
36th RD50 Workshop, June 3-5 2020, CERN    

Deep Level Transient Spectroscopy
&

Thermally Stimulated Current technique:

A brief Introduction

⬥ Principle of operation and basics of DLTS and TSC methods

A. Himmerlich, Y. Gurimskaya
I. Mateu, M. Moll



36th RD50 Workshop, June 3-5 2020, CERN    

Characterisation of (radiation induced) defects: Fundamentals 

DLTS (Deep Level Transient Spectroscopy) TSC  (Thermally Stimulated Current)

● Defect concentration

● Thermal activation energy

● Capture cross section

2



36th RD50 Workshop, June 3-5 2020, CERN    

DLTS (Deep-Level Transient Spectroscopy)
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DLTS (Deep Level Transient Spectroscopy) : Principle of Operation 

Assumption: one kind of defect (electron trap) in n-type material with defect level
in the upper part of the bandgap

Majority carrier injection
electron trap

(1) Reverse bias UR
→ junction under reverse bias
→ defect states unoccupied

(2) Injection pulse UP
→ reduction of UR / UR = 0V
→ occupation of defect levels (Et < EF)
→ injection of majority carriers

→ forward bias: injection of majority
& minority carriers

(3) Reverse bias UR
→ charge carriers thermally emitted
→ change in capacitance
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DLTS (Deep Level Transient Spectroscopy) : Principle of Operation 

Majority carrier injection
electron trap

(1) Reverse bias UR
→ junction under reverse bias
→ defect states unoccupied

(2) Injection pulse UP
→ reduction of UR / UR = 0V
→ occupation of defect levels (Et < EF)
→ injection of majority carriers

→ forward bias: injection of majority
& minority carriers

(3) Reverse bias UR
→ charge carriers thermally emitted
→ change in capacitance

High injection (n ≈ p)
hole trap (cp >> cn)

Assumption: one kind of defect (electron trap) in n-type material with defect level
in the upper part of the bandgap
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DLTS (Deep Level Transient Spectroscopy) : Principle of Operation 

Majority carrier injection
electron trap

(3) Reverse bias UR
→ charge carriers thermally emitted
→ change in capacitance

trapped carriers in the defect levels influence
the effective space charge Neff  in the scr

→ C(t=0) < CR for electron traps
→ C(t=0) > CR for hole traps

High injection (n ≈ p)
hole trap (cp >> cn)

Assumption: one kind of defect (electron trap) in n-type material with defect level
in the upper part of the bandgap

Different sign of ΔC 
→ Differentiation between electron and hole traps
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DLTS (Deep Level Transient Spectroscopy) : Transient Analysis

Exponential behaviour of the capacitance transient:

τe: characteristic time constant of the transient

If: Nt<< ND

Nt : trap concentration
ND : doping concentration

nt(t): fraction of defect states occupied by electrons

Capacity transient follows the emission of carriers

τe: characteristic time constant assigned to 
the thermal emission
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DLTS (Deep Level Transient Spectroscopy) : Transient Analysis

Electron/ hole emission rate:

cn,p: capture coefficient
NC,V: effective density of states in the CB, VB
Xn,p: entropy factor
νth: thermal velocity

ΔH’: activation energy
σn,p : capture cross section

Arrhenius equation + plot:

Defect parameters
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DLTS (Deep Level Transient Spectroscopy) : Transient Analysis

Double boxcar method

emission process to fast

emission time const. 
τe(Tmax) fits to the chosen
time window depending 
on the installation
of t1 and t2

emission process to slow
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DLTS (Deep Level Transient Spectroscopy) : Transient Analysis

Double boxcar method
Performing several temperature scans with different

time windows 
or

applying several time windows on each transient

Set of data: 
used to construct an 

Arrhenius plot
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DLTS (Deep Level Transient Spectroscopy) : Transient Analysis

Different DLTS techniques for signal processing:

▪ Analog signal processing:
double boxcar integrator
lock-in amplifier
analog correlator

▪ Digital signal processing:
Fast Fourier Transformation FFT
Laplace Transformation     
Various correlator functions

* Example of 18 correlation functions

 Folding the measured transient using 
28 different correlator functions

 maxima analysis of a DLTS - signals  
leads to 28 value pairs (τe,T) used to 
create an Arrhenius plot after 1 single 
T-scan
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DLTS (Deep Level Transient Spectroscopy) : Transient Analysis

Different DLTS techniques for signal processing:

▪ Analog signal processing:
double boxcar integrator
lock-in amplifier
analog correlator

▪ Digital signal processing:
Fast Fourier Transformation FFT
Laplace Transformation     
Various correlator functions

 using 28 different correlator functions

 maxima analysis of a DLTS - signals  
leads to 28 value pairs (τe,T) used to 
create an Arrhenius plot after 1 single 
T-scan

1

2
3

4

5

6

7

b1

majority carrier injection

12



36th RD50 Workshop, June 3-5 2020, CERN    

DLTS (Deep Level Transient Spectroscopy) : Transient Analysis

Evaluation of the defect concentration NT

Amplitude of the capacitance 
transient:

ΔC0 = C(t = 0) – CR

Derived from the Poisson-equation
(NT << ND)

(Moll-thesis Appendix A.3)
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DLTS (Deep Level Transient Spectroscopy) : Transient Analysis

Evaluation of the defect concentration NT (a)  at reverse bias in equilibrium 

(b)  at pulse voltage

(c) after the end of the pulse

Transition region λ:  defined by the point                                 
where the trap level crosses the quasi-Fermi-level

„approximated“ trap concentration
(… if you select the reverse bias and pulse 

voltage in such kind that LP ≈ 0 und λ << WR)
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TSC (Thermally Stimulated Current)
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TSC (Thermally Stimulated Current): Principle of Operation

(1) Cooling down (with or without reverse bias)
→ traps not filled with carriers

(2) Charge injection/ Filling:
→ traps were filled by applying zero bias

(majority carriers), foreward   
bias or via optical injection (minority carriers) of 
the sensor at different filling temperatures

(3) Measurement: temperature is raised with a  
constant rate under reverse bias 

+
recording of the TSC- spectra:
→ monitoring the discharging current due to      
thermal emission from the defect levels

Moll thesis 1999
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TSC (Thermally Stimulated Current): Delay heating methode

Determination of activation Energy ΔH‘ and capture cross section σ

Moll thesis 1999

Measuring the TSC peak several times
with different delay times between the end
of filling and the start of heating

Increasing delay time: more charge
carriers already emitted at T0
→ TSC peak decreases

Plot: logarithm of the peak amplitude
against delay time 
→ slope: emission time constant τe

Repeating the delay measurements at 
different T0
→  Arrhenius-plot to determine ΔH‘ and σ
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TSC (Thermally Stimulated Current)

Defect concentration Nt

Total current measured during TSC:
assuming: single electron trap

nt(t):  fraction of defect states occupied by electrons
en(t): electron emission rate

Device fully depleted during the whole scan:
depletion depth W(t) = d

Integration over the observed TSC peak
can be used to determine the defect
concentration nt,0

= total defect concentration
(if defect was completely filled during
the filling process)
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TSC (Thermally Stimulated Current)

● after high irradiaton TSC spectra become very complex:
(e.g. overlap of signals from different defects)

● Calculate the defect concentration by the peak area delimited

TSC fitting

● Python code to fit the TSC spectrum → lmfit package used for minimization
● the spectrum is fitted with a pre-defined number of electrons and hole traps
● for each trap ΔH, σn,p and Nt are the free parameters (can be fixed, or constrained)
● ITSC the function to minimize, is built using the recorded time and temperature vectors
● This model assumes a fully depleted sensor and no dependence of the emission rate 

with the field strength 
Isidre Mateu → Fitting of TSC spectra 

19



36th RD50 Workshop, June 3-5 2020, CERN    

● First results on getting BiOi concentrations 
from our AR diodes, and successfully 
separating overlapping peaks

TSC (Thermally Stimulated Current)
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Summary

DLTS:
o method limited to defect concentrations Nt << Ndoping

TSC:
o method can be applied independent of the effective doping concentration (even on high irradiated 

samples)
o good for Nt but time consuming for ΔH’ and σ 

DLTS & TSC: powerful tools for defect investigation

o DLTS: Capacitance transients resulting from relaxation processes after carrier injection
o TSC: Current measurements due to the emission of trapped carriers
o Provided defect parameters: defect concentration, thermal activation energy, capture cross section
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Summary

TSC:
o method can be applied independent of the effective doping concentration (even on high irradiated 

samples)
o good for Nt but time consuming for ΔH’ and σ 

DLTS & TSC: powerful tools for defect investigation

o DLTS: Capacitance transients resulting from relaxation processes after carrier injection
o TSC: Current measurements due to the emission of trapped carriers
o Provided defect parameters: defect concentration, thermal activation energy, capture cross section

DLTS:
o method limited to defect concentrations Nt << Ndoping
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Thank you for your attention!

References: M. Moll, PhD Thesis „Radiation Damage in Silicon Particle Detectors“ 1999

23



36th RD50 Workshop, June 3-5 2020, CERN    24


	Foliennummer 1
	Characterisation of (radiation induced) defects: Fundamentals 

	Foliennummer 3
	Foliennummer 4
	Foliennummer 5
	Foliennummer 6
	Foliennummer 7
	Foliennummer 8
	Foliennummer 9
	Foliennummer 10
	Foliennummer 11
	Foliennummer 12
	Foliennummer 13
	Foliennummer 14
	Foliennummer 15
	TSC (Thermally Stimulated Current): Principle of Operation

	TSC (Thermally Stimulated Current): Delay heating methode

	TSC (Thermally Stimulated Current)

	TSC (Thermally Stimulated Current)
	Foliennummer 20
	Foliennummer 21
	Foliennummer 22
	Foliennummer 23
	Foliennummer 24

