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High Luminosity Experiment

• Accelerators need to be made more luminosity to search for new particles 

and measure high-statistical data 

• In high-luminosity experiments, as the particle number density increases, 

it is important to remove pile-up events in track reconstruction.

◼ Distinguishing tracks based 

on time information

• Current tracker only have time information for the 

beam crossing timing 

• A tracker with high time resolution would enable 

removal of pile-up events

• So, High time resolution detector will be important 

for future tracker
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LGAD detector

• LGAD has a structure with a gain layer provided by an additionally doped p+ layer

• The gain layer amplifies the signal. As a result, signal to noise ratio is better 

• Thanks to their excellent signal-to-noise ratio, LGAD has high time resolution(~20 ps)

◼ LGAD(Low-Gain-Avalanche-Diode)
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Time Resolution =
Rise time

S/N
+ ⋯

◼ LGAD’s structure 
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Goals of Radiation Tolerance

• The radiation tolerance of normal LGAD is less than  𝑂 1015 neq/cm2

• The HL-LHC requires the inner tracker to have a radiation tolerance of 

• 1.3 × 1016 neq/cm2 , 10 MGy (innermost layer)

• 2.8 × 1015 neq/cm2 , 1.6 MGy (3rd layer)

• We aim to improve the radiation tolerance of LGAD to 1015 − 1016 neq/cm2

⇒ Improving the radiation tolerance of LGAD is an important challenge.

NIEL damage TID damage 
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➢ ATLAS EXPERIMENT- PUBLIC RESULTS,RadiationSimulationPublicResults,https://twiki.cern.ch/twiki/bin/view/AtlasPublic/RadiationSimulationPublicResults
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Acceptor/Donor Removal

• Radiation damage affects the decrease in acceptors of the gain layer(Acceptor removal)

• This reduces the gain and ultimately increases the operation voltage

• If the operation voltage exceeds 12V/μm, LGAD is destroyed by Single Event Burnout

• The acceptor and donor concentrations decrease exponentially

𝑁𝐴 𝜙 = 𝑁𝐴 0 e−𝐶𝐴𝜙, 𝑁𝐷 𝜙 = 𝑁𝐷 0 e−𝐶𝐷𝜙

• 𝑁𝐴, 𝑁𝐷: acceptor and donor concentration , 𝜙: irradiation dose, 𝐶𝐴 , 𝐶𝐷: acceptor removal coefficients
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➢ L. Beresford, et al. Destructive breakdown studies of irradiated lgads at beam tests for the atlas hgtd.Journal of Instrumentation, Vol. 18, No. 07, p. P07030, 2023.
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Principle of Acceptor Removal

• According to the measurement results of p-type silicon with acceptor concentration of 

𝑂 1012 cm−3, the microscopic mechanism is

1. NIEL damage creates interstitials Silicon (Sii) and Vacancies (V)

2. Sii replace boron on the lattice (Bs) (Bs + Sii → Bi ∶ boron inactivation)

3. Bi bonds with Oi to become BiOi⇒This creates donor level

✓ Decrease in acceptors

✓ Formation of donor levels by BiOi

Main factors!!

BiOi
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◼ TSC measurement

➢ M.Moll, Acceptor Removal - Effects of displacement damage involving the shallow acceptor doping in p-type silicon devices, vertex2019

➢ Y.Gurimskaya et al., Radiation damage in p-type EPI silicon pad diodes irradiated with protons and neutrons, NIMA, in press. 2019.
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Inactive boron 

pre-doping

Reduced oxygen concentration sample

• We created two prototype samples!!

1. Low Thermal Budget sample

• This is a sample that has been improved to reduce oxygen 

contamination that occurs during the manufacturing process.

2. 1st method + Partially Activated Boron (PAB) methods 

• In the PAB method, the p+ layer is pre-doped with inactive 

boron, with the expectation that the inactive boron will help 

remove oxygen from the sensor

• If the main factor is BiOi , then reducing the oxygen in the sensor can suppress 

acceptor removal

◼ PAB and Reference images

Irradiation 

damage
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• 1. and 2. samples can suppresses irradiation-induced BiOi
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Measurement setup

◼ Amplifier board with LGAD

• The signal is read out on an oscilloscope via the amplifier board

• Sr90 is used as the radiation source, and MCP-PMT is placed under the amplifier 

board to produce trigger signal 

• Measurements of the irradiated samples were performed in a thermostatic chamber 

at -20°C

◼ Beta-ray Measurement setup schematic
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1.3mm
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Analysis methods

• To evaluate operation voltage and time resolution, Signal measurements with beta 

rays and IV measurements were performed
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➢ Methods of time-resolution analysis

• The analysis procedure for the time resolution is as follows

1. Set the threshold to 50% of the pulse height for signal arrival time

2. Arrival time is measured in reference to the MCP-PMT timing

3. Create a histogram of arrival time differences

4. Fit the histogram with a Gaussian to determine the time resolution

𝝈𝒕
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Irradiation Experiment

• We conducted Irradiation experiment at RARiS (formerly CYRIC) at Tohoku University 

in January 2025 

• Prototype samples was irradiated with 50MeV protons at doses of

◼ Irradiation experiment◼ Storage box for irradiated sample

p

p

◼ Irradiated sample
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• List of irradiated samples

➢ Reference – conventional sample

➢ LTB – Sample with reduced oxygen contamination due to process improvements

➢ LTB+PAB – Samples pre-doped with inactive boron relative to the LTB sample

7e13

6e14

2e15

4e15

neq/cm2
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Voltage vs Time Resolution

Reference Low Thermal Budget LTB+PAB

• Operation voltage is defined as the bias voltage that gives the best time resolution

• It can be seen that the operation voltage increases as the irradiation dose increases

• As the bias voltage increases, time resolution get worse due to avalanche noise
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Fluence dependence

◼ Best Time Resolution ◼ Operation Voltage

• There is almost no difference among the three samples with different oxygen 

concentrations

⇒Oxygen concentration has little effect on the radiation tolerance of LGAD

⇒ BiOi is not the main cause of acceptor removal in LGAD

◼ Increase in operation 

voltage from non-irrad
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Depletion voltage of the gain layer
IV curve dI/dV Depleted voltage of the gain layer 

• The depletion voltage of the gain layer was calculated from the 

bias voltage where the slope of the IV curve changes abruptly

• The dose dependence of 𝑉𝑔𝑙 is fitted with 𝑉𝑔𝑙 𝜙 = 𝑉𝑔𝑙,0exp(−𝐶𝜙)

• The parameter C shows almost the same value for different 

oxygen concentrations

• As with beta ray measurements, comparison of parameter C 

shows that there is almost no effect of oxygen

𝑽𝒈𝒍

Type C

Ref 𝟔. 𝟏 × 𝟏𝟎−𝟏𝟔𝐜𝐦𝟐

LTB 5.6× 𝟏𝟎−𝟏𝟔𝐜𝐦𝟐

LTB＋PAB 𝟔. 𝟐 × 𝟏𝟎−𝟏𝟔𝐜𝐦𝟐
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• The conclusion that BiOi is the main factor in acceptor removal was obtained from 
measurements of a p-type sensor with an acceptor concentration of 𝑂 1012 cm−3

• But, acceptor concentration in the p+ layer of LGAD is as high as 𝑂 1016 cm−3

⇒ The boron concentration differs by about 104

• So, it is possible that other defect level dominate acceptor removal in the p+ layer of 
LGAD(e.g. BiBs) 

Discussion

BiOi
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➢Y.Gurimskaya et al., Radiation damage in p-type EPI silicon pad diodes irradiated with protons and neutrons, NIMA, in press. 2019.

➢ L.C. Kimerling et al., Interstitial defect reactions in silicon, Materials Science Forum Vols. 38-41(1989) pp 141-150

◼ Silicon self-interstitial defect reactions with impurities
◼ TSC spectra obtained on p-type EPI pad diodes (250 Ωcm)
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Next Plan

• Suppressing acceptor removal is extremely difficult.

• The only known method for suppressing acceptor removal is carbon doping

• One idea for further improving radiation tolerance is “Compensation method” to 

dope the p+ layer with both acceptors and donors

• The effective acceptor may not decrease because both acceptors and donors are 

reduced 
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• To suppress the decrease in effective p+ 

concentration, it is necessary to suppress 

acceptor removal and accelerate donor removal
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Next Plan

• It is known that acceptor removal can be suppressed by carbon doping

• Carbon-doped LGAD has radiation tolerance of 2.5 × 1015 neq/cm2

• Oxygen may suppress the donor removal
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➢ ATLAS-Collaboration. Atlas high-granularitytiming detector (hgtd) public plots.2022.https://twiki.cern.ch/twiki/bin/view/AtlasPublic/HGTDPublicPlots.

Corbon doped 

sample

• Therefore, applying compensation methods 

to carbon-doped and oxygen-reduced 

samples may improve radiation tolerance

⇒We are currently preparing this samples

• The results are expected to be available 

by the end of the year

◼ Suppression of operating voltage rise by 

carbon doped samples

𝝓 = 𝟐. 𝟓 × 𝟏𝟎𝟏𝟓

Normal 

sumple

SEB occured
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Conclusion

• Acceptor removal in the p+ layer causes significant damage to LGAD

• So, current radiation tolerance of LGAD is less than 𝑂 1015 neq/cm2

• We investigated the effect of oxygen concentration in the sensor on acceptor 

removal of LGAD

• Well-known results suggest that BiOi is responsible for acceptor removal.

• We confirmed that oxygen concentration does not affect acceptor removal in the p+ 

layer of LGAD

⇒ It is possible that defect complexes other than BiOi (e.g., BiBs) may affect acceptor 

removal

• Our next plan is the compensation method

• The difference between acceptors and donors acts as a p+ layer

• We expect that carbon doping will suppress acceptor removal and oxygen 

reduction will accelerate donor removal
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Back up
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Oxygen contamination in the sensor

• Oxygen contamination occurred during the annealing process after implantation

• The cause was a change in the manufacturing method of the sensors

• Epitaxial method has few defects between epi-layer and support wafer

• The small number of defects allowed oxygen in the support wafer to easily penetrate into 

the epi-layer

• Therefore, to reduce oxygen contamination, the annealing process was kept to a 

minimum

⇒we succeeded in suppressing the oxygen concentration below the boron 

concentration (Bs> Bi > Oi) EPI (now) FZ bonding (before)

With oxygen Without oxygen

implantation

epitaxial growth

implantation

defect
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Radiation Tolerance of AC-LGAD

◼ Changes before and after irradiation of AC-LGAD 1chPad E120

• Like DC-LGAD, AC-LGAD also increases its operation voltage due to irradiation.

• In addition to the operation voltage, it is necessary to evaluate the effects of 

crosstalk, time resolution, position resolution, etc.
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Effects of TID damage

Pulse Height 

distribution
IVcurve crosstalk

◼ TID damage of AC-LGAD

• Results of gamma ray irradiation using Co60 in previous research

• The leakage current increased slightly

• Pulse Height decrease slightly

• Crosstalk is improving due to TID damage

VERTEX2025 | Yua.Murayama



21/168/27/2025

Compensation Method

• Performance depends on the effective doping amount. 

• If you add enough donors as well as acceptors to the p+ layer, the donors will 
decrease as the acceptors decrease, so the effective doping amount will not 
change.

𝑁eff 𝜙 = 𝑁𝐴 0 + 𝑁𝐷 0 𝑒−𝐶𝐴
′ 𝜙 − 𝑁𝐷 0 𝑒−𝐶𝐷𝜙

𝐶𝐴
′ ∶ CA after Compensation method

if the normal p+ doping amount 𝑁_𝐴 and the effective doping amount after 

compensation are 𝑁eff 𝜙 ＞𝑁𝐴(𝜙) , that is, 

𝑁𝐴 0 𝑒−𝐶𝐴
′ 𝜙 − 𝑒−𝐶𝐴𝜙 > 𝑁𝐷 0 𝑒−𝐶𝐷𝜙 − 𝑒−𝐶𝐴

′ 𝜙

the acceptor decrease is suppressed.
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Previous Results[Compensation method]

• Several samples with the same effective acceptor amount were prepared.

• The higher the doping concentration, the smaller the signal.

• 10B+9.2P shows no visible signal.

• Time resolution also deteriorates to 77.7ps at 5B+4.05P

⇒If the doping concentration is increased too much, the performance itself deteriorates (impurities 

inhibit avalanche amplification)

◼ Sample  type ◼ Dependence of performance on doping concentration

Sample name B P Effective Acceptor
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Previous Results[Compensation method]

• Irradiated to 8.1e13, 6.3e14, 2.8e15 [neq/cm2]fluences

• After irradiated to 2.8e15 neq/cm2 , No signal in any sample

• 5B+4.05P suppresses the increase in operation voltage by 67V compared to Ref

⇒This method improves radiation tolerance

• However, if the doping amount is too high, the performance itself will deteriorate (signal 
will not be visible)

◼ IV curve
◼ Dependence of operation voltage increase on 

irradiation dose

67V
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Previous Results[Compensation method + Carbon dope]

• The compensation method alone does not reach the target 𝑂(1016) neq/cm2

⇒Further improvement by using the carbon injection method

• As with the compensation method, the performance deteriorates as the 

doping amount increases

• No performance deterioration due to carbon injection is observed

◼ Dependence of performance on doping 

concentration
◼ Sample  type

Sample name B P Effective Acceptor
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Radiation damage

• TID (Total Ionization Doze)

• Of the electron-hole pairs generated in the oxide layer, holes with low mobility are 
left behind

• Affects leakage current increase, breakdown voltage increase, etc.

• Also called surface damage

• The dose is in Gy

• NIEL (Non-Ionizing Energy Loss) damage

• Lattice defects generate impurity levels (defect levels)

⇒ The defect  levels trap electrons ⇒ collected charge decreases

• The defect levels also contribute to carrier emission ⇒ The leakage current 
increases

• It is assumed that the impact of NIEL damage is linear with energy loss (NIEL 
hypothesis)

• The dose is neq/cm2
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Single Event Burnout

• When radiation damage increases operation voltage, SEB becomes a problem

• SEB occurs when a voltage that generates an average electric field more than 

12V/um is applied

• At a thickness of 50um, SEB occurs at 600V or more

• SEB destroy the sensors.

◼ After 2.5 × 1015 neq/cm2 irradiation, 120GeV protons were 

injected at 625V operation voltage. 

➢SEB mechanism

e-h pairs are generated by the particle

⇒ e-h pairs are accelerated by a high 

electric field

⇒Large current flows locally

⇒ Thermal destruction
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