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Conventional PIN diode LGAD: P+ gain layer on top of PIN diode

 Modest gain (10-50)
• Modest gain to increase S/N, reduce Jitter 
• High S/N, no dark noise/count

 Thin active layer 20-50 μm  
• High drift velocity and decrease trise
• Reduce Landau contribution caused by ionization

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

Low-Gain Avalanche Diode ! 
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How to improve the time resolution of  silicon detectors ?

Low-Gain Avalanche Diode (LGAD) :

 Time resolution ~30 ps



 Stronger radiation environment: Radiation resistant sensors
 The pile-up problem: High time resolution sensors
 ATLAS High Granularity Timing Detector (HGTD) 

• LGAD (Low-Gain Avalanche Diode )  sensors
• Pixel 1.3mm，readout channel ~ 3.6M
• Irradiation fluence 2.5×1015 neq/cm2

• Area 6.4 m2, 15x15 LGAD sensors （2 cm×2 cm ）

LHC ATLAS detector

High Granularity Timing 
Detector (HGTD)

ATLAS @ LHC （Now） ATLAS @ HL-LHC （2029）
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LGAD structure 

1.1 Introduction of LGAD

• Gain 10-50
• Active layer ~50 μm
• Time resolution ~30 ps
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Motivation 



IHEP-IMEv1 (2020.9) IHEP-IMEv2 (2021.6)

IHEP-IMEv3 (2022.5)

Pre-production

Pre-production for ATLAS (2023.7)

Mass production 
for ATLAS (2024.6)

IHEP-NDL (2019)
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ATLAS HGTD determined to use IHEP LGAD, which occupies 90% of all.

Timeline of IHEP LGAD 1.2 LGAD R&D
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IHEP-IME Run2 LGAD  wafer 

Beta source test system

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
• Collected charge LGAD wire bounded

1.3 Test and performance
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Time resolution @ 2.5×1015 neq/cm2

High voltage

IHEP

HPK

USTC

FBK

IHEP
acceptor removal constant C 

Efficiency >99% @ 2.5×1015 neq/cm2

IHEP

HPK

SEB region
High voltage

USTC

FBK

Collected charge @ 2.5×1015 neq/cm2

IHEP LGAD sensors after irradiation

• Excellent radiation resistant process ( IHEP shallow carbon process)

• The time resolution reaches 35 ps, and the highest collected charge is 12 fC

• Low operating voltage, can reduce the single particle burn (SEB) risk

• Test beam： efficiency >99%

• Currently, the smallest acceptor removal constant C (1.01×10-16cm2）

1.3 Test and performance
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Module consists : 
• 2 Hybrid + FLEX (flexible PCB) 
• Hybird: 15 ×15 LGAD + 15 ×15  ASIC  

(2cm×2cm)
• HGTD requires 8032 modules

Loading and support units : 
• Assembled modules glued on 

support units then mounted 
on cooling plate 

Module test beam: 
• Timing resolution 46 ps

support units 

1.4 HGTD module
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Two pixel LGAD Two pixel AC-LGAD (AC-coupled LGAD)

• The electrode is connected to n++ layer
• Dead zone : P-stop, JTE
• Time resolution ~ 30ps
• Position resolution: pixel size/ 𝟏𝟏𝟏𝟏
• Radiation hardness：1015 ~1016neq/cm2

• Metal AC-electrodes separated from the n+ layer 
by a thin dielectric (SiO2 , Si3N4)

• Continuous N+ and P+ layers, no dead zone 
• Position resolution: 5~10 um
• Time resolution ~ 30ps
• Radiation hardness： 1015 ~1016neq/cm2

mzli@ihep.ac.cn

2. AC-coupled LGAD R&D at IHEP 2.1 Introduction of AC-LGAD
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15×15 LGAD for ATLAS HGTD project

• Dead zone : ~0.1mm 
• Pixel size: 1.3mm

1.3mm

AC-LGAD：two layout schemes for AC-pads

Pixels AC-LGAD：
• Position information：1 layer (x,y)
• Bump bonding
Strips AC-LGAD：
• Lower readout channels，no bump bonding（wire bounding）
• Position information：2 layers for (x, y)

Better position resolution->
Smaller Pixel LGADs -> Lower fill factor

mzli@ihep.ac.cn

2.1 Introduction of AC-LGAD

The position can be reconstructed by the signal/charge 
distribution, and the position resolution: 5~10 um



Motivation &Applications： CEPC 4D outer tracker 
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CEPC 4D outer tracker concept design：

Strip AC-LGAD + ASIC 

• Barrel : 50 m2 , Endcap 20 m2 , ~ 10 M channels
• Strip AC-LGAD  ( each strip: 140 mm × 0.1 mm) 

• Timing resolution: 30-50 ps
• Position resolution: ~ 10 μm @ Y direction
• Position resolution: ~ 1 mm @ Z direction

(double-ends readout）

Y

Z

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

2.1 Introduction of AC-LGAD

CEPC circumference 100 Km

Circular Electron Positron Collider (CEPC)
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Other applications
• Beam Telescope for Beam Test Platform
• LiDAR: Positioning and Navigation
• Track and time detectors in other particle 

physics and nuclear physics experiments
• …

Nuclear Medicine Instruments：
Such as proton therapy and proton CT

X-ray detectors @ advanced light sources

mzli@ihep.ac.cn

Electron-Ion Collider (EIC)：Timing-tracker

10.9 m2 2.22 m2

6 KeV X-Ray

HEPS @ Beijing

2.1 Introduction of AC-LGAD Motivation &Applications
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Pixels AC-LGAD：
• Pitch size 2000 um, pad size 1000 um
• Different N+ dose ：

• 10P，5P，1P，0.5P，0.2P

Strips  AC-LGAD：
• Strip length 5.6 mm, width 100 um
• Different Pitch size：

• 150 um、200 um、250 um

mzli@ihep.ac.cn

2.2 AC-LGAD R&D
TWO types AC-LGAD at IHEP：



Laser scanning system
• Picosecond laser
• Wavelength 1064nm
• Spot size 2~5 μm 
• Scan accuracy 1 μm
• Automated scanning

Picosecond 
laser 1064nm

Sensor & Board

3D platform

Picosecond laser scanning system

focuser
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Reconstructed 6x6 positions

Spatial resolution ：
• the sigma of the difference between the 

laser and the reconstructed position

𝜎𝜎𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = 𝜎𝜎𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟−𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙

Spatial resolution：
reconstruction - laser

2.3 Test and performance



Spatial resolution Vs. N+ dose

• N+ dose  10 P→0.2 P, spatial resolution 36 -> 16 μm.
• Lower N + dose has higher resistivity and larger 

attenuation factor, ->better spatial resolution.
• Pitch size 250um → 150um, spatial resolution 11 -> 8 μm.
• Smaller pitch sizes result in faster signal attenuation and 

larger attenuation factor, ->better spatial resolution

Spatial resolution Vs. pitch size

A:  signal attenuation factor
N:  noise RMS (sensor + electronics)

Resolution estimation:

Spatial resolution can also be evaluated according to signal attenuation factor and noise level.

2.3 Test and performance Spatial resolution 

mzli@ihep.ac.cn
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• Jitter improves as increasing in SNR, same trend as intrinsic resolution

• Timing resolution 37.5 ps (beta source test).
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Time resolution 
tested by beta source

Sigma Δt = 47.1 ps
Sigma AC-strip ： 37.5 ps

Jitter tested by laser

2.3 Test and performance Time resolution 
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3. Summary 
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LGAD R&D at IHEP
 LGADs shows excellent performance after 2.5×1015 neq/cm2  irradiation fluence

• Time resolution 35 ps, the highest collected charge 12 fC
• Acceptor removal constant C (1.01×10-16cm2）
• 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 μm
• The best spatial resolution of pixels AC-LGAD ~16 μm
• 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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