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Abstract

CMOS sensorsare being developed to equip a vertex detector o ering the perfo-
mancesrequired for the physics programme at the International Linear Collider. The
progressrealisedfrom Spring 2003to Spring 2005is exposedin this report. It addresses
the exploration of new fabrication processesthe design of fast integrated signal pro-
cessingmicro-circuits, the assessmenand improvemert of the radiation tolerance, the
reduction of the power dissipation, the thinning of the sensors,the design of a light
mecdhanical support and cooling studies.

Progressesvere also achieved on a detector designexploiting the featuresof CMOS
sensors. Since seweral performance requiremerts are dictated by the beamstrahlung
electron rate, the latter was revisited and assessedvith improved accuracy The con-
straints coming out from this study are signi cantly more stringent than those written
in the TESLA TDR.
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1 Intro duction

The physics programme of the Linear Collider requirestagging the avour of most of the
numerous jets produced in the nal states of interest. This goal translates into drastic
requiremerts for the vertex detector, well beyond the performancesachieved with existing
devices. CMOS sensorsare particularly well suited to this framework as they are likely
to provide an attractiv e trade-o between granularity, material budget, read-out speed,
radiation tolerance and power dissipation.

CMOS sensorsare manufactured in standard CMOS technology, which o ers low fab-
rication costs and fast turn-over for their developmert. The key elemen of this novel
technology is the use of an n-well/p-epi diode to collect, through thermal di usion, the
charge generatedby the impinging particle in the thin (typically 5- 15 m ) epitaxial layer
underneath the read-out electronics[1].

An attractiv e peculiarity of the sensords that they allow to fabricate System-on-Chips
(SoC) by integrating signal processingmicro-circuits (ampli cation, pedestal correction,
digitisation, sparsi cation, etc.) on the detector substrate. Moreover, the latter may be
thinned down to a few tens of microns sincethe active volume is lessthan 20 m thick.

The dewvelopmert of CMOS sensordor charged particle tracking was pioneeredin Stras-
bourg in 1999. The rst yearsof the developmern allowed to demonstrate that this tech-
nology provides excellert detection e ciency and spatial resolution. Basedon this success,
a reticle size sensor(3.5 cm? large) exploiting the architecture of the rst (a few mm?
wide) prototypes,was fabricated. Made of 1 million pixels, it allowed to show that the per-
formancesobtained with small prototypes were indeed reproduceablewith a macroscopic
detector elemen [2].

The progressrealised from Spring 2003to Spring 2005is summarisedin this report.
It addressesrst the most demanding constraints on the inner most layer performances,
which come from the rate of beamstrahlung electrons. This rate is being reewaluated
with higher precision than previously in section 2, and new constraints on the read-out
speed and the radiation tolerance are derived. The progressacdiieved on the design of
the two read-out architectures foreseento equip the 2 inner and 3 outer detector layers is
summarisedin section 3, emphasisinga fast, column parallel, architecture providing low
pixel noiseand pixel-to-pixel dispersion. Seweral new measuremets of the sensorradiation
tolerance were performed, which are exposedin section 4. In particular, the tolerance to

10 MeV electrons, sudc asthose expected from beamstrahlung, was studied for the rst
time. Section 5 summarisesthe results of the exploration of a new fabrication process,
providing particularly satisfactory detection performances. Section 6 exposeshew results
on industrial thinning allowing for 50 m thickness. The design of a vertex detector
geometry exploiting best the specicity of CMOS sensorsis described in section 7. It
departs from the TESLA TDR baselinein seweral aspects. A rst estimate of the expected
power dissipation is derived. Section 8 gives an overview of the status of on-going cooling
studies. Section9 givesa short summary of medanical support studiesperformedat LBNL
for the STAR vertex detector upgrade, based on MIMOSA sensors. Section 10 provides
an outlook for the two coming years. The report summary and conclusionsare given in
section11.
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Figure 1: Distribution of beamstrahlunghits in the three inner layers of the vertex detecta
alongthe direction parallel to the beamaxes. The left vertical scaleappliesto the inner most
layer (red lines), while the right scalestandsfor the two other layers (greenand blue lines).
The rates are shovn for two di erent valuesof the experimentalmagnetic eld (4 and 3.5 T)
and of the collisionenergy(500 and 800 GeV).

2 Impro ved assessmert of running conditions

The knowledgeof the rate of beamstrahlung electronstraversing ead detector layer desenesmuch
attention sinceits magnitude dictates the necessaryread-out speed (due to occupancy) and dom-
inates the radiation tolerance requiremerts. The electron rate was already determined for the
TESLA TDR. It washowever basedon the simulation of a single bunch crossing(BX) only, leading
to a statistical accuracyinsu cien t to provide enoughinformation on the hit spatial distribution.
The study was therefore repeated in order to re ne the requiremerts on the corresponding vertex
detector performances.

2.1 Estimate of the beamstrahlung rate

Improved computing power available in the last yearsallowed to repeat with 100BX the GUINEA-
PIG simulations performed for the TESLA TDR with 1 BX. The size of the simulated samplewas
large enoughto accesghe hit distribution along the beam directions (z axis). It is shown in Fig.1
for the 3 inner layers of the detector, located at radii of 15, 26 and 37 mm.

One obsenesthat the hit density in the inner most layer varies from about 3 hits/cm 2/BX at
the acceptanceedgesto more than 5 hits/cm 2/BX near the vertical to the interaction point. This



sizeabledi erence isdueto  10MeV electronsproducedcloseto 90 and traversinga large number
of times (> 10) the inner most layer while they spirale in the 4 T magnetic eld of the apparatus.

The momernta of beamstrahlung electrons reaching the detector concerrate near 9-10 MeV/c.
The hit rate decreasesherefore rapidly with increasingradius: it is 8 times smallerin the second
layer and is still 3 times smaller in the third layer.

The rates shown in Fig.1 are subject to uncertainties or unknowns which needto be considered
when deriving constraints on the vertex detector performances. For instance, the rates increaseby

20 % if the experimental magnetic eld happensto be of 3.5 T only, or if the collider is run at a

collision energyof 800GeV instead of 500GeV. Moreover, the very limited accuracyof the generator
should be taken into account, sincethe electronsof concernare at the edgeof the phasespaceand
sincethe processgenerationis still to be confronted to real data (the ILC will presumably provide
the rst opportunity for such a comparison). It is mandatory to take this uncertainty into accourt
in the required detector performances. A global safety factor of 3 was chosenfor this purpose,
to apply on the raw Monte-Carlo output. The hit density at 90 can therefore be estimated to
possibly reach 15 hits/cm 2/BX. This upper limit determines the conditions in which the vertex
detector should still be fully operational. The corresponding requiremerts on the signal processing
electronicsand on the radiation tolerance are discussednhereafter.

2.2 Consequences on the signal pro cessing electronics

To ewvaluate how fast the signals of the inner most layers should be processedthe occupancy was
rst estimated for a typical read-out time of 50 s (as mertioned in the TESLA TDR), assuminga
pixel pitch of 20 m . The upper limit on the hit occupancy comesout to be 0.9 % in this case.
Accourting for the cluster multiplicit y ( 5-10), 4.5-9 % of the pixels would be collecting a signal
charge. The example shows that the hit rate in the inner most layer calls for a read-out time still

shorter than the 50 s claimed in the TESLA TDR. The target value was therefore xed to . 25
s, which is still not comfortable, but re ects a compromisewhich accourts for power dissipation,
material budget and detector designconsiderations.

Moreover, a very valuable badk-up for handling the occupancyin the inner most layer may come
from the 8 times lower hit density in the secondlayer: it will consistin extrapolating the track
elemeris reconstructedin the four - much lesscrowded - outer layersdown to the inner most layer.
In casethe occupancyturns out to be very high in the latter, the hits of interest can be selectedby
requiring them to be assaiated to a track elemen extrapolated from the other layers. This forces
however the integration time to be signi cantly below 100 s in the secondlayer (the TESLA TDR
value was 250 s ). A target value of 50 s wasretained for this purpose.

Sincethe hit density in the third layer is more than 20 times lower than in the inner most layer,
aread-outtime of . 200 s can be consideredas appropriate. The sametarget value was retained
for the fourth and fth layers, wherethe hit density is even lower.

2.3 Consequences on the radiation tolerance

The hit rate in the inner most layer translates into an upper limit of 1.8 10 hits/cm ?/yr near
90 . Assuming that the sensorperformancesshould remain essetially unchanged after 3 years
of operation, the radiation tolerance requiremerts are basedon a total electron ux of 5.410%
hits/cm 2.

The ionising radiation level corresponding to this integrated ux wascomputed assuming
that the electronsdeposit in average388eV/ m in Si. Yearly, the energydeposit would amount to

3.010% MeV/kg, i.e. 50kRad. The required radiation tolerance corresponding to three years
of running amounts thereforeto 150 kRad.



The non-ionising radiation level wasestimated, assuminga NIEL factor of 30 for electrons
of about 10 MeV. This value is a compromisebetweentheoretical estimatesleading to valuesnear 20
and experimental measuremets favouring factors in excessf 40. The expected uence is therefore
about 6 10 neg/cm?/yr. In 3 yearsof operation, the sensorsshould stand . 2 10 neg/cm 2. This
value is signi cantly larger than the expected uence induced by the neutron gascirculating inside
the experimental apparatus (. 10'% neg/cm2/yr ©).

3 R&D on signal pro cessing architectures

The design of the signal processingmicro-circuits is strongly in uenced by the needto cope with
the large ux of beamstrahlunge in the inner most layer. Sincethis ux decreasegapidly with
increasingradius, a di erent architecture is ervisagedfor the outer layers, which takes advantage
of the beam time structure. The following strategies are pursued to meet the running condition
requirements: a massiwely parallel architecture with on-chip data sparsi cation adaptedto the inner
layers; for the outer layers, on-pixel storagefor & 5 snapshotsduring a single bunch train crossing,
the signal transfer and processingbeing postponedto the end of the train.

The designof the secondof thesetwo architectures is much lessdemandingthan the rst one; it
is however unlikely to be extendableto the inner layersbecauseof the large number of memory-cells
to integrate in ead pixel (& 40in the inner most layer). Most of the chip designe ort over the last
two years was therefore dewoted to the dewvelopmert of a massiwely parallel read-out architecture
adapted to the inner layers.

3.1 Present achievements

Since 2002, three di erent prototypeswere fabricated in order to explore various charge collection
and signal treatment architectures integrated in sensorsadapted to fast, massiwely parallel, read-
out. These architectures are basedon the concept of pedestal subtraction inside eact pixel (via
correlated double-sampling) and on grouping the pixels in short columns read out in parallel, eac
column being equipped with a single discriminator handling the signals coming out sequetially
from all pixels of the column.

The rst of this seriesof prototypeswas MIMOSA-6 [3]. Each of its pixels was equipped with
charge ampli cation micro-circuits and allows for correlated double sampling (CDS) operation in
order to subtract the pedestalassiated to the averageleakagecurrent integrated by eat sensing
device. The chip is organisedin columns grouping 128 pixels (28 m pitch); its read-out time is
closeto 25 s . A comparator is integrated at the end of ead column for discrimination purposes.
Tests of the prototype showed very good noise performancesat the single pixel level (i,e. 15e
ENC during the read-out phase)aswell asan acceptabledispersion of the discrimination thresholds.
However, substartial additionnal noisewasobsened, suspectedto originate from cross-talksbetween
the digital and analog circuits inside the pixels and from the dispersion of the pixel characteristics
inside each column.

The next generation of fast prototypes (i.e. MIMOSA-7 and -8) were fabricated in 2003 and
2004 respectively. Both chips were tested with a 5°Fe source. Particularly encouraging results
were obtained with MIMOSA-8 [4] (seeFig. 2). Manufactured in TSMC-0.25 m technology, its
architecture is inspired from that of MIMOSA-6: it featuresin-pixel ampli cation and CDS, and is
organisedin 4 sub-arrays of 32 columnsread out in parallel. Each column contains 32 pixels (25 m
pitch) and is endedwith a discriminator. Three sub-arrays are basedon a pixel architecture with
DC-coupling to the sensingdiode and explore various diode sizes(from 1.2 1.2 m 2 to 2.4 2.4

8This value includes a safety factor of 10 applied to the output of the Monte-Carlo simulation.
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Figure 2: Left: layout of MIMOSA-8 shaving the 32 parallel columns,out of which 24 are
endedwith a compaator, while the other 8 providean analogoutput. Righ t: Senso respnse
to its illumination with an >°Fe source. The peak around 180 ADC units is due to 5.9 keV
X-raysimpingingthe senso in the depletedvolumesurroundingthe sensingdiode, a casewhere
the full X-ray signalchage(i.e. 1640e ) is collectedby a singlediode and cantherefae be
usedfor charge-to-voltagecalitration purposes.

m 2). The fourth sub-array exploits a more complicated pixel architecture (15 transistors instead
of 8) with AC-coupling to the sensingdiode, which allows larger charge-to-voltage cornversion gain.

Tests of the chip are still under way. Preliminary results show that the noise levels are in the
order of 13-18e ENC, depending on the sub-array, and that the charge-to-voltage conversion
gainis of  50-70(resp. 110) V =e for the dierent DC-coupling (resp. AC-coupling) architec-
tures. Moreover, the pixel-to-pixel dispersion comesout to be particularly low and matching the
requiremernts.

The simultaneous operation of all analogand digital elemerns of the read-out chain remainsto
be tested. If successfull,a few chips may be exposedto particle beamsin Autumn 2005in order to
assesgheir charged particle detection performances.

At this stage of the tests, one can already concludethat the architecture of MIMOSA-8 looks
very promissing, and provides the path to follow in 2006 for the next R&D stepstowards a fast
chip. The rst of these stepswill allow optimising the MIMOSA-8 architecture in terms of noise,
ampli cation, etc. Next, an ADC circuit will replacethe discriminators at the column ends,followed
by the designof data sparsi cation micro-circuits. Meanwhile, the integrated architecture allowing
to store and extract the cluster information is being developped. The choice between di erent
possible signal processingarchitectures will be guided by the aim of keeping the instantaneous
power dissipation well belov 1 W/cm 2.

Besidesthe e ort devoted to the designof the sensorsadapted to the inner layers, a prototype
(called MIMOSA-12) adapted to the outer layers was designedand sert for fabrication by the end
of March 2005. It features 4 capacitors inside eact pixel. The latter have a pitch of 35 m . The



sensorincludes 6 di erent sub-arrays exploring various MOS capacitors (50, 100 and 200 fF).

A major issue of the design consistsin nding the smallest possible capacitors in order to
integrate the largest possiblenumber of them in ead pixel. This trend may lead to the possibility
of reaching integration times as short as those neededfor the secondlayer, thus allowing to equip
the latter with multi-memory cell sensorsinstead of the fast, column parallel, read-out architecture
foreseenat presert. MOS capacitors are mandatory for this goal, sincethey are typically 4-5 times
more compact than poly-basedcapacitors. On the other hand, their time constart is much shorter.
Making them small enhanceghe corresponding dispersionof characteristics, a default which worsens
moreover with their reduced surface. These weak points may introduce an una ordable loss of
precisionas one goesfor the smallest possiblecapacitors. Compromise possibilities betweena small
sizeand a satisfactory precision are expectedto comeout from the tests of MIMOSA-12.

The optimisation of the sensorperformanceswill also depend on features speci ¢ to ead fab-
rication processavailable (see section 5). The fabrication processexploration will therefore be
conductedin parallel and in accordancewith the developmert of the sensorarchitectures.

4 Assessment of the radiation tolerance

Radiation tolerance studies were initiated in 2002-2003,mainly basedon the rst two MIMOSA
prototypes,which provided preliminary estimatesof the raw technology potential. Important steps
were achieved in 2004-2005with more recert chips, in particular with low energy electrons, which
allowed to make substartial progressboth in the understanding of the origin of certain damagesas
well asin the way to improve the sensortolerance.

The sensorswere irradiated with various types of particles in order to ched that the neutron
gas and the beamstrahlung electron dosesexpected at the ILC are a ordable. The chips were in
particular exposedto 1 MeV neutrons, 10 keV X-Rays and 9.4 MeV electrons.

4.1 Tolerance to 1 MeV neutrons

The e ect of bulk damage[5] was rst investigated a few yearsago, by exposing small prototypes
(MIMOSA-1 and -2) to uences ranging from 10neq cm 2 to 10%neq cm 2. A decreaseof the
charge collected was obsened, which started to have signi cant consequencesn the detection
e ciency for uences near 102neq cm 2

Similar neutron irradiations wererepeatedin 2004with more recert prototypes: the reticle size
sensorMIMOSA-5 and the prototype MIMOSA-9 designedto explore a new type of fabrication
process(described in section5). The sensorswere exposedto uences ranging from 1 10'neq/cm 2
to 1 10"neq/cm?2. Their performanceswere assessedy exposingthem to a 6 GeV e beamat
DESY in April 2005. A preliminary analysisof the data collectedwith the MIMOSA-9 chip exposed
to a uence of 1 10'%neq/cm? showsthat the detection e ciency remainsuna ected, staying around
99.5 % at an operating temperature of -20 C. This obsened tolerance is much superior to the
performancerequired for the ILC (. 10'°ngq/cm ?/yr).

4.2 Tolerance to 10 keV X-Rays

The rst estimates of the sensortolerance to ionising radiation were achieved with MIMOSA-2,
shawing that the sensorswere not a ected until the integrated doseexceeded 200kRad (i.e.
4 times the maximal doseexpected yearly at the ILC).

Further studies were performed in 2004, with integrated dosesof up to 1 MRad [6]. They rely
on tests of MIMOSA-2 and of another chip (called SUCCESSOR-1),borrowed from the SUCIMA
collaboration [7], which designedit for imaging purposes. Both sensorswere manufactured with



the samefabrication process,but feature di erent resettransistor designs: while the sourceof this
(enclosed) transistor was in its certer and the drain at its periphery in each MIMOSA-2 pixel,
drain and sourcehad swapped positions in SUCCESSOR-1,a feature expectedto improve the chip
tolerance to ionising radiation.

The e ect of ionising irradiation was tested by illuminating MIMOSA-2 and SUCCESSOR-1
chips, exposedto integrated dosesof 400 kRad and 1 MRad respectively, with an °Fe source.
The responseof the irradiated chips to the 5.9 keV X-rays emitted by the sourceis comparedto
that of non-irradiated chips on Fig. 3. The latter displays the distribution of part of the cluster
chargesin ADC units. While the distributions of the irradiated and non-irradiated SUCCESSOR-1
chips almost overlap, those of MIMOSA-2 do not. The shift of the large peak obsened for this
sensorexpressesa substartial charge loss due to radiation damage,which is not at all visible for
the irradiated SUCCESSOR-1chip, despite the 2.5 times larger doseit was exposedto. Though it
is not yet fully establishedthat the improved radiation toleranceis not due to someundocumerted
changein the fabrication process,there is strong support for the hypothesisthat the sourceand
drain swap is at its origin.
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Figure 3: E ect of 400 kRad exposure on MIMOSA-2 (left) and of 1 MRad exposure on
SUCCESSOR-fright). The respnseof non-irradiated(shadedhistogrammes)and irradiated
(black line) senses is shavn, whenilluminated with an °Fe source.

The radiation hardnessof SUCCESSOR-1wasobsenedto be limited by the raise of the sensing
diode leakage current, translating into a hampering noise level at +20 C. Cooling the sensorto
-15 C and shortening its integration time from 1 msto 0.25ms was found to be su cien t to dim
this noise to a tolerable value for integrated dosesof up to 1 MRad. These obsenations give a
strong indication that the designof 1 MRad resistart CMOS sensorsis under control. Moreover,
they suggestthat integrated doseswell above 1 MRad may be tolerable (i.e. & 20 times the yearly
upper limit expected at the ILC).

The importance of the fabrication processand of the operating temperature was also obsened
with tests of MIMOSA-9 sensordrradiated with 240kRad of 10 keV X-Rays. A sub-array, equipped
with 20 m pitch and 3.4x4.3 m 2 diodes,exhibited aresidualnoiseof 45e ENC at atemperature
of +20 C. This was5 times more than beforeirradiation. The noise ‘increasetranslated into a S/N



value. 5 (MPV), which makesthe detection e ciency drop to 65{85 %, depending on the cluster
reconstruction criteria.

The situation changesdramatically when operating the irradiated chip at -20 C. The noise
decreasedelow 15 e ENC, and the S/N value increasesaccordingly to 18 (it was 28 before
irradiation). The detection e ciency risesto 99.8 0.1 % (instead of 99.93  0.03 % before
irradiation), demonstrating that a modest cooling of the sensorsallows to bring them badk very
closeto the top of their performances.

4.3 Tolerance to 9.4 MeV electrons

Accesshas beenfound, in Spring 2005,to a low energy (9.4 MeV) electron beam, where the chips
could be irradiated when being operated. These studies are particularly relevant for the under-
standing of the in uence of beamstrahlung electrons, whoseenergiesconcerirate in the 9-10 MeV
range.

MIMOSA-9 and -5 sensorswere exposedto this electron beam. The chips received integrated
dosesof 310%e cm 2 and 1103e cm 2. The latter value corresponds to the maximal dose
expected in the inner most layer after more than 5 years of operation. The data collected are still
being analysed; preliminary test results of the MIMOSA-9 chip (20 m pitch, 3.4x4.3 m ? diode)
exposedto an integrated ux of 110%e cm 2, show that (at a temperature of -20 C), the S/N
valueis still high (23 instead of 28 beforeirradiation), and that the detection e ciency , which
amourts still to 99.3 0.1 %, exhibits only a marginal change.
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Figure 4: Signal-to-noisedistributions of MIMOSA-9 senses (20 m pitch, 3.4x4.3 m 2
diodes) irradiated with 1 MeV neutrons (left) and with 9.4 MeV electrons(right). The
distributions were measuredat an operating temperature of -20 . The left gure shaws the
chip respnsefor a uence of 1 10*2neq/cm?; the right gure displays the respnseof a senso
exposedto 1 10%e /cm?2.

"The sensivity to hard X-Rays (from a ®°Co source) has started recertly with a protot ype fabricated in
2004, and found to be signi cant (seesection 5.2). More studies are neededbefore any conclusions can be
drawn.



4.4 Summary on the radiation tolerance

The radiation tolerance studies performed in the last two yearshave establishedquite reliably that
CMOS sensorscan stand the ionising and non-ionising radiation dosesto which the vertex detector
is going to be exposedat the ILC, even if thesedosescomeout to be much higher than the presert
Monte-Carlo predictions. This statemert is however only fully valid if the sensorsare operated at
negative temperatures, typically . -10 C (seefor instance the signal-to-noiseratio of irradiated
MIMOSA-9 sensorsdisplayed on Fig. 4).

The sensitivity of the sensorsmay strongly depend on details of the the fabrication process.
Each of them needstherefore to be carefuly evaluated in terms of tolerance to bulk damageand
ionising radiation e ects. It is alsoof interest to cortin ue investigating the role of temperature (and
time) in recovery procedures.

5 Exploration of fabrication pro cesses

5.1 Motiv ation and major issues

The capability of developing radiation tolerant and fast sensorsdependson basicfabrication param-
eters such asthe epitaxial layer, the feature size, the number of metal layers, the leakage current,
the doping and depth of the n- and p-wells, the oxide thickness,a.s.o0.,which may vary substartially
from one fabrication processto another. Finding well adapted fabrication processeswhich allow
integrating the necessarysignal conditionning micro-circuits in the sensor,with low pixel noiseand
pixel-to-pixel dispersion, is therefore a must.

Seweral manufacturing processeshave beenexplored up to now:

AMS-0.6 m : MIMOSA-1, MIMOSA-5

AMS-0.35 m without epitaxial layer: MIMOSA-4, MIMOSA-12, MIMOSA-13
AMS-0.35 m OPTO with epitaxial layer: MIMOSA-9, MIMOSA-11
MIETEC-0.35 m (which becameAMI-0.35 m recerly): MIMOSA-2, MIMOSA-6
TSMC-0.25 m : MIMOSA-8, MIMOSA-10

IBM-0.25 m : MIMOSA-3

Except of the IBM process(which featured a too thin epitaxial layer, presumably. 2 m), all
these processesllowed to realise prototypeswith good to excellert detection performances. These
very satisfactory results were obtained becausethe noise of the pixels could be kept near 10 e
ENC, a direct consequencef the simple pixel architecture, free of signal treatment micro-circuits
such asthose necessaryfor fast parallel read-out. These micro-circuits are expectedto increasethe
total noisevalue by a factor of 2 to 3 (seesection 3.1), restricting the choice of the manufacturing
processto those exhibiting an epitaxial layer thickness& 8-10 m .

Someprocessesrelying on a lightly doped substrate but exhibiting no epitaxial layer, allow to
circumvert this handicap, the substrate acting asan e ectiv e thick (i.e. seweral tens of microns) sen-
sitive volume. This wasdemonstratedwith two prototypes(called MIMOSA-4 and SUCCESSOR-2)
studied in 2003. Their tests demonstrated an outstanding detection e ciency of up to 99.9 %, and
a single point resolution of about 2.5 m [8]. Howewer, the cluster size happensto be rather large,
especially at low operating temperature, a feature which reducesthe double hit resolution of the
sensor. Moreover, the absenceof side e ects when thinning the sensorsto 50 m needsto be
demonstrated. This type of manufacturing processis therefore not consideredas the baselinefor
the ILC vertex detector R&D.

Another concernis the number of metal layers, which is quite often equal to 3 or 4 only in
standard processes. It desenes much attention once signal treatment micro-circuits are to be
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integrated in the sensor,imposing to choseprocesses ering at least 4 metal layers. Fortunately,
presert commercial processedasedon featuressizesbelow 0.25 m rely on 6 metal layers.

5.2 Recent achievements

The manufacturer AMS announced a new fabrication processat the end of 2003, with 0.35 m

feature sizeand about 20 m epitaxial layer. This processwas supposedto be optimised for CMOS
imaging applications, meaningthat special care was taken of sourcesof leakage current in order to
minimise the latter. MIMOSA-9 was designedand fabricated to explore this process.It is made of
seweral sub-arrays, eat exhibiting a di erent sensingdiode or pitch size. The diode dimensionsare
either 3.4 4.3,5 50r6 6 m 2. The pitch is either 20,30 or 40 m in both directions.

Seweral prototypeswere exposedto a 120 GeV/c pion beam at the CERN SPS. Excellert
performanceswere obsened [9], as illustrated by Fig. 5. The signal-to-noise most probable value
rangesfrom 15to 30, depending on the diode size, pixel pitch and operating temperature.
This rather confortable magnitude translates into a detection e ciency exceeding99.5 %, even in
the caseof a pitch as large as 40 m , where charge collection is expected to eventually exhibit
ine ciencies dueto the sizeablepath achieved by somecharge carriers until the sensingdiode. The
single point resolution was alsofound to be excellert: 1.5 m fora20 m pitchand 5 m for
a 40 m pitch. Theseresults allow to foreseea variable pitch for the vertex detector, ranging from
20 m for the inner most layerto 40 m for the outer layer, which translates into a reduceddata
ow and power dissipation.

Overall, these results make this fabrication processmost attractiv e. There are however two
features which weaken this statemert. One of them concernsthe total cluster charge, which was
found to be  800-900e ENC. This amount corresponds to an epitaxial layer of  10-11 m ,
a thickness which was con rmed by visual ched with a microscope, thus inrming the 20 m
announcedby the founder. The secondsourceof concernis related to the leakage current. The
latter wasindeed measuredto be about one order of magnitude below the typical valuesof previous
chips, but it increasedby almost two orders of magnitude after 20 kRad irradiation with a hard
(1 MeV) ®Co X-Ray source. This increase, which raised the noise by more than a factor 2,
was however not obsened for all sub-structuresintegrated in the chip, hinting to the possibility of
cortaining the current increase.

In order to improve the radiation tolerance, a modi ed layout of the charge collection diode
was designedin the fabrication process,and consecutively sert for fabrication. This new prototype,
called MIMOSA-11, cameback from fabrication in April 2005. Its designfeaturesvarious strategies
of avoiding or minimising thick eld oxide (bird's beak) near the junction, at the expenseof a
somewhat larger capacitance noise. Preliminary test results of some sub-arrays show that the
dark current increaseshy only 50 % (instead of almost two orders of magnitude previously) after an
exposureof 20kRad, con rming that the sensitivity to hard X-Rays can most likely be circumvented.

In summary, the exploration of the AMS-0.35 m OPTO manufacturing processis not yet
completed, but one can already claim that it suits rather well to the sensorR&D for the ILC. It
will therefore presumably be the baselineprocessfor the fabrication of a substartial fraction of the
next MIMOSA prototypes.

Giventhe ewolution of the CMOS industry, it is excludedthat the AMS-0.35 processwill remain
available until the production starts for the ultimate sensorready to equip a vertex detector at the
ILC. The R&D goalsof the next yearswill therefore include testing fabrication processe® ering a
feature sizebelow 0.25 m , represenativ e of the trend of the CMOS industry. Processe®rvisaged
encompassiBM-0.13 m , UMC-0.18 m (eventually with triple well option) and AMS-0.18 m
(with low leakagecurrent option).
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Figure 5: MIMOSA-9 beamtestsresultsat 0 C for pixelsof 20 m (top) and40 m (bottom)
pitch, equipped with a 3.4x4.3 m 2 diode. The distributionsshavn are the residualnoiseafter
CDS (left) and the signal-to-noiseatio (right).
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6 Thinning

6.1 General remarks

The question of thinning was not much addressedn the rst yearsof the sensorR&D asit was not
an issueof prime importance at that time. Ultimately, it will however becomeso, since the single
point resolution o ered by the sensorssetsa sewere constraint on the material budget if one aims
to avoid swamping the resolution with multiple scattering.
The thicknessambitionned is 50 m and, if possible,twice less. While thinning sensorsto

50 m is not expectedto be particularly dicult or suspectedto a ect the sensorperformances,a
thicknessof about 20 m is consideredas a challenge. The ability of industry to achieve it with a
satisfactory yield needsto be assessedMoreover, internal medanical stressmay occur, translating
into wrinkling of the chip. The answer to this side e ect may consist in glueing the chip on a
thin carbon foam, diamond or beryllium support, which would ensure the necessaryrigidity. A
dedicatedreseart e ort hasstarted, which oughts to encompasshonding issues,to investigate such
possibilities. It prots from similar studies performed for the STAR upgrade and - evertualy - for
the CBM experiment at GSI.

6.2 Achieved thic kness

It is now establishedsincea few yearsthat reticle sizechips (i.e. MIMOSA-5) can be thinned down
by industry to 120-130 m , without any noticeable side e ect. This is still 2.5 times too much
for the resolution ambitioned on the track origin. Attempts were made in 2003 and 2004 to thin
MIMOSA-5 sensorsdown to 50 m or even much less.

The most agressie thinning trials were performed for imaging purposeswithin the SUCIMA
project (E.U. 5th Framework Programme). The substrate wastotally removed with a non-standard
method, leaving the epitaxial layer protected by a  0.1{0.2 m thin passiation Im. This proce-
dure, which resulted in a 15 m thin sensor,allowed to make it sensitive to electrons of a few
keV only, asdemandedfor beta-imaging purposes.These sensorswere exposedto 120 GeV pion
beamsat the CERN-SPSin order to investigate their minimum ionising particle detection perfor-
mances. The detection e ciency wasobsenedto amount only to 85 %, dueto a substartial drop
of the charge collected. Seweral reasonsmay explain this obsenation, hinting to possibleimprove-
ments. This thinning method is thus not (yet) adapted to minimum ionising particle detection but
its ewvolution towards better performancesis not precluded.

Another, lessagressiwe, thinning attempt was made, guided by the developmert for the STAR
vertex detector upgrade. MIMOSA-5 waferswerethinned downto 50 m via STAR collaborators
from LBNL with rather convertional industrial means. The rst waferthinned in this way (Autumn
2004) exhibited cradks shortly after thinning, of which the origin is still being investigated. Mean-
while, the procedurewas repeated with individual sensorsafter their dicing. The thinned sensors
were bondedto a prototype ladder usinga 50 m thin Im adhesivwe at LBNL. Up to 9 chips were
mounted on a single ladder. Preliminary test results show that the bonding technique is e cien t
and that the sensorfunctionalities tested are all presened.

More recertly, another compary, located in Europe, was contacted and has acceptedto thin
MIMOSA-5 chipsto 50 5 m . The thinning of the rst wafersis currently under way.

In conclusion, the procedure allowing to thin down the sensorsto 50 m is still not fully
established,but seemsin good shape. Moreover, a more agressie goal, suc as 20-25 m , may be
accessibleon the mid-term.
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7 Detector design studies

The detector concept taking best advantage of the CMOS sensorpeculiarities in order to provide
the required performances,is likely to rely on a geometry similar to the onedescribedin the TESLA
TDR (based on CCDs). It consistsof 5 cylindrical layers with radii ranging from 15 to 60 mm.
Depending on the layer, the polar angle coverageextendsto jcosj 0.90{ 0.95.

7.1 Geometry and read-out considerations

Someof the prominent characteristics of the detector are summarisedin Table 1.

Layer | Radius  Pitc h tro Wiag  Niag N pi p inst p mean
LO 15mm 20 m 25 s 7 mm 20 25M  <100W <5W
L1 25mm 25 m 50 s 15mm 26 65M <130W <7W
L2 37mm 30m <200s 24mm 24 75M  <100W <5W
L3 48mm 35 m <200s 24mm 32 70M <110W <6W
L4 60mm 40 m <200s 24mm 40 70M <125W <6W

| Total | 142 305M <565W <29W |

Table 1: Prominentfeaturesof the detecta conceptbasedon CMOS senses. For eachlayer,
the table indicatesthe layer radius, the pixel pitch, the read-outtime (t,.o:), the ladderwidth
(Wiag) and number (Njaq), the number of pixels(Npix), aswell asthe instantaneous(P{;‘igtS

and average(P{s2") power dissipations. The averagedissipationis basedon a detecta duty
cycleof 5 %. The usuallyassumediuty cycleof 1/200 would leadto a 10 times smallervalue.

An overview of the detector geometry is shonvn in Fig. 7.1. Sketch views including or perpen-
dicular to the beam axesare shown in Fig. 7.
Somemain di erences with the TESLA TDR geometry are:

a faster read-out (and thus a larger number of ladders equipping the inner layers),

a variable pixel pitch (and therefore a smaller total number of pixels: 300 millions instead of
800 millions), translating into a reduceddata ux and power dissipation,

lessmaterial at small polar angle,
the absenceof a cryostat.

The number of ladders in the 2 inner layers follows from the ambitionned read-out speed and
granularity (i.e. pixel pitch), the ladder width being dictated by the number of pixels per column.
This is illustrated on Fig. 8, which displays a sketch view of a ladder from the inner most layer.

It is (at least) 100mm long. Its width amourts to 7 mm, out of which 5 mm are equipped with
20 m pitch pixels, while 2 mm are resened for the mixed and digital parts of the signal processing
micro-circuits. The pixels are grouped in columns of 256 units, oriented perpendicular to the beam
lines and read out in parallel at an e ectiv e clock frequency of 10 MHz, which translates into
a column read-out time of 25 s . While all functionalities of the signal processingchain up to
the CDS are integrated in the pixels, the analog-to-digital cornversion, data sparsi cation and signal
transfer electronicsare integrated in the 2 mm wide side band.

13



Figure 6: Overviewof the detecta geometry
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Figure 7: Sideviewsof the detecta geometryincludingthe beamaxes(left) andtransverseo
them (right).

The secondlayer is equipped with pairs of 125 mm long ladders, stitched near the vertical
to the interaction point. The ladder width amounts to 15 mm, shared between 13 mm long
columns, perpendicular to the beam lines, and a 2 mm wide side band hosting the mixed and
digital electronics. The columns are made of 512 pixels of 25 m pitch. They are read out in
parallel with an e ectiv e pixel read-out frequency of 10 MHz, which translates into a ladder
read-out time closeto 50 s .

The 3 other layersare also composedof pairs of 125mm long ladders. They are 24 mm wide
( reticle width). Each pixel is equipped with 5 memory cells, read out after the end of eat
bunch train. Each memory cell collects a charge integrated over < 200 s . The pixel pitch is 30,
350r 40 m , depending on the layer.

Overall, the total surfaceof the detectoris 3000cm?, covered by a total number of pixels of

300 millions (lik e the SLD vertex detector).

7.2 Comments on power dissipation

The total instantaneous power dissipated by eac column is estimatedto . 1 mW, basedon the
fast sensorprototypes already fabricated. The sensordesignis therefore optimised for a minimal
number of columnsin order to keepthe power dissipated as low as possible. This pleads for the
largest possible pixel pitch and for the longest possible columns (with the largest possiblenumber
of pixels per column). Increasingthe pitch deteriorates the single point resolution and increasing
the number of pixels per column slows down the read-out speed. The design studies show that
an acceptablecompromisecan be found, which table 1 summarisesin its presen, still preliminary,
version.
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Figure 8: Top: Sketch view of a ladder equippingthe inner most layer. Bottom: zoom on a
sectionof the two inner layers, distinguishingthe support (red), the part of the sensos made
of pixels(blue) and the side bandreservedo mixedand digital electronics(green).
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For the whole detector, the expected instantaneous power dissipation would amount to . 550
W, a value which would still require substartial cooling. As for any of the technologieservisaged
for the vertex detector, the crucial question ariseson how well the beam time structure can be
exploited to switch o (most of) the detector inbetweentrains, or nearly so. It is usually assumed
that the ILC duty cycle (expected to be closeto the 1/200 proportion of the TESLA design) can
be fully exploited. In this extreme case,the total averagepower dissipated would amount to . 3
W. This possibility remains however to be proven (seesection 8). Moreover, the nal beam time
structure of the ILC, which doesn't needto be identical to the TESLA project one, is still to be
de ned. Meanwhile, a consenative approach was preferedfor the presert estimates, which assumes
that the detector can be switchedo (or nearly so)for at least 95 % of the time, an hypothesiswhich
translates into an averagedissipation of . 30 W. This value is still consideredas being compatible
with a light cooling system.

7.3 Material budget versus occupancy

The fact that the columns are oriented perpendicular to the beam lines allows to make them short

enoughto garantee a swift read-out of the layers most exposedto the beamstrahlung electrons,

even if their rate happensto be signi cantly higher than predicted by presern simulations. Since

all signal processingfunctionalities cannot be integrated inside the pixels, the drawbadk is a narrow

side band hosting integrated mixed and digital micro-circuits. This band, which is expectedto be
2 mm wide, adds material inside the ducial volume of the detector (seeFig. 8).

This situation is particular to the CMOS sensorbasedvertex detector. The alternativ e tech-
nological solutions (e.g. CCD, DEPFET) rely on columns parallel to the beam axes, making it
however more di cult to achieve read-out times . 50 s. Moreover, the read-out electronics is
concerrated at the ladder edges,where its material a ects the very forward tracking in a narrow
angular range.

The consequencef the material budget excesdueto the 2 mm side band, speci ¢ to the design
preseried here, was estimated. The lossin resolution on the impact parameter derived from the
study is modest: overall, the parameter b, entering the canonical expressionof the impact parameter
resolution ( |p = a b=p sin3? ), increasesby  5-10 %, depending on assumptions made on
the thicknessof the sensorsand of the mechanical support and cooling system. The e ect is mild
essetially becauseof two reasons:i) the material of the beam pipe (500 m of beryllium, i.e. 0.14
% of the radiation length) governsthe multiple scattering parameter b, ii) b grows essetially like
the squareroot of the fraction of radiation length.

In comparison,the benet in read-out time is rather signi cant. It can be illustrated by com-
paring the radii of the inner most layer which provide the sameoccupancyfor two di erent read-out
times: 50and 25 s . This study was performed and showved that shortening the read-out time from
500f 25 s allowsto reducethe radius of the inner most layer by  15-20%. Sinceb is proportional
to this radius, it decreasedy the sameamourt.

7.4 Operating temp erature

Seweral di erent sensorprotot ypeswere operated at room temperature, and have provided excellert
detection performances.lt is however desirableto run the detector at a slightly negativetemperature
in order to reducethe sensitivty of the sensorsto unexpected radiation e ects, suc as the rise of
the electronic noise (seesection 4.2).

Tests performed with various prototypesshow indeed that a slightly negative temperature, i.e.
-100r -20 C, reducesalready substartially seweral noisecomponerts, especially thoserelated to the
leakage current. Sud an operating temperature is already achievable with a rather light cooling
system, having mild consequencesn the material budget. It doesnot require a cryostat.
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More studies are still neededto re ne the outcome of the presert ones, aiming to nd an
optimal temperature which accourts for all basic parameters of the sensors.It would in particular
be interesting to study the behaviour of the sensors(with and without epitaxy) at temperatures
much below 0 C (e.g. liquid nitrogen temperature).

8 Cooling studies

An evaporative cooling systemis being tested[1Q for the cooling of the ladders. Compressedgas
of a cooling agen, here R134a, expandsthrough an expansionvalve to a uid closeto the boiling
point. This uid o ws through a thin pipe of 0.6 mm diameter and 0.05 mm wall thicknessalong
the ladder underneath the area where the readout electronicsis situated. The pipe is in thermal
contact with the ladder. Heat transfer from the ladder into the pipesleadsto evaporation of the
uid at constart temperature increasingthe gas content of the cooling agert to about 80%-90%.
The cooling agert is recompressedand recirculated.

The ladder is simulated by a glassplate of 0.03 mm thickness. The readout electronics, which
producesmost of the heat on the ladder, is replacedby 2 strips of very thin aluminum evaporated
onto the glas. These strips have an electrical resistanceof about 10 . With a voltage around 10
V a heat sourceof around 10 W can be simulated.

Figure 9: View of the Lucite cylinder with test ladder for power dissipation and cooling
studies.

Figure 9 shows a view of the Lucite cylinder with the test ladder connectedto a carrier of
carbon-silicon foam, into which the cooling pipes are integrated, together with the electrical con-
nections and thermal sensorswhich are read out at the front face of the cylinder. Temperatures
of down to -12 C have beenachieved. However, the long term stability of the whole systemis not
yet satisfactory. Preserily the cooling rack hosting the systemis being equipped with additional
electrically controlled valvesto regulate the temperature of the expandedcooling agert and improve
the stability.

The temperature pro le on the ladder hasbeencalculated with a nite elemen program under
the assumptionthat the areasunder the cooling pipesare kept at a xed temperature. A calculated
temperature pro le acrossthe ladder is showvn in Fig. 10.
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-Strip Dimensions: 3mmx22mmx0,03mm

- Power: 0,06W For Both Sides And 0,038W For Middle (Pixel) Area
-Thermo Coupling: 2500W/m’K To A —16°C Fluid (Width 0,5mm both)
-No Convective Coupling To Environment Gas

Figure 10: Simulated temperature pro le acrossone ladder.

9 Mechanical support studies

The STAR collaboration at RHIC is currently preparing un upgrade of the apparatus, in order to
fully exploit the planned increaseof the machine luminosity. This increaseis accompaniedby a
reduction of the beam pipe radius. The spacefreed by this reduction is expected to host 2 layers
of CMOS sensorsof the MIMOSA seriesdeveloped at IReS-Strastourg.

3 mechanical support prototypeshavebeendesignedat LBNL and fabricated, on which MIMOSA-5
sensorsthinned down to 50 m , were mounted [11]. Up to 9 sensorsare mounted cortiguously on
the ladders. When designingthe ladder, special attention was givento sourcesof multiple scatter-
ing. The supports are therefore particularly light, their lightest version featuring only  0.25 % of
radiation length. Testsare going on, and provide very satisfactory results up to now.
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10 Outlo ok

The two coming yearswill allow to nalise on-goingstudies, and to addresssomeissueswhich were
not yet top priorities. An overview of the di erent topics is provided hereafter.

10.1 Read-out architectures

The rst objective is to nish testing MIMOSA-8 in the laboratory (combined analog and digital
parts) and make it work on a test beam. Its radiation tolerance needsalsoto be assessedBased
on the results of all thesetests, a modi ed (improved) designshould comeout by the end of 2005
or early in 2006. This new prototype (designedby Saclay and IReS in TSMC-0.25 technology) may
comebadk from the foundry in April-May 2006.

In addition to the usual signal sensingand read-out chain, the chip will alsohost test structures
exploring the ADC design foreseento replace ultimately the comparators at the column's ends.
Major constraints on the ADC are its allowed surface (and aspect ratio) and consumption (during
train collisionsand inbetweenconsecutive trains). Testsof the chip will be carried on through most
of 2006.

The design of the rst prototype with digital output should come out from these tests, and
evertualy be fabricated by the end of 2006 or early in 2007. If successfulthis architecture will be
the basisof the rst fast large scaleprototype with digital output, evertualy available by the end
of 2007.

Besidesthe R&D in the TSMC-0.25 m technology exploiting the MIMOSA-8 architectures,
ADC designswill be explored with the AMS-0.35 m technology. Se\eral test structures and pixel
based prototypes may be fabricated in 2006. This R&D line as well may lead to a macroscopic
prototype designin 2007.

These developmerts address rst of all the fast sensorssupposedto equip the rst two layers
of the vertex detector. The architecture basedon memory-cellsintegrated inside the pixels will be
developed separately The tests of MIMOSA-12, which should start in June 2005and take seeral
months, will allow to gure out how compact accurate capacitors can be, and thus how many of
them canbeintegrated in a pixel of given pitch. The delayed output architecture of the pixel matrix
will also be tested.

The next prototype exploiting this sensordesignwill focuson rather elaborated pixel designsand
still exploratory mixed micro-circuits. It will take advantage of the ADC developmert mentioned
above. Its design (at IReS) should be completed early in 2006, allowing the chip to be fabricated
(in AMS-0.35 technology) by Spring 2006. Most of 2006 will be devoted to its tests.

The third generation of this sensorarchitecture may include a signal processingchain including
a 4/5-bit ADC, and may be fabricated (in the sametechnology) in the rst half of 2007.

First attempts will alsobe madeto designmicro-circuits achieving sparsi cation. The retained
algorithm may be implemented in a FPGA in orderto rst test and tune it with real digitised sensor
signals. Test structures exploring micro-circuit designsmay start being fabricated in 2007.

Besidesthese design evolutions, technologieso ering a feature size belowv 0.25 m will be ex-
plored. The rst step, which may occur by the end of 2005, will consistin designing some basic
test structures in technologiessuch as IBM-0.13 m of UMC-0.18 m . The aim is to prepare for
a translation of the sensorsdesignedfrom 2005to 2007in AMS-0.35 and TSMC-0.25 technologies,
to these deeper sub-micron technologiesaround 2007-2008. This R&D will be performed at IReS
in collaboration with seweral institutes in Europe and North-America (Saclay, IN2P3 laboratories,
LBNL, etc.).

Finally, most of the designsforeseenin the coming years should progressiwely include the pos-
sibility to run the sensorin a pulsed power mode. In order to do so, the designswill foreseea
splitted powering of sometransistors, where the most intense of both power lines will be switched
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o0 betweentrains, the weakest power line remaining switched on in order to prevent the transistor
from changing polarity untimely.

10.2 Radiation Tolerance

At rst order, the adequacyof CMOS sensorsto the ILC radiation conditions is rather well estab-
lished. Substartial work is however still neededin order to better understand the vulnerability of
the sensorsjts dependenceon temperature, on fabrication processdetails, a.s.0. The on-goingstud-
iesat IReS and DESY-Univ. Hamburg will therefore cortinue, basedon irradiations with 9.4 MeV
electronsin Darmstadt and with  1MeV neutrons in Dubna. The in uence of the temperature
needsalsoto be studied more extensiwely.

Moreover, eadh new sensorprototype (seeprevious subsection)will be characterisedw.r.t. the
ILC radiation doserequiremerts (e.g. neutrons and electrons). This remark appliesin particular to
ead new fabrication technology explored. The R&D on the sensorradiation tolerancewill therefore
still be of certral importance and will still necessitatesubstartial e orts at IReS and DESY.

10.3 Thinning - Mechanical supp ort

The objectiveis to achieve a reliable industrial procedurewithin the comingtwo years,which allows
to thin down the sensorsat . 50 m with a high yield. The tuning of the procedure will usea
stock of MIMOSA-5 wafersavailable at IReS.

Sofar, three directions exist to approadc this goal: the on-going development at LBNL for the
STAR upgrade, which relieson a 50 m thinning performedin the US; a thinning procedurebeing
set-up by a French compary for IReS, aiming for 50 m ; a thinning procedureallowing to remove
completely the substrate, proposedby another French compary, in contact with IReS.

Thesethree possibilities will be exploited in parallel. Reliable test results of MIMOSA-5 sensors
thinned to 50 m will be already available in 2005. Depending on the results, trials will be made, to
thin the sensorsdown to 25 m . First results on the reliabilit y of such an extreme thinning should
comeout in 2006.

The procedure usedto remove the substrate from the sensorfor imaging purposesis not yet
adapted to provide a m.i.p. detection e ciency in excessof 99 %. Contacts will however be
establishedby IReS with the relevant compary to investigate how its procedure could be modi ed
to achieve such a goal.

Manufacturing processeso ering no epitaxial layer but a low doping substrate instead, may
provide very attractiv e performancesoncethe sensorsare thinned down to about 20 m . Finding
a procedureto achieve this goal would thus be a breakthrough. Attempts will be madeto nd a
compary able to set-up such a procedure. To really make the necessarytrials, one would however
needto manufacture reticle sizesensorshasedon the designof MIMOSA-9 fabricated in the relevant
AMS-0.35 technology, an operation costing at least 150 keuros.

The issue of thinning deseneslooking for still other companiessusceptible of o ering highly
agressie thinning possibilities. DESY will investigateif possibilites exist in Germany or neighbour
courtries. Contacts are being set up by IReSwith H.E.P. institutes in Japan having thinned CCDs,
which may be ready to make similar trials with MIMOSA-5 wafers.

E orts investedin nding adequatethinning proceduresneedto be backed-up by similar e orts
aiming for very light medanical supports. This issue,which was not yet much addressedwithin
the ILC CMOS sensorcommunity, will becomean important activity in the coming two years. It
may build up on the current R&D e ort goingon at LBNL for STAR, and is very likely to end-up
with a prototype ladder hosting sewveral MIMOSA-5 sensorsin 2006-2007.
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10.4 Sensor operating conditions

Optimised operating conditions of the sensorsare still to establish. They concernthe operating
temperature, as well as the pulsed powering of the sensorsneededto achieve a low average power
dissipation.

Exploring the responseand the performancesof the sensorsasa function of temperature is still
a quite widely open eld. Up to now, the sensorswere always operated at temperatures exceeding
-40 C. It may however be of interest to test their behaviour at very low temperatures, suc asthat
of liquid nitrogen.

Cooling studies performed at DESY will be carried on, together with pulsed powering of the
chips. A major outcome expected from the trials to pulse MIMOSA-5 is the demonstration that
the sensorscan indeedbe pulsedin a way wherethe duty cycle of the collider is exploited with high
e ciency . This duty cycle being in the order of 1/100, the aim is to reduce the fraction of time
during which the sensorsare on to a similar magnitude. A duty cycle of the sensorsin the order of
1/20 would in principle already be quite satisfactory. The two coming years should shed light on
this crucial issue.

10.5 Detector geometry studies

The cylindrical detector geometry assumedin this report needsstill to bere ned w.r.t. basicissues,
such the length of the inner most layer, the radius of the secondlayer, the connexion with the
tracking devicesnext to the vertex detector, the optimal pixel pitch for eac layer, a.s.o.

The studies carried at IReS will thus continue, guided by physics studies basedon the detec-
tor design presened in this report, which will be implemented in the standard ILC simulation
programmes.

11 Summary and Conclusion

The R&D on CMOS sensorsfor the ILC vertex detector has made substartial progressduring the
last two years, making it more and more plausible that the detector performancerequiremerts can
indeed be met with such sensors.

The main outcome of thesetwo yearsof R&D are summarisedbelow:

the detector requiremerts dictated by the rate of beamstrahlungelectronshave beenestimated
with improved accuracy w.r.t. previous computations (i.e. TESLA TDR). The constraints
on the read-out speed and radiation tolerance take the spatial distribution of the electrons
into accourt and include a safety factor re ecting somemajor uncertainties a ecting the rate
predictions. They are therefore more sewere than previous estimates;

detector design features speci ¢ to the use of CMOS sensorswere investigated, leading to a
detector concept which exhibits somesigni cant di erences with the TESLA TDR baseline.
One of the most substartial di erences is the read-out time of the two inner layers: 25 s

and 50 s instead of 50 s and 250 s respectively. An other di erence concernsthe material
budget: a side band of the sensorsis entirely dewvoted to integrated signal processingmicro-
circuits, and is therefore not participating to the detection. The e ect of the additional

material introduced on the path of the particles detected has beenestimated and found close
to marginal,

the R&D on a sensorintegrating fast, column parallel, signal processingmicro-circuits adapted
to the two inner layers has made substartial progress. It has cometo an architecture, which
includes CDS inside ead pixel and a comparator at the end of ead column, exhibiting low
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noise(i.e. < 20e ENC) and pixel-to-pixel dispersion. Though its tests are not yet completed,
it looks like a breakthrough, and indicates the path to follow towards the next steps of the
signal processingchain, which encompasshe designof a fast ADC and of data sparsi cation
micro-circuits;

the designof the sensorarchitecture adaptedto the three outer layers, which is lessdemanding,
is also progressing: the rst dedicated chip is expected back from fabrication in June 2005.
It exploresthe possibility of storing the charge integrated in 4 time slots of < 200 s in 4
capacitorsintegrated in ead pixel, and of processingthe signal after a 1 ms delay;

an attractiv e manufacturing processhasbeenfound, which provideshigh signal-to-noiseratios.
It allowedto explore quite systematically the sensorresponseasa function of pixel pitch, diode
sizeand temperature. The possibility to equip the di erent vertex detector layerswith sensors
featuring a pitch being larger for the outer layersthan for the inner oneswas validated. This
allows to reduce the data ux and the total number of columns, which alleviates the total
power dissipated. The mean value of the latter hasbeenestimatedto . 3 { 30 W, depending
on the assumption made on the detector duty cycle;

the radiation tolerance of seweral di erent chips has beenassessedvith various typesof irra-
diations. One of the most innovative study was performed with sensorsirradiated with 9.4
MeV electronsrepresertativ e of the beamstrahlung ux expectedat the ILC. Overall, the test
results provide evidencethat the sensorswill stand all sorts of expected beam badkgrounds,
evenif their rates are substartially higher than predicted by present Monte-Carlo simulations;

the possibility to thin the sensorsdown to 50 m or lesswas also addressed. Reticle size
sensors(MIMOSA-5) were successfullythinned to 50 m . They were consecutively mounted
on prototype laddersdewveloped for the STAR vertex detector upgrade, and are currently being
read-out for extensive test purposes.

The next two years should allow to consolidate the detector concept, the thinning procedure
(trying a thicknesscloseto 20-25 m ) and the possibility to keepthe averagepower consumption
low (by switching the detector o during most of the time inbetweentrains).

The designof the sensorarchitectures foreseenfor the inner and the outer layersshould progress
substartially . One of the most important outcomesshould be a fast ADC (of typically 4 bits) which
will be integrated in the side band at the end of ead column of a cm? wide sensor. Another
important result is expected, which governsthe potential of the architecture adapted to the outer
layers: the maximal number of memory-cellswhich can be integrated in a pixel of given pitch will
be known. Progresseson the designof sparsi cation architectures are also foreseen.

Finally, the characterisation of somefabrication processegroviding a feature size below 0.25
m will have started. This exploration of new fabrication processeswill be carried on in parallel
with on-going investigations of the sensorradiation tolerance,to 10 MeV electronsin particular.

It is worth noticing that this R&D programme on high precision, swift, slim and low power
CMOS sensorsaddresses large panel of applications, which encompassesther future vertex detec-
tor projects and extendsto particle imaging for bio-medical applications aswell asfor nano-sciences.
It bene ts therefore from the synergywith sciertic communities far from the ILC topics. A major
outcome of this tendancy is that a detector made of CMOS sensorsis likely to be operational for
one these other applications beforethe ILC starts.
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