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[ Short history of monolithic pixels

M 1987-1994 Univer sity of Hawail,

VLSl pixel device for particle detection
p-type high resistive silicon substrate, detector - PDIFF-PSUB/NDIFF
diode, electronics -PMOS transistorsin NWELL, CMOS at the periphery
M 1993-1996 CERN,

monolithic silicon pixel detectorsin SOI technology
n-type high resistive silicon substrate SOI, detector - PDIFF/NSUB,
electronics- CMOS SOl

M 1994-1997 KEK National Laboratory for High Energy Physics,
PMOS pixels

p-type high resistive silicon substrate, detector - PMOS transistor in floating

NWELL, electronics - CMOS at the periphery

M 1998-... IReS/LEPSI,
pixels CMOS
p-type low resistive epitaxial substrate, detector - NWELL/PSUB diode,
electronics - NMOS transistor in NWELL, CMOS at the periphery
1999 - first small scale prototypes
1999-2000 first beam tests (6~1.5 pm, € ~99%)
2001- expect first large scale prototype £
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M | dea and basic architecture

€ from digital still and video cameras @ to particletracking device
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 The effective charge collection is achieved through the
thermal diffusion mechanism,
» The device can befabricated using a standard, cost-
effective and easily available CM OS process,
» The charge generated by the impinging particleis
collected by the n-well/p-epi diode, created by the
floating n-well implantation,

- » The active volume isunderneath the readout
Twin - tub (double well), CMOS electronics allowing a 100% fill factor, asrequired in

tracking applications.
 operation ‘in the dark’

process with epitaxial layer

- The “warmest’ COI our represents « only sporadic hits %
the highest potential in the device « very low signals y
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M Why CMOS?
M Why monolithic pixel devices:

= 1 unique substrate for detector and electronics:
- thin device = reduced multiple scattering effect,
- no detector-electronics connection (neither complicated and
expensive bump- nor fragilewire- bonding.
M Why pixels CMOS:
= standard, well established industrial fabrication process.
- accessto the most advanced technologies - no expensive own development,
- convenient way of design - standard softwaretools, design kitsand libraries,
- good price and high yield !
- low power consumption,
= CMOS process:
- system-on-a-chip capability - integration of amplifiers, ADCs, signal processing
units etc. on the detector, random pixel addressing,
- detector radiation hardness - no bulk chargetransfer (CCDs).
= submicronic CMOS:
- very good spatial resolution (~1 um) - small pixel size,
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M Simulation of physics process
Particletrack

Particletrack
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+5.059e-02

t=0ns Carrier concentration T=25nsS
* The charge collection efficiency examined using the mixed mode device and circuit simulator DESSIS-ISE from the | SE-
TCAD package,

* The charge collection istraced as a relaxation process of achieving the equilibrium state after introducing an excess charge
emulating passage of the ionising particle
* Thedeviceisdescribed in three dimensions by a mesh generated using the analytical description of doping profiles and the
boundary definition corresponding to the real device,
. D|fferent detector parameters, including the thickness of the epitaxial layer, the size of apixel and collecting diodes and

number of diodes per pixel, were investigated. @
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M Simulation of physics process
« Simulation of char ge collection:

5 um epitaxial layer 15 um epitaxial layer

25 um epitaxial layer
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« Experimental verification:

distance from diode (central point) [pm]

Clusters of Pixel with S/N>2.5

e ¢ 3500 L | MIMOSAT
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Number of pixels in a cluster

The measured collected charge for two chips having
14 um and less then 5 um, the pitch of 20 um
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M Simulation of physics process
Phy P Minority carrier lifetime

. . . . . )
« Simulation of char ge collection time: o
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« Highly doped substrate contribution:
5 um epitaxial layer 15 um epitaxial layer 25 um epitaxial layer
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370e = 250€ (~329%) 780e = 670e (~14%) 920e = 860e (~6% )

&
I‘eS LEPSI=

Katedra E|Ektr oniki 7 Recherches Subalolm iques
- - TRASBOURG
AGH, Krakow

Simulations supposing substrate thickness = 0 um




|EEE NPSS Silicon Pixel/CCD Tracking Detectors Cour se, Grzegorz DEPTUCH
July 10, 11, 2001, Snowmass, Colorado USA deptuch@lepsi.in2p3.fr

| Prototype M I M OSA chips

e standard 0.6um CM OS (tox=12.7nm)
e 14um thick EPI layer (10%cm3)

ooa|  ® A arrays 64x64 pixels

o e pixel pitch 20x20um?
) « diode (nwell/p-epi) size 3x3um? - 3.1fF
* serial analogue readout

ROW_SELxx

[ROW_SEL SHIFT REGISTER 644
10 e 1010 1O
| 1 LINEO!

MIMOSA |
* max. clock freq.: SMHz pixels layouts
* diesize 3.6x4.2mm?2 = ——
53 « technology 3M +2P . L
=' ¢ [COL_SEL SHIFT REGISTER 64b o CONTROL [~ RESH | |- iiie b
a EL+ PO S S S Ee * power supply 5V F 'F .
RE_SEL SHIFT REGISTERG4b] @) llli hu!I 'l 1 Vel 11 o)
MIMOSA | block schematic diagram | 111 T J _u
N [h Oh O m CH e standard 0.35um CM OS (tox=7.4nm)
g [3] ! ) * 4.2um thick EPI layer (10%5cm)
Eoli Lh Ch Eh . [ won| * 6 arrays 64x64 pixels
2,8 Ch CH CH g, OH égm « pixel pitch 20x20um?2
Rk mHEEE 5 * diode (nwell/p-epi) size 1.7x1.7um? - 1.65fF
ﬁl*g g - ’ * serial analogue readout
g3 O CH OH e CH fomel =G o max clock freq.; 25MHz
0 g e R e diesize 4.9x3.5mm2 MIMOSA Ii
mt » il « technology 5M+2P_ pixels layouts

* power supply 3. 3V
e radiation tolerant |
e transistor design

| = 2+l |C25pF == CI
pattern: -
RESET l 000..01{10...000 oul ool

roete COL_SEL SHIFT REGISTER 64b] =

INIT

MIMOSA Il block schematic diagram

o
Amwﬁ

irimentsar

MIMOSA - Minimum lonising Particles MOS APS res LEPSI
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M Readout and data processing - now ~ Singlepixel architecture _
with smplified readout and signal processing

ROW
LINE 01

1 e ) A
] e (L] LT L]

>

RE_SEL xx

>Ml

ROW
LINE 02

N
V

ROW_SEL COL_SEL

M1
COLUMN
M3aj e | M3k COLUMN

a
M3
M1 - reset transistor D__I

M2 - source follower
M3 - row switch

ROW
LINE 03

ROW _SEL xx

GND

(T N .

CLOCK |

1) e L] gl ]

RE_SEL SHIFT REGISTER 64b

v v
ROW_SEL SHIFT REGISTER 64b

gnd
ﬁ%“ CONTROL RESET
L > [ Mool LOGIC
CO LINE_SYNCHRO 2o wire T~y
RO 0 o M e >
u , Vref_int -] outpu
2 2n C=2.5pF == CI:= . ) Vref_ext af e s
loum—] i - > i =
E PIXZQ\_‘ Cl“”\ VDD
. 2n+1 C=2. 5pF Y GND C
reset | ||| B000ilo..000 oal —L éMcZ oa_me Y™ KTC noise suppressing
roele |COL_SEL SHIFT REGISTER 64b| = FIF
| INIT |
o d GG = L HH (x)h(x):kT
MIMOSA Il block schematic diagram °”
FADC 12 bits
. S1 N0|se KTC[V
Buffer : 8192 wor ds/channd V4
cd CDStransfer function
FO F1 5
2 4f3dBS|n (TCTf)
e GND |HCD (f)| f2+f3dB
4096 words 4096 words pS,
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M Readout and data processing - now

Sisnsl ’“\‘ﬂb 60 Data after CDS Processing
& o

1 : ADC, ot ll »

» Off-line CDS: HP 20

Signal [*1“\\“:.0 6 First Frame Raw Data Signal i 10\\,3:.] 60  Second Frame Raw Data 0

2 ”C{. pﬂs-ll-llmnlz 0 ,f_-lf}(‘{l pusi“‘"“20 100 ..

3000 3000

2000 | 2000

1000 § 1000

60 60 60
» Pedestals: frame 1) « Common Mode: frame2) frame2 — framel)
Signal le\% 80 Pedestals Signal L n\\% 60 Common Mode Signal 20 ‘U:i‘{l:J 60 Data after Pedestals and CM Correction
i

[ ”)(.'\f_ pﬂ’:lﬂu 0
0

140 Pns“‘"“zg
0
100

« Temporal . Sl_gnal-tp-
noise noiseratio
distribution: evaluat_ed for
considered

event

9
I¥eS [EPSI=

Instity
AGH, Krakow - 10 - Recherches 5“':‘1;,.""‘,.,3‘.‘,‘5;



Grzegorz DEPTUCH
deptuch@lepsi.in2p3.fr

|EEE NPSS Silicon Pixel/CCD Tracking Detectors Cour se,
July 10, 11, 2001, Snowmass, Colorado USA

M Readout and data processing - now
« Raw data before CDSfor MIMOSA | @ -20°C:

Pedestals Distribution in Raw Data Raw Data Single Pixel Signal Noise Distribution in Raw Data

Nent: 4096 200 | Raw Data I N, L 4096
150 \ . ent:
Mean: 2090.0 - Pedestal nf: 4587 200 i Medn: 13.043
125 229277 150 | - Mean: -0.352 RMS: 5.737
£ 100 .§ j SD: 8.941 .§ 150
£ g I
s 75 g 100 S 100
H * E:S
50 50 50
25
01 Tl s, 0 Lt 0 o
1500 2000 2500 3000 -60 -40 -20 O 20 40 60 10 20 30 40
Pedestals Levels [ADC] Pixel Signal [ADC] Noise Levels [ADC]
or-.
- Data data after CDSfor MIMOSA | @ -20°C:
Pedestals Distribution in Data after CDS Data after CDS Single Pixel Signal Noise Distribution in Data after CDS
I 300
Data after (DS ALy colc .
800 Nent: | 4096 300 (pixel 2740) Nent: 915 IIVent. 1019“61
Mean: 6.568 250 [~ Ledestal Mean: -0.101 250 Mean:2.324
.§ 600 RMS 3.537 £ 200 - Common Mode SD: 1.945 '§ 200 RMS: 0.723
= g =
S 400 S 150 g 190
* * 100 \ * 100
200 5 / m 50
0 0 0
5 10 15 20 25 30 -5 0 5 10 2 4 6 8
Pedestal Levels [ADC] Pixel Signal [ADC] Noise Levels [ADC]
« Summary of measur ements (beam tests 120 GeV 1): . _ _
Noisemean [e-]: mean SIN:
Collected charge[e-] ‘Landau peak’: . single pixel  3x3cluster
seed pixel  3x3cluster MIMOSA 1: 1diode 12-14 42
MIMOSA 1: 1diode 302 896 4 diodes 2530 32
4diodes 517 1155 MIMOSA2: 1diode 9-12 22
MIMOSA2: 1diode 110 315 %
2 diodes 136 407 )
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M Readout and data processing - big chip ssimple quick start solution

< ~8.70r12.1cm >
RRRAR A A RRRA
H g HHH
3 total
1TOP © 5 or 7 modules
4 arrays N 1020x1024 pixels
51 0x512 - ] e
17350 pm>» each module
one reticle
| P1BOT e size
H 17x17 519400x17350 pym
HH um pitch \ 4 ° i
ue readout || analogue readoutl |ana|ogue readout|[analogue readout| & analogue readout || analogue readout
TOP&BOT LEFT|TOP&BOT RIGHT| |[TOP&BOT LEFT|[TOP&BOT RIGHT| v TOP&BOT LEFT|TOP&BOT RIGHT]
| digital control I digital control ” digital control I digital control I l digital control || digital control
TOP&BOT LEFTJ[TOP&BOT RIGHT] |[TOP&BOT LEFTJTOP&BOT RIGHT] . TOP&BOT LEFTJ[TOP&BOT RIGHT]
00000000 00000000 v oneslabofsilicon OO0 OC00]
; ; analogue signal bus
s summi ng of Slg_nals ) (readout clock frequency 50 MHz) I
from adjacent pixelsin LL <€
onerow -pr eserved good 2 VME based readout system
) > fast ADC's
charge collection and hardware data processing units

M stitching: coarse- 100 um, precise- 1 um

M for larger pitch in onedirection - signal summing
M analogue r eadout - with hardwar e processing

M process 0.6 um with 14 um epitaxial layer

M lot of six 6" wafers 36k

&
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M Calibration of the conversion gain - with soft X-rays

« Calibration methods: 1 Pixel - Cluster Signal Distribution 1 Pixel - Cluster Signal Distribution
] o ) ] I I-diode pixel 350 MIMOSA I 4-iode pixel
Poisson statistics of the integrated shot noise 500 Nenti 20492 300 \ h| At 13121
: ) Big Peak Big Peak
transfer curve of the squared pixel noise upon the . 400 Mean-G.67 250 ” Mran: 3593
measured average signal over certain number of £ ., R2:3.78 § 200 | R2: 3,74
acquired images Q Second Peak | 1§ 150 4 ! S
= 200 TS 100 ot \s.o kevd "5,
Emission spectra of alow energy X-ray source o, Rz 0 IW HH w R2: 185
e.g. iron ®Fe emitting 59 keV photons 0 e IV g WU\II\||“.‘.H!||\| b ke
very high detection efficiency even for thin 50 100 150 200 250 300 350 20 40 60 80 100 120 140

detection volumes - 1 =140 cné/g, constant Cluster Signal [ADC] Cluster Signal [ADC]
number of charge carriers about 1640 e/h pairs
) configuration with configuration with
INCIDENT/PHOTONS single diodein one pixel four diodesin one pixel

PASSIVATION 1 Pixel - Cluster Signal Distribution 1 Pixel - Cluster Signal Distribution
40 [1 MIMOSA I 1-diode pixel 5.9 keVl MIMOSA I 4-diode pixel
3.9 keV_ 100 bt |
30 M Tl
% \ Second Peak g 80 Second Pealk |
T \ Mean: 271.67 g Mean: 109.09
5 2 \ D559 R 60 SD:3.63
"y ] R2:3.78 * 40 R2: 1.85
10 W / sV 20 HH \ 649 keV
0 / o £ )
260 280 300 320 100 110 120 130 140 150
Cluster Signal [ADC] Cluster Signal [ADC]
1diode—14.6 uVv/e 4 diode—6.0 uV/e
MIMOSA | CMOS 0.6 um
H ENC=14e @1l.6 msf.rate |ENC=30¢€ @1.6 msf. rate
1ldioderad. tol.—22.9uV/e |2dioderad. tol.—17.5uV/e
MIMOSA Il CMOS 0.35 um
H ENC=12e @0.8 msf.rate [ENC =14 € @0.8 msf. rate
ol ] res Rs amw’?’-é'; oo
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M Char ge collection time opie

READOUT CONTROL

LASER DRIVER VRIE FRAE
1060 nm__ §# €

e
i

o

= | aser test set-up for strip detectors
evaluation:
- 660 nm and 1060 nm pulse laser diodes,
-risetime=0.2 ns,
- pulse width = 8.5 ns, . j | 74
- spot size 10 pm (FWHM). ’

EH% e(t)
: h g ___// e '
Haalrp(s)

laser response

TRIGGE|

READOUT
CLOCK
& RESET

source
follower

output

d(t) t deley
dtxg g e b)—+§( ) abs(t)]
100 ns differential pixel response
» Simple deconvolution resultsin ¢20 my ——

100 - 150 ns of char ge collection time o
T

me e
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M Radiation hardness (?)
* Pixel layout - radiation tolerant design rules

M radiation effects:
» Bulk damages due to mass particles (neutrons, protons and other hadrons) -
carrier lifetime % -> faster recombination -> less collected charge

* Positive char ge built-up in the oxide close to the silicon interface -> char ge losses
dueto leakage currentsand problemsin electronics

« sour ce follower with its
drain insidethe gate

e reset transistor with its
source insidethe gate

e diode N-WELL/P-EPI

Enclosed NMOStransistors-> 8x8 um?2in 0.25 um process

&
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|Z| Tracki ng perfor mance ) \ Cluster selection |
The high SN made the £10°
pattern recognition_ easy, § /f%‘w By o
’é‘ZG: . - Clusters %Iectaj us ng the g wﬂ N{‘/ S/N for the pixéls in MIMOSA in Fwarticular event I
N ) . =
N R pixelswith SIN>5asa ~ <10° oA 16 drocectoire |
, seed ... = mEs =
G% | Threshold | S/N for seed pixels
) o The clustersfound in 10 ﬂ Bt
-10% . MIMOSA matched ,'l {M|M63A|(1 ;iiode/p;xel)}
15 ’ : the track known from \"
)< VR S FE A EUN S thereference 1 !
-20-15-10 -5 0 5 10 15 20 , I {
Xoorr - Xeoog (M) detectors’ planes...
-5 0 5 10 15 20 25 30 35 40
. . Signal-to-noise
0
8 Effl Clen Cy ( /0) Residue distribution of corrected measurement I Chi2 / ndf =52.06 / 35
2 | MIMOSA |: 1diode 99.5+/-0.2 T i | A H
@ | MIMOSA |1 4diodes 99.2 +/- 0.2 V% SN R T N Sl L7000
| - . - :
o MIMOSA Il: 1diode 98.5+/-0.3 00— il
3 o -
N -
.4:‘ . . . (S N A P
= Spatial resolution (um): Fo VVL ,,,,,, \ o
) MIMOSA I: 1diode 1.4+/-0.1 - T ,
S 4 diodes 2.1+/-0.1 b ol N
. 20 -15 -10 -5 0 5 10 15 20
MIMOSA Il: 1diode 2.2+/-0.1 e X
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M Futur e prospects
M How to balance good char ge collection efficiency and larger pitch

(lessdata)?
= pixel signal summing on the ganged columns = noised!, complexity <!

= using spill gate device = speed p—— §

M2 - source follower
M3 - row switch
M4 - spill gate transistor |[D3 V94

Spill-gate bias

GND! ° Ni | . M1
pPIXeisin onerow RES_SEL

connected in groups

i

ROW_SEL
Ig :l
w

- . . - M4
decr easing effective pitch in SG_BIAS coLm
irect] OR =
| | Il | onedirection
[ — — D1 D2
2' charge 582
collecting - - wn|l A M1 - reset transistor vad
- time! & @ SG_BIAS
- DIODE 'I)\/T/\irﬁ "’% - 20pum * i M2 - source follower [— gnd gnd
Z .. M3 - row switch RES _SEL
o M4 - spill gate transistor

E big capacitance @ A
Ocharge collecting diode(s) . I
Q. smaller capacitance —{ > E

charge sense diffusion b

junction + other parasistic:
ROW SEL
gnd] gnd]
* sample size v |

M How to decrease amount of transferred data and increase speed...
tranglating to reducing kTC noise and FPN (1% step) = discrimination
and signal processing on chip, and parallel readout

= CDSon pixel level - not easy - still FPN on column level,

« " Using ‘activereset method’ and DDS parallel column procng

o /,A‘\ X
A IfeS LEPS =
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M Future prospects - example DDS chip proposal

S "en Important condition:

(04 reset noise (kTC) decrease
ot W
a2 1. readout of signal
E (12

= ‘LOW’
S - o
E % ‘< 4? ‘OPEN’ S ‘HIGH’
7R AN 2 I
- w n
bu,, > U’I-> ‘HIGH' b'Low’ lﬂd
wh (S| | | o 2. reset of pixels in one row
e » 3. readout of signal after reset

CONTROL ] I A (S R)
LOGIC

0
‘LOW’d VHIGH’ :L‘d

4. signal multiplexing

I A(S R)

~|Sample/Hold circuits
[ | |

s i s 44 | I .

%’;I:TIN COL_SEL SHIFT REGISTER |

Possibility of on chip
discrimination, ADC ...
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DAC AWRL_L_
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M Futur e prospects

M How to improveradiation hardness?

= using submicronic processes with enclosed transistors, guard-rings,
= improving Si-SIO, interface conditionsin thevicinity of the charge
collecting diodes (careto ST, slicides)

P EPI problem?

P* suB P* suB
S S S S S S S S S S S S S S S S S S SSSSSSSSSS
Standard structure New design (0.25um CMOYS)
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M Conclusions
M Good performance of pixels CM OS demonstrated at small scale of 20x20 um

pixels (e~99%, SIN~20-40, 6~1.5-2.5um),

M Thelatter needsto be reproduced with lar ge scale chip!

M Accessto processes with epitaxial layer (TSMC 0.25 um with 8 um p-type
epitaxial layer - optimised for CMOSimagers),

M Cost effective solution (1900 USD/ 8’ wafer = 9 USD/cm?2 compar able to
simplestrip detectors),

M directionsto investigate

= fabrication of a large size chip - even of very ssimple architecture,

= for latter estimation of yield, thinning to 20-50 um, on-wafer stitching,

= data processing on-a-chip, s
= radiation hardness as o
50- ‘
(not so bad... 600 krad and 10%* p/cm?),
= other sensing e ements PG, PPD, PhotoFET. . = i 5,
CMOSAPS, apart of photo and video applications, can find = :“ Sas - -l
their place also in experimental physicsfor charged particle o “= "
tracking, also they can be useful in o and B particlesimaging, 10- 1'|=- o 'ﬂ?r
single photon imaging (through HPD), scintillator and Ej I:llll- ;
phosphor screen readout and high precision neutron imaging, 0 5 1015 2 & 3 35 40 &5 B o5 cbes gﬂﬂ
§ 5.486 M eV o particles from a 242Am sour ce with MIMOSA | )
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