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Timing resolution In silicon pixel detectors mainly determined by:

1. Sensor geometry and fields
2. Charge-collection (Landau) noise
3. Electronic noise Spatial

precision
4. Gain by internal charge multiplication

/

Challenge: —> Radiation Picosecond

C . - . timin
Optimise these parameters for picosecond timing tolerance —~ :
while maintaining other performance requirements -
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Sensor geometry needs to guarantee :

* High and uniform electﬁic field (charge transport with uniform and saturated drift velocity)

* High and uniform weighting field (fast and uniform signal induction)

Challenge:

e Small pixels introduce low and non-uniform electric and weighting field regions:

inter-pixel region pixel centre inter-pixel region

Red = high
Weighting field map for large collection electrode CMQOS sensor with pitch of 100um Blue = low
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L. Paolozzi PhD thesis, 2014 — http://www.infn.it/thesis/thesis_dettaglio.php?tid=11828

Sensor design needs to reduce charge-collection noise:

Non uniform charge deEosition along p

—

Iind — Zvdrift,i ' EW,Z
l

The statistical origin

of this variability of 7;,s makes this effect
irreducible in PN-junction sensors
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Resolution [ps]

_— lotal current
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Electron current

article track induces a jitter in the current pulse

Beam test and laser time resolution = Beam test

for a BBA using CFD = 30%
—WF2 Beam test

Hole current

1111111111111111111111

# teS tbeam -.~\L:I:rlaser
—ﬂ;—'_
Laser “Frempreen
20 30 40
Gain

H. Sadrozinski, A. Seiden and N. Cartiglia, 2018 Rep. Prog. Phys. 81 026101

Way out: thinning of the sensor

Challenge: although thin sensors reduce charge collection noise, they are typically bad for Signal/Noise
(less ionization + increased capacitive coupling to sensor backside)

Giuseppe lacobucci — Université de Geneve

Vertex2022, October 29, 2022

MONOLU




3. Electronic noise

Once the geometry has been fixed, the time resolution depends mostly on the
amplifier performance:

Threshold O'V AGain o EN C

1 O, = — —
boav gnal
W W — AGain ' Iind L Signat Noise
dt ENC

Pulse time Time

-> Need an ultra-fast, high-gain, low-noise (low power-consumption) electronics
with fast risetime and small capacitance
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* A gain layer allows larger signals, O X

and thus better time resolution Signalf,, .

* This is achieved in the LGADs with a gain layer under the pixel;

E Field

—

1T mm E6Opm: 1T mm

* As you will see, we have a different strategy
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The MDND_LITHI[O] Project

Our recipe for
picosecond timing
with silicon:

PicoAD:

SiGe BiCMOS Picosecond
Avalanche

Detector
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SiGe HBT = BJT with Germanium as base material.

NPN SiGe HBT . ..
(depleted regions in light colors) Gradmg of Ge doplng in base:

from wikimedia * charge-transport in base via drift
> reduced charge-transit-time in base

> high current gain f

* Higher doping in base is possible:

S 1o, = > thinner base
Emitter SiGe i
Base > reduced base resistance R,
o
Collelctor

ENC \/k Ciot k,R,C?
series noise X 1 ﬁ - NV2EYHh*~tot

> Leading-edge IHP SG13G2 technology, 130 nm process featuring SiGe HBT
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Time resolution [ps]

40

30

200ps 110ps 20

- 1and 0.5 mm2pixels  + 30 pixels 500x500um? » Hexagonal pixels 65um * Hexagonal pixels 65um side
» Discriminator output » 100ps TDC +I/O logic and 130um side * 30ps TDC +1/O logic 10
» Discriminator output * Analog channels

European Research Council

Established by the European Commission

Test beam results of 2019 prototype

JINST P02019 2022

~ CERN SPS Testbeam with 180 GeV/c pions
B lreamp= 150 HA Vth= 6 o

B
|

L

Ill[i‘l[’lJ'lllJ[il'\l;Jl!]ll ll'

80 90 100 110 120 130 140 150 160
High Voltage [V]

Sensor with no gain test beam results: JINST P02019 2022 <—|
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© G. lacobucci, L. Paolozzi and P. Valerio. Multi-junction pico-avalanche detector;
European Patent EP3654376A1, US Patent US2021280/34A1, Nov 2018

Multi-Junction
with continuous and deep gain layer:

® De-correlation from implant size/geometry
—> high pixel granularity and full fill factor
(high spatial resolution)

 Only small fraction of charge gets amplified
—> reduced charge-collection noise
(enhance timing resolution)

W

Step 1 Step 2 Step 3 Step 4
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ﬂ
The proof-of-concept monolithic ASIC was produced by @
IHP in their SG13G2 SiGe BiCMOS process.

The ASIC contains:

* Four matrices of hexagonal pixels with = 100pm pitch
» with different electronics configurations

* Four analog pixels
> tested with °°Fe source and in testbeam

IHP also produced
with
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Gain Measurement with

- SFe X-ray Source

X-rays from °°Fe radioactive source: Q;HTV
> mainly ~5.9 keV photons
» point-like charge deposition ? :
Characteristic double-peak spectrum S = region
> photon absorbed in drift region “ e~ multiplication
dritt through gain layer & multiplied .,
in the Spectrum | JINST17(2022) 10 P10032 ]

2000

> photon absorbed in absorption region
= electrons through gain layer & multiplied
= second peak in the spectrum

1000

500—~

0 10 20 30 40 50 60 70 50 90
Amplitude [mV]
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PicoAD proof-of-concept prototype (2022) JINST 17 (2022) 10, P10032

Average amplitudes of h+ and e- gains
extracted via gaussian fit around local maxima

12000 e E HE R R R D .......... 1 ................ D ........... 2 ......
55 g : g - Dose 1 ose
Fe data : [ & T=-20C -8 T=-20C
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w: T=-10°C 44T =-10°C

¥: T =+20°C -m T = +20°C
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2500 PicoAD proof-of-concept prototype (2022)
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JINST 17 (2022) 10, P10032
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Assumption of no gain multiplication when:
* photon absorbed in drift region
* lowest voltage (85 V) N

» lowest dose (dose 1) normalization 80
value
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R.J. MclIntyre, IEEE Trans. Electr. Dev.,
Vol. 46, no. 8, 1623-1631, Aug. 1999

PicoAD proof-of-concept prototype (2022) /

PicoAD proof-of-concept prototype (2022)
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High Voltage [V] e gain for *°Fe X-rays

A gain up to = 20 for 55Fe X-rays Evidence for gain suppression

obtained at HV = 120 V and T = -20 °C due to space-charge effects
In the case of °Fe X-rays
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We estimated that 5°Fe gain of =23 corresponds to
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Lab laser measurements

~
(-

Time jitter [ps]

30-

20 -

101
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proof-of-concept prototype:

Laser data

o))
o

wn
o

40 -

HV = 80V
HV = 90V
HV = 100V
HV = 110V
HV = 120V
HV = 130V
5
L]
t 3
.
ﬂ %,
%{’z
) -
: bﬁw
. ;;&’,
. I
M iq‘%* t.nltt‘i*'
5000 10000 15000 20000
Charge [e7]

Vertex2022, October 29, 2022

MONOL.I™

16



Test Beam: Experimental Setup

CERN SPS Testbeam with 180 GeV/c pions to measure and

plane 5

plane 3 Telescope

plane 2 plane 0

UNIGE FE-14 telescope to provide spatial information (o, =10 pm)
(0; =35 ps) to provide the timing reference (and two SPADs with o; =20 ps)
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CERN SPS Testbeam: 180 GeV/c pions

PicoAD proof-of-concept prototype (2022) V, =4mV:HV =125V ; Power = 2.7 W/cm®

of tl

L— 1 17T 1T 1 17T 1T 1 17T 1T 1 17T 1T 1 17T 1T 1 17T 1T 1 I 1T 1 1 L— 1 17T 1T 1 17T 1T 1 17T 1T 1 17T 1T 1 17T 1T 1 17T 1T 1 I 1T 1 1 >
£ | | | | | | | 3 %) £ | | | | | | | i
£ [ ' ' ' ' ' ' 1 = € [ JINST17 (2022) 10, P10040 : 2
> B I — 0.9 S R | R - — S N N -+ S
S - 1 —og W S - 1 —lo.99 W
2 - 4 % = 3
8_ 305__ ......... — 0.7 8_ 3.05 __ .................................................................................... _:
x B f_ x - s 5
S - H =06 @ - [ —0.98
= 3 - - 3 /, ....................... —~
. 1 - ? 180,97
295__ _: 295__ ................................... fef N cesfonanss _‘_
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_I | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | |— _I | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | i_

2.85 0.95

<4 39 39 385 -38 375 -3.7 -3.65 4 39 -39 38 -38 375 -3.7 -3.65
Track position x [mm] Track position x [mm]

Selection of two triangles:
* representative of a whole pixel
* unbiased by telescope resolution
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Testbeam results: Detection Efficiency

99.9% for all power consumptions Drops to 99% for HV=105V

PicoAD proof-of-concept prototype (2022) PicoAD proof-of-concept prototype (2022)

Q < 100

) %)

5 5

2 S 99

o T
996— ------------------------- ------------------------- ------------------------- ------------------------- — 98

o9 4 JINST17(2022)10,P10040 - o7l ¢ INS__TJ_Z_(.2_0_2_2_)___1_0 _____ P10040 -

- CERN SPS Testbeam 180 GeV/c plons i CERN SPS Testbeam 180 GeV/c pions

LV, =4mV; HV—125V I Vth_4mV Power_27W/cm
°92~ — N o e - I e

||||i||||i||||i||||i||||i|||| ||||i||||i||||i||||i||||i||||
% 05 1 15 2 25 3 0 105 110 115 120 125 130

Power [W/cm?] High Voltage [V]
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Time Resolution

Results were also verified using two SPADs (but with much smaller statistics)
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Testbeam results: Time Resolution

* Time Of Arrival (TOA) as a time at constant fraction
* Distributions after time-walk correction

* Distributions are Gaussian: only =2-4 % of entries In non—gaussiam

* Simultaneous fit to extract time resolutions of the DUT, LGADO, LGAD1

1 03 PicoAD proof-of-concept prototype (2022)
$ : CERN SPS Testbeam: 180 GeV/c pions
"E' 1 '8:_ Entries 65399
L ‘_ 2/Ndf 44/31
1.6FDUT - LGAD1 ’
N Osauss [PS] 49.5 x 0.2
1 4 :_ Outside fit [%] 3.90
1.2 FWHM/2.355 [ps] 48.1 + 1
1
0.8 - Power = 2.7 W/cm?
0.6 HV = 125V
0.4 :_ {0 ¢
\
0. 2

OO -200 -100 O

1 OO 200 300
TOAGp"TOA gap; [PS]
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Entries

3

00 -200 -100 O

%1 03 PicoAD proof-of-concept prototype (2022)
CERN SPS Testbeam: 180 GeV/c pions
- Entries 63935
- x2/Ndf 23/24
-DUT - LGADO
— Ogauss LPS] 39.7 + 0.3
. Outside fit [%] 4.28
= FWHM/2.355 [ps] 38.2 + 1
Power = 2.7 W/cm?
HV = 125V
— b
_ é '»
— L
L ~
M I B R TW

100 200 300
TOAOAO'TOALGADO [ps]

Vertex2022, October 29, 2022
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/ DUT

Y

PicoAD proof-of-concept prototype (2022)

180
16F

-LGADO - LGAD1
14}

/N

00 -200 -100 O

CERN SPS Testbeam: 180 GeV/c pions

Entries 738173

2/Ndf 47/37
Ogauss [PS] 58.1+ 0.1
Outside fit [%] 2.02

FWHM/2.355 [ps] 56.6 = 1

Power = 2.7 W/cm?
HV = 125V

/ 3

100 200 300
TOA a0~ TOA gap1 [PS]
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Testbeam results:

Best performance: (17.3+0.4) ps Timing resolution of 30 ps even
for HV=125 V and Power = 2.7 W/cm?2 at power consumption of 0.4 W/cm?2
PicoAD proof-of-concept prototype (2022) PicoAD proof-of-concept prototype (2022)
‘O 40_ | | | | | N = 5 5 5 5
RS - R
S BB S
ER E
é 30:— é
£ 250 =
— - —
201
156 JINST 17 (52022)_._1__05___9_1_0_04_6 ________________________ S
o CERN SPS Testocam: 180 GeVicpions
A _4mV Power_27W/cm
] . -
:IIIIiIIIIiIIIIiIIIIiIIIIiIIII :l|||i||||i||||i||||i||||i||||
00 105 110 115 120 125 130 % 0.5 1 1.5 2 2.5 3
High Voltage [V] Power [W/cm?]

Giuseppe lacobucci — Université de Genéve Vertex2022, October 29, 2022 MDNDL 22



Signal MPV amplitude Time resolution Efficiency
PicoAD proof -of- concept prototype (2022) PicoAD proof -of- concept prototype (2022) PicoAD proof-of-concept prototype (2022)
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® Same matrix configuration as previous, but

» Substrate: 50QQcm — 350Qcm epilayer, 50um thick on low-res (1QQ2cm) substrate
= smaller pixel capacitance

LT —~————— r———-friy—‘ A
.. » ‘ -

= depletion 260um — 50um ' ” SEIERITEERI %
= much larger voltage plateau i &

= can operate sensor with vqrift saturated everywhere

FEFEETFELE LR L

» Preamp and driver voltage decoupled:
= was limiting optimal amplifier operation

-
-

FTFEFR

- h
s
.

= cross-talk removed

LA . . . -
- )
= T gt
oLl {
21011

-‘.' . 53'—"‘—"‘ TR
IIO PERIPHERY £

» Differential output, optimised FE layout, high-frequency cables: !
= better rise time (600ps — 300ps) e_l-;ggu_-v-_.__-;_ﬁ»‘ pdetashdisd

e T e I T e s e L S S —

......

g —

A
A\ |
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2022 prototype — no gain layer
SFe measurements In cleanroom:

ENC =~ 100 e~ Risetime (20%-80%) =~ 300 ps

run4_ENC_corrected run4_rise_time
B Entries 4998 — Entries 4998
350— Mean 101.7 700— Mean 0.3601
- Std Dev  17.47 - Std Dev  0.07078
300— 600 — |
250{— 500 — ‘
200 — 400— ’
| : |
1501 300—
100— 200|— ’
)3 " A]
O_|||||||||||||||||||||||||||| T | o O_" L ] e d o L 1y P |
0 20 40 60 80 100 120 140 160 180 200 0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6
Electrons Risetime [ns]}
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* Testbeam mid October 2022: DUT + Geneva telescope + 2 MCP’s

» ov=1.2mV ; MPV amplitude of = 50 mV for the sum of positive and negative signal

MONOLITH prototype with p-stop (2022) CERN SPS testbeam

> - «» 2000 5

= 8o S 1so0 p . |7 Posiive-Negatie

S 700 S oot [l |7 PosiiveOuput

R : 14000 li“L ...... | SR Nogatve Outpu

<, oF with 180 GeV/c pions — Positive output 200 b _ max>60,
40 %_ Power Consumption: 2.7 W/cm? = Negative output 1000%_.[ ...... §§§§ ............... — — — — —
30 ;_ High Voltage: 120 V — Differential output 800 gﬁ §§§§1 .......... ................ ................ ............... ............... ................
205_ 600 % E§§§ RSV ISV SRS SRR RSO RSO SN

3 400 | R I‘- .................................................................................
10 - 200 éﬁ Eiik:is\ R R e L
oL SRR

0 L RIS \\\q\\\\\\ﬂL i 3|

1 : Ii
] ] | ] ] | ] ] ]
130 135 140 145 150 o 20 40 8080 D 1|3|(e)1x ;riglitl}c?g [m1\5?O

Time [ns]

Lots of data taken. Analysis ongoing. First results already produced ﬁ
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Track position y [mm]

MONOLITH prototype (2022) — no gain layer

2.5

_ Power: 2.7 W/cm?, HV: 200 V
- Threshold:= 100, 5

....................................................................................................................

............................

Efficiency at the external edges affected

b1 22 A9 48 A7
Track position x [mm]

1
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0

by the telescope resolution of 10 um
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MONOLITH prototype (2022) — no gain layer

Efficiency

Track position y [mm]

. Power: 2.7 W/cm?, HV: 200 V
- Threshold = 100,

\
\
\
\
\
\
N
Ny
A\ V)

o o o o o= = S

Vertex2022, October 29, 2022

b1 2 A9 A8 A7
Track position x [mm]

MONOL

1

0.97

0.96

0.95

Full efficiency (yellow is 99.8%) in the two triangles
unaffected by telescope resolution

Efficiency



2022 prototype — no gain layer

MONOLITH prototype (2022) — no gain layer
100: g [ ; 5 5 E E

Efficiency [%]

66\\’((\

<+«—— wrgg —»

g Power =§2.7 W/cm? , HV = ZOOEV -\ = 1(230
99— LT TN ViVez10y S "

] ] ] ] | ] ] ] ] | ] ] ] ] | ] ] ] ] | ] ] ] ] | ] ] ] ] | ] ]
99O 10 20 30 40 50 60

Distance from pixel center [um]

Efficiency = 99.9% even in the inter pixel region.
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%1 03 MONOLITH prototype (_2022) — no gain layer
_8 - CERN SPS Testbeam: 120 GeV/c pions
= 80 r Entries 977545
- -
L] WCPO MCP1) Y2/Ndf 912/15
70 ;ATOA—1 6 3 pS Ogauss LPS] 16.3+0.0
60 f_ Outside fit [%] 1.58
- FWHM/2.355 [ps] 14.2 + 1
50F
40F
- Power = 2.7 W/cm?
30;_ HV = 200V
20+ _ |
10 ;j -"-,
- K °
OW AP B, S
-150 -100 -50 0 50 100 150

TOAMCPO-TOAMCM [ps]

System results: MCPO or=(11.0 + 0.3) ps
MCP1 or=(12.1 3
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%1 03 MONOLITH prototype (2022) — no gain layer
_8 6-  CERN SPS Testbeam: 120 GeV/c pions
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% 03 MONOLITH prototype (2022) — no gain layer
I CERN SPS Testbeam: 120 GeV/c pions
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2022 prototype — no gain layer

European Research Council
Established by the European Commission
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MONOLITH prototype (2022) — no ga/n layer
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Time resolution ranges
from = 19 ps at the center

to = 25 ps at the edge of the pixel
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MONOLITH prototype (2022) — no ga/n layer
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200ps 110ps 50ps 36 ps 21 ps
« 1and 0.5 mm2pixels  + 30 pixels 500x500um? « Hexagonal pixels 65um  * Hexagonal pixels 65um side * Hexagonal pixels 65um side
and 130pm side « 30ps TDC +1/O logic * improved electronics
* Analog channels « 50um epitaxial layer (350QQcm)

« 100ps TDC +I/O logic

 Discriminator output
e Discriminator output
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European Research Council
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“Flowers” with pixel with 50um pitch

» smaller capacitance

Edae T ;‘ ;j jj _j
. 5 mwfiiﬂ%ﬁ%i 1";?}"' ;
* new FE electronics: LR e j’.l,. ._,_ ,:f {1

» same timing performance with 4-times less power
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» 3 different configurations:
= analog output with FE in pixel

= analog output with FE off pixel e E*H*I

[
BISIEY oo
TIE R A ~—

= discriminated output with FE and discriminator in pixel S J’

I!I u ll' l!iil.llg “ qlﬁl’!ﬂ.
» reduced inter-pixel distance from 10pm to 6pm to irnprove

time resolution S “-....'..,.%M I
» %'5&4! i.‘!
L S

i i
,!um:. tm.

 Back from foundry on March 2023; PicoAD in
September 2023
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Sub-picosecond TDC

We are developing a sub-picosecond TDC based on a novel design (our patent® & more):

© R. Cardarelli, L. Paolozzi, P. Valerio and G. lacobucci, European Patent Application /
Filing - UGKP-P-001-EP, Europe Patent EP 18181123.3. 2 July 2018.
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Standalone prototype still under test at UNIGE.
Integrated in MONOLITH 2022 monolithic ASIC.
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Summary & Outlook

The Monolithic proof-of-concept prototype . Testbeam provided:
» Gain = 20 for 55Fe X-rays (space-charge effects); gain = 60-70 for mips.
> Efficiency = 99.9 % including inter-pixel regions
> Time resolution o; = (17.3 £ 0.4) ps : 13 ps at center and 25 ps at pixel edge
(although sensor not yet optimized for timing)

Ongoing activities include:
> Data analysis of 2"° prototype without gain layer: (21.1 + 0.2) ps (very preliminary)
» Optimization for timing of the PicoAD sensor design with TCAD to achieve =10 ps
(smaller pixel pitch; thicker drift layer; improved inter-pixel region)
> Development of picosecond TDC for fully monolithic chip
» Radiation hardness studies will start in 2023 together with IHP and KEK

Deliverable of MONOLITH ERC project:
> Full-reticle chip in Summer 2025 with 50um pitch and sub-10ps timing
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