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Motivation 

The <100> drift velocity is a fundamental material parameter! 
 

BUT: The literature mobility models for <100> and <111> direction do not describe 
measurements of non irradiated sensors 

1 – Motivation 

200 μm 
<100> sensor 

 
drift model: 

Jacoboni 1977 
<111> 

 
often used for 

<100> 
electrons holes 

Precise knowledge of the drift velocities of electrons and holes is 
needed for precise simulations and the analysis of (edge-)TCT 
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2 – Experimental method 
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• Diodes: High-ohmic <100> float-zone silicon p+nn+ and  n+pp+ pad diodes 

Three different sensors investigated: 

Diodes and measurements 

2 – Experimental method 

Used for cross check 

Standard sensor 

Vendor Bulk w [μm] Udep [V] Neff [cm-3] ρ [kΩcm] 

HPK N-type 200±2 90 2.9∙1012 1.5 

HPK P-type 200±2 115 3.8∙1012 1.1 

CiS N-type 287±3 50 0.8∙1012 5.5 
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• Diodes: High-ohmic <100> float-zone silicon p+nn+ and  n+pp+ pad diodes 

Three different sensors investigated: 

Diodes and measurements 

2 – Experimental method 

Used for cross check 

Standard sensor 

Transient current technique TCT 
 

• Pulsed laser generates e-h pairs in the sensor 
• Charge carriers drift in electric field        

→ induced signal 𝑰 ∝ 𝒗𝒅(𝑬 𝒙 ) 
 
Measurements  
 ─ 𝑼𝒅𝒆𝒑 < 𝑼𝒃𝒊𝒂𝒔 ≤ 1000 V steps of Δ𝑈𝑏𝑖𝑎𝑠 = 10 V 

 ─ Seven temperatures between 233 K and 333 K 

𝑼𝒃𝒊𝒂𝒔 

Vendor Bulk w [μm] Udep [V] Neff [cm-3] ρ [kΩcm] 

HPK N-type 200±2 90 2.9∙1012 1.5 

HPK P-type 200±2 115 3.8∙1012 1.1 

CiS N-type 287±3 50 0.8∙1012 5.5 
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• Red laser  𝜆 = 675 nm  
 → signal induced by drift of e or h 

 

Transient Current Technique 

• Infrared laser  𝜆 = 1063 nm 
 → simultaneous e and h drift 

 

electrons 

holes 

initial 
charge 

distribution 

simulation 
200 μm sensor 

@ 200 V 

electrons 

holes 

2 – Experimental method 

𝑭𝑾𝑯𝑴 ≈ 50 ps 
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3 – Analysis methods 
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• Fit of the mobility parameters for red + infrared measurements at all 
bias voltages + temperatures at once → up to 622 measurements 
 
 

• Grid 
    
  

• Charge transport     with ∆𝑡 = 10 ps 

 → Drift 

 

 

 → Diffusion → Gaussian function 

 

Transient current simulation 

[Becker10] 

sensor 

𝑬 
𝑵𝟎(𝒙) 

∆𝒙𝒉 

∆𝒙𝒆 

∆𝑥𝑒,ℎ = 𝑣𝑒,ℎ 𝑥 ∙ ∆𝑡 = 𝜇𝑒,ℎ 𝑥 𝐸(𝑥) ∙ ∆𝑡 

𝜎𝑒,ℎ 𝑥 = 2𝐷𝑒,ℎ(𝑥) ∙ ∆𝑡 

𝛿𝑥 = 100 nm 

𝐷𝑒,ℎ 𝑥 =
𝜇𝑒,ℎ 𝑥 𝑘𝑏𝑇

𝑒0
 

3 – Analysis methods 
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Convolution theorem:    𝓕 𝒇 ∗ 𝒈 = 𝓕 𝒇 ∙ 𝓕 𝒈   

Transfer function 

3 – Analysis methods 

𝒈 = 𝓕−𝟏
𝓕 𝒎𝒆𝒂𝒔𝒖𝒓𝒆𝒎𝒆𝒏𝒕

𝓕 𝒔𝒊𝒎𝒖𝒍𝒂𝒕𝒊𝒐𝒏
 

𝒈 𝒇 ∗ 𝒈 𝒇 

Transient current simulation: 

infrared laser 
200 μm sensor 

@ 1000 V and 313 K 

Transfer function of 
the read-out circuit 
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• For all simulations 𝒈 for the infrared laser @ 1000 V and 313 K was used 
    → fast signal, e and h contribution 

Transfer function 

3 – Analysis methods 

Transient current simulation: 

red laser (e drift) 
200 μm sensor 

@ 1000 V and 313 K 
 

with 𝒈 for the 
infrared laser 

close-up 
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• Carrier time of flight 𝒕𝒐𝒇 
→ points of maximum slope  

 
• Signal sampling 200 ps → spline interpolation 
 
Problem: 𝑬 𝒙 ≠ 𝒄𝒐𝒏𝒔𝒕 
 

𝒕𝒐𝒇 =  
𝒅𝒙

𝒗𝒅 𝑬 𝒙

𝒘

𝟎

 

 

    → Assume 
𝟏

𝒗𝒅 𝑬 𝒙
∝

𝟏

𝑬 𝒙
+ 𝒄𝒐𝒏𝒔𝒕  

 
→ 𝒕𝒐𝒇 ∝ 𝒘 ∙ 𝟏

𝑬 𝒙 + 𝒄𝒐𝒏𝒔𝒕  

 

     → 𝒗𝒅
𝟏
𝑬 𝒙 

−𝟏
= 𝒘

𝒕𝒐𝒇  

The time-of-flight method 

3 – Analysis methods 

200 μm sensor 
electron drift 

@ 200V 

time of flight 

Red laser  
→ drift of one charge carrier type 
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4 – Results 
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Mobility model 

4 – Results 

𝟏
𝝁(𝑬) =  

𝟏
𝝁𝟎                                    , 𝑬 < 𝑬𝟎

 𝟏 𝝁𝟎 + 𝟏 𝒗𝒔 ∙ 𝑬 − 𝑬𝟎  , 𝑬 ≥ 𝑬𝟎
 

 

Data extracted from 
[Canali71] 

300 K 

𝟏
𝝁(𝑬) ∝ 𝟏 𝝉𝒄𝒐𝒍𝒍 + 𝟏 𝝉𝒆(𝑬)

  

e 

h 

phonon 
emission 

lattice 
scattering 

𝒗𝒅 𝑬 =
𝑞𝐸

2𝑚∗
𝜏 𝐸 = 𝝁 𝑬 ∙ 𝑬 
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Our results 

4 – Results 

 

 

• Electrons   𝟏
𝝁𝒆(𝑬) = 𝟏

𝝁𝟎
𝒆 + 𝟏

𝒗𝒔
𝒆 ∙ 𝑬 

 

• Holes   𝟏
𝝁𝒉(𝑬) = 𝒎𝒂𝒙 𝟏

𝝁𝟎
𝒉  , 𝟏

𝝁𝟎
𝒉 + 𝒃 ∙ 𝑬 − 𝑬𝟎 + 𝒄 ∙ 𝑬 − 𝑬𝟎

𝟐  

𝟏
𝝁(𝑬) ∝ 𝟏 𝝉(𝑬)  

e 

h 

𝑬 𝒎𝒊𝒏 

HPK n-type 
𝑻 = 313 K 

𝑬 𝒎𝒂𝒙 

→ Global fit with 𝝈𝒗𝒅 = ±2.5 % 

𝑻 dependence  

𝒑𝒂𝒓𝒊 𝑻 = 𝒑𝒂𝒓𝒊
𝑹𝑻 ∙

𝑻

𝟑𝟎𝟎 𝑲

𝜶𝒊

 

New parameterization fitted for 
 

5 kV/cm < 𝑬 < 50 kV/cm 
233 K < 𝐓 < 333 K 
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Global fit results 

4 – Results 

e h e h 

Max tof/fit deviation = 2 % for 𝐸 > 7 kV/cm 
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Comparison of different materials 

4 – Results 

e h 

Results of the different sensors @ T=313 K 

 

• The results match within 4 %  

 

• Each point corresponds to one   

individual measurement! 
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Comparison with literature 

4 – Results 

e h e h 

h h 

e 
e 

Large differences observed:  
Jacoboni <111>: for e and h                                             
Becker <100>: only for h @ high fields                          
 Canali <100>: for h @ high fields and e @ low fields  

 

𝑬 𝒎𝒊𝒏 𝑬 𝒎𝒊𝒏 

𝑬 𝒎𝒂𝒙 𝑬 𝒎𝒂𝒙 
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5 – Conclusion 
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Conclusion 

• Analysis  – Time-of-flight method 

• High accuracy despite large field range in the sensor 

  – Fit of drift simulation to TCT measurements    

• Precise determination of electronics response 

 

• Results 

– Parametrization of the mobility 𝜇 𝐸, 𝑇            max deviation 

– Results of different sensors and of fit and tof are consistent   4 % 

– Results similar to <100> literature values for electron drift    5 % 

– Large differences to <100> and <111> literature val. for hole drift 15 % 

 

 

• Impact 

The results will improve simulations and the analysis of  

TCT and edge-TCT → 𝑬 𝒙 , 𝝉𝒆(𝒙), 𝝉𝒉(𝒙) 

5 – Conclusion 

simple 

complex 
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Thanks for your attention 

Special thanks to 
 

J. Becker, J. Erfle, E. Fretwurst , R. Klanner, T. Poehlsen, J. Schwandt 
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Backup 
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<111> literature mobility 

4 – Results 

Fit with   𝒗𝒅 𝑬 = 𝑬 ∙ 𝝁 𝑬 = 𝑬 ∙ 𝒎𝒊𝒏 𝝁𝟎 ,
𝝁𝟎

𝟏+
𝝁𝟎

𝒗𝒔 ∙ 𝑬−𝑬𝟎
 

e h e h 

Fit Jacoboni 
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Mobility model: holes linear @ -40C 

• Holes 
  - Linear par. leads to wrong drift times 
 → 2nd degree polynomial 

𝟏

𝝁𝒉 𝑬
= 𝒎𝒂𝒙

𝟏

𝝁𝟎
𝒉  ,

𝟏

𝝁𝟎
𝒉 + 𝒃 ∙ 𝑬 − 𝑬𝟎 + 𝒄 ∙ 𝑬 − 𝑬𝟎

𝟐   

hole drift 
linear par 

𝝌𝟐 

slow 

fits 

fast 

fits 

slow 
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Comparison with measurements 

electron drift hole drift 

• Electrons   𝟏
𝝁𝒆(𝑬) = 𝟏

𝝁𝟎
𝒆 + 𝟏

𝒗𝒔
𝒆 ∙ 𝑬 

 

• Holes → 2nd degree polynomial            

    𝟏
𝝁𝒉(𝑬) = 𝒎𝒂𝒙 𝟏

𝝁𝟎
𝒉  , 𝟏

𝝁𝟎
𝒉 + 𝒃 ∙ 𝑬 − 𝑬𝟎 + 𝒄 ∙ 𝑬 − 𝑬𝟎

𝟐  

200 μm sensor 
293 K 

 measurement 
 simulation 

 measurement 
 simulation 
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Backup CiS sensor 

electrons 
313 K 

holes 
313 K 
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Backup infrared 

HPK n 293 K CiS 313 K 
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Mobility model 

Low electric field 𝑬 < 𝑬𝟎 

• Random thermal motion (𝑣𝑡ℎ ≈ 10
7 cm/s) 

 superimposed with drift in electric field 

 

 

• Mean free time between                    

lattice scattering              

 𝜏𝑐𝑜𝑙𝑙 ∝ 𝑣𝑡ℎ ≫ 𝑣𝑑 𝐸  

 

• Mean drift velocity 

  𝒗𝒅 𝑬 =
1

2
𝑣 𝐸, 𝜏𝑐𝑜𝑙𝑙 =

𝑞𝐸

2𝑚∗
𝜏𝑐𝑜𝑙𝑙 = 𝝁𝟎𝑬 

[Jacoboni77] 

𝜏𝑐𝑜𝑙𝑙 

𝑣 𝐸, 𝑡  

𝑡 

𝑣𝑑 𝐸  

𝑣 𝐸, 𝜏𝑐𝑜𝑙𝑙  

Average drift due 
to electric field 

Model based on 
[Grove67], [Jacoboni77] 

drift direction 
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Mobility model 

High electric field 𝑬 ≥ 𝑬𝟎 

• Energy sufficient for optical phonon emission 

• Saturation velocity 𝑣𝑠 ∝ ℏ𝜔𝑝ℎ𝑜𝑛𝑜𝑛 

𝑣 𝐸, 𝑡  

𝑡 

2𝑣𝑠 
phonon emission 

vd E =
𝑞𝐸

2𝑚∗
𝜏 𝐸  

 

𝟏
𝝉 𝑬 = 𝟏 𝝉𝒄𝒐𝒍𝒍 + 𝟏 𝝉𝒆(𝑬)

  

Statistical drift due to electric field 

lattice 
scattering 

phonon 
emission 

lattice 
scattering 

Model based on 
[Grove67], [Jacoboni77] 
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• Electrons   𝟏
𝝁𝒆(𝑬) = 𝟏

𝝁𝟎
𝒆 + 𝟏

𝒗𝒔
𝒆 ∙ 𝑬 

 

• Holes   𝟏
𝝁𝒉(𝑬) = 𝒎𝒂𝒙 𝟏

𝝁𝟎
𝒉  , 𝟏

𝝁𝟎
𝒉 + 𝒃 ∙ 𝑬 − 𝑬𝟎 + 𝒄 ∙ 𝑬 − 𝑬𝟎

𝟐  

𝒑𝒂𝒓𝒊
𝑹𝑻 𝜶𝒊 

Electrons 𝝁𝟎
𝒆  1430 cm²/Vs -1.99 

𝒗𝒔
𝒆 1.05∙107 cm/s -0.302 

Holes 
 

𝝁𝟎
𝒉 457 cm²/Vs -2.80 

𝒃 9.57∙10-8 s/cm -0.155 

𝒄 3.24∙10-13 s/V − 

𝑬𝟎 2970 V/cm 5.63 

Global fit results (𝝈𝒗𝒅 = ±2.5 %) 

𝑻 dependence  

𝒑𝒂𝒓𝒊 𝑻 = 𝒑𝒂𝒓𝒊
𝑹𝑻 ∙

𝑻

𝟑𝟎𝟎 𝑲

𝜶𝒊

 

Our results 

𝟏
𝝁(𝑬) ∝ 𝟏 𝝉(𝑬)  

e 

h 

𝑬 𝒎𝒊𝒏 

HPK n-type 
𝑻 = 313 K 

𝑬 𝒎𝒂𝒙 


