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Is the current of highly irradiated silicon diodes understood? 
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Is the current of highly irradiated silicon diodes understood? 

 Goals: 

 Develop models + extract parameters 

Reverse 

Forward 
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Diode current 
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SAMPLES 
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 Diodes 

 Initial doping 𝑵𝑫 = 𝟖 ∙ 𝟏𝟎𝟏𝟏 − 𝟓 ∙ 𝟏𝟎𝟏𝟐 cm-3 

 N-type and p-type bulk, pad area 25 mm2 

 Thickness 200 μm and 285 μm 

 

 Irradiations 

 24 GeV/c protons to 𝚽𝒆𝒒 = 𝟗 ∙ 𝟏𝟎𝟏𝟒 − 𝟏. 𝟑 ∙ 𝟏𝟎𝟏𝟔 cm-2 

 No annealing studies so far 
 

 All measurements performed at 243 K 
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RESULTS 
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REVERSE CURRENT 

OHMIC REGION – NEUTRAL BULK 
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 High near-intrinsic 𝝆𝒐𝒉𝒎 ≈ 𝝆𝒊 at small bias voltages 

𝝆 𝝓𝒆𝒒 = 𝒆𝒏𝒊 𝝁𝒆 𝝓𝒆𝒒 + 𝝁𝒉 𝝓𝒆𝒒

−𝟏
 

  

200 μm & 285 μm diodes 𝝆 vs. 𝑼 𝒅𝟐  

Ohmic 

SCR 

1.3x1016 cm-2 

7.5x1015 cm-2 

𝝆𝒊 

|  RD50 Workshop, Hamburg University | chscharf@physnet.uni-hamburg.de 



REVERSE CURRENT 

OHMIC REGION – NEUTRAL BULK 
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 High near-intrinsic 𝝆𝒐𝒉𝒎 ≈ 𝝆𝒊 at small bias voltages 

𝝆 𝝓𝒆𝒒 = 𝒆𝒏𝒊 𝝁𝒆 𝝓𝒆𝒒 + 𝝁𝒉 𝝓𝒆𝒒

−𝟏
 

  Extract 𝝁𝒆 + 𝝁𝒉 𝝓𝒆𝒒  

200 μm & 285 μm diodes 𝝆 vs. 𝑼 𝒅𝟐  

Ohmic 

SCR 

1.3x1016 cm-2 

7.5x1015 cm-2 

𝝆𝒊 
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REVERSE CURRENT 

OHMIC REGION – NEUTRAL BULK 
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Ionized acceptors 

𝑉 

𝐶 

Non-irradiated 

𝑛 ≪ 𝑝 

𝑝 ≈ 𝑁𝑒𝑓𝑓 

𝝆 = 𝒆 𝒏𝝁𝒆 + 𝒑𝝁𝒉
−𝟏
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REVERSE CURRENT 

OHMIC REGION – NEUTRAL BULK 
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 Carrier removal 

 Free carriers trapped at deep defects 

 𝑛 ≈ 𝑝 ≈ 𝑛𝑖 

Ionized acceptors 

𝑉 

𝐶 

𝑉 

𝐶 

Non-irradiated Irradiated 

𝑛 ≪ 𝑝 𝑛 ≈ 𝑛𝑖 

𝑝 ≈ 𝑁𝑒𝑓𝑓 𝑝 ≈ 𝑛𝑖 

Defects 

𝝆 = 𝒆 𝒏𝝁𝒆 + 𝒑𝝁𝒉
−𝟏
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W.M. Bullis. Solid-State Electronics. 9(2):143-168, 1966. 

Z. Li. NIMA. 342(1):105-118, 1994. 



REVERSE CURRENT 

SPACE-CHARGE REGION 
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200 μm & 285 μm diodes 𝝆 vs. 𝑼 𝒅𝟐  

Ohmic 

Depletion 

1.3x1016 cm-2 

7.5x1015 cm-2 

 Transition ohmic current to SCR generation current 

 Common threshold 𝑈𝑡ℎ 𝑑2  

 
𝝆 = 𝒆 𝒏𝝁𝒆 + 𝒑𝝁𝒉

−𝟏
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REVERSE CURRENT 

SPACE-CHARGE REGION 
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Non-irradiated 

Ionized acceptors 

𝑉 

𝐶 
𝑛 ≈ 0 

𝝆 = 𝒆 𝒏𝝁𝒆 + 𝒑𝝁𝒉
−𝟏
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REVERSE CURRENT 

SPACE-CHARGE REGION 
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 Fast generation  High 𝑛, 𝑝 in the SCR 

 Ohmic when 𝑛, 𝑝 ≈ 𝑛𝑖  

 𝑈𝑡ℎ 𝑑2  when 𝑛, 𝑝 < 𝑛𝑖 in the SCR due to drift 

Non-irradiated Irradiated 

Ionized acceptors 

𝑉 

𝐶 

𝑉 

𝐶 
𝑛 ≈ 0 𝑛 ≤ 𝑛𝑖 

Generation 

Drift 

𝝆 = 𝒆 𝒏𝝁𝒆 + 𝒑𝝁𝒉
−𝟏
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REVERSE CURRENT 

MODEL MEDIUM BIAS 

reverse 

forward 

|  RD50 Workshop, Hamburg University | chscharf@physnet.uni-hamburg.de 

 Simple model with three parameters 

 Fit 5 V forward to 50 V reverse describes measurements within few 

percent 

reverse 

forward n-type p-type 
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REVERSE CURRENT 

MODEL MEDIUM BIAS 
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 Parameters vs. fluence 

 𝝆𝒐𝒉𝒎  Ionized impurity scattering 
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REVERSE CURRENT 

MODEL MEDIUM BIAS 
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 Parameters vs. fluence 

 𝝆𝒐𝒉𝒎  Ionized impurity scattering 

 𝑺  𝑺 𝟎 = 𝟏/𝟐, 𝑺 𝝓𝒆𝒒 → ∞ → 𝟏 
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REVERSE CURRENT 

MODEL MEDIUM BIAS 
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 Parameters vs. fluence 

 𝝆𝒐𝒉𝒎  Ionized impurity scattering 

 𝑺  𝑺 𝟎 = 𝟏/𝟐, 𝑺 𝝓𝒆𝒒 → ∞ → 𝟏 


𝑼𝒕𝒉

𝒅𝟐
  Linear with 𝝓𝒆𝒒 
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REVERSE CURRENT 

MODEL MEDIUM BIAS 
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 Parameters vs. fluence 

 𝝆𝒐𝒉𝒎  Ionized impurity scattering 

 𝑺  𝑺 𝟎 = 𝟏/𝟐, 𝑺 𝝓𝒆𝒒 → ∞ → 𝟏 


𝑼𝒕𝒉

𝒅𝟐
  Linear with 𝝓𝒆𝒒  Measure 𝝓𝒆𝒒 

 



REVERSE CURRENT 

OHMIC REGION – MOBILITY 
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 Assume ionized impurity scattering dominates at 243 K 
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 Assume ionized impurity scattering dominates at 243 K 

 

 

Neglect 𝜇𝑚𝑖𝑛  
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OHMIC REGION – MOBILITY 
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 Assume ionized impurity scattering dominates at 243 K 

 

 

Neglect 𝜇𝑚𝑖𝑛  

200 μm & 285 μm diodes 

𝝆 = 𝒆𝒏𝒊 𝝁𝒆 + 𝝁𝒉
−𝟏
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𝝁𝒆 + 𝝁𝒉 

243 K 
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 Assume ionized impurity scattering dominates at 243 K 

 

 

Neglect 𝜇𝑚𝑖𝑛  

200 μm & 285 μm diodes 

𝝆 = 𝒆𝒏𝒊 𝝁𝒆 + 𝝁𝒉
−𝟏
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𝝁𝒆 + 𝝁𝒉 

243 K 

Previous edge-TCT and Hall measurements show 

much larger decrease of 𝝁𝒆 + 𝝁𝒉 𝝓𝒆𝒒  up to 50% at 

𝝓𝒆𝒒 = 𝟏𝟎𝟏𝟔 cm-2 with 𝒈𝒆𝒇𝒇 > 𝟏𝟎 cm-1 
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 Current increases exponentially for high reverse bias 

 Empirical model describes the measurements within a few percent 
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REVERSE CURRENT 

MODEL HIGH BIAS 

06.06.2018 31 

 Current increases exponentially for high reverse bias 

 Empirical model describes the measurements within a few percent 
 

 Effects in the in high field of the SCR 

 Poole-Frenkel effect, trap-assited tunneling, and/or impact ionization 
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SUMMARY AND OUTLOOK 
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 Current model        𝑰 𝑼, 𝑨, 𝒅, 𝝓𝒆𝒒  

 Carrier removal 

 Reverse: Threshold between ohmic and SCR-dominated current 

▪ Easy way to measure the mobility  𝝁 𝑻, 𝝓𝒆𝒒  

▪ Replace 𝑼𝒅𝒆𝒑 + 𝜶 with 
𝑼𝒕𝒉

𝒅𝟐
 to determine  𝝓𝒆𝒒 

 Reverse: Exponential increase at high voltages 

 Forward: Space-charge-limited currents 
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 Current model        𝑰 𝑼, 𝑨, 𝒅, 𝝓𝒆𝒒  

 Carrier removal 

 Reverse: Threshold between ohmic and SCR-dominated current 

▪ Easy way to measure the mobility  𝝁 𝑻, 𝝓𝒆𝒒  

▪ Replace 𝑼𝒅𝒆𝒑 + 𝜶 with 
𝑼𝒕𝒉

𝒅𝟐
 to determine  𝝓𝒆𝒒 

 Reverse: Exponential increase at high voltages 

 Forward: Space-charge-limited currents 
 

 To-do 

 Extract more physical quantities  

 Temperature + annealing studies 
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BACKUP 
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CURRENT 

OHMIC REGION – NEUTRAL BULK 
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 High near-intrinsic 𝜌𝑜ℎ𝑚 ≈ 𝜌𝑖 at small bias voltages  

 Carrier removal: Free carriers trapped at deep defects, 𝑛 ≈ 𝑝 ≈ 𝑛𝑖 

200 μm & 285 μm diodes 𝝆 vs. 𝑼 𝒅𝟐  

Ohmic 

Depletion 

Capacitance @200 Hz 285 μm diodes 

Ohmic 
Depletion 

1.3E16 /cm² 

7.5E15 /cm² 
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𝝁𝟎 changes little up to  

𝝓𝒆𝒒 = 𝟏𝟎𝟏𝟕 cm-2 at 300 K 

 Phonon scattering dominating at 300 K 



EDGE-TCT VELOCITY PROFILE 

FORWARD BIAS 

06.06.2018 38 

Strip sensor 

285 μm 

7.3e15 /cm² 

850 V 

p+ n+ 

- + 

p- 

Forward 

Strip sensor 

285 μm 

7E15 /cm² 
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 Edge-TCT 𝑣𝑒 + 𝑣ℎ ∝ 𝐸 gives an idea of electric field 

 Electron injection from junction 

 Ohmic bulk at low voltage, positive space-charge at high voltage 

Electron injection  
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FORWARD CURRENT 

RESISTANCE 
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 Forward current described by space-charge-limited currents 

 Ohmic up to high voltages 𝝁𝒆,𝒉
𝟎 𝝓𝒆𝒒 → 𝝁𝒆,𝒉 𝑬,𝝓𝒆𝒒  

 Exponential increase at very high voltages 

 

Space-charge-

limited currents 

SCLC 

𝝁𝒆,𝒉
𝟎 𝝓𝒆𝒒 → 𝝁𝒆,𝒉 𝑬,𝝓𝒆𝒒  
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FORWARD CURRENT 

MODEL 

 A. Rose. Phys. Rev. 97(6):1538, 1955. 
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 Current described by SCLC within 10 % 
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FORWARD CURRENT 

MODEL 

 A. Rose. Phys. Rev. 97(6):1538, 1955. 
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 Current described by SCLC within 10 % 
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FORWARD CURRENT 

MODEL PARAMETERS 

𝒏𝒊 

|  RD50 Workshop, Hamburg University | chscharf@physnet.uni-hamburg.de 

 Hypothetical trap concentration 𝑵𝒕𝒐𝒕 not linear with 𝝓𝒆𝒒  
 
 𝒏𝒊 is reproduced to 2 % 

fit 



EDGE-TCT VELOCITY PROFILE 

REVERSE BIAS 
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 Edge-TCT 𝑣𝑒 + 𝑣ℎ ∝ 𝐸 gives an idea of electric field 

 Near-constant field in the bulk 

 High field in the SCR 

Reverse 

p+ n+ 

+ - 

p- 

1000 V 

SCR 

Bulk 

Strip sensor 

285 μm 

7E15 /cm² 
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Strip sensor 

285 μm 

7.3e15 /cm² 

850 V 

p+ n+ 

- + 

p- 


