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CMOS pixel sensors, also named MAPS for monolithic actixelsensors, are known to exhibit
a high granularity along with a low material budget. Therefthey are natural candidates for
vertex detectors where these aspects govern the speoifisakrojects for the coming decade or
beyond have also requirements for the signal readout spekitha radiation tolerance, which are
not yet reached by present MAPS.

After a presentation of the current performances reachedM®S sensors, we discuss in this
paper three technological paths to improve their speed aidtion hardness. We explore first
architectures which exploit the newest planar CMOS tedgiek. We then consider how inte-
gration techniques may help to enhance the performancesiofjke layer. Finally we consider
the promises of the latest 3D integration technologies.

We conclude on the timelines to reach the desired perforaganc
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1. The needs of future vertex detectors, avery brief review

The physics mainly driving the need for a high accuracy tiaaikting resolution toward the
primary vertex, comes from the electroweak decay of stradgarm and beauty quarks and tau
leptons. Indeed, reconstructing the secondary vertexugextiby such decays, is an efficient and
clean way to identify the electroweak flavor of particlesjaihin turn, is mandatory to character-
ize accurately the final quantum state produced in a caflisio
Among the previously quoted particles, tau leptons anddresimade of charm quarks suffer from
the smallest decay length due to their respectieelc) ~ O(100) um andct (1) = 87 um; while
bottom hadrons exhibdr ~ O(500) um and strange hadrows lie in the cm realm. Consequently,
“charm and tau” drive the requirements for several futurexasting vertex detectors; either to ex-
clusively reconstruct charm hadrons like in heavy ion ulgtativistic collision experiments (STAR
[1], ALICE [2], CBM [3]), or to inclusively tag the jet flavordr high energy particle physics (ILC
[4], CLIC [5]). Experiments studying CP-violation in the Bason system (LHCb [6], Belle-II [7],
SuperB [8]) have a specific need for estimating the distaet@den two B decay vertices, which
sits, again, in the 10Qm ball-park.

The granularity, or pitch of the pixels used, is obviously aimfigure to reach the desired
pointing accuracy. But, in fact, the pixel pitch determimmedy the single point resolutionos p .
Another parameter also impacts drastically the pointirguescy: the material budget of the detec-
tion layers, which drives the magnitude of the multiple sratgs.

Let's consider a detector made of two layers, located resdcat radiir; andr, (with ry < rp),
both equipped with sensors having a spatial resolutign and a material budget expressed in
terms of radiation lengthx/Xy. We estimate the pointing accuracy with the uncertamty on the
impact parameter of tracks, or distance of closest appriaitte primary vertex. In this simplified
case, an analytical formulae can be derived for a particlaahentump crossing the layers at an
angleé:

/2, 2
re+rs rl‘/x/xoxc(x/xo), (1.1)

Oi.p. = Osp. X
P ro—r1 7 psin®2g

wherec(x/Xg) ~ 13.6 MeV/c depends only logarithmicallyon x/Xo and introduces a correction
ranging typically from 10 to 20%. One should note that theosdderm impacts the vertexing of
low momentum tracks irrespectively of the single point gpatsolution. Hence, both granular-
ity (0s.p.) and material budget have to be considered as primary figfirasrit for a vertex detector.

Of course, experimental running conditions do impact trecijgations for vertex detectors.
In the quest for observing increasingly elusive phenomtracollision rate and thus, the particle
rate, are bound to raise. This calls for ever increasing tamelution and radiation tolerance. Time
resolution can either be provided by the readout speed otibnyeastamping strategy. In the former
case, hits observed are allocated to the time slot where ¢bhaiesponding signal was integrated
which coincides approximately with the time needed to rémdsignals of all pixels. In the latter

1This is the well known 1B(MeV/c) x (1+0.038In(x/Xo) factor appearing in the width of the angular distribution
describing multiple scattering.
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case, each hit is stamped with an individual time which majuie a resolution well below the
time needed to read all the pixel signals along with theietstamps.

Table 1 provides an overview of the specifications discuabese for the first detection layer
of various representative projects. LHC upgrades are maidered here since the extreme fluence
of 1 MeV negcn? expected, order of 26, will not be within the reach of MAPS in the immediate
future.

An additional parameter was considered: the power digeipaltndeed, while power may be evac-
uated by an efficient cooling mechanism, such a cooling wiidl mmaterial in the fiducial volume.
The higher the cooling power required, the higher the mateecessary. So, in the light of our
discussion on material budget, a power dissipation rangétéull justification in the table.

STAR CBM ILC CLIC | SuperB
spatial resolutiong{m) <10 ~5 <3 ~ILC <15
Material budget (%4p) ~0.3 ~ 0.3 <03| ~ILC <10
Hit rate (x 10°/s/cn?) 0(0.1) | O(1-10 0(0.2) O(1) | O(100)
Readout speed 200us| ~10us| ~10—100us O(1) us

or time-stamp ~10ns
Radiation / year (MRad) 0(0.2) 0O(30) 0(0.1) O(1) 0O(20)
(Neg/c?) 0(10%?) < 10" O(10'%) | o(10'Y) | <103
Power dissipation (W/cR) 0.1 1-2 0.1 0.1 1-5

Table 1: Specifications for the first layer of different vertex detest These numbers have to be understood
as guide lines for the sensor design, some of them includewaigsefactor (x 3 to 5).

2. Current or standard performances of MAPS

One of the prominent features of CMOS pixel sensors [9] issthall thickness reachable for
its sensitive layer. This is rooted to the fact that the CM®@&hhology allows to include a low
nois& preamplifier in each pixel, making CMOS sensors effectivetynolithic.

The sensitive volume is usually made of an undepleted siliager grown by epitaxy and buried
directly below the electronics layer (transistors, digdsgacitors...). In such a material, a mini-
mum ionizing particle creates charges which drift thergnalid eventually generates a signal onto
a group of collecting diodes (usually one per pixel). For &d.@0 um sensitive layer thickness,
the highest pixel signal in the group is typically about a {890 e~. This pixel output offers a
signal over noise ratio in excess of 15 for the most probableey which is enough to provide a
100 % detection efficiency. Thinning the whole sensor césgisremoving almost utterly the 500
to 700 um of substrate, keeping only the epitaxial and electroragsens. The operation does not
alter the basic principle of operation and may lead to a wgalsor thickness from 20 to 30m
depending on the CMOS process technology.

2The equivalent noise charge is usually belone20at room temperature.
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The single point or spatial resolution benefits from the aigpread over several pixels, which
results in a sub-pixel size resolution using dedicatedralgus (center of gravity or non-linear al-
gorithm). Due to the smallness of the CMOS process feataee aipitch well below 5@im can be
easily achieved. An example of performances obtained wiPR (from the MIMOSA family)
with an analogue output is given in figure 1. Each point in therg corresponds to a detection
efficiency above 99.9 %.
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Figure1: Spatial resolution as a function of the pixel pitch obtaingith prototypes of the MIMOSA series
featuring analogue readout.

However impressive these performances may be, the starelddut mode and sensitive vol-
ume of CMOS pixel sensors call for improvements to comphhulite required readout speed and
radiation tolerance introduced in the first section, sekethb
First of all, comparing the pixel area to useful sensor digtecsurfaces, leads typically ©(10°)
pixels per sensor. In the simplest readout mode, illusiraiefigure 2a, where the output of all
pixels is passed to the acquisition system, the pixel matdaxout time depends on the clock fre-
guency and the output parallelization level. Experienaastthat, realistically, the readout time in
such conditions cannot go much below 1 ms for a megapixebsemtis under-matches, at least
by one order of magnitude, the desired specifications.

If we now consider the radiation tolerance, numerous stuldée shown that it is limited by two
parameters. On one hand, ionizing radiations increase#k@ge current and hence the equivalent
noise charge of the sensing node by accumulating chargée itransistor gate oxide [10]. The
accumulation of charges increases with the oxide thicknésssequently, the thinner this oxide,
the more tolerant the sensor. On the other hand, non-ignizidiations decrease the charge col-
lection efficiency by inducing damages in the silicon cristhese damages act as traps for the
charge carriers to be collected and limit their lifetime., 8@ collection time in a given sensitive

SMinimum lonizing MOS Active pixel sensor
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layer drives its tolerance to non-ionizing radiations: sherter the time, the greater the tolerance.
Undepleted volumes are particularly sensitive to thisotféince charges drift thermally leading to
a relatively long collection timeQ(100) ns).

With a standard @5 um CMOS technology, sensor performances were observed {8} degrade
up to 1 MRad and 1x 10" neg/cn? when featuring a small pixel pitch (30m) and being oper-
ated at sub-zero temperatures. While such a tolerancefisisnf for a number of projecte(g.
STAR or ILC), though the pixel pitch is not adapted; it faits bthers €.g. CBM or SuperB). The
sensitivity to ionizing radiation is known to improve driasily when very deep sub-micrometer
CMOS processes are used because they feature very thinxidge blence we shall not consider
it as a serious issue. But gaining one or two orders of magita tolerance to cope with fluences
of O(10%) neg/cN? requires new concepts.

This rapid tour of the standard performances of MAPS claaoints to the need for improve-
ments in two main directions:

e developing a readout mode allowing for faster frame rate,

e decreasing the collection time of charge carriers with a semsitive volume for a higher
non-ionizing radiation tolerance.

On top of that, we did not yet deal with the integration of seehsors in a real detector. MAPS have
already been operated in beam telescopes used to charaatew devices, see [11] for instance.
They will be also employed in FIRST, a nuclear physics expernit [12] in 2011. Both applications
exploit several small area planes of gtn thick sensors, stacked in a fixed target fashion where
integration is much more simple than in barrel-type experita on colliders.

We shall discuss, in the next three sections, differentesies to fulfill this program and address
the integration issue.

3. Improvements from new planar CM OS process

Being based on an industrial technology, the CMOS procegsR $Mperformances benefit
from the industry progress. We present several develomnaking advantage of different tech-
nologies to reach the desired improvements, starting Wetréadout speed and then turning to the
radiation tolerance. These technologies might not be sadgsnew from the point of view of the
micro-electronic industry, nevertheless their usage f&P8 is. We consider in this section, only
CMOS processes known as planar, or 2D, in the sense thatishamy one level of micro-circuits
implanted in the electronic layer.

3.1 Readout speed

Single high energy collisions between patrticles produantsvwith a low fill factor on gran-
ular detectors, much below 10 %. Under these conditionsxel pensor looks like a sparse hits
matrix. A time efficient way to read such a matrix consistsezFding out only the relevant infor-
mation, that is the position, signal and potentially timensgp of the pixels which have been fired.
Known as zero-suppression or sparsification, this teclenftas been implemented differently by
several groups, among which we present the two main variants
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Figure 2: Crude schematic of sensors featuring different level agrated intelligence: a) no intelligence,
b) discrimination and sparcification provided outside thelmatrix, c) in-pixel discrimination and sparsi-
fication, d) in-pixel discrimination but main logic outsitlee pixel matrix.

3.1.1 Out of pixd discrimination

The first strategy externalizes both the discrimination #iedsparsification functions outside
the pixel matrix. Each pixel incorporates a pre-amplified aorrelated double sampling (CDS)
micro-circuitry. And each column of pixels is terminated dthreshold discriminator at the edge
of the matrix, allowing to decide wether the pixel was firedhot. In turn, the discrimination result
enters a zero suppression logic stage which stores the fixelggdress in memory for further
readout, as depicted in figure 2b.
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Part of the readout speed increase comes from the parai&htent of all columns (or all pixels
in a row), the rows being addressed sequentially (rollingteh mode). Within a fixed number of
clock cycles, three main operations are conducted sinediagly: CDS and discrimination of all
the pixels in a given row (denotead, zero suppression of all the discriminator outputs of tree p
vious row f— 1) and storage in memory, reading out from the memory of ted fiixel addresses
of the previous to previous rom{ 2). The number of clock cycles required, depends primarily o
the column length (number of rows) and the clock frequenayshindependent on the row length.
The matrix readout time with this architecture is given bg groduct of the number of rows and
the time to read a row. The latter corresponds to a dozen ckaounts in a B5 um CMOS
process with 576 rows and a frequency around 100 MHz. Coesgigufor 1000 pixels long row,
the readout time is improved by two orders of magnitude coethb#o a sequential readout using
the same frequency. Up to the discrimination stage, theorgagpeed is not limited by the hit
rate. But, of course, the occupancy level drives strongdydilsign and size of the zero suppression
logic and of the memories. For a fixed pixel size, the higheratcupancy and the desired readout
speed, the larger the logic micro-circuitry and the mensorie

Additionally, one should note that the rolling shutter maslefficient with respect to power dissi-
pation, since only a few rows are powered on simultaneously.

The IRFU-Saclay and IPHC-Strasbourg groups have followisdhodel for the MIMOSA 26
[13] sensor in a standard CMOS38 um OPTO technology. This MAPS, which area occupies a
full reticule, features a matrix of 576 rows by 1152 columhpizels with a 184 um pitch and
was fabricated in 2008 and 2009. Operated at a clock frequeh80 Mhz, the readout time of
the full matrix is 112us and can deal with a particle rate as high a&Hi6s/cnf/s. Several test
campaigns estimated the detection efficiency for minimuniziag particles above 99 % for an
average fake hit probability below T@/pixel and a single point resolution abou3:/m. The total
power dissipation was measured to amount to about 780 m\Wi{aloW per pixel) when operat-
ing continuously with the highest occupancy; the pixels disdriminators dissipation accounts for
68 % of this power. Note that the rolling shutter readout nsakés dissipation largely independent
of the number of rows.

The MIMOSA 26 detector was produced for the reference plahéise beam telescope included
in the EUDET [11] project. The same architecture, with areesgion of the pixel matrix size, will
equip the next vertex detector of STAR, the Heavy Flavor Rea¢HFT) [14], to start physics data
taking in 2013.

The implementation of this architecture in a very deep sutrameter processes;(0.18 um)
will bring various improvements. Indeed, the smaller featsize and the larger number of metal
layers provided, help minimizing the area occupied by argivécro-circuit. Consequently the in-
sensitive surface represented by the zero-suppressian flhg memories or steering functionalities
will decrease by 25 to 50 %. On top of that, such technologidisspeed up the readout (prob-
ably at the 1Qus level) and lessen the power dissipation (around or beldvm®/cn?) mainly
because of a lower capacitance of metal traces and, agaimtégration of more micro-circuits in
the same area. Finally and as we pointed out earlier, theif@nradiation tolerance increases with
a decreasing feature size.



Future of Low Mass Pixel Systems with MAPS

3.1.2 In-pixel discrimination

The second strategy implements the discrimination anchgatly the zero-suppression logic
inside the pixel. In this case, the pixel includes at leasiaasical charge amplifying stage opti-
mized for capacitive detectors whose output is connectedthtoeshold discriminator. Additional
digital treatments may be implemented inside the pixel asida the pixel matrix, depending on
the readout speed requirement, as it will be further detditdow.

Such an architecture involves obviously many transistosgde the pixel with two main conse-
guences. First, to keep the pixel pitch reasonably sifa80 pum, it is mandatory to use a deep
submicron process. Secondly, for the digital logic, wellthwhe same doping as the charge col-
lecting diode (usually N-type) cannot be avoided insidegittel. Thus, they will compete with the
main diode to collect charge. This effect may impact the getanal efficiency of the sensor (or fill
factor). It could be alleviated by exploiting a quadruplelitechnology where an additional very
deep P-type implant can mask the necessary N-wells congpetth the N-type collecting diodes.

Italian groups (see institution list in [15]) have succaligfdeveloped such pixels for the
APSEL* sensor family [15] in a 0.13tm triple-well CMOS process. Their two last prototypes
target specific operating conditions at the ILC and the Sipetliders.

For the ILC, the SDR chip includes, in each pixel, a 5-bit time stamp registefefaig a time
resolution of about 3(xs) and a sparsification logic. The readout, based on a tolssingescheme,

is delayed with respect to the charge collection, to berrefihfthe ILC beam time structure (200 ms
cycle with a 1 ms colliding duration). This strategy is scla¢imed in figure 2c. The first prototype
SDRO [16] features an impressively small pixel area 0k 2% um? with respect to the intelligence

it contains and is design to dissipate'®/ of power per pixel. Various small size submatricesx16
16 or 8x 8 pixels) have validated the design principle up to a cloekfiency of 50 MHz. However,
the ILC specifications call for an even smaller pitch (abdug:gh) which, in this development, will
require a new technology (see the last section and [36]).

For the SuperB collider, the SLIMPZollaboration have produced the APSEL4D [17] prototype in
the same 0.13im technology. The chip contains a matrix of 1282 pixels arranged in groups
of 4 x 4 pixels called macro-pixels, the pitch being gth. Each in-pixel discriminator outputs
are connected into a macro-pixel which signals itself whieard freezes the 16 pixel information
until they have been been swept toward the periphery of tkel pnatrix (data-driven readout
mode). Dedicated micro-circuits, implemented in the alggart of the sensor, provide the time-
stamping of individual fired pixels and the sparsificatiogito see figure 2d. This readout strategy
has been designed to cope with an average hit rate‘ohit€s/cn? when clocked at 80 MHz, to
match the 200 ns time lapse between two bunch crossings p&Hisrmance is reached somewhat
to the detriment of the power dissipation which amounts toual30 uW per pixel. Beam test
with 12 GeV protons and a sensor clock frequency of 20 MHAdgi# an efficiency of 92 % for

a fake hit probability of 5 x 10 3/pixel. The spatial resolution was estimated to a value near
the digital resolution of 14.44m. Indeed, only a small fraction (2 to 7 %) of the hits contains

4Active Pixel Sensor ELectronics
5Sparcified Digital Readout
6silicon detectors with Low Interaction with Material
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more than one pixel. The pixel optimization is still ongoitagimprove the efficiency limited by

the presence of competing charge collecting wells. Of aguike the development for the ILC
previously discussed, this strategy will greatly benefitfrthe new vertical integration technology
we will discuss later.

3.1.3 Remarkson integration

For the sake of conciseness, we cannot present all the ajma@®dollowed by other groups
developing MAPS [19, 20, 21] in various CMOS technologiesvéttheless they are all related to
the ones we presented and all aim at decreasing the readmubtj equivalently, at providing a
time-stamping of the hit pixels.

The concluding remark of this sub-section should point togtiong anti-correlation between the
sensor area, its power dissipation and the readout spetrtk(oit rate it can cope with) which stems
from the 2D limits of the planar CMOS technology. Indeed, teliar the strategy considered,
the intelligence added to the simple sensing element areaténsensitive area and higher clock
frequency dissipates more power. Both aspects negativghadts the integration of MAPS in
detectors. Insensitive area increases the effective rabeidget even if the chip thickness stays at
50 um. And, at some level, the power dissipation requires a ngaiystem which contributes as
well to the material budget.

However, each strategy, out-of- or in- pixel discriminatipresents a different optimization. The
out-of-pixel discrimination combined with the rolling dter readout mode, offers small pixel size
and a low power dissipation. It suits applications whereglaity and/or material budget are to be
favoured. The in-pixel discrimination allows for the tirs&amping of hits and has to be privileged
in case of a high hit rate environment. It is yet difficult toamgtitatively draw limits since both
approaches are still evolving.

3.2 Non-ionizing radiation tolerance

As in many detection technologies, the increase of the tiaditolerance of MAPS is a matter
of improvement of the sensitive volume and not of micro-etatcs design. In recent years, the
CMOS industry, in its quest to increase the low wavelengthtldetection efficiency, has started to
provide a highly resistive epitaxial layer, above 1@@&m, in contrast to the standard layer which
offers a resistivity of about 1Q.cm. This increase in resistivity results in a deeper dapietrea in
the sensitive volume, even though the depletion is stilbinplete. At the modest biasing voltages
for the collecting diode, a few Volts, used in the usual CM®@®&hology, a sizable proportion of
the 10 to 20um thick epitaxial layer can be depleted [22].

A partially depleted sensitive volume is expected to shotte charge collection time and focus
the signal on a fewer number of pixels; in short, it increabessignal over noise ratio. This
trend has been indeed observed in the MIMOSA 25 prototypgfi2icated in a 6 um tech-
nology with a 1000Q.cm epitaxial layer. The signal-to-noise ratio for elensdrom a'%Ru
source was measured to stay above 30 (most probable vatee)afirradiation to a fluence of
3.x 108 1 MeV neq/cmz, for a 20um pixel pitch and at a temperature controlled around @0
This insures the detection efficiency to stay very close % for minimum ionizing particles.
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Several groups are developing sensors with high resistajters either with a standard volt-
age level of a few Volts [24], or with a high voltage technotagf several tens of Volts [25, 26].
These developments currently bring MAPS tolerance to poiging radiation at a level about 2
orders of magnitude below the fluence of4@ MeV neg/cn? required for the the LHC upgrade
(ATLAS, CMS, LHCb inner layers).

However, studies [27] conducted for LHC experiments on igh purity silicon 3D or planar sen-
sors operated at 100s to 1000s of volts bias, indicate tismhith non-ionizing fluence decreases
the depleted area useful for detection, from a few hundre@bout 20um. This is typically the
collection thickness for which the in-pixel amplificatioeatured by CMOS sensors is optimized.
Consequently we may infer that MAPS will ultimately equalemen surpass hybrid pixel non-
ionizing radiation tolerance, provided that the sensiiwtime employed in the CMOS technology
could approach the hybrid-type sensor characteristicherfuture. Reaching such a performance
will probably require the vertical integration technigudiscussed in the last section.

It is worth to mention here, that the non-ionizing radiattardness being a matter of charge
collection efficiency, the initial performance of the semsothis matter plays an important role.
Since the pixel pitch influences the charge spread over a@epétels, it impacts this radiation
tolerance [23]. This impact depends certainly on the nadakthickness of the sensitive volume
but the quantitative proportion of this dependence is lsgrgeknown today.

Again, we face the correlation between the various perfages of a given MAPS, a small pitch
sensor will exhibit, with respect to a larger pitch sensobe#ier non-ionizing radiation tolerance
and a better single point resolution but a smaller readoeed@nd potentially a larger power
dissipation. The monolithic nature of CMOS sensors indticasthe part of the system integration
usually devoted to the connection of the sensor to the rdaeleatronics, happens at the sensor
design phase. As we have seen throughout this section, signda terms of pixel pitch, material
budget, readout strategy and radiation tolerance is @nstt by the technology choice which is
then of primal importance. This fact explains why each dgwelent route associated to a given
2D CMOS technology will lead to different applications.

4. Improvements from integration technologies

Though we already explored some integration aspects thrdélug development of CMOS
sensors themselves, we have not yet discussed the follgreimgs: mechanical support, cooling
and electrical services. Before describing several onpoitegration projects addressing them,
we present an idea to improve the overall vertex detectdopeances. This example intends to
demonstrate the integration possibilities opened by \WErygensors.

4.1 Detection performance improvements

The previous section taught us that the design of MAPS inglesikD CMOS technology is
a trade-off between several fundamental characteriditiesgranularity and readout speed or even
radiation tolerance. However, almost independent of threpromise, the thickness of the sensor
stays very low around 5Qm which amounts only t0.05% of the radiation lengthx).

10
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This small single sensor material budget opens the pasgitilstack two sensors in the same de-
tection layer, with a short spacing at the mm level, withampromising the overall budget. Their
proximity insures the possibility to match efficiently theiorresponding hits. Each sensor can
then be optimized differently. Figure 3 illustrates suchoalale-layer principle; one sensor being
devoted to the spatial resolution with small pixels (anchgeklatively slow), the other providing
a short readout time thanks to larger pixels (and having aesdrat degraded spatial resolution).

<
N , .
\}01 [ Spatial resolution

Time resolution

i

Figure 3: Schematic illustration of the combination in a two-sidegkla of two sensors, with different pixel
size and readout speed.

Of course, the choice of the distance separating the twaodagelriven by the hit rate which,
if high, hinders the hit matching between the layers, egfigcat large incidence angles. Also,
having a double-layer pushes the power dissipation up. ifeless, this strategy illustrate how to
alleviates the limits encountered with the planar CMOSnetbgy.

4.2 Ongoing integration projects

We already stressed several times that a strong point of litlindCMOS pixel sensors lies in
their small thickness. This stems both from the thin sersiayer (below 2Qum) and the sensor
embedded intelligence which eliminates the need for amtwditireadout electronics. Also, MAPS
usually operate at room or modestly low (aroundif needed for radiation tolerance) tempera-
tures. So, they do not require excessively powerful cootygtems which, again, is favorable for
the material budget.

However, it has to be demonstrated that structures canligchaabuilt to stably support and bring
all services to the ultra-thin sensors while keeping theentbudget below the few per mil &
demanded by many projects, see table 1. The mechanicditgtalong with the ability to align
several sensor layers together at all times are all the mgueriant regarding the spatial resolution
which can be required at the feum level.

11
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Figure 4 provides a schematic of various integration ptejedich are briefly described below
with an emphasis on their specificities.

421 STAR

The STAR experiment will be the first (in 2013), in a collidetup, to equip its vertex detec-
tor with CMOS sensors. We already mentioned several timegtbject, lead by the Relativistic
Nuclear Collisions group at LBNL; details can be found in][1Bhe detector concept emphasizes
both the material budget and the possibility to swap detaztipies inside the experiment within
several hours. The two 20 cm long single-layers are supgpdogether by a unique carbon com-
posite part for one angular sector. The sensing layer isalfranged in a stave of 10 sensors, each
2 cm long. The electrical services are brought to the 10 djpa single micro-cable which is a
multi-layer sandwich with interleaved metal and kaptorelay An air flow circulating on top of
each ladder evacuates the heat generated by the poweatlimsiwhich stays below 200 mW/é&n
In the current development phase, the global material hifdgene layer amounts ta87 % X, of
which about 60 % are accounted by the mechanical supportethdhe need for swapping easily
detector copies allows the support to be fixed on the detéetore only from one side and hence
involve a stiff structure.

The STAR design, depicted in figure 4a, presents the simpitgjration variant with three
basic elements: a support, an electrical cable and the iseWoshall note that all design vari-
antg will have a similar part: the micro-cable; whereas the ofpets will change significantly
depending on the priority driving the design.

4.2.2 SuperB

For the SuperB vertex detector, italian groups, within th&Vs collaboration [17], face the
challenge of a very high hit rate of several 10 MHzfciihe sensor intelligence to cope with this
rate induces a power dissipation foreseen in the few \Wfamge which, in turn, requires an active
cooling. Consequently the SuperB concept departs from TR ne regarding the supporting
structure, though it is also a single-layer design.

A specific development was conducted in the recent yearsotupe a light supporting structure
made of carbon fiber with incorporated microtubes whicheéowirculate the coolant, see figure
4b. MAPS will be directly in contact with the tubes and cortedcto the outside world with a
micro-cable on top. Recent prototypes of micro-tubes tiraavith Q15 % X, have been produced
[18]. The support is 70@m thick and can extent to 30 cm (SuperB layer0 has a 10 cm sensit
length).

4.2.3 PLUME

The approach pursued by the PLUME collaboration [28] (Btistniversity, DESY-Hamburg,
IPHC-Strasbourg, Oxford University) focuses on doubbtiedilayers, as the one introduced in the
previous subsection. The goal is to fabricate by 2012 a desibled ladder with a total material
budget around @ % X, with the ILD dimensions (roughly 12 2 cn? active area).

"Except, perhaps, with the stitching variants of figure 4e.
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Figure4: Several MAPS integration variants, a) STAR, b) SuperB, dyMIE, d) SERWIETE, e) stitching.
Note the vertical scale is increased by two orders of magdaitith respect to the horizontal scale.

This ladder is expected to operate at room temperature Wwittoaling and power pulsing, at the
5 Hz frequency matching the ILC beam time structure. Hereulitayer kapton-metal micro-
cable is equipped with six 5@m thick MAPS (currently MIMOSA 26 sensors) to make a module.
Two modules are then glued on a 2 mm thick silicon carbide faam on each side, see figure 4c.
This sandwich structure benefits to the stiffness of therabke So it allows to use a light foam,
with a relative density much below 1 %, which serves essgntia a spacer.

The prototype in fabrication for 2010 reaches a materiagpbtidf Q6 % Xp. The excess of material
with respect to the goal is mainly due to the micro-cable ati@ristics which have been optimized
for safe electrical functionalities and not yet for matebadget. The final prototype with the ex-
pected thickness is in preparation for 2011.

The double-sided layer approach is particularly sensttivéhe micro-cable material budget
since there are two of them. Many geometrical and electdoabktraints apply to these cables.
Experience from many projects taught us that a few yearswaidpment may be required to reach
the proper specifications and production quality for suatispaCurrently the technology supplies
cables made of a stack of metal layers (copper or aluminiutim &vrange of thickness from 10 to
20 um) spaced by polyimide layers (thickness from 20 toBf). The cable typically features a
150 to 200um total thickness and a material budget d®% (agressive design) to2% (when
many traces are needed)Xy.

The two last projects we present, offer alternatives to #eeaf such standard micro-cables.

424 SERWIETE

The technology provided by the IMEC company and the CMSTratooy in Belgium [29, 30]
allows to view the micro-cable as the sensor support itétdie the micro-cable fabrication steps
integrate the embedding and the thinning of the sensoréaresiatry thin polyimide film€ 25 um),
see figure 4d. Since sensors are thinned after they have bdmdded, a minimal thickness for
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them is reachable, around 20n. Indeed, if the chips were thinned individually to gén before
their integration, their handling would be extremely risk§at is why, in practice, thickness above
40 mum are preferred in usual approaches like the ones descréfeteb The electrical connection
of traces to the sensor pads happens directly when the radtatliover the insulating polyimide
layer.

A collaboration between IK-Frankfurt and IPHC-Strasbouxgstigates the fabrication of a multi-
sensors embedded cable for an overall material budget l2log X, by 2011. An original and
potentially very interesting point is that this ensembleyrba bent to take a curved shape. New
geometries of vertex detector, to cover beam pipes forrgstecan thus be explored.

Also this technology may open the road to integrate somdcandirectly into the micro-cable,
like optocouplers. If successful, this approach wouldvelto minimize the material requested
to connect the ladder of sensors at its end and will thus heeeforward tracking devices for
instance.

4.2.5 Stitching

To complete our tour of integration techniques, we menti@ngossibility to stitch MAPS at
the fabrication level. This technology has already beenatestnated for other sensor types, like
CCD [31] and DEPFET [32]. The former was envisioned for th€ jherspective while the latter
is currently studied for the BELLE-II detector. Stitchingrsists in butting several times the same
sensor or pixel matrix on a single silicon wafer which is tliéred around the group of sensors or
matrices. When sensors are replicated at the foundry lheljead area between them are mini-
mized much better than when they are placed individuallyeWthe pixel matrix is replicated and
surrounded by the steering and treatment micro-circtiitsdead area simply reaches zero. In both
cases, a single large object is produced with the siliconhangcal stiffness. Hence, depending
on the stave length, less additional stiffening materiaéguired for the mechanical stability than
in the case of a multi-chips stave. Figure 4e depicts suctuatste with just two thin supporting
walls.

Stitching being provided by the silicon industry, theredsreason why it could not be of benefit to
CMOS pixel sensors. Indeed, the Rutherford Appleton LaboyaC MOS sensor group has already
produced a % x 5.4 cn? prototype [33]. If the stitching is used to form a ladder ohtiouous
pixel sensors (typically 18 2 cn?), which can be thinned down to a few tens of micrometer, then
one can get partially or completely rid of the micro-cabke figure 4e.

The overall expected material budget with a ladder feagusititched sensors will reach the level
of 0.1 % of Xy. Of course, one of the difficulty comes from the fabricatiagl¢y of such a sensitive
staves made of 5 to 10 stitched chips. Even if, the yield df/iddal sensor with a few cfjranges
usually from 60 to 90 %.

We are not aware of projects presently focussed on prodwsengors stitched in a stave ge-
ometry over a length of 10 cm. However, even in more classipptoaches, stitching two or three
sensors would improve both the heat dissipation and tHfaet. The PLUME collaboration may
consider this possibility beyond 2012.

The stitching of four sensors together in a square geonmidgyrealized in [33], is more interesting
for forward tracking in collider or fixed target experimenta the framework of the Electron lon
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Collider project [34], a collaboration between BNL, the @obia University and IPHC intends to
exploit stitching for producing a sensor featuring & 5 cn? sensitive area, a pixel pitch about
20 um and a readout time of 3Q@s by 2013. The chip will serve for a proof-of-principle stualy
forward disks with minimal material budget, especially orant for the low momentum particles
emitted in the electron-ion collisions.

4.2.6 Concluding remark on integration techniques

We have briefly overviewed five integration projects witHali€nt goals and exploiting various
techniques. Though their current level of achievement #iierent, all of them will produce ladder
prototypes in the three coming years. These will have to destnate they actually offer the support
and provide the services required to benefit from the MAPS& bpatial resolution.

Starting from February 2011 and for 3 years, the Europeamlis financing within its Frame
Program 7, an international project named AIDA [35] where @hkapackage is devoted to the
complete evaluation of such ladders. Especially a test ba&astructure [28] will allow to test
several ladders arranged geometrically like a vertex tlatsector and operated in real conditions:
(air-)cooling, power pulsing, high magnetic field. Demoagon of the alignment of such a device
is one of the important expectation of the project.

5. Improvements from 3D CM OS process

Up to now, we discussed essentially relatively well esshigld technologies, even if their ap-
plication in High Energy Physics is under development. VEe @ointed out that a strong point of
MAPS is that they rely on the CMOS industry, which technotadjiprogresses continuously move
at a good pace. One of the ongoing revolution in this industtie 3D integrated circuit (3DIC)
technology. It consists in stacking several very tt@Z0) um) circuits and inter-connecting them
all over their surface, with a connection pitch as low as af@erometers. Of course this intercon-
nection pitch is fully relevant for pixel sensors, sinceetpits to connect a sensitive pixel on one
tier (one circuit of the stack) to a signal treatment pixebmother tier. Also, the final thickness of
a 3-tiers sensor would reach only aboutt6 compared to the current 3m in the 2D technology.

As depicted in figure 5, this strategy clearly enhances tlsgipibities for intelligence embed-
ded in a sensor, because more area can be devoted to sigialene. On top of that, each tier
may be designed in the most suited CMOS process with regpétstfunctionality. For instance,
the sensing tier will use a high resistive epitaxial layerrfon-ionizing radiation tolerance, while
the digital treatment tier will choose a very deep submictanprocess allowing for complex al-
gorithm implementation and low power dissipation.

This approach is a major step forward because it almost eappes the limitations we have en-
countered with 2D processes, where performances (grétguladiation tolerance, material bud-
get and readout speed) were anti-correlated. It will briregaapixel sensors with high granularity
(< 20 um pitch) and readout speed at the micro-second level or stax@ping with a 10 ns preci-
sion to reality.

Integration perspectives are also valuable with 3DIC. éajehe last tier can be optimized for ex-
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Figure5: Moving from the 2D or planar integrated circuit technologwy the left) to the 3D technology (on
the right) allows to benefit from more area to integrate marecfionalities and to potentially use the best
process for each of this functionalities.

ternal connections with, for instance, direct optic fibemmection or power supply filtering.

A consortium of several HEP institutes led by the Fermi Nald_aboratory has submitted
many different prototypes in 2009 for an exploration of tieishnology. Answers are expected by
2011 and more details on this project and the technology edound elsewhere [36, 37] in these
proceedings.

6. Conclusion

The CMOS pixel sensor technology for charged particles viasegred in the late 90's. It
is providing now its first applications in high energy phygsithe EUDET beam telescope since
2008 or the STAR-HFT in 2013; and in nuclear physics: the HIR&tex detector in 2011. These
first applications mainly rely on the granularitg(50 um pixel pitch) and small material budget
(0.3— 0.4 % of Xg) almost natively offered by the technology. They will deratsate the maturity
and suitability of MAPS for vertex detectors.

We have shown that the numerous 2D CMOS process variantsharidtélligence embedded in
these monolithic sensors can be further exploited to ehterdalm of theD(10)us readout time
and the tolerance to fluences ©f10'%) neg/cn?. These performances will match specifications
for vertex detectors at the ILC or CBM around the middle o$ tthécade. However, 2D processes
limit further improvements into one direction at a timeheit readout speed or radiation hardness
but not altogether.

The integration projects reviewed, have demonstratedMi#eRS offer a wide palette of system
optimizations. By the second half of the 2010 decade, loagestor disks equipped with CMOS
sensors and featuring a material budget belo8%®©Xy will have been prototyped. Potentially,
stacking in the same layer several thin sensors, with diffeoptimization, will combine their per-
formances to cope with the very high hit rate and still feathigh granularity.

Finally, the awaited 3D integration technology will potiaflyy bring MAPS at the forefront perfor-
mances on almost all characteristics: granularity, matérdget, speed, radiation tolerance and
power dissipation. But these are promises for the next decad
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