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Developments of LGAD sensors



• Traditionally in collider experiments we measure very well
– Position, charge and energy of particles

• CMS and ATLAS are building first-generation of 4D-detectors 
– Next-gen detectors will have high granularity also in time domain

– At the tracker, calorimeter, muon detectors, and L1 trigger

• Future detectors moving towards full 5D Particle Flow 
– Active R&D to achieve required performance for future experiments

– Sensors, ASIC, front-end electronics developments

Precision timing
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CMS timing detectorATLAS timing detector



• Optimize detector timing resolution
– Increase Signal/Noise to minimize jitter
– Fast rise time to reduce impact of electronic noise: thinner sensor

• Non uniform charge deposition:
– Landau fluctuations: cause fluctuations in signal shape and amplitude
– Effect is reduced in thinner sensors

• Thinner sensor means small signal: can we add Gain?

Time resolution components
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jitter
Landau fluctuationsRise time dependance on Si thickness



• Putting together various components

• Ideal detector components
– Fast signals with large S/N (σjitter = trise/(S/N))
– Thin sensors to minimize σLandau 

– Stable and uniform signals across sensor area
– Optimized electronics to reduce time-walk and clock jitter
– Electronics with low power consumption

• Radiation damage complicates things, so all these need to be also 
resilient to high fluences in hadron colliders

Timing resolution
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• Increase the initial signal : Ramo’s theorem: increase the Efield

• Could increase by doing:
– Increase bias voltage
– Gain everywhere in the bulk
– Add a specific gain layer 

• Turns out only the solution with gain layer provides a stable sensor 
– Key breakthrough in sensor design in the past decade!
– High field in the gain region around 300 kV/cm, causes avalanche
– High gain à high signal à faster rise à smaller ”jitter”

Low Gain Avalanche Diode (LGAD) detectors
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CMS Endcap Timing Layer (ETL)
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• Sensitive element are LGAD sensors
• Time resolution 30 ps at the beginning of life, 40 ps by the end
• Total silicon surface area of ~14 m2 for the two Z-sides

– Two hits for most tracks to improve per track efficiency and resolution

Time resolution for different fluences
Hit efficiency across sensor area

CMS Endcap Timing Layer



• Developments for the LHC applications are now frozen 
– Current activities focused to scale up the production with high yields 

and QA/QC

• Excellent performance achieved for CMS/ATLAS applications

DC-LGAD sensors and performance in systems
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Uniform performance over the surface of 16x16 matrix of 1.3x1.3 mm2 sensors



• Improve 4D-trackers to achieve 100% fill factor, and high 
position resolution

• Active R&D, many applications in colliders and beyond
– 100% fill factor, and fast timing information at a per-pixel level 
– Signal is still generated by drift of multiplied holes into the substrate and 

AC-coupled through dielectric

AC-coupled LGADs
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DC-LGAD AC-LGAD

Diagram credit: CNM



• Several rounds manufactured over the last few years
– R&D from developments for HL-LHC, synergies between HEP and NP
– Optimize position resolution, timing resolution, fill-factor, …

• Extensive characterization and design studies 
– Optimize the geometry of readout, and sensor design for performance

AC-LGAD sensors prototypes
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BNL strip AC-LGAD HPK pads AC-LGAD



• Position reconstruction
– Achieve 15-20 μm resolution in 10mm strips, 500 μm pitch

• Excellent time resolution
– Achieve 30-35 ps for 10 mm strips

Long AC-LGAD strip sensors performance
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Combined position resolution

Time resolution

FNAL 120 GeV proton beam SH4, 180V
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Varying metal width 
m  (SB1)µTwo-strip : BNL 50 

m  (SB2)µTwo-strip : BNL 100 
m  (SH3)µTwo-strip : HPK 50 

m  (SH7)µTwo-strip : HPK 100 
One or more strips : all sensors

FNAL 120 GeV proton beam Strip sensors
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• How do you get better time resolution? 
– Thinner sensors to decrease Landau contribution 

• AC-LGAD from HPK with 20, 30, 50 μm thickness
– Almost fully metallized, optimized for timing performance 

• Uniform time resolution across full sensor area 
– 25 ps for 30 μm thick sensor, 20 ps for 20 μm thick sensor

Towards better time resolution
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HPK 2x2, 500x500 μm2 pixel size Time resolution for 20, 30 and 50 μm-thick sensors20 ps across full sensor surface

arXiv:2407.09928 



• Develop MAPS sensors in a commercial process that will 
provide fast timing (10 ps) and precise spatial resolution (5 μm)
– Target application 4D tracking detectors for future e+e− Higgs 

factories
• Electronics for signal processing are placed in dedicated p− 

and n-wells contained within a deep p-type well
– Intrinsic gain will allow MAPS detectors to perform precise time 

measurements in addition to spatial measurements

Development of monolithic AC-LGADs

11/7/24 A. Apresyan | 4D-Tracking workshop13

CMOS sensor                                         Monolithic AC-LGAD 



• Within this research program, the main activities of our proposal:
– Optimize the design and geometry of AC-LGADs that will serve as the 

basis of the MAPS design. 
– Produce small-scale MAPS prototypes, from which the most promising 

architectures will be determined. Optimize the isolation of the signal 
collection in the sensing parts of the chip from the readout electronics.

– Produce and characterize the full-scale prototypes

US-Japan funded R&D
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Net doping density of the structure Electric field profile



• TCAD simulations were used to establish the feasibility of the 
proposed work, and we started discussions with a US vendor.
– The initial TCAD studies are based on our previous work to 

establish designs for 8” sensor wafer production

Simulations
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• Substrate current pulses for bias 
voltages from 250 (brown) to 405 
(red) volts showing the onset of gain. 

• Rise time of the top electrodes will be 
determined by the details of the 
CMOS well capacitance 



• In the coming calendar year, the goals are:
– BNL will design and produce AC-LGAD sensors with 55x55 μm2 

and 100x100 μm2 pixel sizes, and flip-chip to available readout
– Fermilab will focus on ASIC design and electronics for testing
– KEK will design and manufacture AC-LGAD sensors, and flip 

chipping with readout ASIC

• The goal is to work with SkyWater to towards HEP sensors
– Adapt and optimize SkyWater process to develop particle detectors
– Use thicker, higher-resistivity epitaxy with deep-well implants on a 

standard CMOS substrate

R&D program for 2024-2025

11/7/24 A. Apresyan | 4D-Tracking workshop16



LGAD technology and development - UCSC
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• Studies of radiation damage with Jozef Stefan Institute
– Gamma irradiation; evaluation of acceptor removal
– Proton irradiation, timing resolution and charge collection eff.

• Collaborating with Brookhaven, studies of AC-LGAD response to 
gamma and proton irradiation, studies of response to MIP and non-
MIP stimuli

University of New Mexico LGAD studies
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Gamma irradiation Proton irradiation

Front. Phys. Vol 10, 2022
JINS 19 P05012, 2024
Presentations at CPAD 
and IEEE NSS/MIC
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International landscape
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International landscape
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• LGAD is a new technology that has revolutionized the 
detector designs in LHC and beyond
– Applications for HL-LHC demonstrated readiness and first 

applications

• Several new “flavors” of LGADs bring expanded features and 
capabilities towards realization of 4D-detectors in the future

• Collaborative efforts are the key for progress in many 
challenging directions
– Integration with ongoing international efforts within DRD and RDC 

efforts are crucial!

Summary

11/7/24 A. Apresyan | 4D-Tracking workshop23



11/7/24 A. Apresyan | 4D-Tracking workshop24



Backup
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