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Silicon for the FCC - Setting the Scene

Silicon sensors are core tracking element in HEP

At present, vast majority of (large) experiments use (or install)

passive silicon in dedicated technology, often from single source

Mostly Hybrid Technology (sensor and separate FE ASIC)

Area of silicon is constantly increasing

Presently running Si trackers provide 3D space points

AFast timingo to -DlelCupgradds e . g . I n Phase

FCC poses a number of challenges: position resolution,

low mass, radiation doses (for FCC-hh)

FCC detectors will likely also have silicon-based trackers!

If we would need to start building in 5 or 10 years, this

woul d be monolithic CMOSé possibly Iike ALI CE
Most CMOS projects are pixels 7 also strip examples

My FCC Requirements: ~3 um single-point resolution,

~5 ns time resolution, average power consumption below

~50 mW/cm2, low mass (thin, low inactive area)

A Small highly biased CMOS selection presented today
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Silicon for the FCC - Setting the Scene

Silicon sensors are core tracking element for in HEP

At present, vast majority of (large) experiments use (or install)

passive silicon in dedicated technology, often from single source

Mostly Hybrid Technology (sensor and separate FE ASIC)

Area of silicon is constantly increasing Descrintion

Presently running Si trackers provide 3D space points. _ P _ B .

AFast timingo t o -DLEC upgradds e .RC& , Spatjal gpsolufipg; <3 un position resolution
RG2 Timing resolution: towards 20 ps timing precision

FCC poses a number of challenges: position resolution, =~ RG3  Readout architectures: towards 100 MHz/cm?, 1

low mass, radiation doses (for FCC-hh) griflr:ie“ég:f?gzizﬁfyd monolithic sensors, ana
FCC detectors will likely alsp havc_e silicon-based trac_kers! "G4 | Radistion tolerance: towards 105 n. fem NIEL
If we would need to start building in 5 or 10 years, this and 500 MRad =

woul d be monolithic CMOSeé pB&SSulcolibre¥areacmosefisorsAL | CE
Most CMOS projects are pixels 7 also strip examples

My FCC Requirements: ~3 um single-point resolution,

~5 ns time resolution, average power consumption below

~50 mW/cm2, low mass (thin, low inactive area)

Small highly biased CMOS selection presented today
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Example: Passive CMOS Strips

A Sensors: 150nm LFoundry, 150 um thick, passive
(Bonn, TU Dortmund, DESY, Freiburg) wr o ==

A Two lengths of strips: 2.1 and 4.1 cm

Regular design (40 strips)

Alcm2reticle used Y stitch

A Three different designs

A Regular i similar to the ATLAS ITk strip design
Reticle A Reticle B Reticle B Reticle B Reticle C
A Low dose 30 & 55 i low dose implant and NIM capacitor
Sensors simulated, studied in lab and
T CHD)
test beam measurements e
:, ......... ¢
R
—
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Passive CMOS Strips: Electric Field simulation at 100 V

Y [um]

.
50 -
Abs(ElectricField-V) [V*ecm”-1]
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I/V [uAlcm®]

Passive CMOS Strips:
Leakage Current Post-lrradiation: Measured and Simulated

CERN Bulk+Perguia Surface Model

Perugia Bulk+Surface Model
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Vbias [-V]

Dashed line: simulation
Solid line: measurement

1 1 | 1 1 1 1 1 1 1 1 1 1 1 1 1 1
500 0 100 200 300 400 500

Proton and neutron irradiated,
all fluences NIEL, T = -30 °C
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Passive CMOS Strips: Test Beam Measurements

A Measured at DESY-II test beam facility A Calculate SNR (Signal to noise ratio) in each strip
A Telescope consists of 6 ALPIDE Pixel sensors A Identify real hits and create clusters of hit strips by
A Device Under Test (DUT) read out with ALiBaVA applying a cut in SNR (Seed or Neighbour cut)

system (analogue, Beetle ASIC (LHCD)) A Measure cluster size
A Several DUTs : from unirradiated to proton and

neutron doses up to 3x10% n,,/cm? (NIEL) o' E Uninradiae |+~ T

100 S=4,N=1.5,100V
21 regular

107 71 lowdose55
—Z1 lowdose30

N RPN PR
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Passive CMOS Strips: Resolution

A Residual: Distance between cluster positonon DUT A Ef f ect i s caused by det ai
and reconstructed track intercept at DUT A E.g. ATLAS IBL also experienced time-dependent
A DUT resolution obtained by subtracting known position drifts and needstime-d e pendent al

telescope resolution
A Initially, resolution was time-dependent, requiring
time-dependent alignment and correction

f— 100 _—' L .' L L L '—_ — 30'_=| 1 T [ T 11 [ rrr 1 |=_1
E I Meanresidual of the DUT, E [ Mean residual of the DUT, -
~ 75 Uncorrected - ~ 20 Corrected E
I E 5
g F . v 10 X
wn B - wn
T 25F i & o
c F i c
S 0 = T _10
= | I I ] = I l I

0 1000 2000 3000 4000 0 1000 2000 3000 4000

Time [s] Time [s]
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Passive CMOS Strips: Resolution

A Expected binary resolution is reached A Resolution reaches constant value around full

A Resolution remains constant up to 3x101° Neg/CM? depletion (efficiency plots give similar message)

A Resolution improves slightly with voltage for A Resolution of LD30 and Regular design
unirradiated sensor, same resolution for all 3 designs comparable, LD55 worse

A Irradiated sensors show different resolutions for the

Resolution [lum]

designs and a slighlty degrading resolution with voltage

1 I I I I I I I I 1 I I I 1 | I I I I _ N I I I I I I I 1 1 I I I I 1 I I 1 | ! I I 1 ) I 1 I I 1 I I 1 _
40 - Unirradiated ] 40 - Ne utron 3 1054 neq/cm2 3 40 F Neutron, 3 -10%° neq/cm2 -
- S=4,N=1.5 ’ = - S=4,N=1.5 ] = - S=4,N=15 ]
30 4 X 30F 4 2 30F =
_ E - :#___1 —— WA v p, :L v’ E c (g ‘: S E
20 PN emggesjtmmnnymannyy O ) Kr==—Re—agpitt 2 2 = o = =
N . % e . % - .
10 :—-} regular 4 4§ 10 regular 4 $ 10| regular -
- - lowdose55 1 - -= lowdose55 1 o - = lowdose55 .
0 —-} lowdose30 - 0 |- lowdose30 - 0 -3 lowdose30 -
| 1 1 I 1 1 1 I L 1 L I 1 1 1 I 1 1 1 I - - I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 l - 1 I 1 1 1 1 I 1 L 1 1 I 1 1 1 1 I -
20 40 60 80 100 50 100 150 200 250 200 300 400 500

Bias Voltage [V] Bias Voltage [V] Bias Voltage [V]

Dashed line: expected binary resolution
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A Efficiency measured by search window around

A Efficiency increases with voltage, as depletion
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Passive CMOS Strips: Efficiency

telescope track, extra

polated to DUT

progresses trough the sensor
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Bias Voltage [V]

A Irradiated sensors have reduced efficiency with

increasing dose (need higher bias to become efficient)
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Passive CMOS Strips: Efficiency

A Efficiency measured by search window around A Irradiated sensors have reduced efficiency with
telescope track, extrapolated to DUT iIncreasing dose (need higher bias to become efficient)

A Efficiency increases with voltage, as depletion A Regular design largely performs best
progresses trough the sensor A Lowdose55 design disfavoured
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1.25E Sod Not 5 E 1.:25E A eq : 1.25E St Nt 5 eq E 125;?3,1152?,53 10™ neg/cm 3 105 gfftl\rlg?.él 10°° neg/cm 3
5100; 510(} ;-__--__---_---__---_-: 5100 :----—_--___---_---_--: 5100 :-_---------_-- : 3100 ------------------- -_-'
c - c - . c o . = G - g ] T
g 075f g 075 F e * g 075 1 8 o7sf " i 8 ors *L?ﬁléfsress 3
= oY / = I ] = o = = | 3
w 050 ¥ regular W 050 ¥ regular W 050 F regular w 0.50 % reqular [ 0.50 ¥ lowdose30
E lowdose55 7 E> lowdose55 7 F lowdose55 7 F 3
0.25 F ¥ lowdose30 7 0-25 E ¥ lowdose30 025 F ¥ lowdose30 025 * :gxsgzﬁgg—: 0.25
Lo b v v by v v by v v by s 11 o e b v by g by s by 1 tlov v by v by v v by s 11 r T 3 %
0.00 20 40 60 80 100 09%0 20 60 80 100 120 00750 100 150 200 250 000iginmmmnmm e 0.00 20 == s 00500
Bias Voltage [V] Bias Voltage [V] Bias Voltage [V] Bias Voltage [V] Bias Voltage [V]
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somewhat different effects on designs in > 1.00 :—X}--,;_-_-a--------_-,g > 1.00F
.. 2 E % ] e
terms of efficiency S orsk /*— § 8o
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Passive CMOS Strips: Ef f 1 c1 encyt Maps Ef h |

A In-Strip plots: folding all strips onto a single one A Following slides will be
(unit cell) to increase statistics (see picture to right) stepping up bias from where —
. . - . 1
A Plots show 2D effciency map of unit cell, and hits are seen to max bias B}'-‘z‘:”;j‘;’ﬂ
projections parallel (x) & orthogonal (y) to strip direction voltage RN
. . L ]
A Example: sensors irradiated to 3x101° Ne/cm? (all 3 .%.%: :%:
: L}
designs) oL lal ol Jol o
' ) ] 1 ]
' ' ] 1 ]
' ' ] 1 ]
Neutron, 3 - 10*> neq/cm?, LD30 Neutron, 3 - 101> neq/cm?, LD55 Neutron, 3 - 101> nq/cm?, Reg L I L L
190V; S=4, N=1.5 190V; S=4, N=1.5 190V; S=4, N=1.5 ' ’ .
— 1 S r 1.0 — 1 —; - 1.0 — 1 —Fa i r 1.0 ’
§ | . & F . B | - | .
e I 08e ¢ | 08e ¢ I 08 & | '
O o5 | LAk 0 O ok Q0 O ok D ' '
3 068 @ [ 068 @ [ 062 |° :
S moo@ 5 8 6E || :
> -1 | o i Vi'a 0.4 > -1 | v, s Uias ®' S, 0.4 > -1 | ey 0.4 .
0 1 0 1 0 1 Folding onto
- 1.0 ' 1.0 1.0 unit cell
40.5 40.5 0.5
ORI [T TN TR TR T [N TN TN A W N SN 0.0 PO T [N TN TN T T N N W SN S S TN 0-0 PO T [N TN TR TR T NN TN T W S N T 0-0
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Passive CMOS Strips: Efficiency Maps

A Efficiency increases with bias voltage: starts to increase for Regular (190 V), then LD30 (230 V
to 250 V), then for LD55 Design (320 V to 350 V)

A "Efficient" region starts out wider than strip implant.

A Width of efficient region stays constant after few voltage steps

A Overall efficiency continually grows

A Stitching not visible anywhere in efficiency map -> stitching successful, even after irradiation!

Neutron, 3 - 10%> neq/cm?, LD30 Neutron, 3 - 10%° neq/cm?, LD55 Neutron, 3 - 10%° neq/cm?, Reg
, 280V;8=4,N-15 230V; S=4, N=1.5 230V; S=4, N=1.5

= — 1.0 = 10 1.0 = 10 — =y 1.0
c i 0.8 & c i 0.8 qc) c i 0.8 qC)
2 0F 3 £ or 5 = 0r S
‘D : 0.6 & [ - 0.6 &£ ‘D i 0.6 &
§ g g i
> _1 ol | 04 > _1 | 04 > _1 L | 04
0 1 1.0 0 1 1.0 0 1 31.0
0.5 0.5 105
IV S Tvars N0} TV S s N N0 P SR S . Y
25 0 25 25 0 25 25 0 25
x Position [um] x Position [um] x Position [um]
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Passive CMOS Strips: Efficiency Maps

A Efficiency increases with bias voltage: starts to increase for Regular (190 V), then LD30 (230 V
to 250 V), then for LD55 Design (320 V to 350 V)

A "Efficient" region starts out wider than strip implant.

A Width of efficient region stays constant after few voltage steps

A Overall efficiency continually grows

A Stitching not visible anywhere in efficiency map -> stitching successful, even after irradiation!

Neutron, 3 - 101> neq/cm?, LD30 Neutron, 3 - 101> ney/cm?, LD55 Neutron, 3 - 101> neq/cm?, Reg
250V; S=4, N=1.5 250V; S=4, N=1.5 250V; S=4, N=1.5
z — - - 1.0 = 1T ——— - 1.0 = 1T ——— —r 1.0
S, > S > S >
- 08 = 082 = 0.8 &
S of 2 S o 3 2 of 3
o [ 06 E @ 06E @ [ 0.6 &
£ F w 9 w P °f Ll
> g L | 0.4 > 4L > ¢ Lnl 0.4
0 1 e 0 1
0.5
PRRNTI [T TR TR T T [N TN T T N N1 0-0 PRI T T P T R T BT PR B R T PR R I BT
25 0 25 25 0 25 25 0 25
x Position [um] x Position [um] x Position [um]
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Passive CMOS Strips: Efficiency Maps

A Efficiency increases with bias voltage: starts to increase for Regular (190 V), then LD30 (230 V
to 250 V), then for LD55 Design (320 V to 350 V)

A "Efficient" region starts out wider than strip implant.

A Width of efficient region stays constant after few voltage steps

A Overall efficiency continually grows

A Stitching not visible anywhere in efficiency map -> stitching successful, even after irradiation!

Neutron, 3 - 101> neq/cm?, LD30 Neutron, 3 - 101> neq/cm?, LD55 Neutron, 3 - 101> neq/cm?, Reg
| 270v: S=4,N=15 270V; S=4, N=1.5 270V: S=4, N=1.5

—_ . - 1.0 —_ 1 - 1.0 —_ 1 -—re 1.0
[ c I T T I D i A T
c i 0.8 qc) g : 0.8 qC) cC) 0.8 ‘q:_)
o . =
B °t 06:§ i °F oeszJ ? ’ 06:§
" “m 2 m 2 T
> =4 L 0.4 > - | 0.4 > -1
0 1 210 0 1 1.0
b d 0 0.0
x Position [um] x Position [um] x Position [um]
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Passive CMOS Strips: Efficiency Maps

A Efficiency increases with bias voltage: starts to increase for Regular (190 V), then LD30 (230 V
to 250 V), then for LD55 Design (320 V to 350 V)

A "Efficient" region starts out wider than strip implant.
A Width of efficient region stays constant after few voltage steps
A Overall efficiency continually grows
A Stitching not visible anywhere in efficiency map -> stitching successful, even after irradiation!
Neutron, 3 - 101> ngq/cm?, LD30 Neutron, 3 - 101° neq/cm?, LD55 Neutron, 3 - 101° ngq/cm?, Reg
300V; S=4, N=1.5 300V; S=4, N=1.5 300V; S=4, N=1.5
—_ 1 TR TTT - 1.0 — 1 1.0 — 1 ey 1.0
5, i - ’ | : > 5 : > .E. : ' -
c [ 082 ¢ [ 08e ¢ [ 0.8 2
S ok S S ofF S o ok ks
3 06 @ | 06 @ | 06 &
S I R TR R Tm 2 L T
> g Lo | 0.4 > g Los 0.4 > g Lot 0.4
0 1 0 1 210 0 1 210
W 0.5 0.5
R g0 e 00
x Position [um] x Position [um] x Position [um]
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Passive CMOS Strips: Efficiency Maps

A Efficiency increases with bias voltage: starts to increase for Regular (190 V), then LD30 (230 V
to 250 V), then for LD55 Design (320 V to 350 V)

A "Efficient" region starts out wider than strip implant.

A Width of efficient region stays constant after few voltage steps

A Overall efficiency continually grows

A Stitching not visible anywhere in efficiency map -> stitching successful, even after irradiation!

Neutron, 3 - 101° ngq/cm?, LD30 Neutron, 3 - 101° ngq/cm?, LD55 Neutron, 3 - 101° ngq/cm?, Reg
310V; 8=4, N=1.5 310V; S=4, N=1.5 310V; 8=4, N=1.5
= 1r - —rr 1.0 = | ——————1—=7 1.0 = 1T - 1.0
S > S > S >
= I 0.8 % =l ) 0.8 % - I =
o | o L o -
= Of 2 = O w2 = O (5
£ o 2 f R TR - =
> = [ | > -1 i > =1 _l L |
0 1 0 1 0 1
25 0 25
x Position [um x Position [um x Position [um]
u u
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Passive CMOS Strips: Efficiency Maps

A Efficiency increases with bias voltage: starts to increase for Regular (190 V), then LD30 (230 V
to 250 V), then for LD55 Design (320 V to 350 V)

A "Efficient" region starts out wider than strip implant.

A Width of efficient region stays constant after few voltage steps

A Overall efficiency continually grows

A Stitching not visible anywhere in efficiency map -> stitching successful, even after irradiation!

Neutron, 3 - 10> neq/cm?, LD30
320V; S=4, N=1.5

—
1

v 1.0

y Position [cm]
o
Efficiency

x Position [um]

universitatfreiburg

-y
1

Neutron, 3 - 10> neq/cm?, LD55 Neutron, 3 - 101> neq/cm?, Reg

320V; S=4, N=1.5

320V; S=4, N=1.5

y Position [cm]
(@]

1.0

1.0

~— 1 E I
E B O PR T .
c c T AR 08 ¢
© oS oL AGRR IR &
= 06 £
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Passive CMOS Strips: Efficiency Maps

A Efficiency increases with bias voltage: starts to increase for Regular (190 V), then LD30 (230 V
to 250 V), then for LD55 Design (320 V to 350 V)

A "Efficient" region starts out wider than strip implant.

A Width of efficient region stays constant after few voltage steps

A Overall efficiency continually grows

A Stitching not visible anywhere in efficiency map -> stitching successful, even after irradiation!

Neutron, 3 - 10> neq/cm?, LD30 Neutron, 3 - 10> neq/cm?, LD55 Neutron, 310> neq/cm?, Reg
; 350V; S=4, N=1.5 15 1 350V; S=4, N=1.5 M 1 350V; S=4, N=1.5 o
= 082 <= [ 08 = 08 &
S of g S of g &
2 06 @ [ 06 E @ 0.6 £
g F w £ F VT o Ll
> 1 ' > : 0.4 > 0.4
0 1 0 1 11.0 1.0
0.5 0.5
0.0 10.0
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M M
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Passive CMOS Strips: Efficiency Maps

A Efficiency increases with bias voltage: starts to increase for Regular (190 V), then LD30 (230 V
to 250 V), then for LD55 Design (320 V to 350 V)

A "Efficient" region starts out wider than strip implant.

A Width of efficient region stays constant after few voltage steps

A Overall efficiency continually grows

A Stitching not visible anywhere in efficiency map -> stitching successful, even after irradiation!

Neutron, 3 - 101> neq/cm?, LD30 Neutron, 3 - 10%° neq/cm?, LD55 Neutron, 3 - 101> neq/cm?, Reg
370V; S=4, N=1.5 370V; S=4, N=1.5 370V; S=4, N=1.5
= 1 - 1.0 — 1 1.0 —_ 1 — : 1.0
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Passive CMOS Strips: Efficiency Maps

A Efficiency increases with bias voltage: starts to increase for Regular (190 V), then LD30 (230 V
to 250 V), then for LD55 Design (320 V to 350 V)

A "Efficient" region starts out wider than strip implant.

A Width of efficient region stays constant after few voltage steps

A Overall efficiency continually grows

A Stitching not visible anywhere in efficiency map -> stitching successful, even after irradiation!

Neutron, 3 - 101> ngg/cm?, LD30 Neutron, 3 - 101> neg/cm?2, LD55 Neutron, 3 - 1012 nee/cm?, Re
q q q g
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Passive CMOS Strips: Efficiency Maps

A Efficiency increases with bias voltage: starts to increase for Regular (190 V), then LD30 (230 V
to 250 V), then for LD55 Design (320 V to 350 V)

A "Efficient" region starts out wider than strip implant.
A Width of efficient region stays constant after few voltage steps
A Overall efficiency continually grows
A Stitching not visible anywhere in efficiency map -> stitching successful, even after irradiation!
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Passive CMOS Strips: Efficiency Maps

A Efficiency increases with bias voltage: starts to increase for Regular (190 V), then LD30 (230 V
to 250 V), then for LD55 Design (320 V to 350 V)

"Efficient” region starts out wider than strip implant.

Width of efficient region stays constant after few voltage steps
Overall efficiency continually grows
Stitching not visible anywhere in efficiency map -> stitching successful, even after irradiation!
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Passive CMOS Strips: Efficiency Maps

A Efficiency increases with bias voltage: starts to increase for Regular (190 V), then LD30 (230 V
to 250 V), then for LD55 Design (320 V to 350 V)

A "Efficient" region starts out wider than strip implant.

A Width of efficient region stays constant after few voltage steps

A Overall efficiency continually grows

A Stitching not visible anywhere in efficiency map -> stitching successful, even after irradiation!
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Passive CMOS Strips: Efficiency Maps

A Efficiency increases with bias voltage: starts to increase for Regular (190 V), then LD30 (230 V
to 250 V), then for LD55 Design (320 V to 350 V)

A "Efficient" region starts out wider than strip implant.

A Width of efficient region stays constant after few voltage steps

A Overall efficiency continually grows

A Stitching not visible anywhere in efficiency map -> stitching successful, even after irradiation!
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Passive CMOS Strips: Efficiency Maps

A Efficiency increases with bias voltage: starts to increase for Regular (190 V), then LD30 (230 V
to 250 V), then for LD55 Design (320 V to 350 V)

A "Efficient" region starts out wider than strip implant.

A Width of efficient region stays constant after few voltage steps

A Overall efficiency continually grows

A Stitching not visible anywhere in efficiency map -> stitching successful, even after irradiation!
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Passive CMOS Strips: Efficiency Maps

A Efficiency increases with bias voltage: starts to increase for Regular (190 V), then LD30 (230 V
to 250 V), then for LD55 Design (320 V to 350 V)

A "Efficient" region starts out wider than strip implant.

A Width of efficient region stays constant after few voltage steps

A Overall efficiency continually grows

A Stitching not visible anywhere in efficiency map -> stitching successful, even after irradiation!
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ALICE Stitching FullDI amet er on 12n Wafer
CERN ER1 Project (Pix) MOSS/MOST

A MOSS: 14 mm x 259 mm, 6.72 Mpixels, (22.5 x 22.5 and
18 x 18 em2), conservative design and layout, different

layout densities

A MOST: 2.5 mm x 259 mm, 0.9 Mpixels (18 x 18 em2), full
density design, global power network & conservative power
switches
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