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/ Outlook \

-Principle of CMOSMAPS

-Short reminder of measured tracking performance
-Readout strategy for future tracking application
-Radiation imaging usng MAPS

\-Conclusions /
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CMOS Monolithic Active Pixel Sensors (MAPS) principle

“From digital cameras to particle tracking device”
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Wafer scale M APS prototype: Mimosa5

Maximum allowed size of a
circuit in astandard CMOS
process. ~20x20 mm? (reticle)

Reticle stitching isneeded, in
order to get alarger device
(aladder, 10x2 cm?)

/ MIMOSA5 \

~8.70r12.1cm

\/

A

1ToP ;5 [ foal g Each reticle is an independent circuit.
1;5‘52’3’255» g RS Periphery logic and bonding pads layout
P1BOT 51940017;5;“2 along one S|d_e. Slmpl_|f|ed_st|tch|_ng of up
L | umpien v g to 7 reticlesin onedirection. Still some
B it ey o] Ge=i=| | problemswith ayidd (-20-30%) but it
00000000 00000000 venesabofsiicongopooood] | can be solved (according to digital light
T e s | NG O MBS

and hardware data processing units
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CMOS MAPS particle tracking performance (20 um pitch)
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submicron CM OS processes:

AMS 0.6 um, 14 pm epi
Alcatel 0.35 um, 4 um api
AMS 0.35 um, no(!) epi

TSMC 0.25 um, 8 um epi
K (LBL team) J
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MIMOSA-4 (no-epi substrate) test results:

0.35 mm AMS process without epitaxial layer
but with low doping (high resistivity) substrate

ITotaI charge in N pixels I

Signal/noise in 1 pixelsl
ﬂ - - - - %300 o s 8 8 8 e g s e e e s s E s EE e eees e ags sy,
] hsn1 £
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.................................................

by ey

0 . dechnbe
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Signal/Noise

Observed performanceswith 120 GeV/c p- at CERN-SPS:

*Detection efficiency ~99.7%
*S/N ~30 but chargeiswider spread
*Spatial resolution ~4 um (20 um pitch)

10 15 20 25
a) Number of pixels in a cluster b)

Technology without epitaxial layer (future?) seems worth investigating and optimizing
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Be prepared for surprises with some CM OS processes...
Mimosa4 case

Strong layout dependence!

1 Pixel -Cluster Signal Distribution

100000 3 T T T T T T T T T T T T T T T T T E ﬁ%‘f': I.}.‘i E:.‘ ;
= MIMOSA IV ] G b
10000 J 1-diode pixel - self-bias & standard ] WLl e e
readout speed: 3.27 ms/frame 3 . B
] (40,000 events) temp.: 10°C 1 | :
% 1000 P ) Standard 3-T Self-biased 2-T
7 — Mimosa IV standard design | 3
_qtg 74 Mimosa IV self bias
'fl 100 (40,000 events) 4
10 ‘ 3
1 ‘-— T T T — T T 1t T T
0 25 50 75 100 125 150 175 200 225
DEPLETION
P EPI-LAYER ZONE

Hint to explain post irradiation performance?
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Probability

K eeping high tracking perfor mance to low momentum particles

Two hlt cluster |s
recognlzed as: '

o_ H H H H H . H {
0O 10 20 30 40 50 60 70 80 90

Distance between clusters im]

Two-track resolution: 30 um
(smulation on real data)

p:

1. Thinning the substrateto 50 um (or less)
2. Low mass (air?) cooling: keeping down

N

the power dissipation (~100 mW/cm?)
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BN - | _ _

3|2 /1. Reset in order to inverse bias \
N [ W, S . 2. Continuousserial addressing and

() o LINE xx O . .

g*g [ Ch [l o, R readqut (dlgltlmtlon) of all plxe_ls

A 2l 3. Keeping two successive framesin

ANFIREE I IEN R external circular buffer

&J'* E [H CH [ e CF coumo 4. FoIIOWI_ng reset when needed

oo Lo 4 Moot [ o ey (removing integrated dark current)
e e S After trigger (or in areal time)),
gluxg@z— e simple data processing in order to /

recognise hits

.|20+1 C=2.5pF == Clii7:
pattern:
000...01110...000 I —L
COL_SEL SHIFT REGISTER 64b|
[ INIT |

b
m
17}
m
-

_.l

LOGIC |

Fast ADC 12 bits _
Buffer : 512 words/channé L trigger !

( FO A/Fig

————

256 kwords 256 kwor ds
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Data processing: (Digital) Correlated Double Sampling

T
T
mm&.ule

Signal *lm\“f‘l'lo 60 First Frame Raw Data Signal ',*10\%‘:') 60  Second Frame Raw Data
'{‘w(;’{gﬂ"m"nzo ’{"1‘0(‘,"’-6105‘“‘"“20 / Uﬁul sgnal = top Of \
3000 ¢ 3000 a0 .

| Fixed Pattern DC level
2000 § 2000

0 CVTLERTEERERUELLE T IE YL LR (R (i s . . - -
1000 | 1000 Fixed Pattern dispersion: ~100 mV

0 0

< Typical signal amplitude: ~1mV )

frame 1)

(frame2 - framel) subtraction

]

o ) Sienal 0 anl 60 Data after Pedestals and CM Correction
. wl 80 Data after CDS Processing o cos O L )
Signal 200 [ADC] g0tk
[ADC] o - 1 018920
¥~ 0
0 100
100 75
75 50
50

60
60

frame2 - frame1) Pedestal (dark current) subtraction

Hit candidates!
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External CDS data processing
for atypical pitch of 20 um (250 kpixels/’cm?)

/1. Efficient cancellation of fixed pattern\

E P 1 1 1 1 (DC level dispersion between pixels)
FRE I | | 2. KTC (reset) noisetotally removed
R e (kTC isadominating noise sour ce)
asb S 3. Low power dissipation, dominated
fy ‘ | MIMOSA - < by an analog output buffer (~50mW) -
25 S T B e A
2 M /
o MIMOS A 1 .......... . 1. Slow! (“*5ms/cm?& 50 MHZ")
PRI ERVRIN EVRVUEN IVIVEN VRIS IR B 2. High precision (>10 bits) digitisation
0 2 4 6 8 10 12 required, NOT really needed for
Number of ADC bits tracking precision (see left)
3. A lot of external, reference memory

10
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Future experimentsrequirements

1 - CCD Ladders \
2. CCD Ladders Foam Cryostat

-2ID -1ID ll} 1|0 20
z (cm)

STAR pvertex detector

P

<

1.

2. Second upgrade (x40 present luminosity, 2008):

First upgrade (x4 present luminosity, 2006): )

10 — 20 msreadout (integration) time

2 —5 msreadout (integration) time

v

TESLA Vertex Detector”

|

1. Outer layersreadout time: 100 -200 ps
2. Innermost layer readout time: 25 -50 s

*NLC/JLC: t~10 ms

11
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M echanical concepts of ﬁx r MiCro vertex upgrade

using ultra-thin

Tension concept

" Curtsey to Howard Wieman, LBL, STAR group

MOSMAPS"

Self supporting Venetian blade concept

12
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M odified sensing elements:. self-biasing diode
/" DClevel stabilization )
|
@ — |Vdd_sf RESET transistor replaced by a
— forwar d-biased diode, equivalent of
M1 a~TeraOhmresistor for a ~fA

(typical) leakage current /

~
\E
£

Pixel Recharge Process
%‘ MIMOSA IV 1-diode pixel self-bias
re

-
.
o

dout speed: 3.27 ms/frame, temp.: 10°C

o
o

IIeak

S
=)

p-epi

particle track”

-10.0 betfore irradiation
after 200 kRad - 10 keV X-rays

«—5.9 keYV photon hit occurrence

=~

0 5 10 15 20 25 30
Frame Number [# frame]

Typical RC constant: tens of ms
(even after irradiation)

Effective Recharge [ADC/frame]
SRS .
S o &
o o o
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New charge sensing elements. PhotoFET

KCharge collected at the N-well\

and f-——(P) Mg R affect the threshold voltage of a
Lph— M| fddpn pPMOStransistor and modulates
I AR T T its current: signal amplification
PSP ﬂ d y
. /-Char ge-to current amplification\
e Preubstiate -High transconductance = high
sensitivity

\-Low noise/lar ge collection area )

(First prototype test results’

Sensitivity: 330 pA/electron

< ENC: ~5 electrons )

14
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Possible direction to increase MAPS readout speed

Column parallel processing: only onerow atime active )

Power dissipation reasonably low, usually dominated by a processing cir cuit at
the bottom of each column, where both transistor types ar e allowed
M odest processing effective speed (~10 MHz) provides already an interesting

speed gain (frame readout in 100 s, for a column of 1000 pixels) /

15
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Possible column parallel processing implementation

£ Three essential processing steps needed )

1. Fixed pattern removal
(equalisation of a DC output level for each individual pixel)
2. Signal discrimination or low precision (2-3 bits) digitisation
(at the end of each column)
\ 3. Data storage/transmission /

I |

| |

| : " 1 Readout-Reset-Readout |
|

: | l i Rather hopelessfor tracker,
: !

; |

: |

; |

|

because of dominating kTC
\_ hoise" and resetting precision /

* KTC noiseon 15fF: 34 electrons

16
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Possible column parallel processing implementation (pixel architecture)

I vdd |
I vbias /% :
reset

A I R |
|

: vdd :

|

N~ h 1

| [ ]_output :

I

I ond ? :

| gn:ij I

|- — — — — T !

To bereplaced by an amplifier x5?

Syxidenes
INFETATRERE

/2. Readout-Clamping-Readout CD§

Rather fast (~10 MHz effective),

still smple architecture, promising

¢ If signal amplified (x5)7?

4

17
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Possible column parallel processing implementation (pixel architecture)

/ 3. Analog on-pixel CDS \

|
| i i : Startsto be complicated.
| T All details count (chargeinjection,
: s L }I oupur | threshold dispersion, biasing...)
I an
AN - | Easier with PhotoFET and
! . current memory?
Y and i \ y J
|
1

18
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Possible column parallel processing implementation (pixel architecture)

r--—-—=—="=—"=—=="="="="="="="="="7"71

vbias

rest |

output

GM ulti-frame on-pixel buffering

To bedemonstrated, limit on the
number of frames (107?)
Implementation may be easier
with PhotoFET and current
memory cells

19
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MIMOSA-6: first sensor with integrated functionality
| ReS-L EPSI/DAPNI A collaboration

READOUT

CALIBRATION

i charge sensing !
ielement 3+3.3 V:

SMP2 a./
gy 2 lanTind
SMP1 —/.—— IE—‘

Gain=100 puS

PIX OUT1

pixel row: n-1;

Care 1 GainF1

i SF -source follower
! VA -voltage amplifier
! LT - linearised transconductance

Gain=5-1 O‘f;ﬂ}‘on

NWELL/P-EPI
reverse

PIX OUT2
pixel
row: n
perating point
control feedback
I pixel row: n+1:

Column level circuitry

128 pixels/’column, 5M Hz effective

(signal discrimination,
analog-to-digital conversion,

multiplexing, data compression) \_l_/

Pixel layout:
28x28 um?2
29 transistors

readout frequency, Power
dissipation ~500 pW/column

4 D

First results:

ENC = 15 electrons
Comparator offset (input referred)

<1lmV
Pixel-to-pixel output voltage dispersion
k too high! /

20
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SF bias .. ...

gnd

charge :
sensing:
element.

RD SW_1.

OUT_MEM 1

:j_D

SH_SW_2

Pixel layout:
26x26 pum?2
15 transistors

128 pixels/column, 3 MHz effective

readout frequency, power
dissipation ~700 pW/column

21
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Monolithic CMOS Pixel Detectors for Radiation Imaging?
A lot still to be done!

1. Visible light: first and the most important commercial application!

2. X and y imaging: not very appropriate (except dental imagers using scintillating converter)
3. a and electron (3) imaging dosimetry : see SUCIMA Collaboration contribution

4. Neutron imaging (using Be or Ga converter foils)

Photo
< 18 mm : | ol o "
«—P+ Epitaxy Eige
-: 15 mm ;- ~~ P++ substrat Photo- 1 Photo-

cathode L electron —
Focusing f-" " T
[ . 1 H electrodes
Back - thinning for low ener gy electronsimaging a
VACUUM
! A }
S/ THITHTH
Silicon
sens::'l ‘\ :
- N bt
S .‘.
I-I—lul—l—'-l—l—lul—l—l--l—

Hybrid Photo Diode (HPD) ---> single photon imaging

22
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Conclusions

M Excellent tracking performance of CM OS pixels successfully demonstrated with
small and large scale prototypes. €~99%, S/IN~20-40, 6~1.4-2.5 um @ 20x20 um? pitch
M Easy accessto processes with epitaxial layer (e.g. TSMC 0.25 um with 8 um thick
epitaxial layer)

M Cost effective solution for a complicated, already well performing and promising
device (~2-3 k$/ 8" wafer = 10-15 $/cm?)

M directionsto investigate:

= readout speed improvement, data processing (spar sification) on-a-chip OR data
buffering befor e slow readout

= optimization of the sensitive element - alter native charge sensing structures

= yield optimization of a large size chip, thinning to 20-50 um, on-wafer stitching,
mechanical mounting and cooling

= radiation hardness under standing/improvement (already OK for STAR and TESLA)
MlIntensive R& D program at Strasbourgon CMOSMAPSfor STAR and TESLA VD,
in collaboration with several other centers (Rome, DESY, CERN, BNL, LBL...)

MR& D program for radiation imaging application (SUCIMA, Euromedim...)
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