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Simulation Device and Model 

Simple diode (1µm x 1µm x 300µm), "1d" 

For comparison with HPK structures: scaled to 

5x5mm2 (area factor) 

P-in-n bulk 

Junction depth 1µm, gaussian shape 

Silicon only, contacts on Si 

No Aluminum, no oxide 

 

 

p+ 

n++ 

n 

E 

Trap Energy Cross section (e/h) Intro rate 

Donor EV+0.48eV 1e-15/cm2 1 

Acceptor EC-0.525eV 1e-15/cm2 1 

Original Trap Model (EVL) 
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Reminder: Original Model (EVL) 

Current cannot be introduced by adding the suggested "trap"  

  E = EC-0.65eV, σe/h = 10-13cm-3, introduction rate 1 

Current about factor 10 too low 

Without correct current  no double junction in the electric field 

 

 

 

 

 

 

 

 

 

 

back 
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Modifications to the EVL model 

Suggested last time: modifications in the cross section 

1. Model 

Modify cross section only (no free parameters) 

2. Model 

Modify cross section and introduction rate (wide parameter range) 

3. Model 

Introduce 2 additional traps  

to  generate leakage current 

All models can generate correct  

current after tuning 

 

Expected values at 

T=290K, F=1e14neq/cm2 

α = 4e-17A/cm 

I = 3e-5A 

 

 

F=1e14neq/cm2 
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Modifications to the trap model 

Model 1 has high / natural introduction rate (1) – good for neutrons 

Model 2 has low introduction rate –  

Model 3 generates current via 2 additional midgap defects – good for protons 

Trap Energy Cross section  Intro rate η 

Model 1 

Donor EV+0.48eV 1.1e-14cm2 (EVL: 1e-15cm2) 1 (EVL: 1) 

Acceptor EC-0.525eV 1.1e-14cm2 (EVL: 1e-15cm2) 1 (EVL: 1) 

Model 2 

Donor EV+0.48eV 4e-14cm2 (EVL: 1e-15cm2) 0.285 (EVL: 1) 

Acceptor EC-0.525eV 4e-14cm2 (EVL: 1e-15cm2) 0.285 (EVL: 1) 

Model 3 

Donor EV+0.48eV 1e-15/cm2 1 

Acceptor EC-0.525eV 1e-15/cm2 1 

Donor EV+0.56eV 1e-13cm2 0.0256 

Acceptor EV+0.56eV 1e-13cm2 0.0256 

Proposed by 

Timo Peltola, 

HIP 
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Temperature dependence of leakage current 

HPK diodes show currents well within the expected range independent of 

material type and irradiation 

Current scales perfectly (values scaled to 20°C, 10min@60°C) 

Simulation tuned to match at 290K 

At lower temperature  less current is generated than expected 

 

 

 

[Th. Pöhlsen, Sensor Meeting,  

CMS Upgrade Week, Oct. 2012] 

Measurement Simulation at T= -20°C 

α ∝  𝑇2 × 𝑒(−
1.21𝑒𝑉

2𝑘𝑇 )
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Depletion Voltage 

Depletion Voltage / Neff described by Hamburg Model 

 

 

 

 

 

 

How much donor removal really happens? rc = fraction of removable donors 

Depletion voltage of strip sensors typically higher than diodes  corrected in 

following plots 

 

 

𝑉𝑑𝑒𝑝 =
𝑒

2ε0ε𝑟
 𝑑2|𝑁𝑒𝑓𝑓,0 − Δ𝑁𝑒𝑓𝑓| 

Δ𝑁𝑒𝑓𝑓 = 𝑁𝐶 𝐹 +  𝑁𝐴 𝐹, 𝑡 +  𝑁𝑌(𝐹, 𝑡) 

𝑉𝑑𝑒𝑝,𝐷𝑖𝑜𝑑𝑒 = 𝑉𝑑𝑒𝑝,𝑆𝑒𝑛𝑠𝑜𝑟 / 1 + 2
𝑝

𝑑
𝑓

𝑤

𝑝
 

𝑓 𝑥 = −0.00111𝑥−2 + 0.0568𝑥−1 + 0.240 − 0.651𝑥 + 0.355𝑥2 

[Braibant et al., NIMA 485,343 (2002)] 

[M. Moll, Doktorarbeit, Uni Hamburg 1999] 

𝑁𝐶 = 𝑟𝐶𝑁𝑒𝑓𝑓,0  1 − exp −
7.5𝑒−2𝑐𝑚−2

𝑟𝐶𝑁𝑒𝑓𝑓,0
𝐹 + 𝑔𝐶𝐹 

Annealing for 10min@60°C 

NC constant damage, NA beneficial annealing, NY reverse annealing 
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Depletion Voltage Measurements 

Vdep of diodes and strip sensors (after correction) quite close together 

FZ320N, T= -20°C, f=1kHz, 10min@60°C 
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Depletion Voltage – Measurements 

Hamburg Model describes neutrons well 

Hamburg Model adjusted for protons 

 gc = 1e-3cm-2 (lower constant damage) 

 

~300µm active thickness, Neff,0=3e12cm-3, T= -20°C, f=1kHz; 10min@60°C 
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Depletion Voltage – Simulation 

AC Analysis at T=253K, f=1kHz 

Donor removal: reduces Neff,0 in simulation  

Difficult to "guess": get more information from  TCT 

 

Model 1: good for neutrons 

 (low donor removal) 

               

Model 3: good for protons 

 (high donor removal) 

 

Model 2: doesn't fit at all 

 (low donor removal) 
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Temperature Dependence  

of Vdep 

Vdep in data hardly temperature 

dependent 

Hard to simulate with models 

f=1kHz 
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Electric Field 

Electric field should form double junction after irradiation 

Donor removal has influence on lower fluences (<~1e14neq/cm2) 

Model 2 shows more double junction like profile at higher fluences 

Model 1 + 3 very similar 

Very low electric field in the bulk 

E-field as input for TCT simulations 

 
Model 1 Model 2 Model 3 

T= -20°C 
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TCT Signals - F=1e14neq/cm2 

Model 3 at 400V close 

match 

Signal at lower voltages not 

correct 

Work for higher fluences in 

progress. Very delicate 

tuning needed! 

TCT Simulation: 

Red Laser shot on front side of the diode 

Electrons drifting in n-bulk 

 

No spice simulation included 
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TCT Signals – F=1e15neq/cm2 

Model 2 shows clear double peak, but Vdep too low 

Model 1 shows only small double peak, Vdep too high 

 

WORK IN PROGRESS 
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Summary 

Simulation with Synopsys 

 

Leakage current well described at a single temperature 

Temperature dependence difficult unless one introduces σ(T) 

 

Measured depletion voltage at high proton fluences need slight 

retuning of HH model 

Double peak structure observed in TCT needs delicate matching 

of Neff(x) and leakage current 

 

Work in progress 

Find model in between 1 and 2 
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THANK YOU FOR YOUR ATTENTION. 
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ADDITIONAL INFORMATION 
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Temperature Dependent Damage Factor 

α ∝  𝑇2 × 𝑒(−
1.21𝑒𝑉

2𝑘𝑇
)
 

Current valid for F=1014neq/cm2  

with device size  

1µm x 1µm x 300µm 

𝑻 (K) α (A/cm) I (1e14neq/cm2) 

290 4.0e-17 1.2e-12 

260 1.96e-18 5.9e-14 

293 5.2e-17 1.6e-12 

273 7.8e-18 2.3e-13 

253 8.8e-19 2.6e-14 
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F=1e14 

 

200V 

300V 

500V 

600V 

800V 

1000V 
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F=1e14 
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F=1e15 
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F=1e15 
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Depletion Voltage 

 



Simulation of an effective 2-trap model 
25 

15.11.2012 

Robert Eber 

Institut für Experimentelle Kernphysik, KIT 

Depletion Voltage 
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Electric Fields 

Not such a nice double junction seen as in the 

EVL 

Electric fields in the bulk much lower in this model 

Higher electric fields at the back of the device 

T=290K, rc=0.9, X=1.1e-14cm2 

Closer match 

in shape 
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E-fields at T=290K, 300V 

 

Model 1 Model 2 Model 3 
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TCT Signals – F=1e15neq/cm2 

Model 2 shows double peak – not 

oberved in measurements at low 

voltages 

Model 1 shows some characteristics 

of measurements 

Model 3 doesn't show any double 

peak at lower voltages 

Zoom 

Reflection in setup 

Second peak 


