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V CNM single diodes 1x1 mm2 from runs 10478 (W4 & W5) and 10924 (W6) 
V 50 ˃ m active thickness on 250 ˃m 4έ SoIwafers
V Boron, Boron + Carbon diffused and Gallium implanted gain layer
V Irradiated with 124 GeV SPS protons and fast (~10MeV) neutrons at JSI
V 5 fluences 1e14, 6e14, 1e15, 3e15, 6e15 neq

V Tested at -10C, -20C and -30C

Died L

Actually more died and 
several measurements were 

repeated ~15 but had 
spears J

2 mm

1 mm
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IV measurements

V Individually monitorGR andPadCurrent

V Singlecommonisolatedground

V Singlevoltagesourcewith internalinstrumentsync

V 0.5 V steps@ 1 secwith 2-5 secstabilizationtime

V 5 samples per point, mean and std convoluted to

uncertainty

V Measurementsat -10oC, -20oC and-30oC

V Repeatfor all 30 sensors

V Scaling with temperature and fluence within

expectations

Keithley2410
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ÅElectrical characterization
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IV measurements
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ὖὥὨϳ Estimation

V Gain layer only present in pad region (GR region implanted with diffused n)

V Additional p-implantation gain layer creates secondary depletion region

V MottïSchottky equation Ҧ rapid leakage current variation at depletion

V ŭ-function form of ϳ at depletion point ïconvoluted with instrument resolution (Gaussian) - approximated by 

narrow width Gaussian 

V Depletion voltage determined by mean of Gaussian fit at depletion voltage

V Performed at -10oC, -20oC & -30oC with independent fits on each temperature Ҧ 90 Gaussian Fits

6V
15V

20V

25V

Gain depletionVoltage

Fluence(neq/cm2) -20 oC -30 oC

unirrad. -34 -34

3e14 -25 -25

7e14 -20 -20

1e15 -15 -15

3e15 -6 -6

5e15 0 0
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ὖὥὨϳ Estimation

V Plot for all implants (Gallium,. Boron and Carbon), for all fluences (1e14, 6e14, 1e15, 3e15 & 6e15) 

on proton and neutron irradiated sensors (30 different datasets)

V Repeat up to 3e15 neq/cm2ïNo observable gain layer at higher fluences
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Gaussian Fits
V Depletion Voltage should not change with temperature

V Final value for each fluence determined as a mean of individual temperature depletion voltages

V Uncertainties: instrument resolution(Gaussian sigma) + temperature dispersion

ὠ
В ὠȟ

ὲ

ὠɻ ὠȟ ὠȟ

Average of fit 
sigma

Standard 
deviation of Vd
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Depletion Voltage vs Fluence

ὠ ὠὩ

Å Exponential decay of gain layer active implant
Å This is NOT probing total acceptors in the 

device
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Gain % vs Fluence

ὋϷ Ὡ

Å Assume linear dependence between depletion 
voltage and remaining active implant

Å Apply an exponential Gain reduction model

Å If linearity assumption is correct, removal 
coefficients Cv and CG should be compatible
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Coefficients and linearity

Å Compatible coefficients between voltage and 
Gain reduction ςlinearity valid

Å All three implants present compatible results 
in neutron irradiation ςno change with 
Gallium / Boron / Carbon

Å Slightly better results for Gallium with 
protons, softer collisions due to Coulomb 
field ςhigher mass  effect

General AcceptorRemovalCoeeficiant

Implant
Gallium Carbon Boron

C Cɻ C Cɻ C Cɻ

Gain DepletionVoltage
Combined 7,66E-16 9,33E-17 9,11E-16 1,02E-16 8,52E-16 1,04E-16
Neutron 8,09E-16 1,50E-16 8,95E-16 1,24E-16 7,02E-16 1,31E-16
Proton 1,31E-15 2,13E-16 1,63E-15 2,76E-16 1,87E-15 1,74E-16

AcceptorRemoval
Combined 8,25E-16 7,98E-17 9,33E-16 7,78E-17 9,69E-16 1,04E-16
Neutron 8,28E-16 1,16E-16 8,85E-16 8,76E-17 8,19E-16 1,35E-16

Proton 1,41E-15 1,88E-16 1,70E-15 2,23E-16 1,96E-15 1,60E-16
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Conclusions and discussion

Å Acceptor removal coefficients between depletion voltage and gain % fits are compatible ς
linear dependence between depletion voltage and remaining active implant

Å No difference between different implants when combining proton and neutron data ς
acceptor removal model is trapping independent

Å Slight advantage of Gallium (lower removal coefficient) in proton irradiation, consistent 
witch point displacement impact models (higher molecular mass ςmore inertia)

Å Neutron irradiated sensors are quasi-identical, compatible with impact only model 
(neutron interaction differential correction at 1MeV is the same for all implants)

Å Carbon does not reduces acceptor removal and Gallium does not increases it



Sr90 Timing setup

ÅCharge Collection

Å High frequencySiGe (~2GHz) common emitter first

stagechargeamplifier (470Ohm transimpedance)

Å IntegratedcommercialsecondstageGaAs microwave

voltageamplifier (gainof 10, 50Ohmline)

Å Meansensor+ amplifier noise < 1.8 mV

Å Useof identicalsensorsfor calibrationandcomparison
Multiple wires for low inductance

0201 smdcomponents for low parasitic
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V Tans-impedenceSPICE simulation
V Using input capacitance of 3 & 4 pf
V Frequency range os up to 10 GHz
V Only first stage simulated, second stage is a voltage 

amplifier

13E. L. Gkougkousis
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Absorber & Trans -impedance

ὛὶO ὣᴼ ὤὶ

Emax= 0.46 MeV
T1/2 = 28,8 y

Emax= 2.28 MeV
T1/2 = 64 h

V Multi-energetic electron spectrum 
V Emaxat 2.28MeV
V Average energy ~ 939 keVfrom 90Y decay
V Average energy ~ 188 keVfrom 90Sr decay



Control Software
ü Tab interface organized in 4 sections:

I. HV Control, V-I recording and 

visualization

II. Low Voltage and temperature 

control

III. Oscilloscope and triggering mode 

control

IV. Charged particle and auto-trigger 

sequencing and programming

ü Multiple supported instruments

with adaptive

polymorphic UI

ü Integrated error

handling and

quai-full proof

operation (J)

1

2

4 3

ü Real-time Waveform 

Visualization

ü Dynamically enabled / only 

visible during data taking

ü Available for LeCroy, 

Tektronix and Agilent 

oscilloscopes
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ÅCharge Collection



ÅTiming analysis Framework

ü Code available on git: https://gitlab.cern.ch/egkougko/lgadutils

ü Structure:

RootCoreimplementation and version control

Package headers

Steering macro examples (local and grid)

Classes implementation

External libraries 

ü Following standard physics analysis package organization

ü Interpreted (CINT), compiled (CMake) or RootCoreversion

ü Multiplatform environment (Windows, Linux)

ü Only requirement ROOT (with FFTWand RooFit)

ü Validated with ROOT 5 and production version of ROOT 6

ü Allows users to control their analysis by creating a top level 

steering macro

ü Combines all steps, from data conversion starting from RAW 

or txt files to plotting

General Layout
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Inheritance Tree

Compatible data formats

https://gitlab.cern.ch/egkougko/lgadutils


ÅTiming analysis Framework

Polarity and Peak detection algorithm
Å Calculate analytically the first and second derivative 

for each waveform

Å Find the zero crossing points of first derivative (local 

extrema)

Å Detect sign of the second derivative at each local 

extrema

ÅIf fõõ < 0 : local maxima

ÅIf fõõ > 0 : local minima

Å Construct vectors containing the local maxima and 

local minima amplitude values

Å Calculate for each vector the standard deviation and 

mean value

Å Calculate the highest distance from mean value for 

each vector (Dm)

Å If    SDmaxima> SDminima

Dm(max) > Dm(min)

or      SDmaxima< 1.05*SDminima

Dm(max) > Dm(min)

P
o
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itive
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o
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rity

No smoothing 

applied!!

Tow point linear

interpolation for

precision and to

satisfy continui-

ty requirement

of local maxima

mimima theorem
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~98% success



ÅTiming analysis Framework

Noise 
ÅFind number of points with value equal to 0.9ÅVmax

Å If  Npoints> 2 continue and test 0.8 , 0.7 & 0.6ÅVmax

to account for noisy waveforms

Å If  Npoints> 2 then require

dNpoints< 8/16/24/32 

ÅBasyanUncertainties implementation

0,9ÅVmax

10 ð90 % of  preceding points

ÅNoise calculation include only points before pulse

ÅPoints considered:

Nstsrt*10% to Nstsrt*90%

Å If  pulse not within window perform same operation after 

Nend

ÅNoise defined as ʎof Gaussian fit 
ÅPedestal defined as mean of Gaussian fit

ÅGaussian fit limits and range are constrained within +/- 5 Standard deviation of amplitude values

ÅFit quality check and revert to classic mean and stdif  minimization fails
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ÅTiming analysis Framework

Time Walk Correction

CFD Time 1 

CFD Time 2 

CFD Time is different for each waveform, to properly project and sum we need to 

compensate:

Å Time correction

Å Set t0 = tCFD

Å Readjust time of each point as tõ = t ðtCFD

Å Voltage correction

Å Calculate the voltage at tCFDusing two point linear interpolation

Å Recalculate the voltage at each time point using two point linear 

interpolation

Å Readjust the time bins to be at exactly the same point as before 

Simples, fastest solution

Non-uniform time bins, 

impossible to sum

More complex

Uniform time vector

Easy to sum and fit
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2D optimization plot ς0.5% binning

„ ʎ ʎ

Plot by L. Castillo
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Collected Charge
V Each point corresponds to MPV of Landau x Gauss fit on 5k recorded events
V Measurements repeated for -10oC, -20oC & -30oC (see the backup)

~940 series of 
measurements

WHAT???
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Noise and SNR

V Noise estimated as the average of the 
Gaussian fit of individual noise of each on of 
the 5k events in each measurement

V Noise  < 2mV at worst case scenariowith
normal values ~1.6mV

V Carbon samples present higher noise than 
standard boron (by 10%)

V SNR estimated from average series noise 
and average series signal 

V Typical SNRs variefrom 10 ς100
V Higher irradiation samples still get and SNR 

> 20
V At 6e15p (Carbon sample) SNR  is actually 

decreasing with voltage (field)
V Carbon-Boron SNR at the same level
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Jitter and Rise Time

V Rise time individually calculated per event
V Value represent the mean of the Gaussian 

x Landau fit over the 5k events per series
(rise time propositional to charge)

V As gain decreases and field increases rise 
time tend to those of primary charge 
collection

V Estimated as Trise/SNR for the entire series 
(not an event by event calculation)

V Jitter < 10 psecfor higher voltges
V Highly irradiated sensors (>1e15neq/cm2) 

have typical jitter of ~20psec
V Carbonated sensors have typically higher 

jitter for the same gain with respect to 
boron implanted sensors
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FFT and Signal Frequency

ὊὊὝ
Ὂ
ὔ

Discrete FFT Resolution

Sampling 
Frequency

Number of 
Samples

Fixed sampling rate

but

Variable sample size

Variable resolution

Isolate the signal on the Waveform Frequency Power Spectrum

Project and fit Primary harmonics 
for all events
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FFT and Signal Frequency
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Method and principles

V Acceptor removal only gives information about active dopant, not 

gain

V Gain also depends on diffusion profiles

V Effects after irradiation differ for different profiles

V For same amount of acceptor removal, different expected gain 

reduction depending on initial gain layer geometry

V Consider the Guard ring as a diode

V Consider the pad a second separate 

diode

V Same bulk, same radiation effects 

expected

V Gain layer only present in pad

V Geometrical factor different but stable 

V N-implant is the same in the GR and 

pad region

GR diode Pad diode
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Method and principles

Ὢὠ
Ὅ
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Ὅ ὍὩ ρ

Ὅ ὛὍὩ ρὩ ȟȟ

Normalize with 
unirradiated

Ὢɮ Ὡͯ ȟ

Geometry factor

Generation Current

Gain Current

Guard Ring Leakage 
Current

Pad Leakage Current

Linear Function in the Semi logarithmic plane

VBecause GR and pad are on the same substrate all 

non-gain related irradiation effects are normalized

VThe Gain Coefficient can be probed by the slope 

of the function at the semi logarithmic plane

VAssumption that differences between GR n 

implant and pad n implant have minimal effects Coefficient extracted by slope of linear fit
In voltage region after depletion and before breakdown
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Method and principles
V Constraint 1: Voltage fit regions identical per fluence for different implants and for all temperatures

V Constraint 2: Different slope per temperature, independent normalizations combined at the end - level


