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TCT 

    Brief introduction

    Historical overview

 TCT flavours: 

     Electron and hole injection in silicon 

     MIP-like injection with IR 

     egde-TCT for segmented samples 

Applied TCT:

      Probing sign of space charge in silicon detectors

      Sensing the weighting field

      Beam: knife edge-technique 

      Amplifiers: small signal with/without amplifier (bias-tee) 

      MIP calibration
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 TCT (Transient Current Technique) is a tool used to characterize solid state detectors. 
Most often used with Si, diamond or SiC.  

 Simple electronics readout: current sensitive amplifier and oscilloscope. Interpretation of 
results using Ramo’s theorem.

 The current induced by externally generated charge 
carriers contains information of the electric field they 
encounter. The excess charge carriers can be generated 
using lasers, ion beams, radioactive sources. 
Shape analysis of waveforms.

 Laser TCT is an specialization of TCT. Benefits: availability, repeatability, high focusing, 
high rate operation, absorption length is wavelength dependent, ample dynamic range

 TCT with laser illumination has been used on bare detectors, hybrids (sensors&ROC) and 
monolithic devices

Transient Current Techniques

 Reach of TCT: drift velocity profiling, charge collection 
maps, timing characterization, SEU studies….
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 Irradiance I [J/m2s] (and phase) of laser beam changes as it propagates through a medium

α    Linear absorption coefficient
β    Non-linear abs. coeff.
σex  Cross section for Free Carrier Absorption
N    Number of free charge carriers
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SPA: 1 photon=1 eh pair

 Charge carrier density from SPA is proportional to α:

Ep     Energy per pulse
r       Radial coordinate
w(z)  Beam width
ω      2πc/λ

 Linear absorption α leads to exponential decrease of irradiance

I (z)=I 0exp [−α z ]

Single Photon Absorption (in Si)

 Differently from ionizing particles, photons do not produce an ionization trail, but are absorbed at a 
specific depth. If their energy is above the bandgap, they will produce 1 eh pair.

[See M. Wiehe PhD thesis for formulae]
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TCT historical overview

 Genesis of experimental TCT by early 
1960’s, with the development of the time of 
flight method to study drift velocity in silicon
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70 ps, 40 keV, 104 e/spill, 
7 µm penetration

1971

Constant E-field

 From 1992, ROSE collaboration and later on RD50 developed TCT to become a 
“workhorse” for the study of radiation detectors.
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+ 15 y

+ 5 y

https://indico.cern.ch/event/52883/contributions/1202570/
https://indico.cern.ch/event/1334364/contributions/5672123/
https://indico.cern.ch/event/334251/contributions/780782/
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Assumptions: pulse duration<<drift time, over-depleted non-irradiated diode t = -0 ns

TCT: Transient Current Technique

ps-pulsed
laser

I t  = N eh Aqe vdrift EW ∝ vdrift = E E ⇒ I t ∝E  z 

Allows to probe the space charge of a detector by measuring transport of induced charge carriers
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TCT: Transient Current Technique
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TCT: Transient Current Technique
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TCT: Transient Current Technique
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TCT: Transient Current Technique
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TCT: Transient Current Technique
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TCT: Transient Current Technique
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
Imeas(t)

t
Measured pulse convolutes:
1) EM noise
2) RCdetector (low pass filtering)
3) Amplifier transfer function

Induced current shape reflects the electric field the carriers 
encounter during drift.

For an irradiated detector, the picture gets distorted due to 
trapping of charge carriers. Carriers do not “see” the full E-
field profile.

e+h

- I (t )∝E (z)

TCT: Transient Current Technique
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Si

X
Z

Si

X
Z

Si

Single Photon Absorption (SPA)-TCT

No spatial resolution along beam propagation direction

Two Photon Absorption (TPA)-TCT

Laser TCT illumination techniques

  3D spatial resolution along beam

Red TCT Infrared TCTRed TCT TPA TCT
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Normal incidence TCT

▪ Red top/bottom allows to “decouple” electrons from holes. Mobility differences can be 
measured experimentally.
▪ Transition from diffusion to drift in red bottom is a way to measure depletion voltage.

 Red bottom measurements of irradiated detectors show that, once irradiated, 
there is electric field across the whole bulk.

▪ In n-bulk material, top (bottom) illumination is equivalent to e (h) injection.
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Videos produced with Weightfield 2 fast simulator
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https://www.to.infn.it/~cartigli/Weightfield2/index.html
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▪ Injecting collimated laser beam from the side 
of the detector (~grazing angle technique in 
Test Beams).

▪ Sample needs edge polishing (see backup).

▪ Optimal for segmented sensors due to 
interplay between laser divergence and 
weighting field

▪ Beam chopped near top/bottom surface: 
best results for thick (>4σbeam) sensors.

▪ Clear e-h separation

▪ Profiling power:
  Q(V) → depletion voltage 
  Drift velocity → evolution of E-field

Edge-TCT
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ve(z , t≈0)+vh(z , t≈0) =
d⋅I e ,h(t≈0 ; z)
A e0N e ,h(z)

I e ,h(t , z)=A e0N e ,h [exp( −tτ e ,h )] ve(z , t )+vh(z , t )d

▪ The current induced after O(100 ps) “senses” the E-field in the position of laser injection

ve(z , t≈0)+vh(z , t≈0) ∼ μ0E (z)+3 μ0E (z)=4 μ0E (z)

E (z) ≈ d
4 μ0 A e0N e ,h

⋅I e ,h(t≈0 ; z)▪ We can oversimplify this :

▪ Note the usage of word “oversimplification” above. Warnings:
1) Near the surfaces part of the beam is reflected outwards. Ne,h is not a constant.
2) Mobility µ0 is not a constant.
3) Moderate dependence of profiles from chosen “t~0” (300, 400 ps,…)
4) For short enough trapping times, the approximation t/τ~0 is not valid

▪ Normally we are aware of these limitations but still interpret “prompt currents” as drift 
velocity or even, more courageously, as E-field.

Depth profiling with edge-TCT
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Prompt current proportional 
to drift velocity or E-field!

▪ Further assuming:

(No trapping τ→∞ )



E-field profiling with edge-TCT

I e ,h(t∼0 , z0)=A e0N e ,h

ve(z0)+vh(z0)
d
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E (z) ≈ ∑
t=0

600 ps

I e ,h(t ; z) (improves SNR)



TCT selected examples



Probing the space charge of a detector

MCZ n-on-p diode 90 V
3.61014 neq/cm2

Double Junction effectSpace Charge Sign Inversion (SCSI)

2014-07-29_15-17-27_W331_C10
2015-02-04_18-35-11 W331_Q3 2015-09-21_18-01-10_adgp_MCz_np_C1_0

▪ Red back illumination of n-type bulk, 
before and after irradiation

▪ Red back illumination of p-type bulk, 
after irradiation showing strong backside 
junction effect.
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I (t )dt

▪ Mathematically, the charge induced by a particle moving from position 1 →  2 can be expressed as the 
difference of the weighting potential at these 2 points: Q=e[F(r2)-F(r1)]

▪ This picture clearly shows how induced charge in a diode does not depend on the position of the carriers. 
However, for a microstrip, most of the charge for a strip is induced near the strip

Sensing weighting field effects

▪ By measuring the induced current in red back 
illumination we can picture the influence of the weighting 
field of the detector.

We can plot 

→  At t=0 the carrier is at the back and it did not 
induce any current 
→  At t=t the carrier has moved a certain distance 
and induced a charge.

▪ Weighting field can be calculated solving Laplace's equation (r=0) setting the collecting electrode to 1 V 
and all the rest to 0V. Difficult to “measure” (due to noise, lack of full depletion).

+
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=0 by construction of weighting potential



Calculating the waist of the beam: knife edge technique

▪ The detector itslef can be used to measure the laser waist. 

▪ To calculate the beam waist, the beam is swept across an 
electrode opening. The detector starts integrating the charge. 
Collected charge is the integral of a gaussian (≡Erf).

Laser beam 
( to slide)

x
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Fit individual Erf

Extract σ

Erf (t , μ ,σ )=∫−∞
t e

−(x−μ)2

2σ 2 dx



Amplifier calibration

Ampli C2-TCT 178
Top biasing
Backside 0  
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G=Qampli / Qnoampli

No ampli
Top biasing
Bias-Tee
Backside 0 

                   HV
Sensor → Bias-T → ||→ Scope

2020_07_16_19_28_10_Epi50P_10_Diod
eL_3

0 Ω

0 Ω

Also pay attention at 
how the BW of the 
ampli/bias-tee 
reproduces the pulse
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Laser MIP calibration

-(Sum$((volt-BlineMean)*(time-tleft>=0&&time-tleft<12))*0.0625*1e6/(50*198))/(277.*75*0.00016):LV

QMIP=
QPIN

Qcalc

=

∑ V

Aampli×50Ω
δ t

d [μm]75 [eh /μm]qe
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The power of the laser can be 
modulated using, for instance, an 
Electronic Variable Optical Attenuator 
(VAO) 

where:
QPIN is the measured charge
Qcalc is calculated charge assuming 75 eh/µm

https://www.thorlabs.com/newgrouppage9.cfm?objectgroup_id=10884#ad-image-0


W25 W36

Readout polarity, decoupling and timing

▸ In our setup, biasing and reading from the same side (CONF1 and 3) 
are the best configuration

▸ Little difference between top/bottom simultaneous bias&reading
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Summary

▪ Laser based Transient Current Techniques are a powerful tool to study semiconductor 
devices.

▪ Laser power is very stable, lasers are versatile and easy to access. Scanning TCT 
systems allow full mapping of detector properties. 

▪ In particular, Single Photon Absorption TCT allows:
- studying behavior of e and h (red top/bottom) independently
- mimicking ionizing particles (IR)
- profile the detector bulk of segmented detectors (edge-TCT)

▪ TCT systems are now commercially available

▪ Developement of TCT systems has continued with the Two Photon Absorption-TCT, 
which is the only device characterization technique providing 3D spatial resolution.  



Resources

[1] M. Wiehe, PhD thesis (hw and first measurements).
[2] S. Pape, PhD thesis (exploitation of TPA technique).
[3] 1st TCT workshop, 2nd TCT workshop.
[4] G. Kramberger, Vertex conference, proceedings and talk.
[5] G. Kramberger et al., edge-TCT paper
[6] I. Vila, CERN detector seminar (with video)

https://repository.cern/records/0babt-1xj88
https://repository.cern/records/43rzf-01g88
https://indico.cern.ch/event/572172/contributions/
https://indico.desy.de/conferenceDisplay.py?confId=12934
https://pos.sissa.it/227/032/pdf
https://indico.cern.ch/event/300851/contributions/687362/attachments/567144/781200/Kramberger_AdvancedTCTSystems-2014.ppt
https://ieeexplore.ieee.org/document/5550313
https://indico.cern.ch/event/697958/


Backup



https://www.edmundoptics.com/knowledge-center/application-notes/lasers/gaussian-beam-propagation/

By comparing with the standard gaussian formula, it 
turns out that w=2σ

The beam radius r=w(z) is the radial distance at which the field amplitude E drops to 1/e of 
its maximum (or the beam irradiance -prop to E2- falls to 1/e2 (13.5%) of the maximum).

https://www.edmundoptics.com/knowledge-center/application-notes/lasers/gaussian-beam-propagation/


Untreated edge After coarse
polishing

After fine 
polishing

Coarse-
polishing

Fine-
polishing

Ready for 
measurement

Strip detectorStrip detector
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