rows. For example,
a sensor capable of 1’000fps while scanning 1'0@8r¢row-rate = 1us) is
able to deliver 10’000fps when scanning a partishge of 100rows (row-
rate =1us). The reason why the number of columssalmost no impact on
the sensor frame rate is that the majority of téslljgh-speed sensors use
column parallel readout circuitry.

The highly parallel architecture of CMOS sensors llea within the last
decade to a technology shift from CCDs towards CM@&gers for high-
speed imaging. For low spatial resolution in tu@CD sensors are still
capable of recording high speeds, which have byn&drbeen equaled by
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CMOS. As a comparison, a 320x260pixel CCD sensimgus situ storage
is capable of 1M (19 fps [17], while a 352x288pixel CMOS sensor using
innovative in situ ADCs reaches 10k (1D fps [18]. For higher spatial
resolution (and lower speed) CMOS image sensorS)(@have however
overtaken the market place. This success is mattijputable to the system
integration capability of CIS, which leads to lowast cameras. Up to the
1990’s, CCD- and early CIS [19] delivered analogpati and thus A/D
conversion had to be performed in separate ICsh Wi advent in the late
1990's of the first on-chip column-parallel ADC]2the way was paved
for implementing high-speed / high resolution digimagers [21]. Today, a
typical 1.3 Megapixel high-speed sensor deliver8fi® at full resolution
[22].

To speed-up image acquisition, high-speed sensasnap-shoot pixels
operating in the “Integrate-While-Read” (IWR) modé operation. IWR-
capable pixels do per definition requiresitu storage, a property that was
interestingly also required in the very first CMO$hotodiode array
published in the early 1990’'s [23]. Therefore, Haene 5T pixels where re-
used [19] and fine-tuned for improved responsiyit¢], one of the key
requirements to the sensing part of a high speadosesince high frame
rates imply short integration time. To improve gensitivity at pixel level,
the conversion factor (CF) must be maximized, thg.capacitance of the
photodiode and floating diffusion must be minimizgdth the 3um process
in the early 1990's, £and Gp where in the order of 50fF [23], yielding a
poor CF of ~1.6pV/e-. With a modern 0.25um proces€f of 13uV/e- is
typical [22], meaning that {£and Gp have been lowered to some 6fF.
Various pixels with improved sensitivity have beproposed by either
incorporating an amplifier in front of the shutf@b] [26] [27] or an in-pixel
charge amplifier [28]. The first approach improweg by a factor of 2
(~20uV/e-), while the second allows boosting thet€Bome 38uV/e-. With
the advent of pinned photodiode, the CF of traddl®T pixels improves by
a factor of 2, which allows smaller pixels [29]rt@al with more complicate
ones in term of CF. In addition to CF improvemenpiael level, almost all
sensors further increase the overall sensitivityelgctronic gain boosting
inside the column amplifier (prior to A/D convens)o

Three types of column-parallel ADCs are used imy&l CIS: single-
slope, successive-approximation (SA) and cycliglig converters. Single
slope converters are widely used in low-speed ims&adgeecently, however,
such an ADC has been pushed to a remarkable spd@dips at 1440rows
(row-rate = 3.86us) for 10bit by using a 300MHzakld30]. Sensors with
higher throughput usually use SA-ADCs, which typicaeach 5000fps at
512rows (row-rate = 0.39us) [24] or 440fps at 1028&r (row-rate = 1.3uS)
[31] for 10-bit. It is difficult to achieve moredin 10bit grey-scale resolution
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with SA-ADCs on CIS. To increased the ADC resolatithe authors of [28]
have developed cyclic converters capable of 3'5@fp512rows (row-rate
= 0.56us) for 12 bit. Other publications have régaithe use of multiplexed
pipeline converters [27] [32] with similar aggregagierformances as early-
days SA-ADCs (500fps at 1024rows / 2us row-ratelfdbit [32] [21]).

High-speed digital CIS produce tremendous amourftsdata: for
example, the 440fps 4.1Mpix sensor of [31] delivef8Ghit/s
(4.1Mpixx440fpsx10bit), which are dumped into soex¢ernal IC over 160
pins toggling at 120MHz. Such I/O bandwidths amderd quite challenging
to handle both at IC-level (large power consumptimmchip noise) and at
board-level (large buses, signal integrity). Sorawer designs thus propose
LVDS outputs [33] [27] [32] to solve those issuBecently, incorporation
of on-chip parallel image compression circuits fieducing the data traffic
has been proposed [34]. In a prototype 3000fpsoseascompression ratio
of 4.5 has been demonstrated.

In future, further functionality will be integratednto CIS dies. An
example of such a sensor using programmable singiaiction multiple
data-stream (SIMD) parallel digital processing bagn published in [35].
The IC, aimed at high-speed machine vision, consbingage acquisition,
digitalization and column-parallel SIMD processingth a computational
power of 100 GOPS. With the availability of sub &G0 mixed
DRAM/imager technology, integration of a frame meynwill also become
economically viable [34].

4.1.6 Optical time-of-flight 3D cameras

Humans are capable of perceiving their environmetitree dimensions.
This key capability represents in turn a major lgmgle to film-based and
electronic camera systems. In fact so far, cambease been typically
optimized for, and also limited to, the acquisitiof two-dimensional
images, providing basically only monochrome or catoages without any
direct information on depth. The race for highextgtal) spatial resolution
continues unabatedly; today’s still picture camdoasthe consumer market
offer resolution in excess of 10 Megapixels, wheresientific and
professional cameras already counts more than ades/ of Megapixels.
This race for more pixels is very reminiscent oé tbontinuous trends
towards a higher degree of integration, a highenber of transistors as
described by “more Moore”. In contrast the shifinfr 2D imaging toward
real-time 3D imaging represents a major technoligitep and paradigm
change. A new type of information is available,dthen sensors and pixels
with added functionality thanks to processing cdji@s (at the pixel level).
These smart sensors and pixels can be seen asexadples of “more than
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Moore”. It also opens up completely new applicadiompportunities in
numerous fields such as in security, in automotivendustrial control and
machine vision, in the medical sector as well asonsumer electronics and
mobile robots. All these applications can very diyebenefit from camera
systems that are able to capture the world in tiesd- and in all three
dimensions. This is particularly true if such 3Dstgyns can be made
compact, robust and cost-effective. The technoldgiequirements for such
3D systems are nevertheless stringent: To a laxggnteobtaining reliable
real-time distance information over an entire scdmeindeed very
challenging and originally distance measuring systéave been limited to
point measurements or to scanning systems, ther |lating rather slow
and/or expensive. Over the last few years howdgehnological progress in
semiconductor devices and micro technologies heae to sensors that can
“see distances” within complete scenes at affodgbices [36, 37, 38, 39].
The breakthrough came with a new type of opticalcainera based on the
time-of-flight principle that uses the finite velgcof light (¢ = 3x 160m/s)
to measure distances. Either a pulse or a contstyooodulated light wave
is sent out by an illumination module. Correspogtineither the "time of
flight” t - that is the time the light needs toweh from the illumination
module to the target and back to the sensor -hemphase delag of the
continuously modulated light wave for this roungtis used to calculate
distances within a scene. The latter method, mdfeas continuous wave
(CW) modulation presents several advantages oedight pulse technique.
In particular the requirements to the illuminatimodule and the electronics
are not so demanding. Short optical pulses reguimgh optical power and a
high bandwidth of the electronic components. In @&/ modulation
scheme, light from a LED or laser diode array isddoiated to a frequency
f..q Of @ few tens of MHz and illuminates the scenee Tight which is
reflected back by the objects and/or persons instieme is imaged with a
lens onto a custom solid-state image sensor. Efitte @ixels of this sensor
is capable of synchronous demodulation of the emianodulated light, for
the precise local determination of the phase détaym the phase delay,
distances can be computed directly as given bjolleving equation.

c
2f

the unambiguous range 1Q)

L= L [ with L,=
2” mod

Current sensors achieve distance resolution imtimerange for distance
up to a few meters in real time. Camera systemgdiirg lateral resolutions
of up to 176x144 pixels are commercially availabdelay [40]. Higher
resolutions up to 360x240 pixels have been dematest{41] and products
with spatial resolution of up to VGA are expectadhie near future. Figure
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15 shows a sample image of a person entering a.rdbminformation on

the depth allows typically distinguishing reliatdnd effectively objects and
persons from the background of the scene. In faetacquired 3D image
data enables the very simple extraction of impaitaormation, such as the
position and distance of objects and/or personthénscene. This type of
information turns out to be often key, in particuta human beings in
solving many day to day tasks as well as more cexfalsks. Thanks to 3D
cameras, many applications in the field of autoomatisecurity, etc... are
expected to profit as well from this 3D seeing dalits.

Figure 15. Sample image of 3D data (with permission of Mesaadimg) [40]
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4.2Beyond the visible spectrum

Since imaging is performed in most cases by meémteatromagnetic
waves (magnetic resonance and ultrasound imagimggaored within this
document), the key parameter is the wavelength .u¥éible imaging
enables to cover all applications where the infaiomaneeds to be close to
the human vision. Beyond the visible spectrum, X-mafrared and terahertz
electromagnetic waves are of most interest in namyications.

4.2.1 Challenges and opportunities

Medical imaging, for example, is accomplished byan® of X-ray,
gamma rays (in nuclear medicine), visible light lac fundus, skin),
infrared light (mamma transillumination), or evesrahertz waves, which
has been proposed recently. In breast X-ray imaditgggold standard is the
X-ray-based mammography, where a special radiographit is used.
Optical imaging of the retina is the only way tamine veins directly and
non-invasively. Tele-ophthalmology has been demmated in a large
international project.

Medical imaging, industrial control, and surveilt@napplications really
take the benefit from detector innovations for theay range (example
CdTe material developments and new hybridation rteldyy), infrared
technologies (continuous need for improvement tretese price), and new
terahertz technologies.

4.2.2 X-ray imaging

Today X-ray imaging is used in many domains: mddivan destructive
testing, and security check. Most of the new dgwelents are currently
driven by medical requirements. This paragraph amngiving a specific
focus on medical image sensors.

First based on films, in the 1970s analog fluorpgcbecame widely
used. This modality was realized by an X-ray imagensifier tube coupled
to a TV camera. Sometimes, this kind of system alss used to take single
images where the image resolution, however, wageimby the camera
performance. In the 1980s, X-ray radiography becdigi¢al by introducing
the so-called computed radiography where a stqagsphor in a cassette is
irradiated and later on read out by a laser scanner
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State-of-the-art all-digital X-ray imaging is accplished by flat-panel
detectors.[2] These detectors are based on a émegesemiconductor film,
i.e. hydrogenated amorphous silicon (a-Si), formamgarray of thin-film
transistors (TFT) managing readout of the picturements. The
fundamental interaction of the electromagneticataoin with the material is
absorption, which is dependent on energy. Seconeffegts are reflection,
scattering, diffraction, and refraction. All thesgeractions can be studied
with Monte Carlo simulations. Details of intere#ffat from the surrounding
tissues. This results in a contrast. In order &e"sts amplitude, it needs to
be compared with image noise.

The total image noise includes the detector ndikerefore, it is still of
great interest to work on the performance of suglayXimage sensors

4.2.2.1Current digital X-ray image sensors

Current digital X-ray imagers are FD detectors tpkanel solid state
Detectors), which are suitable for most X-ray inmggapplications. They are
based on an amorphous silicon a-Si readout magaigh pixel comprises an
a-Si switch and a sensing element. The restriggadeslimits the resolution
to a minimum pitch of some 70 um.

For better resolution, the most advanced X-ray ensgnsors are CCD or
CMOS based. The pixel size can be as low as 10pupml10hese image
sensors are responsive in the visible range. FamyXimaging, the
conversion from X-rays to light is performed by @nsllator coupled to a
fiberoptic face plate. This configuration leadstle best resolution (better
than 20 Ip/mm).

Large surfaces up to 49mmx86mm are currently cormialered.
However, CCDs and CMOS have reached their limits, increasing the
surface in such technologies is hardly compatibith veasonable production
cost.

For large field of view, e.g. for X-ray imaging $uas mammography,
chest imaging, and computed tomography, it is ingsarto work on new
large sensors.

4.2.2.2New image sensor concepts

In recent years, several advanced imaging solutiame been realized or
are currently under development. In the followingome of these
technologies are presented.

CCD-based detectors for very high spatial resatutids mentioned
above, FD detectors are suitable for most X-raygimg applications. They
are based on an a-Si readout matrix, each pixebdeimg an a-Si switch
and a sensing element. The restricted space alealsdds to a minimum
pixel pitch of some 70 um, otherwise the spatitlffictor of the pixels
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would become too low. Especially for mammographigpbies, imaging
with very high resolution is desirable. TherefameCCD-based detector has
been developed with a pixel pitch of 12 um. It b&nalso used in a 2x2 or
4x4 binned mode, resulting in 24 or 48 um pixedspectively. The detector
uses a Csl scintillator which is coupled via a fidtic plate to the sensor
with 4kx7k pixels. The sensitive area is 49mmx86iMeaing the largest
CCD in serial production in the world [8].

CdTe is also a material of choice. Up to now, prieesus performance
were questionable, but current R&D efforts perfadnmn both, material
growth (in order to improve yield and size) and tigization technology (in
order to decrease the pitch and hybridization cagtle good results and
open new perspectives for this material (e.g. Xintia oral application) for
medium size imaging. This technology should inceedrastically the image
contrast and aim at being compatible with markigtepr

Organic semiconductor-based detectors: Current &Bctbrs are based
on a-Si technology that has proven to be suitalbe rfadiologic,
fluoroscopic, and angiographic applications. Thds&ectors are built on
glass substrates which are rigid, heavy, and #adihe a-Si layers and
electrodes are patterned by photolithography, acga® enabling the
production of fine structures. Depositing a-Si lieggi elevated temperatures
in the order of 250 °C. In summary, there is alsdeaand for cheaper
alternatives to a-Si technology.

Some investigations are going on into all-organétedtors.[9] Plastic
substrates can be used which are flexible, lightfteand unbreakable. The
organic semiconductor and electrode layers canepesited in the desired
pattern, e.g. by jet printing. This results in gheketectors which have the
potential for new applications. Since an organited®r is not as heavy as
an a-Si-based detector, it is qualified to be used portable bed-side
device.

It has been demonstrated that organic photodioddstmnsistors are
feasible, but further work is necessary to imprthair performance.

4.2.3 Infrared image sensors

Today thousands of cooled IR detectors are prodiadéng advantage of
the good know how regarding this domain [1] [2] [8]. However these
current IR detectors have some limitations regadireir ability to operate
in all weather conditions, and in terms of compast and reliability.
Therefore research for moving to the next genaratib detectors are in
progress to overcome these limitations as welbasfer more performance.
In parallel, the production cost reduction is otfighe main challenges for
cooled IR detectors and new technologies are dpedltm answer this need.
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These new researches and developments are dedicasedaller pixel
pitches; large formats, avalanche photodiodes (APm)lticolor detectors
and active imagery detector needs as well as gmtion of microbolometer
technology, one of the best choice for compactnessy low price
compromise. This technology still requires minigation but is very
promising and should open new applications in va@lumarkets such as
automobile and energy monitoring in buildings.

4.2.3.1Infrared detector development

A lot of different technologies and sensitive meerare well mastered
and available for IR detector production. As a eratff fact, quantum well
IR photo detectors (QWIP) have been developed (edeB Research and
Technologies (TRT)) and are at mass productionl [eveooperation with
Sofradir. Then InSb technologies are also available

As to HgCdTe technologies, they have been widelgdufor high
performance IR detectors and are at mass leveliptioah for years. Finally
uncooled technology was developed based on amaosphsilicon
microbolometers at CEA- Leti. Then it was trangdrrto ULIS (the
subsidiary of Sofradir) and is at mass productiewel since 2003. In
addition other developments are running like InGédchnology in Xenics
and llI-V lab.

The mastering of all these technologies in Eurdpmvs leading position
in Europe for the present generation but also li@ mext generation in
development. These different technologies are cemghtary and are used
depending on the needs of the applications maimhcerning the detection
range needs as well as their ability to detectad weather environmental
conditions. They can be classified as followinge(B&gure 16):

%)@
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) =

w

n
-

Figure 16.Different IR detector technologies
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High performance IR detectors for long range detedbn
systems:Long range detection systems are dealing detecdioges
ranging from 6 km to tens of kilometekdigh performance detectors
are necessary for long detection range and will bésnecessary for
scientific, applications including spectrometry,esh you have very
small signal (or emitted flux) to detedtor these applications high
performance cooled technologies are mandatory aaithlynboth
HgCdTe and InSb can reach today these detectigesan

- HgCdTe material: based on the unique charactesistits
semiconductor, MCT IR detectors can be sensitiva imery
large range of wavelengths, starting from visibteto about 18
um. These detectors exhibit high quantum efficienoupled
with high signal to noise ratio and can be operated rather
high operating temperature compared to concurremdled
technologies.

- In addition high productions capacity and low cast possible
with the new growth method (Molecular Beam EpitéxylBE)
for short wave (SW) and medium wave (MW) bands el as

- for dual band SW/MW and MW/MW. For long wave arety
long wave band the classic Liquid Phase EpitaxyE(LRill
continue to be used in the coming years. Finallg thaterial
offers a large range of improvements regarding Adeid dual
band devices which confirms that it is dedicated high
performance systems.

- InSb: this semiconductor is just sensitive in th&/Mith a fixed
cut-off band at 5.5 um at 77 Kelvin, and there presently
some technological limitations in operating tempaes as well
as in pixel pitch reduction. Consequently, perfanogobtained
may be limited in some demanding applications.

Quantum well photoconductors (QWIP) may also beduse long

range in some specific case but with very low dete®perating
temperatures and low imaging frame rates.

IR detector for medium ranges detection systemsMedium
detection ranges are dealing with few km to abokitm6maximum.
For these applications; medium to high performaramled
technologies are also mandatory. As a matter af flasome cases,
the use of high performance detector can allowRarsyistem cost
reduction (reduction of optics size, simplificatioaf signal
processing, relaxation of reliability constraints.Cpnsequently the
different candidates could be the same than fog Ileamge but in
some cases, QWIP for LW and InGaAs for SW, canrddfeyood
quality / price ratio.
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- QWIP: there are mainly used for LW range but thayeha
limited efficiency as well as a higher dark currethtan
concurrent high performance technologies, whichitéintheir
performance.

- InGaAs: it is mainly used in short wavelength raagd it is in
production up to about 1.9 um cut-off. For very lmput signal
they may be limited by the readout circuit noisgfqrenance.

* IR detectors for short range detection systemShort detection
ranges are dealing with few hundred of metersdo 2 kilometers at
maximum and uncooled technologies answer these snegth
uncooled operationThe most successful technology offering the
best quality/price ratio is the micro bolometer obased on
amorphous silicon which is fully compatible to CMGsicon
technology.

4.2.3.2Focus on microbolometer technology

The principle of the microbolometers relies on teating produced by
the incident infrared radiation.

Thus the measurement is indirect and involves geéeature variation
sensitive element: the thermometer. The scendahperature £ emits an
infrared light through an optics and is convertgdan absorber in order to
heat the thermometer.

Radiation power is however very low and thus thérimsulation of the
thermometer with respect to the readout circuitf imost importance.

Absorption can be performed directly within therthemeter itself and it
can be further increased thanks to a quarter wavéy arrangement. At
this point the bolometer is built as a thermomaeiigh infrared antennas.

The thermometer can be realized using differentncples:
pyroelectricity, ferroelectricity, thermopiles oanation of resistors.

The readout circuit then translates heating inftage or current.
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Figure 17.Bolometer principle

From a device point of view, the evaluation of thality of a bolometer
is provided by the Noise Equivalent Temperatufiedince NETD.
The response is the variation of the output sidrigj., with respect to
the scene temperature variatibhsg
Response AlsignaI/ATsc

The NETD is the noise equivalent at the input efdlevice:

NETD = hoise/ Response Fdise. ATsc /Alsigna

Considering now the particular technology developetdET]I, the pixel
features a microbridge structure, which affords eryvhigh thermal
insulation of the sensitive part of the sensor frili® readout circuit. This
sensitive part is made from a thin film of amorpéilicon . The proper
design of the support legs provides the requiredntal insulation, while it
also ensures the mechanical strength and electimnection of the
thermometer. To further improve the thermal insafgt the sensor is
packaged under vacuum.. Although the elementaryuleagpresented here
measures 50 um by 50 um, IRFPA with 25um pixel @owv totally
affordable, and latest developments are now focusedl7um pixel
achievement.

On top of the readout circuit a reflector is depaxsi It forms with the
electrodes a quarter wavelength cavity for a wangtle of 10 um and it
boosts the absorption by creating a maximum intgmasithe detector level.

Pixel size
Thermal insulation arm \“

Metal stud

Read-out circuit



Figure 18.Pixel architecture
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Absorption of such a structure while considerinaf thhe reflector and
the electrodes are separated by vacuum is:

With R, resistivity of the electrodes,"®_, the resistivity of the vacuum
layer ie: 37Q/O, d, distance between the reflector and the eldefr@and\,
the wavelength. The maximum valuegois obtained for a resistivity of the
electrode layers equal to the vacuum. In theseitionsl the device is called
adapted.

Absorption modelization of such Fabry Perrot caistyidely described
in the literature.

4.2.3.3Focus on MCT

Hg(1-x)CdxTe presents unique properties that make ideal candidate
for most of the needs in infrared detection irtladl IR spectral bands.

Firstly, the band gap can be tuned by just contigpithe xCd/xHg ration
of the alloy, making possible the entire infrareaht to be covered from
visible to very long wavelengths. (Zero band gapxfod :0.15) as presented
in figure 21A.

Secondly, the lattice parameter doesn't changéatfitst order from
CdTe to HgTe. This allows the use of lattice maticGelTe substrates. Cd(1-
y)ZnyTe is the more extensively used today fob#tter quality and because
it leads to a perfect lattice matching by adjustiighe second order with
yZn composition to the xCd composition. Very higlmality epitaxial layers
of Hg(1-x)CdxTe can be grown today on very highalgy Cd(1-y)ZnyTe
oriented substrates with a crystallographic quaiityilar to the substrate.

The very small lattice parameter variation versusgosition makes also
possible the fabrication of lattice matched mula epitaxies with only a
very small amount of defects and dislocations. Vpdeery high quality
Hg(1-x)CdxTe/ Cd(1-y)ZnyTe epitaxies can be grovther by liquid phase
epitaxy or by vapor phase epitaxy (molecular bepitaey for example).
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This semiconductor can be doped n-type (for examwiie Indium) and
p-type (by mercury vacancies or Arsenic) makingsgge n on p or p on n
junctions to be fabricated.

Fundamental parameters such as lifetime are relgtivigh leading to
low dark current and large quantum efficiency (ndar photodiodes.
Moreover the performances of detectors are onlitdanby the physics and
predictable by validated models in a large domdirtemnperatures and
compositions (seEigure 21B).
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Dark current of HgCdTe detectors
(LETI planar standard technology)
versus cut-off wavelength
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Figure 21.A/ Lattice parameter of HJCdTe versus composition

B/ Dark current model for n on p photodiodes for aff wavelengths from 2um to
16um and operating temperature from 30 and 300K

This very large flexibility of these alloys makessgible:

- the fabrication of a large variety of infrared dmtes , in particular
multicolor detectors which need multilayer epitaxie

- to adjust the composition of the alloys to the ukgffrared band to
get the ideal composition xCd / operating tempeeatiouple to get
the optimum performance for the focal plane array.

Among the other advantages recently pointed outamemention:
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- an optimum light collection in backside illuminatiérom the cut off
of the detector to the near UV, including the entiisible spectrum,
without any decrease of quantum efficiency.

- A unique specificity in the semiconductor field fllCT avalanche
photodiodes that can exhibit very large gain at ematd bias,
without any excess of noise (F(K) strictly equaljo

All these properties allow this semiconductor, tswer all the high

performance needs and classes of detectors irrédffaands up to at least
20pum.

4.2.4 Terahertz image sensing — new concepts

The terahertz part of the spectrum has recently lieestigated. The
ability to detect metallic parts under clothes withan ionization source is
seen as being the answer to increased screenipgrtaicontrols after
01/09/11.

Currently, no cost effective industrial solutionig and thus detectors
are still at early development research & develamrstage.

Up to now, several kinds of detectors have beedieuworldwide for
terahertz sensing. The following table summariresavailable devices: it
was displayed by VTT in Finland and shows a THzd®rr classification of
existing technologies. This classification stressesthree major issues:
sensitivity, frequency range and price.

Technology Sensitivity

coh'grent- heterodyne

Coherent direct {with
MMIC preampiification)

incoherent direct (i.e.
diodes, no Moderate
preamplification)

Antenna coupled Poor {_acﬁve
micraobolometers only)

Tiny

Maximum frequency

Figure 22.Existing THz technologies (VTT)




104 Chapter 8

Since last ten years, all R&D efforts spent in Berovere performed on
MMIC (Monolithic Microwave Integrated Circuits), texodyne detection,
cryogenic bolometer. These technologies exhibiapprmdrawback: they can
not provide large matrix for THz imaging. Moreovepst of these
technologies is not compatible with industrial systapplications described
in the previous introduction.

From this table it is straightforward thatntenna coupled
microbolometers operating at room temperatureis a technology able to
fulfill price constraint to deliver THz system fonass market application.
Raytheon in the US started research on this tdpites2002 supported by
homeland security effort and they displayed alresigyificant results. In
fact, at the SPIE Defense & Security conferenc®itando in 2005, they
presented a 22x28 THz focal plane with a CMOS raadircuit (SPIE
vol.5778). The performances of this device weresgméed in a qualitative
manner only and there was no discussion of thereleptical performances
of the component in terms of sensitivity or equadlthermal resolution.

antenns thermomete Suspended resistive crossbe

resistive couplin = antenna load
= thermal resistance

Thermometer

48888 Aw

EM

1R800 A

EM

Mp cavity hermometer

Reflector = Bus

Heat Antenna Bolometer
A2

Thermometer

Thermal prssssfjsssansnafans

insulation
ROIC -E>

Figure 23. Operating principle of the antenna-coupled microbwdter Existing THz
technologies

If we compare it with the European approach, basathly ondirect
detection the following technical limitations exist in atidn to high
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delivery cost. Direct detection includes signaleqgon on an antenna and
its amplification in the same (large) bandwidth,rbgans of several HEMT
(High Electronic Mobility Transistor) stages usi@pAs or InP devices.
These needs contributed to the development of riatieq, hybridization
and, finally, the appearance of specific integrat&duits: MMICs. These
decrease losses by coupling and provide miniatimizasuggesting that
integration into a focal plane will be possiblesd\ it should be noted that
this technology is limited in terms of frequencpdstroscopy for explosives,
above 1THz, is not feasible) and currently the obshe technological lines
will not allow mass production.

New terahertz image sensors concepts still neebdetdound. These
should need to match image quality, production,cpstver consumption
and volume production.

A possible technology for terahertz detection issdoh on CMOS
compatible processing leading to sensors operatimgom temperature and
capable of low cost production. THz detector pipieis slightly different to
the IR microbolometer technology due to the facattmbsorber and
thermometer are physically separated. Metallic rarde enforced with
quarter wavelength cavity will provide the couplingh the electromagnetic
wave, producing a current flowing into a matcheadl@esistance. Then the
thermometer material will sense like a calorimetes heat coming from
THz radiation Joule effect on the load. Schematiesgntation of the
operating principle is displayed on the pictureohel

5 OUTLOOK: THE FUTURE OF SEMICONDUCTOR
IMAGE SENSING

Thanks to the amazing, relentless progress of serictor technology,
in particular the specialized CIS processes which derived from
mainstream CMOS processes, we will soon have mameras than people
on earth. This fact has a rather simple consequéeeeely that many more
pictures will be acquired than can be looked atibgnan beings, which is
particularly true and worrying in the case of séguand surveillance
cameras. For this reason, experts agree on thetidiveelectronic imaging
will progressively take in the future: Image sessoeed to be equipped with
an ever-increasing amount of digital processing growenabling these
imagers not only to acquire pictures but also tprimme the pictures’ quality
with suitable post-processing and to extract magnininformation about
the contents of a scene using powerful object neitiog and classification
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hardware. The goal will be single-chip machine ansisystems that
“understand” what they see.

Impressed by the demonstration of image sensois miire and more
integrated functionality, a prominent researchethia field proclaimed the
imminence of such "seeing chips", already two desaaijo [12]. It is true
that for certain tasks, a few examples of images@enwith complete,
integrated image processing hardware have beenmtedpsuch as single-
chip fingerprint recognition and identification sgms. Other types of smart
image sensors have been demonstrated that ardeapaarrying out a few
important, but still only rather basic functiong fhe vision process on a
single chip. The more research results are repotiediever, the more
obvious it becomes that "vision is difficult”, agspected in [12]. It is clear
now that early expectations of monolithically imagd single-chip vision
systems were too high. While it is possible todayo-integrate an image
sensor and all the necessary processing circuitra gingle chip for the
solution of a given, not too complex machine visioroblem, such an
accomplishment is far removed, though, from thgioél idea of a seeing
chip, capable of visually perceiving important agpe@f an imaged scene.

The main obstacle is not a technological one; tpdayot of digital
processing power and memory can be packed ontangleschip. The
problem is rather our still very limited understamggdof the natural vision
process and how to translate it into reliably wogkalgorithms, for which
dedicated circuitry can be fabricated on a “smartage sensor. Despite
almost 50 years of research in machine vision, rien-made, robust
machine vision system performing as well as natvisdn systems, such as
the visual sense of insects, is still elusive. Regesearch is increasingly
taking clues from the successful natural visiorteys, where evidence can
be found that all kinds of cognitive functions inrhans are implemented
with the same basic functionality and system aechiire, the so-called
“Mountcastle observation” [13]. This is an excitipgpspect, of course, that
may not only lead the way to “seeing chips” butoal® “hearing
microphones” and — more generally — to “aware sexisén any case, all
these developments clearly require more insightfandts implementation
more microelectronic functionality on each chip -erex Moore, and more
than Moore!
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