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1. LGAD R&D at IHPE 1.1 Introduction of LGAD

How to improve the time resolution of silicon detectors ?

Low-Gain Avalanche Diode !
LGAD: P+ gain layer on top of PIN diode

n*+-p diode | > n**-p*-p ‘ [; |
_____ m., -""“‘"*--—;n m.,

Conventional PIN diode

d 0 5F-)1_5 ?(l;;kcm ' p ~ bulk / avalanche

UL Q)T multiplication
&
Low-Gain Avalanche Diode (LGAD) : <1 Signal a@
» Modest gain (10-50) 3 /2
* Modest gain to increase S/N, reduce Jitter  gest s/ ratio | ,;’Shot e
* High S/N, no dark noise/count |4t f S Hlechonic nose
» Thin active layer 20-50 um (gain independent)
* High drift velocity and decrease t;, 0 10 1000
* Reduce Landau contribution caused by ionization  , iy, <Gain
» Time resolution ~30 ps TN <]
2 2 2 2 e
Ot = OTimeW alk + O Landau + O Jitter it) Y/ [ medium
Nl (2 i
TT; = —_— . —_ thin
Jitter dv / dt rise N J /it t\ t R 3
1 2 3
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1.1 Introduction of LGAD  Motivation

ATLAS @ LHC (Now)

LHC ATLAS detector

High Granularity Timing

Detector (HGTD) LGAD structure .
» Stronger radiation environment: Radiation resistant sensors e —— |
» The pile-up problem: High time resolution sensors JTE
» ATLAS High Granularity Timing Detector (HGTD) elcfh
* LGAD (Low-Gain Avalanche Diode ) sensors oeieion gn
* Pixel 1.3mm, readout channel ~ 3.6M o-type Bulk
* Irradiation fluence 2.5X10% n,,/cm? 5 p—

* Gain 10-50
* Active layer ~50 um
* Time resolution ~30 ps

* Area 6.4 m2, 15x15 LGAD sensors (2 cmX2cm )
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1.2 LGAD R&D

Timeline of IHEP LGAD

IHEP-NDL (2019) IHEP-IMEv1 (2020.9) IHEP-IMEvV2 (2021.6)

Mass production
for ATLAS (2024.6)

ATLAS HGTD determined to use IHEP LGAD, which occupies 90% of all. :
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1.3 Test and performance

Beta source test system
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Beta source test system
 LGAD is wire bounded to fast readout board
* A telescope system composed of two LGADs,
* Preamplifier and main amplifier
* Oscilloscope reads and saves waveforms

* Bandwidth 2GHz, sampling rate 40Gs/s
* Waveform analysis

* Timing resolution
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1.3 Test and performance

: : 15 2
Time resolution @ 2.5 X 1015 n_/cm? Collected charge @ 2.5X 10" n,/cm N s ,
0 20 o HPKFIWIS Efficiency >99% @ 2.5X 10> n,/cm
' USTC
- Insufficient time resolution region 18 | ~=FBK-UFSD-3.2-W19
- O, TCNMRIZOL6WI SEB region _1oATLAS HGTD Preliminary TestBeam
: USTC =18 HEPaMEVI-WI < 0
— ; G) = - 1
g * ,IHEL 80 14 | -e-IHEP-IMEV2-W7Q2 LK g 100F *,,,,:;ﬁ-t:“-‘-':‘w-"‘ E
PR = 5 9of A E
S 50 : SR NDL-V3-B14 l 2 w0 v :
S HPK o ~-USTC-IME-V1.1-W11 P S E
_g 10 |-&HPK-P2-W28 S 10 -4 USTCIME-V2.1-W17 ol irragiation = 1.6x10%nom-2 |
@ | wFBK-UFSD3.2:W19 2 . § R T T e
o 30 -e-CNM-R12916-W1 f o |HEP 6or -@- FBK-UFSD3.2-W19 (-40 to -30°C, DESY 2022)
GEJ -+ |HEP IMEV1-W1 ?_‘) 6 i 50l -4- USTC-IMEv2.1-W17 (-39 to -24°C, DESY 2022)
= 2 emepmezwraz  FBK SEB region 3 .4 N TN
[ . 200 250 300 350 400 450 500 550
o | " NDL-V3-B14 High voltage 2 | N\ FBK SEB region Bias Voltage[V]
-+ USTC-IME-V1.1-W11 2 High voltage
o [ USTC-IME-V2.1-W17 o | Insufficient charge region -
0 200 400 600 800 1001 0 200 400 600 800 1000
bias voltage[V] bias voltage[V] acceptor removal constant C
8
IHEP LGAD sensors after irradiation . acceptor removal constant | HEP
N6 === = = =1
£
* Excellent radiation resistant process ( IHEP shallow carbon process) © | , |
n 4 [ carbon enriched |
* The time resolution reaches 35 ps, and the highest collected charge is 12 fC = 5 I : wafers ‘ :
A
* Low operating voltage, can reduce the single particle burn (SEB) risk 5 : I I l 11 :
SIS IR S SRR S SRS I AR
. ici 0 RN ST M S M AP I
* Test beam: efficiency >99% e&@,@ &@'* & & &@.Il & @&0&»@ g |
* Currently, the smallest acceptor removal constant C (1.01x10-16cm?2) /——— e _'
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1.4 HGTD module

FPC Connector

Side view
- Stiffene
B ==

- |

Module consists :

* 2 Hybrid + FLEX (flexible PCB)

* Hybird: 15 x15 LGAD + 15 x15 ASIC
(2cmx2cm)

* HGTD requires 8032 modules

Support unit

E Before Correction: ¢, = 58.3 £ 1.6 ps E

250— —

C After Correction: o, = 46.3 £+ 1.4 ps 7

- ATLAS HGTD 1
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Module test beam:
* Timing resolution 46 ps
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Loading and support units :

* Assembled modules glued on
support units then mounted
on cooling plate 3
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Outline

2. AC-coupled LGAD R&D at IHEP
2.1 Introduction of AC-LGAD
2.1 AC-LGAD R&D
2.2 Test and performance
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2. AC-coupled LGAD R&D at IHEP 2.1 Introduction of AC-LGAD

ad (Cathode) cathode . . AC pad
— Pstop "y B e
| N+
JTE ITE JTE
ce . e b i
] J
Depletion region Depletion region
(Active layer) (Active layer)
p-type Bulk p-type Bulk
- L}
Two pixel LGAD Two pixel AC-LGAD (AC-coupled LGAD)
* The electrode is connected to n++ layer * Metal AC-electrodes separated from the n+ layer
* Dead zone : P-stop, JTE by a thin dielectric (SiO, , SisN,)
* Time resolution ~ 30ps * Continuous N+ and P+ layers, no dead zone
* Position resolution: pixel size/v12 e Position resolution: 5~10 um
* Radiation hardness: 10'°> ~10'®n,./cm? « Time resolution ~ 30ps

* Radiation hardness: 10'° ~10%n,,/cm?
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AC-LGAD: two layout schemes for AC-pads
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15x15 LGAD for ATLAS HGTD project

The position can be reconstructed by the signal/charge

distribution, and the position resolution: 5

Pixels AC-LGAD:

ATLAS HGTD

~10 um

~0.1mm

Dead zone:

Pixel size: 1.3mm

Position information: 1 layer (X,y)
Bump bonding

Strips AC-LGAD:

Better position resolution->

Smaller Pixel LGADs -> Lower fill factor

Lower readout channels, no bump bonding (wire bounding)

Position information: 2 layers for (X, y)
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21 |ntrOdUCtiOn Of AC- LGAD Motivation &Applications: CEPC 4D outer tracker

Flavor physics -> Particle Identification (PID)-> Timing & Tracker

Circular Electron Positron Collider (CEPC) Baseline detector concept in CDR LGAD timing detector in Barrel region
BT Boetr o Collering | — ~

e - NN

P I

\"ﬁ}\
Super Synchrotron, S
BTC Ly

e
Medium-Stage Synchrotron, MSS O D
Rapid Cycling Synchrotron, p-RSC

CBEPC circumference 100 Km

= // /// . |
IP3 250 /// FTD ,/'/
s Ve 1 lcost|=0.969
200f // e
s sIT e -7 Grou
oS -
OSter 150fF - P Barrel TOF

g /// P e

Cepp Collider Ring 192 m;_m /{/ /Ii,/ T S . ~ éoo modules, \ ~100 module groups
s N A }’_—’,’ . - m

POC Colliar Ring T .

CEPC 4D outer tracker concept design:

* Barrel : 50 m?, Endcap 20 m?, ~ 10 M channels
* Strip AC-LGAD ( each strip: 140 mm x 0.1 mm)
* Timing resolution: 30-50 ps
* Position resolution: ~ 10 um @ Y direction
* Position resolution: ~ 1 mm @ Z direction
(double-ends readout) Strip AC-LGAD + ASIC

Proton Linac
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___oStrip AC-1GAD
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A
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2222222
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2.1 Introduction of AC-LGAD Motivation &Applications

ﬁectron-lon Collider (EIC): Timing-tracker \ /NUC|€3F Medicine Instruments:
Such as proton therapy and proton CT

iti i osition+time ti
Barrel AC-LGAD detector Hadron endcap AC-LGAD detector position+time P ! lmen_
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Other applications

KeV X-Ray  Beam Telescope for Beam Test Platform
LiDAR: Positioning and Navigation

Track and time detectors in other particle
physics and nuclear physics experiments
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2.2 AC-LGAD R&D
TWO types AC-LGAD at IHEP:

Pixels AC-LGAD: Strips AC-LGAD:
* Pitch size 2000 um, pad size 1000 um * Strip length 5.6 mm, width 100 um
* Different N+ dose : * Different Pitch size:

e 10P, 5P, 1P, 0.5P, 0.2P * 150 um, 200 um, 250 um
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2.3 Test and performance

Pico-second 3D platform

Laser

Laser scanning system
* Picosecond laser

* Wavelength 1064nm
* Spot size 2~5 um

* Scan accuracy 1 um

—
Synchronous pulse .
Focuser

Pre-amplifier

. DUT LGAD
Signal ﬁ .

Readout board

\/ Amplifier ]
* Automated scanning
t
~ Oscilloscope — Data analysis
ty, trigger
T T e BT T e e
1300 [~ O Laser spot position 0O Reconstruction position — 2 = E
[l | : o &5 _@_ o _@_ 'f:j" ] O c Mean —0.005444 E . .
" 200f o e e e o o 3 v £ Spatial resolution :
100f 1 ™ vmsszoz [ * the sigma of the difference between the

E % £F & L < LB 2000:_ Sigma 16.26 + 0.07 _: [

oF E : ; laser and the reconstructed position

. R B ) 3
—100 - C ]

- 1000 3
—200F . F ] —
O S e 3 E Ospatial = Oreconstruction—laser

e T e e Y 2050 C100 S50 050100 150 200

X [um] Recon-Laser [um]
Reconstructed 6x6 positions Spatial resolution:

reconstruction - laser 15
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2.3 Test and performance spatial resolution

Spatial resolution Vs. N+ dose Spatial resolution Vs. pitch size
= L e e T B R N e B R —_ 16 ¢
é E 77 Measured results E g— 14 ¢
s 35F ¥ =
b= - £ Estimated results . g 12 F
? 30F - 210 £ —
= n . O C //x
a3 E 0 E X
N . s 6 F
20 X ] 2} F —8— Measured
;.;Sj; aP E 4 3 —X— Estimated
¥ — -
15 K : N
10:|||||||||||||||||||||||: 0:l|||I||||I||||I||||I||||I||||I||||
L T 130 150 170 190 210 230 250 270
Pitch [pm]
Resolution estimation: * N+ dose 10 P—0.2 P, spatial resolution 36 -> 16 um.
N * Lower N + dose has higher resistivity and larger
Ospatial ~ Z attenuation factor, ->better spatial resolution.
A: signal attenuation factor * Pitch size 250um — 150um, spatial resolution 11 -> 8 um.
N: noise RMS (sensor + electronics) * Smaller pitch sizes result in faster signal attenuation and
larger attenuation factor, - >better spatial resolution
Spatial resolution can also be evaluated according to signal attenuation factor and noise level. 16
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2.3 Test and performance Time resolution

Time resolution
tested by beta source

Jitter tested by laser

Timing resolution of Trigger

H T T T oryrrrr[rrrrrrrrrrr [T T]
30t — - :
- ] 70 - 2
i o Gapl 150 um , T Sigma:47.1 ] Ziai Ti
B 7 60— . - . —_—
_ 250 Gap2 100 pum — - Beta test | AT Ttr igger Z-a2
£ - ) r ] 1
g i # s+ Gap3 50 pum i . 50? ]
?% 20— laser test | z 40; _f Timing resolution
= I 1 z C .
= B 7 = L 4
£ C ] 301~ ] Weighted timing resolution of
=150 : - C . three strip electrodes
L — 20— .
- | 10?— —
10 B E | | : Sigma At = 47.1 ps
Lo v b v v v b v v g Iy (——rrr I Y Y Lml | . .
10 15 20 25 30 35 40 L9 2 21 22 23 24 25 Sigma AC-strip : 37.5 ps
SNR Time [ns]

* Jitter improves as increasing in SNR, same trend as intrinsic resolution

* Timing resolution 37.5 ps (beta source test).
2 2 2 2
Ot = OTimeW alk + O Landau + O Jitter
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3. Summary

LGAD R&D at IHEP

» LGADs shows excellent performance after 2.5X10% n.,/cm? irradiation fluence

* Time resolution 35 ps, the highest collected charge 12 fC
* Acceptor removal constant C (1.01x10-16cm?2)
* Efficiency >99%

» ATLAS HGTD determined to use IHEP LGAD, which occupies 90% of all.

AC-LGAD R&D at IHEP
> AC-LGAD is a new 4D detector (position + time)

> IHEP has designed pixels and strips AC-LGAD sensors

* The best spatial resolution of strips AC-LGAD ~8 um

* The best spatial resolution of pixels AC-LGAD ~16 pm

* Low N+ dose and small pitch size have better spatial resolution

* Jitte ~10 ps test by laser, time resolution 37.5 ps test by beta source
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Thanks!
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