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1. Introduction: requirementsof the ILC Vertex Tracker

A linear collider will collide electrons and positrons with high luminosity at center-of-mass
energies from ~ 0.25 TeV up to 1 TeV, using supeconducting RF cavities as the proposed Interna
tional Linear Collider (ILC) [fl], or possibly several TeV, using novel beam accel eration techniques
as in the CLIC scheme [[], providing a facility with characteristics complementary to those of
the Large Hadron Collider (LHC). By colliding point-like particles with precisely tuned collision
energy and beam polarization, the linear collider will enable precision studies of the Higgs sector
and the mechanism of mass generation, to carefully identify the nature of New Physics beyond
the Standard Model and probe its connections to Cosmology. An important part of this physics
program relies on excellent  avor tagging capabilities in multi-jet events and on the determination
of quark charge. This translates into an excellent accuracy in extrapolating particle tracks to their
production point. The anticipated requirement of a resolution better than (5@ N%gze) pumcals
for a vertex tracker of unprecedented performance, with single point resolution <3 pum and mate-
rial budget of O(10~2) X per layer. Thistrandates into thin (~50 um) layers of high granularity
(~20 pm pitch) silicon pixel sensors. Figure fl] shows as an example the impact parameter resolu-
tion obtained from the simulation of e" e~ — ZH events at 500 GeV with a vertex detector meeting
these requirements.

The readout architecture is driven by the rate of the machine-induced background, mostly
due to incoherent e"e~ pair production in the strong eld of the two colliding beams [[]. These
low-momentum pairs spiraling in the solenocidal eld of the detector are responsible for an hit
density estimated at ~ 5 hits/cm? per bunch crossing at a radius of 15 mm for a magnetic eld
of 4 T. Figure B shows the expected background hit rate as a function of the radia position for
different integration times. If we consider the ILC beam structure, which consists of ~3000 bunch
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Figure 1. Impact parameter resolution as a function of track momentum obtained from Geant-4 simulated
ete” — ZH eventsat 500 GeV after full reconstruction and tracking using the Mokka and Marlin [[] pack-
ages. The simulation includes a 5-layered vertex tracker with 17 um pitch pixels providing a single point
resolution of 2.5 um; the material budget per layer is 0.1% Xp, and the layers are equally spaced between
R=15 mm and R=60 mm.
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Figure 2: Expected background hit rate in the ILC Vertex Tracker asafunction of theradial position and for
different integration times. The rates have been calculated assuming 5 hits/cm?/bunch crossing (from [E]).

crossings in a ~1 ms long bunch train at a repetition rate of 5 Hz, pixels of 20 um pitch, read
out with an integration time of 50 ps result in an occupancy at the few % level. Keeping the
occupancy low reguires an integration time as short as 25 us, which sets the requirement for the
necessary readout speed of the pixel technology. Backgrounds are aso responsible for the dose
delivered to the sensors. Thelow-energy (~10MeV) pairsresult in anionizing dose of 50 krad/year
and in a 1 MeV neutron equivalent uence of 6-10'° neg/cm?/year [f]. Neutrons produced by
beamstrahlung photons, e*e~ pairs or radiative Bhabhas hitting the detector or the beam delivery
system are expected to contribute an integrated uence of the order of 10% neg/cm?/year [[].

The low material budget trandates into the requirement of low power dissipation to minimise
the material burden of the cooling system. Finaly, the readout architecture must be proven robust
against electromagnetic interference (EMI) [B]. The low beam duty cycle of 0.5% can be exploited
by power cycling the detector and thus reducing the average power dissipation. At the same time,
EMI effects could be avoided by locally storing the charge signals during the bunch train, and
reading them out during the 199 ms long beam-off periods.

Hybrid pixel detectors of the type adopted by the LHC experiments are not applicable at the
linear collider vertex detector due to their large pixel size and excessive thickness. The linear col-
lider, with its emphasis on accuracy and the modest requirements in terms of radiation hardness,
will accept sensors of new design, thus motivating an R&D stream complementary to that for the
LHC and its upgrade. Several technologies are being considered, such as Charge Couple Devices
(CCDs) [H] and DEPFET pixels [ld]. CMOS Monoalithic Active Pixel Sensors (MAPS) are an
attractive option, since they combine a very high-granularity sensor with its readout electronics
on the same silicon substrate. Since the sensitive volume is typically limited to a (~10 um) thin
epitaxial layer, detector chips can be back-thinned to 50 pm and below without sacri cein perfor-

The values include a safety margin of 3-5 with respect to the Monte-Carlo predictions.
The value given takes into account a safety margin of 10 with respect to the Monte-Carlo predictions.
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mance. Finally, the use of readily available, commercial CMOS processes ensures low production
costs while pro ting of the trend towards decreasing feature size.

This paper is organized as follows. Section ] describes the principle of operation of MAPS
and summarizes the achievements of earlier prototypes; Sections 8 and  report the on-going R& D
efforts for the ILC Vertex Detector. Sections[f and | discuss the opportunities offered by emerg-
ing, alternative CMOS technologies while outstanding issues in detector system integration are
addressed in Section .

2. Monolithic Active Pixel Sensors. principle of operation and early prototypes

CMOS imagers, which are the inspiration for Monolithic Active Pixel Sensors (MAPS), arean
increasingly attractive alternative to CCDs for visible light imaging. Their advantages over CCDs
are in the possibility of using commercial CMOS manufacturing processes, which bring down
fabrication costs, in the lower power dissipation and in the possibility of integrating more advanced
functionalities on the same sensor substrate. On the other hand, they suffer from arelatively poor 11
factor, or the fraction of the pixel area sensitive to radiation. MAPS became applicable for particle
tracking in high energy physics when a new pixel structure was proposed [[LT]. The principle of
operation is shown in Figure § together with a cross-section of the proposed device. This was
designed to be fabricated in a standard, double-well bulk CMOS process with a moderately doped
epilayer grown on top of alow-resistivity substrate. The charge generated by anionizing particleis
re ected by the potential barriers dueto the doping differences at the epitaxial layer boundaries, and
iscollected at adiode formed by the junction between the n-type well and the p-type epitaxial layer.
Since the charge moves by thermal diffusion in the nearly eld-free epitaxial layer, the collection
times are of the order of 100 nsec. A rst signal ampli cation is achieved on pixel, with a source-
follower transistor implanted in the complementary p-well. In the simplest readout architecture,
the pixel level is sampled twice, after an initial reset, with a delay de ning the integration time.
By subtracting the reset level, xed pattern noise and leakage current can be removed, atechnique
referred to as Correlated Double Sampling (CDS).
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Figure3: Schematicillustration of the principle of operation of Monolithic Active Pixel Sensors (from [@]).
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Figure4: Test results of the MIMOSA-9 prototype from IPHC, Strasbourg. Left: signal-to-noise distribution
in one pixel for 120 GeV pions. Right: single point resolution as a function of pixel pitch. Both plots refer
to measurements performed at a temperature of 0°C (from [[L3)]).

Since the sensitive volume is limited to the 10-15 um-thin epitaxial layer, the low-resisitivity
substrate can be removed with a back-thinning process without altering the charge collection prop-
erties (see Section [f) and the MAPS technology lends itself well to the fabrication of thin sensors.
On the other hand, such a thin sensitive volume yields charge signals of the order of ~1000 elec-
trons, and therefore only moderate signal-to-noi se performances when comparing to standard high-
resistivity, reverse-biased silicon detectors. Moreover, the amost complete lack of electric eld in
the collection volume leadsto asigni cant spread of the charge carriers among several neighboring
pixels.

The development of MAPS sensors was pioneered by the IReS (now IPHC) group in Stras-
bourg with the design and characterization of several generations of chipsin the MIMOSA series,
which explored different pixel designs, sensor architectures and CMOS fabrication processes. So
far the best performance in terms of signal-to-noise ratio has been obtained with the AMS 0.35 um
OPTO technology which features a 14 um thick epitaxia layer. The sensor tracking performances
have been extensively tested in beam tests with 120 GeV/c pions at CERN and with 6 GeV elec-
trons at DESY. Signal-to-noise ratios up to 20-30 have been obtained, with equivalent noise gures
between 10 and 20 electrons. These results could be reproduced on severa chips at operating
temperatures up to room temperature and above. Detection ef ciencies >99% were measured, and
single point resolutions of 1.5-3 pm for pixel pitches of 20-40 um could be achieved [[L3] by using
analog readout and cluster charge interpolation (see Fig. [). Similar performances have been ob-
tained on a reticle-size prototype, the MIMOSA-5 chip [[L4], featuring more than 1 million pixels
arrayed on a 17 um pitch for atotal active area of 3.5 cm?.

The radiation hardness of MAPS devices produced with different CMOS processes has been
tested using both ionising and non-ionising radiation. Neutron irradiations have shown the occur-
rence of charge losses and decrease of ef ciency after an integrated uence of 10%2 neg/cm? [[L5].
Irradiation with 10 MeV electrons showed asigni  cant decrease of the sensor performance after an
integrated uence of 1013 e~ /cm?. Nevertheless, good signal-to-noise values and detection ef cien-
cies >99% could be recovered by cooling the device to temperatures below -10°C [[[J]. Tolerance
to ionizing radiation up to adose of 1 Mrad has been achieved with an improved pixel layout [[[§].
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In recentyears,othergroupshave joinedthe developmenteffort on MAPS devices,in Europe
andin theUS. Theseactiities areaimedattheoptimizationof thereadoutarchitecturdor thelLC,
for a possibleuseat a high luminosity B factorybut alsofor applicationsbeyond particlephysics.
Differentoptionsarebeinginvestigatedwhich include analogarchitecturesvith fastreadoutand
integratedfunctionalitieslik e in-pixel CDS, on-chipdigitization or discriminationandbinary ar
chitecturegelying on morecomplex capabilitieslik e in-pixel time-stamping MAPS sensorsnd
applicationsin elds outsideHEP, mostnotablyin electronmicroscop [[L7] andnuclearscience
experiments.The upgradeof the STAR vertex detector{[L] andthe innermosttrackingregion of
the Compresse@aryonicMatter (CBM) experimentat the future Facility for Antiprotonandlon
ResearclfFAIR) [[L[9] will beequippedvith CMOSmonolithicpixels. Otherpotentialapplications
of thesesensorgover avery broadrangefrom medicalimagingto beamdiagnostics.

3. MAPS with integrated functionalities and fast readout

The rst way to copewith the high occupang levels from the machine-inducegbair back-
groundexpectedat the positionof theinnermosidetectodayersatthelLC is to readoutthesensor
multiple timesduringthe 1 msbunchtrain. The architecturghatbestsenesthis purposds afast
column-parallereadout,in which all columnsarereadout synchronouslyand analogto digital
corverters,or discriminators areintegratedat the end of eachcolumnfollowed by further inte-
gratedsignal processinglectronicssuchascircuitry for datasparsi cationand memoryfor data
buffering.

A readoutarchitecturebasedon a binary outputsimpli es the dataprocessingandsparsi ca-
tion in a vertex tracker consistingof almost1l billion channelssinceonly pixel addresserseedto
be output. However, it hasto achiese a high granularityin orderto presere therequiredposition
resolution,limited to p= 12, wherep is the pixel pitch. The rst successfuprototypefeaturing
afastcolumn-parallebrchitecturewnith a binary outputwasthe MIMOSA-8 chip from DAPNIA,

Figure 5: Left: layoutof the MIMOSA-8 chip from DAPNIA, SaclayandIPHC, Strasbouy. The arrayof

32 128pixelsis subdvidedintoan8 128pixel analogsectionanda24 128pixel digital sectionthelatter
implementinga discriminatorat the end of eachcolumn[20]. Right: beam-testesultsof the MIMOSA-8

digital section,shaving the detectionef®cieng asa function of the discriminatorS/N cut. Theintegration
time was50 ns[21].
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