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Silicon detector for collider experiments

- Silicon tracker play an impotent role for recent collider experiment
- Long life particle tagging by looking at the displacement.

- Find vertex point. -> Separation of vertex points.

Secondary
vertices

ATLAS ITk for HL-HLC




The experimental challenges

- Very high luminosity environment.

+ Not only vertex separation, but — EENESS
also radiation hardness. -

*  More precise measurement TS Lo
- Particle Flow Calorimetry ES S T ———

3 . =
e o4 <200 pile events

Particle Flow Calorimetry (ILC) ile—up event (LHC) 3



The experimental challenges

'High luminosity|

pp (e.g. HL-LHC)

10-20 um

pile-up

(50x50 pixels)

few 10 ps

10 MGy

Spacial resolution

Timing
Material budget

Radiation hardness

IHigh precision|
ete- (e.qg. ILC)

Few um

few 10 ps
<0.1%

Data rate, Low power

- ASIC, Links, Mechanics, Software are also important.



Silicon sensor type

\Hybrid| 'Monolithic|
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(X-ray, Electron, Alpha, Charged Particles, ...)

In principle, everything is better since
circuit 1s direct connected to sensor

Low noise, high speed, Low power

Sensor and ASIC can be designed
and processed separately.

Well separation btw Sensor and

ASIC, No cross talk. «  Low cost (No bonding process)
Bump bonding limits pixel size - Small pixel size, Thinner
and total thickness Material budget

Only few vender have processed.



Pixel size limitation

Hybrid Monolithic

«

\)»
oS | W
-

%ecﬂon of SOIPIX

Bump

Bump size ~ 20 um for 50x50 um pixel
Already expensive..

Monolithic can be small within the process
rule.

Substrate
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Hybrid

Planar sensor

Strip| Pixel
1D . 2D

e

“Traditional type” silicon sensor

Depletion layer 1s increasing with
bias voltage in thickness direction.

This talk mainly focused on the pixel
type.




Planner sensor Hybrid

Hybrid (Sensor + ASIC) : ATLAS pixel

Sensor side

Sensor

Sensor

» Connection each pixels by
metal bumps

e®

ATLAS ITk

pixel B °



Hybrid

Planner sensor
Hybrid (Sensor + ASIC) : ATLAS pixel

Al wire
bonding 1

Sensor gg;t

e I BumDS
-.-------------'II ASIC ‘
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Radiation hardness

Radiation hardness
Requirement for HL-LHC

Instantaneous luminosity
« 5~7x1034/cm-—2s-1

« ~200 events / crossing
Rad. damage (1 MeV neq/cm?) :
* Inner:r=3.7cm:~2x1016
- Mid. :r=7.5cm: ~ 6x1015
* Outer : r=31 cm:~ I1x1015

1x1016 (1 MeV neq/cm?)
- TID ~7 MGy @ pp collision
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Radiation hardness
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Radiation damage on sensor : Bulk damage

SCT Pixel, IBL
p* in n “normal” n*inn

p —Implants n —Implantats
B N BN B B

1—substrate
&
n—substrate
I
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n —back side contact p —back side contact

before type inversion
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Defect behaves as p-type carrier.
- Type inversion will be happened 1n case of n-type substrate.
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Radiation hardfwe.ss Hybrid
Silicon detector toward the HL-LHC '

Pixel sensor

SenSOI’ \ % & pt+ implant [ n+ implant

n-in-p type - No type inversion

Full depletion has been raised due to

. . . SnAg
the increasing of charge carrier.

bumps

~600 V fOI‘ 150 um tthk planer ,-;,f,.f,-'/ AT TS,

@ 5x1015 (1 MeV neq/cm?2) GND , Support structure
Thermal adhesive

Charge collection efficiency has been
reduced due to the defect increasing

ASIC

)'
.

New Circuit design (RD53 group)
Redundant circuit to prevent SEE
Low noise to keep efficiency

Low efficiency at border of pixels. -> Solved



Hybrid

3D sensor
3D structure Planer 3D
p*  MIP p* nt MIP p* n*
| e

Sean b |1 - T
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33? ? 3 ~ofo- 3
T =R

i 50 um

Values are 1n case of ATLAS inner pixel

In case of 100 um thick sensor,
Drift length 1s determined by the electrode pitch, 50 um
Depletion length « sqrt(V) -> V reduces 1/4 than that of planer.

-> Operational with high radiation damage
13



CMOS sensor, two type

LFoundry 150 nm
AMS 180 nm

charge

signal CMOS
electronics

"HV CMOS”

" p - substratepjtaxial-p

(a) Large fill-factor
;) HV 1s possible
Uniform field, short drift
distance

:( Large inter well capacitance,
Cpw (btw pw and deep nwell)

Bad noise, speed, power and
cross talk...

Monolithic

Tower Jazz 180 nm

charge

signal CMOS
electronics

\o

epitaxial-p p - substrate

(b) Small fill-factor

1) Very small resistance
Good noise, speed, power

:( Very small bias voltage
Small depletion area

Most of e/h are collected by
diffusion.

STAR @ RHIC

Mu3e (@ PSI  More details are summarized in Heinz's talk at ALICE (@ LHC
14 https://kds.kek.jp/event/33 154/



Monolithic

SOI
(Silicon On Insulator)

Single SOl with PDD

el

/ SOI Circuits
7
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Back Plane /

Radiation

7

(X-ray, Electron, Alpha, Charged Particles, ...)

- Low capacitance

+  Good noise, speed, power
- HV can be supplied as planer
- Normal p-n. Thick sensor can be

GND

applicable. <- X-ray application
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Monolithic

Spatial resolution
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SOFIST 20 um 1.2 um
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DEPFET

NIM A 831 (2016) 8587

DEPFET- matrix reset
off| I T i | off
TT 7
on | 7| [N ‘{ 2
T 7
off Lol ‘[T_ J| | off
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v ATE..OFF S i VCLE.AR.O F
\/ \/ \/ d ra I n V VCLEAR- Control
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output <

- DEPFET (Depleted p-channel FET)

- Stored charge under the FET structure Belle 1
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Timing resolution

- LGAD
I s G layer
elo: . » Low Gain Avalanche Detector
el
2l ) +  Multiply with low gain (~10) in thin
_________ . | gain layer
T — - Fast rise time, Increase S/N
) * LGAD sensor - Reached ~30 ps at few mm? size sensor
2 22 : —+— 50um:330V:22°C +  Limatation :
Lg 50 ; et - Weighting field uniformity -> Favor
F: ~ large pixels
E - Radiation 1s OK up to 1015
E
: HGTD detector for HL-LHC
%0 0102 03 04 05 06 07 08 08 1 (1.3X1.3 mm2pixel)
fraction f

More detailed talk will be on RD platform workshop at 9/22 (Wed.)
by Koji Nakamura https://kds.kek.jp/event/38615/ 18



https://kds.kek.jp/event/38615/

The experimental challenges
toward the future

High Energyj IHigh precision|
pp (FCC/HE-LHC) ete (e.g. ILC)
5 um _ | -
Sle-up (20x20 pixels) Spacial resolution ew um
HL x10 Tew 10 ps Timing few 10 ps

Material budget <0.1%
100 MGy |Radiation hardness

Data rate, Low power

- ASIC, Links, Mechanics, Software are also important.
- It 1s very challenging to go next generation of energy frontier.

19



KEK RD platform

Start at 2019
https://rd.kek.jp/platform/platform index.html

Group B : silicon detector
https://research.kek.jp/people/togawa/RD-platform-Si/

20


https://rd.kek.jp/platform/platform_index.html
https://research.kek.jp/people/togawa/RD-platform-Si/

Silicon strip detector

Belle SVD| Slide @ KEK RD silicon

,r'eadout

|
APV25 | l APV25 | APV25

APV : Originally developed for the CMS experiment

Sensor thickness
300-320um

g-2 SSD| Slide @ KEK RD silicon

- First ASIC development in
Japan!
- ShiT128

21


https://kds.kek.jp/indico/event/31873/contributions/119778/attachments/93395/111191/190901-SVD_KickoffMeetingForPlatformB.pdf
https://kds.kek.jp/indico/event/31873/contributions/119776/attachments/93401/111197/20190903_kickoff_platformB_silicon_g-2.pdf
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| f FoCal-E
ALICE FoCal S1-W =

Electro-Magnetic Calorimeter

9x3=27cm

1 mm

-~ >

1]

=8

11

1 HG cell

Longitudinal segmentation
0 1 2 3 4 5

o
S 11x2=22

FoCal-H 13x2 =26
Total: 22 + 26 = 48 mo absorber LG layer ——

., * Discussion about “production” : https://kds.kek.jp/event/33450/



New material

- New characteristic beyond silicon !

Wide-gap semiconductor Recovery type| CIGS ( Cu(In,Ga)Se2)
Annealing by sun light (1 Sun, 95°C)

- Diamond, S1C, GaN..

e g v Ay W
 Tight binding 1s V' 4
essentially radiation hard 2
(bulk damage)
. ;Z?ll;;%;cl:tllmlegt > 70 MeV proton @CYRIC Single alpha detection
y low .
TR — (first observation)
- Can room temperature o - A0 Mevn e || :
operation after YT
.. 0.8 el ,
radiation damage ? 5 AN e
£ 06 - e
= 0.4 " : =K
More detailed talk will be onRD & L Ll
i e BN DR
platform workshop at 9/22 (Wed.) O

o
(=)

by Hajime Nishiguchi https:// Initial time ~ After 20 h 80 h

dekekJD/event/3861 5/ Irradiation Heat-light annealin? N
Slide @ KEK RD silicon 24



https://kds.kek.jp/event/38615/
https://kds.kek.jp/event/38615/
https://kds.kek.jp/event/33154/contributions/160268/attachments/128159/152664/191212_AIST_Nishinaga.pdf

Conclusion

Silicon tracker play an impotent role for recent collider experiment

Many technologies has been developed for experimental
requirements
Hybrid type : Planer, 3D
Monolithic type : CMOS, SOI
Very precise timing detector : LGAD
KEK RD platform, Group B, has started at 2019.
Many activities are on going.
Please join if you are interested in the semiconductor detector !
Next RD platform workshop at 9/22 (Wed.)
https://kds.kek.jp/event/38615/
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https://kds.kek.jp/event/38615/

Backup
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Radiation damage

TID (Total Ionization Doze) : Interaction with electron
Energy loss by 1onization. Charge 1s built up at border.

Charged particles : electron (photon), proton ..
Unit : Rad, Gy

NIEL (Non Ionization Energy Loss) : Interaction with nuclel

Kick-out effect of nuclei. Lattice defect 1s increased.

Heavy particles : neutron, proton ..
Unit : 1 MeV neq / cm?

27



SOFIST

(SOI for Fine Measurements of

10mm

2~73mm

Space and Time)

~—]lms—

I =soms THHHF-

Thickness = 50 um
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1312 bunches
(1 train)
Proposing design S EEEEEEEEE L L L L E
: " Timestamp memory '
0 E S\i\“ E 0 |
62.5mm ' _/_ oo T oo : oot |
< = ' Ramp signal | - E 1
| : o A~ |
N o oo | !
“20pm : Digital § T -
Active area : Bunch ID —-W ''''''''''''''''''''' :
3125(H)x500(V) pixels 1 0500 ns | 5ol SWI—gISW2. _ n
: Vih > > ,
'-:—;I(T‘n---- = 1= -!-!{-:
Y Y Y Y : | 1 | comperator —~“rpe———oowTTIII | :
ADC x 3125ch * : |I> 4 i o o T o o : : Signal output
SSIEllCs Data transfer interface ¥ Pre-amp _l; 0
(Accumulation/Readout) I B B L
¥ » [Analog I I
Data output 0 N — B
+ Charge (Positian) ] :
. : ' Opos<3 UM | Anelog signalmemory 1 W
Pixel size = 20 x 20 um? L LT y



SOI : More circuit..
3D vertical integration

T-Micro

Bond Pad Passivation Back gate adjust electrode

Upper Tier

High R-Si

Lower Tier

For SOFIT v.4

Upper and Lower Tier chips are produced in a same wafer and
bonded chip to chip.

29



SOI : More circuit..
3D vertical integration

COMP , T-Micro

»

~

Pixel array — £
' ‘ ' GND  SIGNAL VDD

~ ' | ~
VAR
bump under bump metal

« P « ke >

5.0kV x1.00k

 For SOFIT v4

- Upper and Lower Tier chips are produced in a same wafer and

bonded chip to chip.
30



VIX1850 MX2040 VIX21606
SOFIST ver. ver.2 ver.3
Chip Size (mm?) 29x%x29 4.45 x 4.45 6x6 4.45 x 4.45
Pixel Size (um?) 20 x 20 25 x 25 30 x 30 20 x 20
Pixel Aray 50 x 50 64 64 (Time Stamp) 108 x 128 104 x 104

16 x 64 (Analog Signal)

Functions (Pixel)

Pre. Amplifier (CSA)
Analog signal memory (2 hits)

Pre. Amplifier (CSA)
Comparator (Chopper inverter)
Shift register (DFF x 2)
Analog signal memory (2 hits)
or
Time stamp memory (2 hits)

Pre. Amplifier (CSA)
Comparator (Chopper inverter)
Shift register (DFF x 3)
Analog signal memory (3 hits)
Time stamp memory (3 hits)

Pre. Amplifier (CSA)
Comparator (Chopper inverter)
Shift register (DFF x 3)
Analog signal memory (3 hits)
Time stamp memory (3 hits)

Functions (On Chip)

Column ADC (8 bi)

Column ADC (8 bit)
/ero-suppression logic

Column ADC (8 bi)

Column ADC (8 bit)

Wafer

FZ n-type (Single SOI)

Cz p -type (Double SOI)

FZ p -type (Double SOI)

FZ p -type (Double SOI)

Wafer Resistivity (k(Q-cm)

2 <

1<

3-10

3-10

Status

Delivered (Dec. 2015)
Under evaluation

Delivered (Jan. 2017)

Submitted (Jun. 2017)

Submitted (Jun. 2017)

2017/07/03

19th IWoRID, Krakow Poland
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Timing resolution

Biasing electrode
(") Collecting electrode

(n*)

Trench shape
electrode

Electron Ramo-map @ 140 V bias

Electron Ramo-map @ 140 V bias

Ramo potential
32
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time resolution, o [ns]

TimeSPOT (3D)

0.035— a[ns]  0.01531x 0.0006479
i i b[nsmV]  0.4973 = 0.01661
0.03— %
.
0.025 @
- -
0.02 -
0.015(—
00_lllllllllllllIllllIIllllllllllllllllll
0020 30 40 50 60 70 8 90

Amplitude [mV]

Achieved ~ 20 ps !
with test structure

arXiv:2004.10881



Radiation hardness

Radiation damage on ASIC : Single Event Effect (SEE)

Large current by the secondary

particles flips bit on memory. Single Event Upset
SEU 5
proton, neutron.. Q\ |
’ L.oglc. COAD| Memory —Q = 0
‘ circuit | &
SET
- D
e e S
e * o. ’,0’.. Logic i
Eé_l'r,] ’,” . . LOAD Memo ry — Q > Q
e;‘. | circuit C?
P Single Event Transient

Unknown behavior of ASIC and FPGA by reprograming
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CMOS : Modified small fill factor for ALICE ITS

F———— TRANSISTORS ———
n-well NMOS PMOS NMOS n-well
] - - = [ ]

.
.........

...........
“n

Epitaxial layer p-

Modified

p-well  n-well  p-well
OO 00 SO L S O
SRR R R R R AR R R

Add new n-layer between sensor and circuit layer.

Uniform depletion

34
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Relative frequency

CMOS : Moditied small fill factor for ALICE ITS

0.035
= Unirradiated MPV = 18.937 +/- 0.122 mV
0.03 1614 neq MPV = 19.499 +/- 0.147 mV
1615 neq MPV = 15.904 +/- 0.124 mV

0.025 [

0.02
0.015

0.01 7
0.005 ||

0 | | ‘ 1 | 1 1 I 1 1 1 l 1 1 1 I 1 |
20 30 40 50
Signal [mV]

Relative frequency

0.22

0.2
0.18
0.16
0.14
0.12

0.1
0.08
0.06
0.04
0.02

- Good charge collection and also timing !
- Not so much changed after irradiation up to 1x1015 (1 MeV neq/cm?)
Different modified structures in terms of rad. hard have been tried.

See Heinz Pernegger’ talk.
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Vsub = 6V

Unirradiated Peak = 16.67 sigma 1.96 ns - sigma/peak = 11.76 %
1e14 neq Peak = 16.03 sigma 2.10 ns - sigma/peak = 13.10 %
1e15 neq Peak = 18.98 sigma 2.78 ns - sigma/peak = 14.63 %

‘ w}-‘-;_;_::;gu.g Lo by loaaa by Ly g g by 1y
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Charge collection time [ns]

100

NIM, A 871 (2017) 90-96


https://kds.kek.jp/indico/event/33154/contributions/160269/attachments/128157/156287/KEK-Workshop-TrackersPernegger-Dec2019-V2.pdf

