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Introduction

 LGAD is now quite mature technology and developing to build
detector for HL-LHC experiments.

* Spatial resolution will become more important to use the timing
information in inner tracking detector in a collider detector.

 BNL and KEK/Tsukuba is developing AC-LGAD technology.
— Collaborating to Fermilab to test the devices in the high energy proton beam.
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AC-LGAD detector

e Limits of LGAD :

— Need JTE and p-stop structure to have individual gain layer = Low fill factor (20% for 80um strip)

* AC-LGAD:

— Uniform gain layer with AC-Coupled electrode. 100% fill factor. Signal shared on neighboring electrodes.

DC-LGAD . |, SiO,

100% fill factor expected
But need to check Cross-talk
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Two approaches to have good spatial resolution

* Fine pitch electrode approach

— For High occupancy experiment like hadron

collider.

— Reduce crosstalk (charge sharing)
* High n+ implant resistivity

— Pros. : smaller occupancy and smaller data size

like digital readout

— Cons. : May have limitation of spatial
resolution by electrode size.

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

o

Charge sharing approach

For lepton collider or other low occupancy
colliders.

Reconstruct particle position using charge sharing
(charge fraction to next channels)

» Relatively low n+ implant resistivity

Pros. : Very good spatial resolution if high
resolution ADC used.

Cons. : May have Limitation by readout data size.
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HPK strip/pixel approach HPK pad and BNL sensor approach
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HPK prototype samples

 Samples produced in JFY 2019 & JFY 2020
— 50um active thickness, V,~50V @D 72019 samples
— n+ and p+ doping concentrations (A-E, 1-3) . JFY 2020 Samples
— Oxide thickness of AC-elec. (C,=1.5xC,)
* Electrode types
— Pad type : 500um[] 4pad/sensor Firs
— Strip type : 80um pitch, 9.88mm Iong 80q/

Parameter space for doping concentration
Radiation tolerance

Low V
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BNL samples

 Samples produced starting from 2018, full 4” wafers dedicated.
* Wafers are (p-type) epitaxial, 50um thick, V¢~120V.
* Modification of termination regions (Guard Ring, JTE) in last batches.

 Strips/pad/pixels total area 3x3mm?, different pitch-width-shape.
— E.g. for TCT measurement.
* Lateral strip pitch 100um Al gap 44um, 2mm long strips.

* (mainly) one n+ doping concentration : 1/50 of the DC-LGAD dose.
tuned to be ~200V
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Measurement at lab
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Measurement setup @ KEK/Tsukuba

* Lab setup @ KEK/Tsukuba LGAD Sensor R L L L T
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Signal size and crosstalk

 Compared various parameters for signal size and crosstalk
— Signal size and crosstalk has been measured by strip sensor.
— Significant dependence of n+ implant resistivity observed
— Larger n+ resistivity have “larger signal” & “Smaller crosstalk”
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*Normalized to C type

implant resistivity multiplication
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Good S/N ratio
Usable AC-LGAD detector
with 80um strip electrode.
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Challenge : Pixel detector

* Prototype of 50um x 50um pitch pixel sensor
— Wirebonded only 4x4 array at the center.

— First observation of AC-LGAD pixel sensor signal
* Smaller signal and larger cross talk observed
* S/N ratio is not enough and need improvement.

fre: ———

Pulse height distribution |

1 ACLGERIX42

Pulse height [V]

104

. Signal-observed!

Bad S/N ratio s / Clearly need improvement \

. Coupling capacitor Ccp (Effective area?)
E

pad 500um strip 45um pixel 50um

10 E sooum’ QSV 50um -
8 - 2 4 10 T 005 o.ﬁ *olf tz 'fozsf 33 K MPV : 100mV 38mV <15mV

- Pulse Height [V]

Pulse height [V]
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Max amplitude [V]

Infra Red Laser - TCT setup @ BNL

Sample :
— BNL AC-LGAD 16-strips array
— Lateral strip pitch 100um, 44um Al gap
3 MIPs charge injected to center between strips.
— Check amplitude for 4 strips (ch1-4)
— Some charge sharing observed.

0.45|
= Position of read-out strips with
04— respect to Laser focus point
0.35—
03F-
025 u
02f
0.15 Y\
01— Channel | Amplitude [mV]| | Shared Signal
= Ch1 421 £ 5 100%
005 - Ch 2 99 + 2 23%
0= Cchi Ch2 Ccha Ché Ch 3 35 £ 3 8.5%
Channel Ch 4 16 £ 2 3.9%
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Single point space resolution [um]

and measured signal fraction among

neighbor strips.

— Spatial resolution computed via ¥?
minimization of signal fractions observeds

— Spatial resolutions of ~¥ 1um achievable. -

 |deal case with huge signal (>400mV) =
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Spatial resolution

Scanning Laser position with 5um step
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Performance measurement at testbeam
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Fermilab testbeam setup

 Permanent setup in FNAL test beam facility (FTBF) Readout amp board
— 120GeV proton beam
— Record 100k events per minute.
— Tracker resolution : ~10um
— Environmental control : temperature -25°C to 20°C
— 10ps time reference (MCP)
— DAQ : high bandwidth scope.

* Simple Readout boards without ASIC

Readout by Oscilloscope Timing reference Detector e

“ f' LV, motor stage
control, thermal
monitoring

@ ® © 0 0 o0 0 o=

PHOTEK .
LeCroy WR8208HD scope ncp photomultipliers (PMT140) &l

12bit, 10GSa/s, 2GHz 450ps FWHM with 5e3 Gain
8 channel Multi-photon jitter below 10 ps

High BW
] | Multiplexer
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Results in BNL 2020 strips

100um pitch with 20micron gaps
Read out 6 interior strip + DC ring + MCP timing reference

Selected events with proton in inner 4 readout strips to see
performance.
Charge sharing between strops has be seen.

— Each strips have amplitude peaks at around 100mV. (180mV in total)

— 100% efficiency across all strips. = > B
E 1s0-- 1okl Q 14 — S 1
o -gmp 2 o —Stip3
'gmo—— trip 3 O 12— — Strip 4
2 -Strip 4 = B — Strip5
= -Strip 5 = —— Strip 6
2.140;— trip 6 w - SR
Efficiency for 2" and 5t strips < 120F -
'g 125 efficiency_vs_xy_Strip2or5 - =TEE IR 1 n_ C 08?
£ Eniries 498000 ‘ = 100— L
d [ =1 i
e o S 50 e
1.5 evy K L r
2 r B
i ) 80— 0.4~
105 4():— 0zl
10 20k E ; e
N s pd =t " e -_Al-.__ P 2 i
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Relative track position [mm]

Results in BNL 2020 strips

Position Reconstruction

— Reconstruct the location of proton hit using

the primary strip and secondary strip

relative amplitude.

— Use max amplitude (A _,) and second

highest amplitude (A,) strip and parametrize

A /(A . +A,) as a function of location

— Observed ~5um position resolution after
subtracting tracker resolution (~*10um).

e Time Reconstruction

amplitude arrival time (t,_,

(tphotek)

— Calculated time difference of max

) and MCP

— Observed 32.5ps timing resolution.
— Timing resolution has also be

calculated as a function of particle

position.

Amp10verAmpiand2_vs_deltaXmax deltaX timeDiff
0.07 Amp10verAmpland2_vs, x_profil o TITTTTT T TITT 77T deltaX %4500;‘ LN L L L ! timeDiff
L Entries 39264 & 6000 Entries 36868 o E Entries 36868
L o Z
= Mean 0.5948 w Mean 0.003101 4000 — Mean 3.43e-16
0.06— Std Dev 0.06412 r Std Dev 00243 E Std Dev 0.0482
r Prob 6.176e-05 5000 22/ nol 357277 3500 E ¥ I ndf 1231/8
r po 0.7099 + 0.0816 Constant 6107 £43.0 £ Constant 4199 +325
0.05p p1 -3.079 + 0.403 L Mean  0.002895 +0.000071 3000 e Mean  -0.003189 +0.000230
r p2 4.866 + 0.659 40001 sigma 0.01157 £ 0.00006 E Sigma 0.03256 + 0.00027
r p3 —-2.685 +0.358 C B 2500 j 7_
004 3000 = 2000~ 3
- - - 1500 — - 3
oosf- 00 o=11.6um 0=32.5ps
- L ] 1000 =
0.025 1000:— — 500 E
- | oo b b b by Db b b Lo i 0:"‘"""'”'"'J)'j'.‘l‘:-M'J"""{"""'i
S a— 06 0.65 o7 075 504030201 0 01 02 03 04 05 -1 -08-06-04-02 0 02 04 06 08 1
Amp_/(Amp  +Amp ) deltaX - tracker _ [ ]
e e tnax tphotek ns
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HPK pad sensor with charge sharing

* Charge Sharing information can be used to have position g  Parameterspace for doping concentration
even pad sensor B @D P
— Fermilab testbeam at Feb 2021, HPK ACLGAD (Pad type) ; Radatio tolerance
— 500um[ pad sensor with C-2 type instead of best type E-b 8 i 2
— Timing resolution 37ps s © 5 (e
— Position resolution in middle 500um area : 15um resolution 2 @ @D
including tracker resolution. - .

x1/2 x1/2 . x1/10 .
+ doping concentration

HPK AC-LGAD Pad (C-2 type
S ( Vp ) deltaX
S b ke Sl - ALAe v
=48 ¥ o @ COTT T T T T deltaX
4 . > 250 € _ -
'u‘fg‘ C-2, primary pad only, 180 V E [ —Totl el § 350F Enties 253
. I —Pad 00 r -0.001161
_ .En i - § 200_ _Pad 01 300 Std Dev 002035
1400+ tries 1 = 7_Pad 10 t 72/ ndf 3.182/6
F 180 V ;:;W -Lq':;;o‘e‘ !__l | —Pad 11 250:_ Constant 3343 + 9.8
20— g=37 ps E + F Mean  -0.0006249 +0.0004281
C <>: 150; N Si 0.01469 + 0.00052
1000—
. | 200
800 = :
F S 100 1501 : :
01 5 g Achieved 15um resolution
C () = L
400} = 100 .
] i g with 500umo pad sensor
ZDEI:: q L 50? 50}
?.“““11_...._.-7—{{_1_._uu—ln—m-_l__,_._._..__,.“no' B C
08 107 -106 -105 -104 -103 -102  -1DA 10 B C
Ll 1 | - | ARl | L1 ‘ L1 | 8 . | L1l ‘ - Eb
i _ _ i i _ ] -0.5-04-03-02-01 0 01 02 03 04 05
AT (leading pad, MCP) [ns] %6 64 62 -6 58 56 54 52 5 deltaX - racker

X [mm]
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Fine pitch approach

 HPK 80um pitch strip sensor with highest implant resistivity (E-b type)
— Position resolution : 23um(80um/+v/12) is expected in case of binary readout

Obtained track

et

* Testbeam @ Tohoku University (ELPH) “e(\ﬁ%e | S =
— 800MeV electron beam \{\Q\e,sca Amplitude distribution with residual |
_ . . _ “ (T I | T T | T T | T T | T T | T T | I T 1 | I T T
Trlgger rate : 200-400Hz ] Y\"%“N\ < [ Nocharge weight used. Ch9 Chl13 A
— Strip E-b type 170V @ 20°C 2025 binary readout information only Ch10 —
o - —
N . & scint E — Position resolution Ch1l Ch15 -
i T I I H ” o] 0'2__f0r each channel (ave.) Ch12 Sum —
N F 589#£3.1um n

©
)
>
=
>

oQ
=
(1]
(%]
=
c
=
o
S5

I

T

% Position resolution
Z (.1lof LGAD sensor
29.1+12.5um

51.2+12.1 um—

4 layer of Telescope
(25um x 500um pixel)

Trigger by scintilator

Specify region (ROI)

2 45 1  05_ .0 05 1
Relative track position [mm]
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Radiation Tolerance

* As like normal n+-in-p type silicon sensor
— Bulk damage (NIEL) : Si lattice
— Surface damage(TID) : positive charge @SiO,-Si

o« + ”Acceptor Removal” How serious effect

p++ dope changed 6el16 — 7.5el6

1N 449_rhh

3D TCAD simulation , e

.‘ - | ..Vgain is sensitive to
E |- - | ... p+ doping conc.

. ] . by reducing accep
— Acceptor in p+ gain layer is reduced. H

Issue : V,;, become higher due to acceptor removal
Iy Max. opelraltilor? Y

E‘ T | T T T T | T T T T | T T T T | T T T T | T T T T | T T T T ﬂ
= Non-irrad
E 10 1x10*n__ /cm? -
3 eq = Sx 1014 neq/E:m2
1 . . =
1077 =
102 » F'ad.'B-:h'-:-!:lﬂagl:.fnoh-irradE:
3 : ] F'ad.'B-:h'-é:lﬂagl:ﬁam E
107 400V >: : =
. . . #  Pad/B-3.d0degCi5e1d -
1n—4 P T T T NS NN T TN (NN SN SO TN TN AN SN SN SN S NN TN TN SN SN NN TN TN ST SN NN TN TR TR T N SN SN ST T
0 100 200 300 400 500 600 700 80O
Bias Voltage [V]

Similar behavior to normal LGAD and will survive upto ~10*°n_./cm?
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TID effect on AC-LGAD sensor

* To test TID damage effect *°Co irradiation poly-Silcon
has been done in Japan ] I sias Jing l scrng | Acelec. Si0,
e Positive surface charge affect to : —

— Increase signal size.
— Reduce signal crosstalk

— Efficiency will be checked at testbeam.
Pulse height I .

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

» Improve performance?

Cros Before TID ‘|_> After TID ‘|_>
i ACelec. [—i— — | E—
£ Ccp CC
8 p
i v e | | e
o . , !
% | signal —» me\ / lep lep\ lep (> lep)
% crosstalk ——»
n%: I Z !/

AAAAA

2 4 6 8 10 12 14
distance from leading strip [Strip]

Q _ ZRimp Q Q, _ Rimp Q
 Ze,, ¥ 2y, < - 0

2 4 6 8 10 12 14

distance from leading strip [Strip]
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Conclusion

QQ& . 30
Low Gain Avalanche Diode Technology &L224n
30ps timing resolution for MIP particle!

\ ‘ v

a /O

1 £
292> LGAD sensor with Spatial resolution X
Achieved o(10)um resolution using AC-LGAD!! | *
\_ J
‘ AN

(o a0 .

LGAD sensor with Radiation tolerance? N—-
Upto o(1x10")n,,/cm?so far J
\_

30th Sep, 2021

Production & operation

Vertex 2021

S

HL-LHC detector (2027-)

——>

Will accumulate
operation experience

Expected various applications

Outer layer of hadron colliders
Lepton colliders or heavy ion colliders
Other medical and imaging fields

» Large size prototype

How to avoid Acceptor removal?
=>If survive upto 1x10%*n . /cm?:
All hadron collider tracker can be replaced to LGAD sensor.
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Parameter space for doping concentration

° '4% 1 Lower Operation Voltage
First AC-LGAD by HPK
§ PC\GPD % ........ i
Pad type sensor (ax 500umx500um) Pixel type sensor (14x14 50umxsoum) £
Bias ring _ o ‘ . ias ring -2 Sma”ercmssmk
- /ﬂ\ --dilb A | & ; 2 ) { _
( =1 F/ DCring -y od i n+ doping concentration -
[ ring
Wire bond ] | GNDed DC ring via Poly-si
pad | @ — To remove charge in n+
Varied Al size (AC coupling capacitance)

Pixel : 42/38/34/30 um width/length
Strip : 45/40/35/30 um width

n+ and p+ doping concentration

C(Ax10 resistivity) B(Ax3.3 resistivity) A (“DC-LGAD)

P+ doping 2 (mid) C-2 B-2 A-2

concentration
1 (ow) c1 -1 [

n+ doping

p+ doping
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Leakage current vs Bias voltage

-
o

RN o : 1 =
E L I o £
s Y oc2 1 3
- I ]
10 I =
- : <:| High p+ daping
= : E
= I ]
- I ]
Y I B I B PP RN T BRI B
10707750 100 150 ] 200 250 300 350 400
Bias Voltage [V]
Break down (gain) voltage get lower
* Higher P+ dope
* Lower N+ dope
- Radiation trelance
C-2 type:

— Lower operational voltage

— Smaller crosstalk
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Variation of p+ and n+ doping concentration
%D C(Ax10 resistivity) B(Ax3.3 resistivity) A (“DC-LGAD)
O P+ dopinfg 2 (mid) C-2 B-2 A-2
+ concentration

n+ doping

Vertex 2021
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What we need for Hadron Collider?

* High Luminosity LHC detector « Expected radiation level for 4000fb
ITK upgrade detector — Non lonizing Energy Loss (NIEL):

* 3" layer: 2.8x10%> n,, /cm? 1% layer : 2.6x10'°neq/cm?
— Total lonizing Dose (TID) :

strip e 3 |ayer: 1.6MGy 1%t layer : 19.8MGy I

Could replace detector
at the middle of runs.

35 ATLAS Simulation Internal
FLUKA + PYTHIA8
Kl8] | Tk Inclined Duals

r [em]

1017

25

20 10

e Strip : ~75.5um pitch .
* Pixel : 50um x 50um pitch

Survive upto lel6neq/cm??
1015

Si 1 MeV neutron eq. fluence [em?]

Is this granularity possible? I ————————

z [cm]

If we have LGAD sensor with this granularity and radiation tolerance, all tracker can be replaced by LGAD!

1014
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Phosphorus: shallow dopant

BD: positive charge

higher introduction after proton than after
neutron irradiation, oxygen dependent

(positive charge)

BiOi

(acceptor removal)

leakage current
& neg. charge

current after vy irrad, CIOI(+/0) )
V,0 (?)

Boron: shallow dopant
(negative charge)

30th Sep, 2021

E30: positive charge

higher introduction after

L proton irradiation than after

neutron irradiation

205a(-/0)

R e H116(0/-)
H140(0/-)

alence ban

Vertex 2021

Leakage
current: V4
E4(=/-)
m— \/(-/0)
Reverse

<+— annealing

(negative charge)

MMl [001]
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Test beam in Feb 2021 @ Fermilab

/VOtp .
Fermilab Test Beam Facility (FTBF) < Ucipagy .
120GeV proton beam
Strip Detector based Telescope : “15um pointing resolution Readout by Ocilloscope
LeCroy
WR8208HD scope
Q\'& 12bit, 10GSa/s, 2GHz
8 channel

“ Beam Telescope

Timing reference Detector

PHOTEK
MCP photomultipliers (PMT140)
450ps FWHM with 5e3 Gain
~5ps timing resolution

(SPEC: Multi-photon jitter below 10 ps)

30th Sep, 2021 Vertex 2021 29



Time resolution measurement @ testbeam

 Used PHOTEK : MCP PMT140 as a timing reference detector
— Including 5ps PMT140 time resolution (<1% effect)

Very fresh results : Obtained 30-40ps time resolution for a couple of types of sensors

htime htime

1400 Entries 10459 = Entries 8017
C . Mean  -1.044e-08 1200 — Mean -1.058e-08
ZC'Z . 180V StdDev  4.708e-11 - B_2 . 23OV Sid Dev  4.542e-11

1200— - ¢
- 37 1000—

1000_—0 - ps -0 = 33pS
- 800\—

800—

- 600—

600— B
C 400—

400— N

200— 200|—

L | Bt l | Co Lo L eto™® B ]
] [N SR N N NI T A | L a0 =10
-10.8 107 -106 105 104 103 10.2 10.1 10 0 109  -108 -107 -106 -105 -104  -103  -10.2
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Efficiency and signal sharing @ testbeam

Efficiency, 90mV threshold Efficiency, 45mV threshold Efficiency, 20mV threshold

Entries 175207 Entries 175207 Entries 175207
> 114 114 114
Mean x -5.727 > Mean x -5.727 > Mean x -5.727
C Mean y 105 C Mean y 105 C Mean y 10.5
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e Efficiency measurement for the top left pad. = }‘]
— i
— Close to 100% efficiency @ 90mV threshold S 4
: = ro
— ~40mV crosstalk observed. (consistent to lab meas.) €7 l
5" Gl D
» Need more study for the reason of flat crosstalk. (inter elec. Cap?) % ‘2‘2 o ~——~ -
SV L YL T S T |

30th Sep, 2021 Vertex 2021 31



