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Introduction of myself

& PhD of University of Tsukuba in 2009

& Observation of single top quark production and its measurement at CDF

& ATLAS experiment
& Observation of Higgs decay to tau tau channel.

¢ Measurement top Yukawa coupling

& ATLAS Inner Tracker (ITk) upgrade for high luminosity HLC

& Coordinate I'Tk sensor group

& ITk module production in Japan

& R&D of silicon tracking detector to have timing and special resolution.
& Development of AC-LGAD sensors with HPK = I'll talk about this topic today
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What we want to know? e
* Origin of Universe TR
R -V(©@)
* Observation of Higgs Boson indicate was right.

— But at the same time we cannot describe everything only by

 What 1s Dark Matter and Dark Energy?

+ Why matter > anti-matter? “These must be hints of new physics?

» Neutrino Mass? ¥
H Hierarchy Problem Huge progress in this 15years.

-> Very interesting phase to prepare new exp.

* Quantization of Gravity etc

1JClab Seminar 23rd October, 2023 3



History of the collider experiment
» Before 1980s

« 2012 Higgs

®®® SPEAR
(Stanford)

Precision measurement
* 1989 : neutrino : 3 generation
» LEP Electroweak measurement

0 o . LHC
: Observation of low mass particles (~ a few GeV) R 2012: Higg3cppy) M
. 1974 /Y %
e 19757 ; Tevatron
* 1979 gluon o0 (Fermilab) M -
) 5 1983: W,Z Spps ® lll{Rx\
After 198OS - c 5 ; (CERN) o LEP 1(CERN)1989: 3 families
Observation of heavier mass particles. & &2 \
1 ’ETRAJ1979: gluo
+ 1983 WZ S S e ——
* 1995 top 2
>
Q
=
5
‘;}:f
o
Q

Complementarity

- 1960 1970 1980 1990 2000 2010
9 ear of first physics

1JClab Seminar 23rd October, 2023 4



History of the collider experiment

-hh?
»  Before 1980s FCC-hh’
: Observation of low mass particles (~ a few GeV) R 2012: Higgs ) M
. 1974 3/y =
© 19757 a
« 1979 gthIl %" ki (Fermilab) W ® LEP 200
= saonases| S “R;
C After 19808 . : . ; S CERN) [ele] I'I‘!’Hllt’(l']'\l\’\irl‘),‘ : 3 famili
Observation of heavier mass particles. = o°
- 1983 W.Z - o
* 1995 top %
» 2012 Higgs 5
Precision measurement New physics (expected heavy)
* 1989 : neutrino : 3 generation .
+ LEP Electroweak measurement are searched by Hadron Collider
Complementarity : ‘
=2 1960 1970 1980 1990 2000 2010 2020
-> ear of first physics

1JClab Seminar 23rd October, 2023 5



Ditficulty of Hadron Collider

barn ———
15

[Difficulty of pp collider analysis] e imelestic  LV1 input ————4GHz

 Diafference of center-of-mass energy and energy used for collisions. _ 3.
— Parton Distribution Function (PDF) | Hz

* Complicated collision due to composite particle of proton max LV2input ——» 10 2
— Huge QCD background ke s an L
— Spectator of the proton collisions
—>Underlying event

— Multiple collisions in a bunch crossing
—>Pile-up

Vs=14TeV L=10*cm2s™ rate ev/year

10 17

10 16

13

'kHz

max LV2 output ———

- imHz = 104
\RL E

-10°

-10°

scalar LQ 2

500 1000 2000 5000
particle mass (GeV)
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Challenge of the tracking detector

& Multiple interaction 1n an event at

© HL-LHC : 140-200 collision in an event, 140 pileup @ HL_LH&
1500 pileup @ FCC

& Future collider: 1500 !

® How to solve this issue?

1.  Improve granularity . Currently developing 50um ;
pitch pixel detector and not possible to make C'i'rr ent ATLAS
smaller (ATLAS IBL)

2. Timing information. Completely new information
for tracking : possibility of dramatical improvement . i A
of track reconstruction - Should help if timing (Pixel @HL-LHC) :
resolution achieved lcm/c ~

1JClab Seminar 23rd October, 2023 7



Impact for tracker with time resolution

* Tentative Requirement

“ATLAS event with. 200 pi

— (hadron collider) ~0(10'®)n,,/cm? radiation tolerance .
Mass spectrum for new particle
4D tracking ! Particle identification | e

— P=50GeV

Detector Hit Tracking pIs | B=0.95
+- b *
+ + ’*I ) ) Mass [:I'e\u"]
++ e 150ps difference at R=1m

e.g. Mass measurement

Solve pileup hits in an event for Long lived chargeno

1JClab Seminar 23rd October, 2023 8



How to improve the timing resolution?

Two reasons which make worse timing resoulution : S S
1. Time walk _ 2. Time jitte ¢
s :
The effect will be negligible ‘ i ! e
W\t threshold using constant fraction thr. — S t-N lon
50% threshold Slope of vol. Size of signal
discriminator signal for A 50% threshold On Rampmg time
discriminator signal for B discriminator signal for A
t % To make smaller jitter

Faster signal turn on and good S/N ratio
should be the key to improve timing resolution

1JClab Seminar 23rd October, 2023 9



Two approach

& Readout ASIC (amplifier) with smaller noise
& 3D detector with CMOS ASIC

Size of noise

On On Ly
o — == —
& Time Spot f ‘ VAR S 5
dt t o
& RD53 ASIC (28nm)
& Monolithic detector with Si-Ge BiCMOS Silojpie @ el Size of signal

Ramping time

& Monolith (Univ. of Geneva) by IHP

& Making sensor with larger signal and faster turn on
¢ Low Gain Avalanche Diode (LGAD)

These two approaches may realize at the same time.

1JClab Seminar 23rd October, 2023 10



Low Gain Avalanche Diode (LGAD)
& Low gain Avalanche Diode (LGAD)

& General #n*-1n-p type sensor with p* gain layer under »* implant to make very
high Electric Field at the surface.

- Good timing resolution.

&

Signal drivers :

UFSD Simulation
Totu\fignul 50 pum thick
MIP Signal
— Gain=10
Gain Holes

Cumrent [uA]

Electrons
Gain Electrons

Electric field

Time [ns]
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Charge Collection Noise (Landau Noise)

¢ For Minimum Ionization Particle (MIP), charge deposition is not

uniform depth profile. Non-Uniform

¢ This effect makes timing resolution get worse.

charge deposition

¢ The slower turn on for charge at deep region. ( ) 50u

¢ Signal increase by depth but saturated at some point (25um in simulation)

ling = z ks iy, -
l

TCAD simulation

— 2um depth

— 5um depth

10um depth

— 25um depth

45um depth

IJClab Seminar 23rd October, 2023 12



Timing resolution of LGAD sensor full p1cture

) On 7‘ S : pulse height
o, : Noise
t : rise time

s ) 2 2
O-t —_ O-tW+ O-] + O-L

||

] tw - } ITTIC W a}k Pros and Cons of Low Gain Avalanche Detecto

* Pros
 LGAD have gain : x35 times larger signal size

o;. Jitter (electronics) . Should be a lot better itter

e Cons

 LGAD have Charge Collection noise
 Thinner sensor have smaller noise

. .  But thinner sensor have smaller signal
Charge Collection noise : . 5
n

50um thick sensor : ~30ps timing resolution .
20um thick sensor : ~15ps timing resolution
Thinner sensor should have better timing resolution.

o; . Charge collection noise

If smaller g,, possible
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Spatial resolution of LGAD

& Segmented LGAD : ] :
| | . Normal-LGAD Al S10 5
& To have spatial resolution, strip sensors has been
processed.
¢ Need Junction termination extension(JTE) and p-stop g Low fill factor
L

structure to have individual gain layer 2

1JClab Seminar 23rd October, 2023 14



Spatial resolution of LGAD

& Segmented LGAD : Normal-LGAD Al SIOZ

& To have spatial resolution, strip sensors has been
processed.

& Need Junction termination extension(JTE) and p-stop
structure to have individual gain layer 2

¢ Need optimization of n+ resistivity

1JClab Seminar 23rd October, 2023 15



AC-LGAD collaboration

Collaboration for EICROC
EICROC

B2 Si- Ge B1CMOSMomst1c

‘ UN'VERS|TE P;YLP&S CO\- 11 ,, Y LAB * itiiii: U
N I BROOKHFAEN
CMOS oy AC-LGAD sen Japahi® 20 ption M P enoniaven

aborathn

Us- collaboration
RER f.»z,w AC-LGAD sens
ST CUE
collaboratlol]31 C

QS ASIC for EIC

HGTD (ATLAS LGAD) Sensor Development

Will focus on HPK AC-LGAD in this seminar ™ | ASIC Development

1JClab Seminar 23rd October, 2023



AC-LGAD sensors

* Read out principle of AC-LGAD ¢ Charge split : Impedance ratio

i > >

_I_CCp el =

g
7
6
5
4
3
2
1
So

N
=
2
<
-L
N
a
<
o=

IMpP & Readout Charge :Q

signal readout
crosstalk/sharing

— Amount of cross talk may also depend on input capacitance on the electronics.
— Effect must be understood = Sensor with smaller Cint should be important

IJClab Seminar 23rd October, 2023 17



Optimization of process parameters

& Parameter space in n+ and p+ doping

concentration has been optimized.
Parameter space for doping concentration

& n+ concentration should be lower than
Normal (DC) LGAD to reduce charge
sharing (Crosstalk).

& p+ doping concentration is used to tune
operational voltage (i.e. avalanche voltage)

Current [uA]

=

Lower p+ doping

p+ doping concentration

100 150 200 250 300 350 400
Bias Voltage [V]

n+ doping concentration

23rd October, 2023 18
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Optimization of process parameters

¢ JFY2015-JFY2018 DC-LGAD
& HGTD took over.

¢ JFY2019, JFY2020 AC-LGAD production Parameter space for doping concentration
¢ Vary n+ and p+ dope (A-E, 1-3)
& Vary thickness of S10, (capacitance : C,=1.5xC )

on

& Electrode type
¢ Pad type: 500um sq. 4pad/sensor
&
¢ Pixel type : 50um sq 14x14 electrode

p+ doping concentratic

n+ doping concentration

I[JClab Seminar ' 23rd October, 2023 19
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Parameter space for doping concentration

Signal size and crosstalk

& Signal size and Crosstalk

p+ doping concentration

& n+ resistivity dependence of signal size and crosstalk.

n+ doping concentration

€

="

L

E .

o sample :sample

[y A °

E All C to E types
- [
< 17 works fine.
QJ 5

&

- Can choose depends
on application

B0

MPYV of Pulse hei

0

"

“

. : 2
Normahz%d to é type

type '
N resistivity normalized to C type n*resistivity normalized to C type
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How small electrode could we achieve?

Used thinner di-electric layer (Oxide layer) PP PR Irfﬁ%p

cp =cp

/\/N

Pixel sensor

signal readout
crosstalk/sharing

Various of pitch
200um 150um

50um pitch electrode sensor has not been yet tested
ol C120 | C240 | C600

i)
SRl E120 | E240 | E600
D:E due to difficulty of wire bonding.

Cep [PF/mm?]
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How small electrode could we achieve?

* Compared signal size of 6 types C /Ry,
— 150um pixel sensors ool E120 E240 E600
c120 | cadc

— Two n+ resistivity types and 3 Ccp types
Cp [pPF/mm?]

.mp [©/C]]

 Compared signal size of 3 pixel size
— 100/150/200um pitches are compared.

Pulse height comparison by pixel pitches

100 um pitch pixel
1l Noise
i Signal MPV
: 122.4£5.5mV

—— 100um pitch
150um pitch
—s— 200um pitch

03"'

10 :; (‘W‘#@+ bt i
T et

|||l i ||||I||
200 400 600 800 1000 1200 0.2 0.4
Ccp [pF/mmZ] Pulse Height [V]

'f' "
: R
| i Mnmmun i&
2 0.25 03
Pulse Height [V]

Successfully developed
Good S/N 100um pitch
pixel detector!

-+ Small R,

imp

-« Large R;;,,
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Measurement of timing resolution

& Measurement of timing resolution for fine electrode sensors are challenging.

¢ Taking time if we use two layer coincidence

: Timing resolution
Photek PMT 240 (*°Sr source) Infra:R ed (pico sec) laser 2B 7 e N ),
2 i i Ui Sl a0
~9ps timing resoﬁﬁ 1on .
¥ Gz;w—’jpfm%:

= &
= e 25
y _- Y o
L
1 G & 2
101 & &Y &y oy
AR ‘4

o;: Jitter (electronics) MIP

o;: Landau noise MIP

* Photek PMT240 (MCP-PMT)
— Mes. Of timing resolution to MIP

— Don’t know injecting position.
» Infra-red (pico sec) laser
— Known injecting position(Size: 1.8um)

— No landau noise

1JClab Seminar 23rd October, 2023 23



Infra-red laser (E .

70.08
£
£ 0.07

=

50.06

1l

© 0.05

E

~0.04
0.03
0.02
0.01

0=

Timing resolution results

-~ a few times MIP)

IIIIIIIIIIIIIIIIIIIIIIIIIIIII_
+ 07+ o7 ]
¢ Strip(50um thick) —
Strip(20pm thick) -

. % Pad(50pm thick)
Pad(20pum thick) -

. ;

., '_:

L ]

* 'I;i= E

~ 10ps timing resolution!! -

2
Gtw

60 ED

100 120 140 160 180 200

Bias Voltage [V]

Timing resolution measurement by two methods

Beta—ray measurement

0.12

o
—

o
o
@

Timing resolution [ns]

o
o
o))

0.04

0.02

ofyt 07+ 07 & 20um thick

B ¢ 30um thick |
i $ 50um thick ]
L " _
. . @ i
A " B ]
5 so0 .5, * o ]
- o o5y ]
'_ 31 2+ Q 38 8+0.4ps ]

60 80 100 120 140 160 180 200 220
Bias voltage [V]

20um sensor have smaller landau term in timing resolution.
Scattering effect of beta-ray measurement should be affected = Testbeam measurement

1JClab Seminar

Ly
S

On

‘ i
=

By laser measurement,
calculated noise for each Volt.

Calculate jitter for MIP meas.
Evaluated Landau term.

Timing
resolution  °8:8ps  31.5ps  31.2ps
Jitter 9.8ps 11.8ps 15.9ps

Landau
noise 37.5ps  29.2ps  26.8ps
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Timing resolution measurement at testbeam
& Results for 2x2 pad sensors with S0um, 30um and 20um thickness

& Signal size (amplitude) is smaller in thinner sensors.

&
&

FNAL 120 GeV proton beam Preliminary 70, FNAL 120 GeV proton beam Preliminary

HPK 20 um FNAL board ¥ HPK 20 um UC
HPK 30 um FNAL board v HPK 30 um

§ HPK20 um FNAL board % HPK 20 pm UCSC board
HPK 50 um FNAL board ¥ HPK 50 um UCSC board

¢ HPK 30 um FNAL board o HPK 30 um

¢ HPK 50 um FNAL board el HPK 50 pm UCSC board
HPK_20um_500x500um_2x2pad E600 FNAL, 105V

Preliminar
gingle-channel (w/o TrackerCorrection)

Single-channel (w/ TrackerCorrection)
Multi-channel (w/ TrackerCorrection)

Time resolution [ps]

=
E
8]
o
2
S
=
<
=
(0
=

Time resolution [ps]

160 180 200 0
Bias Voltage [V] 100 120 140 160 180 200 -48 -46 -44 -42 -4 -38 -36 -34 -32
Bias Voltage [V Track y position [mm
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Radiation tolerance of LGAD detector

® lee normal Slllcon deVICC - Most typical radiation induced reaction:
1 ! Conduction Band Conduction Band
¢ Bulk damage (NIEL) : S1 lattice damage tional Boron =

g

acceptor

& Surface damage (TID) : charge up at Si0,-S1 -

¢ In addition

¢ p+ in Gain layer reduced : :
2 4 Acceptor removal (low p+ concentration) introduce weaker field :

= Need higher voltage to keep high electric field at gain layer
P+doping concentration measured by Bulk C

s HPK-3.10

Current [uA]

HPK-3.1 1.5E15

*« HPK-3.20

HPK-3.2 1.5E15
e FBK+CO

O FBK+C 1.5€+15 Lower p+ dOp-lng

3
S
z
c
S
-~
g
5
<
@
~
c
o
o
=
£
Q.
O
o

350 400

Bias Voltage
Depth x [um] ge [V]
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Why “Acceptor removal” 1s an 1ssue?

® The issue 1s :

=)
= B3 non-irrad (-20:; by 20° C result)
& Active shallow acceptors are no longer active by defect. % s oen et 2
¢ Increase gain voltage by fluence. a lel4n,,/cm?
5 ; . _ (-20°C) Sel4n,,/cm?
& Possible maximum operation voltage | : ﬂ (20°C)

& Single Event Burnout (SEB) happens if MIP particle deposited /

relatively high(~10MeV) energy at high electric field region. '
& This happened only “>12V/um average E field” independently 500 600

by the gain layer concentration or radiation fluence. Voltage [V]

ATLAS HGTD Preliminary

HPK-P1 (single, DESY) @.- SAFE ZONE
<11 V/um

The line is is a fit: Vggg 0=k - thickness
k=12.1 V/um

—
=>
=
c
E
o)
w
7
>

End-Of-Lifetime Test beam results 2021 (DESY, SPS)

20 30 40 50 60
thickness [pm]
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New 1dea for improvement of Radiation Tolerance?

@ 4
® New ideas

¢ Carbon annealing

& Improvement is just a factor of 2 or so...

® Add Boron + Phosphorus Electric field

& If acceptor removal is smaller than donner removal this method should work!

« Large number of Bi at the beginning to clean up O1
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C arb On anne alin g (. Most typical radiation induced reaction:

. : £ Conduction Band Si+B.S B £ Conduction Band
ATLAS HGTD people studied a lot about carbon doping on p+ layer itional Boron =i 5 5 ‘ .o 8o

acceptor B

¢ Sensors with Carbon survive up to 2el5neq/cm2 : Vop can be below 550V L B+0> BO, |°

& ~300V lower Vop after 2el5neq/cm2 irradiation. L

¢ HPK don’t process carbon dope so far. (now trying with us though) et B. - C. — B.C.,* — B, + C

--HPK-P2-W28 2 5615 cm-2
Insufficient time resolution region -=-FBK-UFSD-3.2-W19 -30°C

--CNM-R12916-W1 SEB region

=

-4 |HEP-IMEV1-W1
—o-|HEP-IMEV2-W7Q2
NDL-V3-B14
—--USTC-IME-V1.1-W11
-4+ USTC-IME-V2.1-W17

(o)}

o
H
=

un

o
'—'ﬁ
[®

—-HPK-P2-W28

‘= FBK-UFSD3.2-W19

- CNM-R12916-W1

—|HEP IMEv1-W1

~e-[HEP MEV2-W7Q2 SEB region
NDL-V3-B14

~-USTC-IME-V1.1-W11

-+ USTC-IME-V2.1-W17

200 400 600
bias voltage[V]

N
(=)

(8]
o
[ve]

[9)]

)
Z
c
o
=
=
o)
v
)
o
)
£
|_

M
o

Most Probable Charge[fC]

=
o

2.5el15 cm™
-30°C

M

Insufficient charge region

200 400 600 800
bias voltage[V]
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Compensation method

Compensation
& Both Boron(p+) and Phosphorus(n+) are doped. prl T Ertectia b
. . . . Normal Compensatlon
¢ Operating with effective p+ (difference of p+ and n+)
& It should work if donor removal is faster than acceptor removal i ,l/
M Same R L Slower decrease of eff. p+?
& Due to the mass difference of Boron and Phosphorus, depth Donor removal / Acceptor remova

[

profile of p+ and n+ are slightly different. (effective dope is not l> X ': _>
decrease p

simple Gaussian like depth profile)

l Decrease both p and

Effective Dope
n+ dope elec.

- n+ dope gain
p+ dope gain

Difficulty of

doping profile :
1B (reference), 1.5B+0.55P, 2.5B+1.5P, 5B+4.05P, 10B+9.2P

n?a-
=
A
e
e
)
@©
—
)}
c
[
Q
c
o
)

P : Phosphorus
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Compensation results

& Tested different compensation ratio

Current [uA]

<> lB (reference) y Reference non-irrad
f Compensation 5B+4.05P non-irrad
¢ 1.5B+0.55P : No visible improvement Reference oe1a
. Compensation 5B+4.05P 6e14

6 o o g = Reference 3e15

& 2.5B+1.5P : No visible improvement : Compensation 584057 3615
B+4.05P :

&5 05 200 300 400 500 600 700
¢ 10B+9.2P : Bias Voltage [V]

® What does this mean?

—@— Reference

6 CompsB 2.5B+1.5P

Ao sB+ossp ¢ Ref

5B+4.05P

>
®
)
©
=
o)
>
C
.0
©
S
o)
o3
O
<

4 5 6 7 8

Fluence [10' neg/cm?]
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Compensation results

& Tested different compensation ratio
& 1B (reference)
& 1.5B+0.55P : No visible improvement
& 2.5B+1.5P : No visible improvement
& 5B+4.05P :
& 10B+9.2P :

¢ What does this mean?

& Small compensation doesn’t work, because....

—> acceptance and donor removal roughly the same.

1JClab Seminar

Current [uA]

A Operation Voltage [V]

Reference non-irrad

Compensation 5B+4.05P non-irrad
Reference 6e14

Compensation 5B+4.05P 6e14
Reference 3e15

Compensation 5B+4.05P 3e15

200 300 400 500 600 700
Bias Voltage [V]

—4@— Reference

O CompsB 2.5B+1.5P

Ao sB+ossp ¢ Ref

5B+4.05P

4 5 6 7 8

Fluence [10' neg/cm?]
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Compensation results

& Tested different compensation ratio
& 1B (reference)
& 1.5B+0.55P : No visible improvement
& 2.5B+1.5P : No visible improvement
& 5B+4.05P :
& 10B+9.2P :

¢ What does this mean?

& Small compensation doesn’t work, because....

—> acceptance and donor removal roughly the same.

1JClab Seminar

Current [uA]

1013 1014
-3
Neff,()[ cm™ |

A Operation Voltag

300
250
200
150
100

50

Reference non-irrad
Compensation 5B+4.05P non-irrad
Reference 6e14
Compensation 5B+4.05P 6e14

a4 LGAD - neutrons Reference 3e15

Compensation 5B+4.05P 3e15

400 500 600 700
Bias Voltage [V]
1013 1016 1017

2.5B+1.5P

Ao sB+ossp ¢ Ref

5B+4.05P

2 3 4 5 6 7 8

Fluence [10' neg/cm?]
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Compensation results

& Tested different compensation ratio

Current [uA]

& 1B (reference)

Reference non-irrad

Compensation 5B+4.05P non-irrad

© 1.5B+0.55P : No visible improvement st Do Reterence e

ol Compensation 5B+4.05P 6e14

Reference 3e15

& 2.5B+1.5P : No visible improvement E o . s LGAD - ncutrons Compensation 584057 3615
_I_ .
@ Slirreble 400 500 600 700

& 10B+9.2P : ] - Bias Voltage [V]

Wh d h. " 1013 1014 1013 1016 1017
& at aoes this mean!

& Small compensation doesn’t work, because....

—@— Reference
—&— Comp5B
—8- Comp1B

—> acceptance and donor removal roughly the same. : ~e- Compze

4 6 8 10

Relative dope concentration
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Compensation results

& Tested different compensation ratio

Current [uA]

& 1B (reference)

Reference non-irrad

Compensation 5B+4.05P non-irrad

¢ 1.5B+0.55P : No visible improvement sEo T e o
5 © c o o ~T neutro I\ Reference 3e15
& 2.5B+1.5P : No visible improvement _ R Compensation 584057 3615
+4, X
bl - 400 500 600 700
& 10B+9.2P : ] Bias Voltage [V]

1013 1014 1013 1016
® What does this mean?

& Small compensation doesn’t work, because....

—@— Reference
—&— Comp5B
—8- Comp1B

—> acceptance and donor removal roughly the same. : ~e- Compze

e have new compensation sample with Carbon 4 8 8 10
-> Shipped to JSI for irradiation. Relative dope concentration
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Partially-Activated Boron

¢ If non-activated Boron are remaining:

- Most typical radiation induced reaction:

Conduction Band . Conduction Band
Fo SRS 1Sj + B, B, B
al Boron

¢ Probably O1 1s cleaned up by process.

@ + donor B‘Oi

acceptor BS

© Velerce Band B+ 02 BO. | & mysmmesnesmam

¢ First prototype shows very low Vbd before irradiation. (i.e.
too much active Bs) : x2.5 Boron doped, baked at 500°C

¢ No signal observed. Partially activated Bolons (PAB)

& Second prototype : 1B completely baked. Dope additional 0.5
or 1 Boron without baking. (i.e. 1B+0.5PAB, 1B+1PAB) -
wPAB2022 7 = =
" _1B+IPAB | _
/ Increase Bi by
radiation damage
. In—Active Boron -
1 clean up O in the beginning Not increase
S.Oosterhoff et. al. SIid-State Electronics, 28(5) 1985

donnor level defect
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Current [uA]

1

107"

w7 1B+0.5PAB
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Partially-Activated Boron results

& As a results of PAB samples :

)

BiO =][0)

)

What we expected

& All different type of PAB samples don’t show significant improvement.

& May be assumption was wrong?

& Recently observed very high Oxygen contamination in the Epi layer by SIMS.

Reality

BiO

BiO
(@)

¢ Not enough Non-Active Boron?

& Does this work for the wafers with smaller Oxygen contamination?

—@— Reference
—4— 1PAB

— 4 0.5PAB

Current [uA]

Reference non-irrad

PAB 1B+1PAB non-irrad
PAB 1B+0.5PAB non-irrad
Reference 6e14

PAB 1B+1PAB 6e14

PAB 1B+0.5PAB 6e14
Reference 3e15

PAB 1B+1PAB 3e15

PAB 1B+0.5PAB 3e15

A Operation Voltage [V]

= N
a O
o O

—_
o
o

4 5 6 7 8

600 700
Bias Voltage [V]

Fluence [10™ neg/cm?]
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Conclusion

157
Qe ,..
epltc

ACLGAD with 80um pitch strip sensor IILGAD.,
Good S/N ratio : 99.98% at 1e-4 noise rate
ACLGAD with 100um x 100um pixel sensor

Larger signal than strip sensor!! Goog

tl}her

€s,

20um thick ACLGAD successfully develope(g"”bn
We achieved ~20ps level time resolution!

= Need to test pixelated LGAD

%
ﬁoﬁ‘e«ﬁ
LGAD detector with Radiation tolerance

Tested Compensation and Partially
activated Boron : both are not promising
- Next Compensation with carbon
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Future

& Improvement of radiation tolerance (con’t)

& Test Compensation + Carbon sample

& Large size prototype

¢ Gain uniformity 1s important for larger sensor.

¢ Producing KEK R&D and EIC prototype masks
& ASIC development

& Collaborating with Si1-Ge ASIC (Uni. Geneva)
©® There 1s 100um pitch pixel ASIC to be connected to our AC-LGAD

& ATLAS/CMS/EIC producing their own ASIC for the colliders.

¢ Possible to adopt smaller detector cap for pixelated AC-LGAD?
& Ultimate goal is monolithic AC-LGAD

1JClab Seminar

Large size prototype
Gain Uniformity

EIC prototype

3cm length
500um pitch strip

R&D prototype

2cm x 2cm
100um pitch pixel

New Application

to Collider
detector
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Backup

23rd October, 2023

40



Why accelerator experiment?

* Non-Accelerator Experiment

— Cosmic Microwave Background (CMB)

CC . measured temperature uniformity of CMB. These measurement
indicate existence of as well as age of the universe.

— Search for WIMP Dark Matter
« XENONIT, LUX etc.. Under ground experiment
* Fermi-LAT, AMS-02 etc... Experiment at Satellite or International Space Station.

» Accelerator Experiment

— But we need to create huge energy/mass phenomena (10s GeV to a few TeV)
- Need huge accelerator
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Efficiency_twoStrips
FNAL 120 GeV proton beam

L|\I\|III|III|III|III‘I\\|III|III|

0.4 0.6 0.8 1 1.2 14 1.6 1.8 2
X [mm]
1JClab Seminar

Efficiency

Risetime [ps] (10 to 90%)

FNAL 120 GeV proton beam Preliminary

T T | T T T | T T T | T T T | T T T | T T T | T T T |
¢ HPK 20 um FNAL board ®  HPK 20 um UCSC board
$  HPK 30 um FNAL board ¥ HPK 30 pm UCSC board
$  HPK 50 um FNAL board *  HPK 50 pm UCSC board

L]
.

o
]
O ®
om
om
Ow

80 100 120 140 160 180 200
Bias Voltage [V]
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Two approaches to have good spatial resolution

® Fine pitch electrode approach

&

¢ Reduce crosstalk (charge sharing)

¢ High n+ implant resistivity

&

Fine pitch strip with narrow Al
(to reduce inter strip cap.

4

1JClab Seminar

Y L/ L L L L4
Y L L 2/ L LS4
Y L L 2l L L 7L
Y L/ L L L L L4
Y L/ L L L L4
Y L L 2 Il L L4
Y L/ 2 L L L L4
Y L L L L L L LSS
Y L L 2l L L 7L
V¥ / /4 4 4 74 7 L 47 4

HPK strip/pixel approach

Charge sharing approach

— Reconstruct particle position using charge sharing
(charge fraction to next channels)
* Relatively low n+ implant resistivity

HPK pad and BNL sensor approach
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Is Strip type electrode possible?

& For collider experiments, outer layers should use Strip type electrode to reduce readout channels.

— Signal fit
— Pedestal fit

0.2
Pulse Height [V]

Successfully developed
Good S/N 80um pitch strip detector!

1JClab Seminar 23rd October, 2023
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Is Strip type electrode possible?

& For collider experiments, outer layers should use Strip type electrode to reduce readout channels.

— Signal fit
— Pedestal fit

0.2
Pulse Height [V]

Successfully developed
Good S/N 80um pitch strip detector!

IJClab Seminar

(G 100 um pitch pixel

Noise
Signhal MPV

0 122.4+5.5mV

d Pos
| i Nﬂumnnun i

0.25 0.3
Pulse Height [V]

How much effect of interstrip capacitance?
Significantly smaller signal compared with pad type detector.
How much signal attenuation in the strip?
This might affect to the signal size un-uniformity and delay of
signal readout.
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Inter strip capacitance (Cint) effect

short strip long strip

Strip sensor with cut line

0.12L Effect of inteLé_ 40um-192V
strip capacitancg

~\-\\“s~;~:fiji

-187V

Signal size [V]

reduced by
Strip sensor which has different electrodg
length (to study inter electrode cap.)

Strip length [mm]

16 strips x 2
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Inter strip capacitance (Cint) effect

short strip long strip

Strip sensor with cut line

0.14

0.12F Effect of inteLs:_ 40um-192V
5irip capacitancg 40um-187V

0 \\
0.08 . :

-

Signal size [V]

= 4 reduced b
Strip sensor which has different electrodg Ghe| Where signal disappeared?
length (to study inter electrode cap.) =] 1.2 > Cross talk via Cint
0N =
@)
c S
(@)
= IS 6 7 8 9 10
£ rip length [mm]
@)
o —»— Long strips
16 strips x 2 | Short strips

2 3 4 5 6 7 8 9 10
Strip length [mm)]

1JClab Seminar
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Position reconstruction by fine pitch approach

¢ HPK 80um pitch strip sensor with highest implant resistivity (E-b type)

¢ Position resolution : 23um(80um/+v12) is expected in case of binary readefit

* Testbeam (@ Tohoku University (ELPH)
— 800MeV electron beam Amplitude distribution with residual
— Trigger rate : 200-400Hz
— Strip E-b type 170V @ 20°C

Ch9 Chl3

osition resolution Chll Chl5
r each channel (ave.) Chl2
56.2 * 1.4um

Obtained track
pointing resolution

524+ 2.9 um

Trigger by scintilator
Specify region (ROI)

Relative track position [mm]
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Position reconstruction using charge sharing

¢ Fermilab group is measuring our sample at Fermilab TestBeam Facility (FTBF) : 120GeV proton beam
‘ s T‘* ga| © Permanent setup in FTBF

Pixels Strips

& Movable : slide in and out of beamline as needed, parasitic use of beam

¢ Environmental controls : sensor temperature (-25°C to 20°C), and humidity,
monitoring

& Time reference with ~10ps resolution (Photeck PMT240 : MCP)
¢ DAQ : high bandwidth, high ADC resolution 8-channel scope (LeCroy WR8208)

Tested :
2x2 pad (500um x 500um electrode size)
Three different thickness : 50um, 30um and 20um
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Position reconstruction using charge sharing

Parameter space for doping concentration

& Charge Sharing information can be used to have position even pad
Sensor

¢ Fermilab testbeam at Feb 2021, HPK ACLGAD (Pad type)
¢ 500uml] pad sensor with C-2 type instead of best type E-b

p+ doping concentration

&
% >
HPK AC-LGAD Pad (C-2 type)
= . TR ‘"“‘

1400}

- 180V
= 0=37ps

0.0006249 + 0.0004281

0.01469 + 0.00052

s Loy e L L 0
5 104 10.3 10.2 101

f

58 -56 -54 -52 -5 —%.5 -04-03-02-01 0 0.1 02 03 04 05

AT (leading pad, MCP) [ns]

deltaX - tracker

X [mm]

IJClab Seminar 23rd October, 2023 50



Removal of Dopant

& Active dopant will reduce by exponential function by fluence (D)
Na(9)
Np(9)

Ny (0) - e=¢4°

Np(0) - e=¢p°

CD=2.4 x 1013 cm? for phosphorus and CA=2.0 x 10-!* cm? for boron
in very high resistivity p-type and n-type materials (>1kQcm).
- How about lower resistivity ? (like 1 x 101 cm™ p+ concentration)

Compensated effective p+ gain layer will change by following formula
N, (@) — Np (@) = Ny(0) - e=€4a? — N, (0) - e~ CD?

1JClab Seminar

Donor removal

_A4kQem -low [Oj]

o 125Ckm - very high [O]]
v 800Ckm - high [O;]
A 25KQcm - 125Qcm - standard [O;]

1013 1014 1013 10'6
Y '3
Negrol cm™ |
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How to understand results?

If CA>CD? If CA<CD? If CA=CD?

N, (@) — Np(®) = N4(0) - e=€4% — N, (0) - e~C0?
N4(®) — Np(@) = (N4(0) — Np(0)) - e=Ca?

| i reference N, (@) = N,(0) - e=C4?
Slightly longer life time

Shorter life time . :
Not detreated performance until some point

[
Q
(o]
—
Q
[e]
—
Q
[e]

Reference

CA/CD=1.01 g
ﬁ—nn

. Neff

CA/CD=1.5 " fereree

—N,
.l Neff

CA/CD=0.8 - Reterence

_ND

1017 -
_Neff

—

o
2,
N

—
Q
~

ost likely...
This is the case

-l
=R
o2}
[y
Q
»
[y
Q
»

c c c
o S e}
= b= =
© © ©
- p— p—
-— — —
c c c
0] @ @
O o o
c c c
o] e} o
o o o
o o o)
£ £ £
o o S
o) o o
© S S
+ + +

a a o}

-l
=
o
[y
Q
o
[y
Q
o

If this is true,
compensation is not promisj

10" 10" 10'° 10'®
fluence [neq/cmz]

10" 10" 10'° 10'®
fluence [neq/cmz]

10'® 10™ 10" 10'®
fluence [neq/cmz]
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Radiation tolerance results of Compensation LGAD

& Three different conditions are compared

—_
o
Nl

< o
3.
¢ Boron and Phosphorus doping S 108 on-irrad . 6El4n/c
5
NS Bt S
& 1.5B+0.55P 3E15 n/cm?
@ IB (reference) Reference r'|on-irrad '
o Compensation 1.5B+0.55P non-irrad
& 3 different fluence points (non-irrad, 6e14, 3el15 neq/cm?) . [ ompensston EeBHLST oM
37 o o4 ' e Compensation 1.5B+0.55P 6e14
¢ Result shows not very promising AT Ledk * Compensation 258+15P 6e14
: ke ¢ . Reference 3e15
& All three samples show very similar IV. W | Compensatlon58:0.55P Sels

Compensation 2.5B+1.5P 3e15

& This probably means CA=CD

400 500 600 700
N4(®) = Np (@) = Ny (0) - e=4% — N (0) - e=P? Bias Voltage [V]
N4(®) — Np (@) = (N4(0) — Np(0)) - e=Ca?

reference NA(Q)) . NA(O) ; e_CAQ)

Next step:

Carbon effect :
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Idea for monolithic AC-LGAD detector

Hybrid Type AC-LGAD detector Monolithic type AC-LGAD detector

SOl wafer
Low resistivity Si

sio2 |
Readout ASIC

GND

' ' ' ' ' Bump deposition % High resistivit@

Bump bonding @ ® Current development

| | Vop | | Voo | | VBD Voo
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