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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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D) Transient Current Techniques O r
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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.

- The current induced by externally generated charge s L el \
carriers contains information of the electric field they o8
encounter. The excess charge carriers can be generated ool / / \ \ — Strip
using lasers, ion beams, radioactive sources. - / / \ — Diode
Shape analysis of waveforms. 4 / / \ \
0.2 /
- Reach of TCT: drift velocity profiling, charge collection : / v K
maps, timing characterization, SEU studies.... o~ ““*
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Time [ns]

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

- 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
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Single Photon Absorption (in Si) @ r

- 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.

- Irradiance | [J/m?s] (and phase) of laser beam changes as it propagates through a medium

Linear absorption coefficient o [cm™]

df(r, z". 1)
dz
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102t
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FOA o Linear absorption coefficient
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. 1 photon=1 eh pair

f Non-linear abs. coefft.
Oex Cross section for Free Carrier Absorption
N Number of free charge carriers

- Linear absorption o leads to exponential decrease of irradiance
I(z)=I,exp[—az]
- Charge carrier density from SPA is proportional to o

dn(r.z,n) _al(r.z,n) Bal*(r,z,1)

dt fiew 2w
E, Energy per pulse
e 2Ep exp | — 2r° r  Radial coordinate
P hw nw?(2) w2(z) w(z) Beam width
o  2nc/h

[See M. Wiehe PhD thesis for formulae]
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* Genesis of experimental TCT by early
1960's, with the development of the time of
flight method to study drift velocity in silicon

1971

( )

5P

DRIFT VELOCITY OF ELECTRONS AND HOLES
AND ASSOCIATED ANISOTROPIC EFFECTS IN

Chem. Solids Pergamon Press 1971. Vol. 32, pp. 707-1720. _Prisled in Great Britain.

C. CANALIL, G. OTTAVIAMI and A. ALBERIGI QUARANTA
Istituto di Fisica, Universith di Modena, Via Vivaldi 70, Modena, Italy

(Received 10 August 1970; in revised form 23 November 1970)
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Fig. 3. Typical waveform of the current signal due to
electron transport at 300°K. The width of the diode is

500 usm, and the applied vohage is 1250 . The drift
velocity obtained from this signal is 9-23 x 10" cm/see.
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TCT historical overview

)

1st Laser TCT

[

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

1993
N

Kmmmn;mwcr_ylmwrs VOL 40,N0.4, AUGUST 1093 EEl

Investigation of the Type Inversion Phenomena: Resistivity and Carrier Mobility in the
Space Charge Region and Electrical Neutral Bulk in Neutron Irradiated Silicon pt-n
Junction Detectors®

Zheng Li
Brookbavea Nationsl Laborstry
Uptan, NY 11573, UsA
V. Eremin, N, Strokan, and E. Verbitskaya

ALF. Toffe Physico-Techacal lastitae of Academy of Sciences of Russia
Petersurg, Russa

N J
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0.3 ns is shown in Fig. 1b. Although it has been shown b;
Kraner et al.[4] that the alpha particle induced current

hini has been an effective tool to study the detector
charge collection deficiency and internal electrical field
profile,_the application of laser pulse being compared with
generation of non-equilibrium carriers by alpha particles has
some advantages: 1) it avoids the use of a fast signal

-
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14th RD50, 2009 @4
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“Edge-TCT” a new way of using TCT

lllumination close to
/ strips — hole injection

it
—

Advantages:

Drawbacks:

particular strip

§ IR
8
o [Tser | T 9 The same amount of charge injected
2 1 | active :’or cklolse to str;‘p and c}os?‘ I'o »
2 \ ackplane — change of e-h fraction
El , ! volume (p) T
< i . lllumination close to
T backplane — hole injection
ias

The idea is to use focused IR laser to simulate grazing technique:

= Position of e-h generation can be controlled by moving tables

= the amount of injected e-h pairs can be controlled by tuning the laser power
= easier mounting and handling
= not only charge but also induced current is measured - a lot more information is obtained

= Applicable only for strip/pixel detectors if 1060 nm laser is used (light must penetrate guard ring region)
= Only the position perpendicular to strips can be used due to widening of the beam! Beam is “tuned” for a

= Absorption falls with temperature of the sensor — a relatively powerful laser is required for large signal
and makes absolute measurements of the charge more difficult

= Lightinjection side has to be polished to have a good focus — depth resolution

Itis not possible to study charge sharing due to illumination of all strips

2

\_
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https://indico.cern.ch/event/334251/contributions/780782/
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D) TCT: Transient Current Technique e

Allows to probe the space charge of a detector by measuring transport of induced charge carriers

D
ffffffffffffffffffffff \
nft .
ps-pulsed
laser
ANNANE P
p-bulk
p+
g \/ y
Z t
I<t> — NehAqevdriftEW x Vdrift — H <E>E = I<t>OCE<Z>
Assumptions: pulse duration<<drift time, over-depleted non-irradiated diode t = - O n S
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TCT: Transient Current Technigue
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TCT: Transient Current Technigue
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TCT: Transient Current Technigue
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TCT: Transient Current Technigue ot
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TCT: Transient Current Technigue

—

— h

I(t)cE(z)

t=6ns

M. Fernandez, DRD3 & AIDAINNOVA TCT-school, CERN, 23" Sept 2025



HE
Y
T

TCT: Transient Current Technigue
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I(t) = Induced current pulse

t=12ns
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TCT: Transient Current Technigue

e+h

| m»eas (t)

1(t)cE(z)

Induced current shape reflects the electric field the carriers Measured pulse convolutes: 7
encounter during drift. 1) EM noise

For an irradiated detector, the picture gets distorted due to 2) RCuetector (low pass filtering)

trapping of charge carriers. Carriers do not “see” the full E- 3) Amplifier transfer function
field profile. M. Fernandez, DRD3 & AIDAINNOVA TCT-school, CERN, 23" Sept 2025




(RE‘ X Laser TCT illumination techniques O r

Red TCT Infrared TCT TPATCT
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No spatial resolution along beam propagation direction 3D spatial resolution along beam
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Normal incidence TCT

Top Red TCT (h injection) IRTCT

Bottom Red TCT (e injection)

+ |E(2)] 1(t) + |E(2)] I(t)
>
#- e
e
e e € h
g : h

i

0

]

y'l109]

DDDD

p-bulk

—
- ) ) ) =g
=55 +
) Q
< V
D

I B =
N -
AN
>
—~ -
o
'
N
—~ -
1
~t

Induced Induced \/
V=Vdep current V=Vep current
(ideal) (ideal)
I(t)cE(z) I(t)cE(z) I(t)cE(z)

= 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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https://www.to.infn.it/~cartigli/Weightfield2/index.html

\ﬂ Edge-TCT ol

To analog, time resolved, readout

= Injecting collimated laser beam from the side
of the detector (~grazing angle technique in
T Test Beams).

Focusing optics

IR Laser

Z positioning
{detector)

—_— = Sample needs edge polishing (see backup).

XY positioning
(laser)

201l20813203003_!\llicron_FZZ328l-ll_NonP_3 " Opt|ma| for Segmented sensors due to

S o e~ .. | interplay between laser divergence and
g L % N weighting field
0,002 Vb oy
C i ' >
0004 + ias |§|p = Beam chopped near top/bottom surface:
= %Eﬂ best results for thick (>40peam) SENSOrS.
o000 R . =S e A
o008} ih € |« Clear e-h separation
- -bulk i . ili :
—D_ﬂ'12_— .;. - :,-_> ---p --------------- //-/ .- Pr\olflllngd p()lvvter. It
SN p+ v Q(_ ) - epletion voltage |
o014 €7 T R T Drift velocity - evolution of E-field
I(|]II I5||III1|DIIII‘I|5|III2|UIIII§2|5IIII3'[]
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) Depth profiling with edge-TCT B F

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

|
ps-pulsed —t ve(z’t)+vh(z’t) d.Ie h(tNO;Z)
ey lalbz)=AaN, e 0 B vz t=0)4v,(2,00) = R
p'b;‘lk (No trapping T— o)
g 4
= Further assuming:  v,(z,t~0)+v,(z,t~0) ~ p E(z)+3p,E(z)=4p,E(z)

. . . ~ d ~0 - S Prompt current proportional
= We can oversimplify this : E(z) ~ 4p,AeyN, Lo plt~0;2) to drift velocity or E-field!

= Note the usage of word “oversimplification” above. Warnings:

1) Near the surfaces part of the beam is reflected outwards. Nej IS N0t a constant.
2) Mobility po 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/t~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.
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D) E-field profiling with edge-TCT & r

Signal [V]
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Probing the space charge of a detector i

= Red back illumination of n-type bulk, = Red back illumination of p-type bulk,
before and after irradiation after irradiation showing strong backside

junction effect.

SpaceACharge’Sign Inversion (SCSI) _Double Junction effect

s O =
5 1- —— Before irradiation | = 0
n i =]
= LD
£ 08 — 1x10" p/em? 70,005
S
(=] : f R i i
= : | | | :
Té 0.6 fo ............. .................. .............. -0.01
.b-o % . . s
R -0.015
0.8 ik e
-0.02
0.2l Ll e
5 : -0.025
(1% " -w NS S\ E. i W 0.03 -
- s : 2014-07-29 115-17-27 W31 C10 o ; : i i
2 et P02 R SR W D 0035 i .....I..A.i....i....i.A..l.....2.915..99.?g..1§.9;.;9.3¢ ..... Mz oL
-10 -5 0 5 10 15 20 25 0 5 10 15 20 25

Time [ns] Time [ns]
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O Sensing weighting field effects b

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

= 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[®(r2)-P(r1)]

- 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.

o
=2

_ _ _ S
= By measuring the induced current in red back T | %
illumination we can picture the influence of the weighting 5 [

- E 0.8 .. H . H H -
field of the detector. = F Microstrip

— Diode

o
()

Running charge Q(t)
=]

We can plot

Q1) (g (1), (0))= el (1)-0)= ey (1 f 0de

=0 by construction of weighting potential

11 | 1 1 1 | 1 1 1 | 11 | 1 1 1 | |1 1 | 11 | 1 1 1 | 11 | 1
-2 0 2 4 6 8 10 12 14
Time [ns]

= 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
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Q(6 ns) [a.u.]

Laser beam
(L to slide)

‘_

Calculating the waist of the beam: knife edge technique & r

V=50.0 V, (x,2)=(25.9500,44.9900) mm

0.4

0.35

I\

V=50.0 V. (x.z)=(25.8500 4

14.9%00) mm
102

Entries
Mean
Std Dev

0.3

0.25

0.2

0.03076

1942/ 47

0.001055 + 0.000000
0.4009 +0.0000
29.42 +0.00
0.005086 + 0.000000

29.37

0.15

0.1

0.05

1
0 29.25

Erf(t,p,0)=f" e 2° dx

293

293
—(x—p)?

|l
2945

Y [mm]

= 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).

0.035
0.03
O 0.025

(6 ns) [a.u.]

Fit individual Erf

0.015
0.01
0.005

Extract o

FTTTTTIT T[T I T I T I T T I T I T[T IT T[T IT T TITTITI[ 1T

455 46
Y [mm]

43 435 44 445 45
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Amplifier calibration 4 | r

_ 01x10‘3 olt-BlineMean:time-tleft {Vbias==60} _
5\
E "‘_m ----- W iy
2 B
@ 04 f
0.2F No ar_npl_l
03k | Top biasing
oal Bias-Tee
“E | Backside 0 Q
~0.5)
~0.6] I
C TR, i
ﬂi 202007 1;9 28 RLEpiSOP 10 _Diod 0Q é ==
V8 @3 20 0 20 a0 60 B2 T
HV Time [ns]
Sensor - Bias-T - ||- Scope
G:Qampli/ Qnoampli
_ volt-BlineMean:time-tleft {Vbias==60}
g C 5 ; ]
@002 o : ‘&f
- / R € (A
0.04F / s : !
.06 i) ; Also pay attention at
008k I g how the BW of the
T . se 8 o TR ampli/bias-tee
odf ’ Ampl_l C_Z-TCT 178 2 u i reproduces the pulse
E Top b|aS|ng e 2GHz/40 dB
_0'12: u Bd(_ kblde 0 Q g H| serial Number: C2TCT0033
4]'1440”!20"‘0"'21}"'40"'.(.0'
M. Fernahd8Y, DRD3 & AIDAINNOVA TCT-school, CERN, 239 Sept 2025 24



MIPs, laser 36% [V]

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

Laser MIP calibration

70—
60—
50—
40—
30—

20—

13.43/26 |

65.05 +0.5014
1.826 +0.009414 |
0.7862 +0.01329

%2 / ndf
: : p0

.................... pi
| 2

........................................

..........................................................................................................................................................

0.5 1 1.5 2 2.5 3
Attenautor value [V]

The power of the laser can be
modulated using, for instance, an

(VAO)
v
LV
Q — QPIN — Aamplix 50€2
P Qcalc d[l'lm]75[ehll~1m]qe

where:
Qen is the measured charge

Q.ac is calculated charge assuming 75 eh/um
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HV

CONF2

CONF4

HV

il

CONF1
(standard)

HV

a__t\t
w Iy

Readout polarity, decoupling and timing

Time resolution (best) [ps]

» In our setup, biasing and reading from the same side (CONF1 and 3)

TONFT: APRE-Was-LGAL-LZ1PE, 10 plem, 200
CONF2: HPK2-W2S-LGAD-L21-PE, 10 piem’, 20 C

CONF3: HPH2-W25-LEAD-L21-PE, 10 plem’, 20 C
CONF4: HPK2-W25-LEAD-L21-PE, 10 plem’, 20 C
COMF1: HPK2-W3E-LGAD-L21 P8, 10" plem®, 20 €

CONF3: HPK2-W36-LEAD-L21-PE, 10 plem’, 20 C
CONFA: HPKZ-W3E-LGAD-L21-P8, 10" plem®, 200

CONF2:cHPK2-W3E-LGAD-L21-PE, 107 plem’®, -20 C

1 1 | 1 | QRI | | | 1 1 1 | 1
100 szﬂ' 140 160 W3 q.ﬁo 200

Bias voltage [V]

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 patrticles (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.
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https://www.edmundoptics.com/knowledge-center/application-notes/lasers/gaussian-beam-propagation/
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 E?- falls to 1/e?(13.5%) of the maximum).
1
08
E 06
2 2
I(r) Iﬂexp( 2): 2Pzexp(—2r2) £ o
) xui) w(e) By comparing with the standard gaussian formula, it P
1 1 (z — p)? turns out that w=2c 0135 |
g(z) = o/27 P{ 7T 2 " 0 Rodicl Postion

Figure 1: The waist of a Gaussian beam is defined as
the location where the irradiance is 1/e° (13.5%) of its
maximum value

Minimum wavefront
Planar wavefront  radius of curvature Planar wavefront &

b

Infensity Infensity Intensity

=0 =1, Z=eo

w(z)=w, wiz)= ﬁwu

Radiol Position Radiol Posiion Radiol Position
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