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Overview 

Motivation 

Transient current technique (TCT) 

 

Methods to determine the life time: 

Å Charge Correction Method (CCM) 

Å modified Charge Correction Method (mCCM) 

 Comparison of CCM and mCCM on model calculations and on data 

Å Model calculations of TCT pulses 

 

Conclusion 

Outlook 
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Motivation 

LHC upgrade: 10 x higher radiation damage after high luminosity upgrade 

Ý radiation hard material needed 

 

wŀŘƛŀǘƛƻƴ ƛƴŘǳŎŜŘ ǘǊŀǇǇƛƴƎ ŎŜƴǘŜǊǎ  Ҧ  ŎƘŀǊƎŜ losses, signal reduction 

 

 

Aim: understand and describe signal reduction in irradiated silicon 

(HL-LHC fluences) 

 

Find a standard method to extract life times in irradiated silicon 

 (e.g. for HPK-campaign) 
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Transient current technique (TCT) 

 

red laser light pulse: 

Å 670 nm, 3 µm penetration depth 

Å FWHM 40 ps 

Å generates N = ~ 1 million e-h pairs 

 

Ý induced current (pad sensor) : 

 

 

 

readout: 

Å digital oscilloscope (bandwidth 1 GHz, 512 averages) 

Å 10 x Phillips current amplifier 

Å diode capacitance of ~4 pF for used diodes with d=150 µm 
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Difficulties for Life Time Determination 

Trapping probability 1/t depends on: 

Å Density of traps 

Å Occupation probability of traps 

ÅDensity of free electrons 

ÅDensity of free holes 

ÅTemperature 

ÅElectric field 

Å Capture cross section strap 

ÅVelocity of charge carriers 

ÅElectric field 

 

Electric field not known 

Ý Model assumptions to estimate an effective trapping time t 

 

Time constant of the electronics:  O(charge collection time) 
Life time determination of free charge carriers in 
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Charge Correction Method (CCM) 

Å Number of drifting charge carriers N reduces due to trapping:  
Ἤ╝

╝ Ⱳ
 Ἤ◄ᵼ╝◄ ╝ Ͻ▄

◄
Ⱳ ȟ ἮἷἺ  Ⱳ ἫἷἶἻἼ  

Å Drift velocity field dependent  ᵼ charge collection time voltage dependent  
    ᵼ1 16 
 

Å Trapping corrected signal: Ὅὸȟ†ὸὶ Ὅὸ Ͻ ὩȾ  
Å Trapping fully corrected: ╠╬Ⱳ◄► ╠ ἫἷἶἻἼ  (full charge collection, CCE=1) 
Å Correct all voltages with the same †ὸὶ until linear fit of Qc(V) gives slope = 0 
Å No reference measurement (Q0) needed! 
 (i.e. no knowledge on CCE needed) 

 

CCM was used for fluences up to 

a few 1014 cm-2 neq. and voltages close to Vfd 
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150 µm, n-Typ, epitaxial 
after 1015 cm-2 neutrons 
 

CCM by G. Kramberger. Doctoral Thesis, Ljubljana, 2001. 
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Limitations of the Charge Correction Method 

Life time determination of free charge carriers in 
irradiated silicon sensors May 2012 

7 

1.) CCE calculated: 
with t from CCM 
 (lines) 
 
 
2.) CCE measured: 
CCE = Q / Q0 

 (Symbols) 
 
 
Comparison: 
using CCM leads to 
overestimation of 
charge losses at 
voltages >> Vfd 

 
Ý † †ὠ ? 

3·1014 cm -2 

1015 cm -2 

TCT with  a particles  

after 23 GeV proton  irradiation  

J. Lange, 2008 

Comparison of CCE from CCM and CCE=Q/Q0 measured Comparison of CCE from CCM and CCE=Q/Q0 measured 
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Modified Charge Correction Method 

Collected charge: ὗ Ὅ᷿ὸÄὸ  

Use collected charge of non-irradiated diode Q0 

Charge collection efficiency  CCE = Q / Q0 

 

For each voltage independently: 

 

Current Ὅὸ is corrected until  ╠╬ ╠  

   (i.e. ὅὅὉ
 
 ρ ) 

 

 

Ý Extracted life time depends on voltage: 

  † †ὠȟ   † ͯ ÌÉÎÅÁÒ ÉÎ ὠ 

 

 life time field dependent:  Ⱳ Ⱳ╔ ? 
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Comparison of CCM and mCCM 
for model calculated TCT signals 

Model calculation:    

- Ὅὸ ϽʈὉ ϽὉ,  electronic distortions calculated in SPICE 

- Vfd = 100 V, Neff = const, d = 200 µm 
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600 V 

Evangelos Nagel  

mCCM 

CCM 

a) † ÃÏÎÓÔ 

Simulated 

Evangelos Nagel  

CCM 

mCCM 

b) †  †  †ϽὉ ς ÎÓπȢφ ÎÓϽ
 

 

Simulated 

Ý CCM underestimates Ⱳ ἮἷἺ Ⱳ Ⱳ╔ȟ  mCCM give proper results. 
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Comparison of CCM and mCCM on data 
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Ansätze for life time determination 

Input data Assumptions 

Charge Correction 
Method (CCM) 

time resolved current I(t) t = const 

modified CCM time resolved current I(t) 
non-irradiated Q0 

t = t (V) 

Life time determination of free charge carriers in 
irradiated silicon sensors May 2012 

11 



Thomas Pöhlsen 
thomas.poehlsen@desy.de 

Ansätze for life time determination 

Input data Assumptions 

Charge Correction 
Method (CCM) 

time resolved current I(t) † ÃÏÎÓÔ 

modified CCM time resolved current I(t) 
non-irradiated Q0 

†  †ὠ 

Model calculation with 
measured drift velocity 

 ὅὅὉ  

charge collection time cct 
sensor thickness d 

†  †ὠ 

ὺ ὺ  
Ὠ

ὧὧὸ
ÃÏÎÓÔ 

Model calculation with 
linear field E(x) 

 ὅὅὉ  ȟ 

sensor thickness d, 
a) full depletion voltage Vfd 

b) I(t) 

†  †ὠȟ 
 ὺ ὺ Ὁ  

a) ​Ὁᴺὔ ᴺὠ  N  CV 

b) ​Ὁ N  free fit par. from I(t) 

Model calculation with 
max. drift velocity vsat 

 ὅὅὉ  

sensor thickness d 

lower limit on †  † ὠ  
ὺ ὺ ρπ ÃÍ Ó  
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Life time comparison for different methods 
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Life time comparison for different methods 
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Classical CCM underestimates t. 
 
All other methods: max. difference < 20 % in life time t 
Ý exact knowledge on electric field not neccessary to extract life time within 20% uncertainty 

(if CCE known) 
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Summary and Conclusion 

Å Classical Charge Correction Method fails at high fluences (> 1015 cm-2) for electron 
collection in studied sampled. 

Å A modified Charge Correction Method was developed taking into account the charge 
collection efficiency (CCE). 

Å Extracted life times are compatible with model calculations within systematic 
uncertainties of ~ 20% 

Ý even without exact knowledge on E(x): t can be estimated with 
Ўȿ

 ςπϷ 

 

Å uncertainties of the charge collection efficiency must be taken into account   

Ý
Ўȿ

 ςπϷ 

 

Å Effective life times are voltage dependent:  Ⱳ Ⱳ╥             
(higher life times for higher voltages). 
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Outlook t(x) 

† ὠ can be extracted without knowledge on Ὁὼ. 

Can we also extract  † ὠȟὼ  if we know Ὁὼ ? 

 

May we then draw conclusions on field dependence?  † † Ὁ  ȩ 

Will we see filled electron traps at the n+ side?   †O  Њ ȟÆÏÒ  ὼO Ὠ  ȩ 

 

 

 

 

 

Combined study with both, 

Å classical TCT  ᴼὍὸȟὅὅὉ 

Å and edge TCT ᴼὺὨὶὼȟὉὼ 

within the frame work of the CMS HPK campaign. 
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Neff from TCT pulses 
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Neff from TCT pulses and from CV 
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Model calculation 
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Extraction of physical quantities 

Reference diode with collected charge Q0   => teff  

 

Extraction method: least c2 fit of model calculation to measured TCT pulse 

model calculation with N0 = Q0 /q0  drifting charge carriers at t=0 
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Least c2-fit results for MCz 200 µm, after 
оΦфϊ1014 cm-2 23GeV protons and 8 min @80°C 
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area = Q0 

d=200 µm 
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Data points used for least c2 fit: 

n = 35 

4 free fit parameters: teff, Neff, t0, d 
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baseline before pulse: 
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V = 300 V 
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Ý least c = 35 
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Vfd and Neff in the presense of double junction 

TCT: 

assuming const. space charge: 

slope of the electric field at V > 

Vfd (e.g. 300 V) 

 

CV: 

Neff according to depletion 

behaviour at Vfd  (< 150 V) 

 

How to extract Neff? 

Or: what does  Neff mean if 

extracted via CV? 

How to define the sign of Neff ? 
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rear 

MeV protons 

Vfd goes down (from CV measurements) 

 

but: higher voltages needed to deplete rear side! 

10 min @ 60ÁC 

80 min @ 60ÁC 
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c2 matrices for MCz 200 µm 
ŀŦǘŜǊ пϊмл14 cm-2 23 GeV protons, 8 min @ 80°C 

Neff  <-> d  correlated  
 
Ř Ғ нлл ҡƳ 
(~198 µm from CV) 
 
 
Additional 
 uncertainty in Q0 

 
 
Neff [1012 cm-3] 
     = 5.1 Ñ 0.3stat Ñ 0.3Q0 

 
? Vfd  [V] 
     = 158 Ñ 10stat Ñ 10Q0 
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Vergleich von verschiedenen Methoden 
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Up to fluences of 2Ā1014 cm-2 according to G. Kramberger*:   1/t = b f 
 
here: 1/t at fixed voltage not proportional to fluence! 
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Vergleich von verschiedenen Methoden 
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Classical CCM gives life times incompatible with CCE. 
 
All other methods give consistant results for life time t, max. difference ~ 15 %. 
Dt| CCE  >  Dt| method => exact knowledge on electric field not neccessary to extract life time 
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HPK-campaign, mixed irradiation  

HPK-campaign mixed irradiation 

 with protons and neutrons according to expected ratio between charged 
and neutral hadrons. So far: 23 MeV protons from Karlsruhe (KIT) 

 

Type inversion in MCz n-type material after 23 MeV proton irradiation 
observed (not expected). Effect due to the proton energy?  

 

|N eff| may be extracted from CV measurements via full depletion voltage Vfd. 

For non-irradiated diodes: well understood 

Å but: only the absolute value |Neff|  is accessible 

For irradiated diodes further limitations: 

Å depletion behavior unclear (double junction), frequency and temperature 
dependent 

Å ​Ὁ= ​Ὁ (V)   (space charge is voltage dependent) 
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Comparison of Neff for MCz n type 
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Vfd and Neff in the presense of double junction 

TCT: 

assuming const. space charge: 

slope of the electric field at V > 

Vfd (e.g. 300 V) 

 

CV: 

Neff according to depletion 

behaviour at Vfd  (< 150 V) 

 

How to extract Neff? 

Or: what does  Neff mean if 

extracted via CV? 

How to define the sign of Neff ? 
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Conclusions 

Neff could be extracted from TCT current measurement and is found to strongly 

depend on: 

Å annealing  (1 min to 10 min @ 80 °C -> DNeff Ґ оΦр ϊ мл
12 cm-3)   

Å proton energy (23 GeV vs. 23 MeV) 

 

 

Differences to |Neff| extracted from CV measurements observed 

Ý open questions: 

Å Impact of a voltage dependent space charge on CV and TCT interpretation? 

(depletion behaviour unclear, TCAD simulation of double junction and CV?) 

Å How good is the assumption  t = const   for given voltage, i.e. position 

dependence t(x) negligible?  (combined edge-TCT / TCT study) 

Å Systematic impact of electronic circuit? (description improvable?) 
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