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Transient Current Technigue measurement:
Deducing system properties by measuring the shape of the induced signal
(shape, rise time, integral, etc.)
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This talk: signal generation, propagation through the system, examples of sensor parameter extraction, simulation
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- Silicon particle sensors and charge generation in silicon

- Signal formation: Shockley-Ramo’s theorem

- Laser and electronics transfer function

- Charge mobility

- Signal analysis in timing

- Signhal Formation lab course contents + KDetSim simulation library
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Silicon sensors and charge generation



p-type and n-type Si sensors

+'mes

p-type sensor

example
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n**-type electrode

p-type bulk

—
electric field

p**- back implant (for good Al contact)

Aluminum (metal) back plane
GND (0 V)

Si sensors operate as reverse biased p-n junction:

« p-type (n-in-p) sensors: p-type bulk, n** collection electrode

« n-type (p-in-n) sensors: n-type bulk, p** collection electrode

* n-in-n: n-type bulk, n** collection electrode, p** back implant
Depletion depth wy,,,, full depletion voltage Vi

p-n junction

n**-type guard ring
/ E

Wdepl

2E€
w = |[——— W
depl \/QONeff bias

N is the effective doping
concentration in the bulk

« Usually described in constant space charge approximation, which assumes N is the same everywhere in the bulk
« In pad geometry electric field then reduces linearly with distance from the p-n junction
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Charge generation in silicon

Infrared laser (1064 nm)
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80 e-h pairs/um most
probable in 300 um thick
sSensors

3.6 eV/e-h pair

Non uniform distribution
along the flight path
(Landau fluctuations)

Amount of charge depends on
the laser power, generally not
known

Uniform distribution along the
beam path

e-h generation close to sensor surface

Hole injection — if holes
have a long drift path
Electron injection —
vice versa

(depends on sensor

type)

* Front side injection

« Back side injection
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Light absorption in silicon

Absorption Coefficient of Silicon « Band gap in siliconis 1.12 eV

ﬁﬁ; il « Indirect band gap (transitions include phonons)

LE-05 Y « No abrupt changes of absorption coefficient
. LE-04 Q{%%
£ 160 S  Light penetration depths in Si:
= 1.E+02 %%% 1
. R, « MIP like 1064 nm
-3 %
£ 1600 Q“% « 100 pm 980 nm
S 1km *f% * near surface 660 nm
S 1EM Q% . surface 405 nm
g- 1.E-03 }l
2 ﬁg: %{ « Samples require an optical window (nonmetallized part of

1:E:06 %} surface)

1E07 - %q% * DIY method by etching a window in aluminum with NaOH (~ 1 mm)

1.E-08

200 300 400 500 600 VOO 800 900 1000 1100 1200 1300 1400 ° Band gap |n Other materla|5
wavelength {nm) « CdzZnTe 1.4+ eV (direct)
« SIC(4H) 3.2 eV (direct)
- GaN 3.4 eV (direct)

« Diamond 5.5 eV (indirect)
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Shockley-Ramo’s theorem



Movement of charge carriers

~ O\ 7

trajectories along E

°
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# Image charge (r,)

image charge (r,)

charge (r,)

o charge (r,)

- Trapping: N(t) = N(0) exp(—

- Charge carrier trajectory is along the electric field lines in the sensor

« Because thermal velocity > drift velocity at non-cryogenic conditions

-

dr

. Equation of motion: < = pE(#)

dt
« M is charge carrier mobility (function of E, T)
« E is electric field in the sensor

- Calculation of the electric field (Poisson equation — Gauss Law):

E =V, V2, = £ p = Negs + q6(% — 7(t))

EEp

+ boundary conditions:

“Plasma effect”
electrode geometry and voltages

electric field modified
by injected e-h pairs

. (often negligible)

)

Teffeh

- Movement of charge carriers changes the electric field line flux on the

electrodes - induced current (think image charge) - signal
« Shape of the induced current described by Shockley-Ramo’s theorem

DRD3 TCT School: Signal Formation



Shockley-Ramo’s theorem

- The relation between the electrical current I, induced on a sensing electrode and the motion of charge
carriers within a sensor v(t) is described by Shockley-Ramo’s theorem:

q moving charge

I (t) — qﬁ(t) . E')W(F(t)) v(t)  drift velocity of the charge carrier
E weighting field (next slide)

W
r(t) drifting charge trajectory

- The induced current is:
« Instantaneous (occurs even if charge carriers are not at the sensing electrode)
« Not explicitly dependent on the bias voltage on the sensing electrode (if r(t), v(t) is the same)
 Independent of the space charge in the sample

- Total charge Q collected on the sensing electrode is:

/ Q > 0: drift ends on sampling electrode: I unipolar

tmax t..o typically few ns to few 10 ns
Q= jo [sdt — Q = O: drift does not end on sampling electrode: I, bipolar

@ -.. Weighting potential

Q = q(Pw(Pfinal) — @w(Tinit) ) = qA@ _
( w\lfIna wilinit ) w Ew =Voy [1] W. Shockley, J. Appl. Phys. 9 (1938) 635.

[2] S. Ramo, proc. I.R.E. (1939), p. 584.

[3] Z. He, NIM A 63 (2001) 250—267.
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Weighting field and weighting potential

- Weighting field describes electrostatic coupling of charge carriers to the sampling electrode at given position
« In general much different shape than electric field in the sensor =

=
- Calculation of the weighting potential (Laplace equation):

1+ —(1)n

{ VZ Pw — 0 } EW = Vo, - sampling electrode

Boundary conditions: ¢, (sampling electrode) = 1, ¢,,(other electrodes) = 0, ¢,,() = 0
- @, has no units, E,, has units m-

All electrodes have low impedance connection to corresponding potentials
No space charge

Electrodes without low impedance connections:
[4] E. Gatti et al., NIM A 193 (1982) 651

- Weighting field examples:
- Pad detector (thickness d): E, =1/d

- Strip detector: E, ~1/r atadistance r > strip width in segmented detectors most of the signal
+ Pixel detector: E, ~1/r? atadistance r > pixel size | comes from the drift close to the electrode
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Example: Pad detector

- Example:
« Pad detector (thickness d)
« Single e-h pair injected at depth x, from the readout electrode

« Saturated drift velocity v, v,
« No charge trapping

23.09. 2025

8

Lo

L x=d @uw(d)=1

-_X:XO

-x=0 (pW(O):O

Ie,h(t) = cIe,hﬁe,h(t) : EW(F(t))

d d

v
—+

Qn = qo(Pw(d) — pw(xo)) = qo(1 — g)
Qe = —qo(w(0) — @y (x0)) = qog

Q=0n+0c=qp
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p+ implant
Y
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NOT TO SCALE !

- Single strip read out, others biased to the same voltage

- Infrared charge injection (Edge-TCT) perpendicular to strips
« Charge generated at fixed depth uniformly under all strips
- Due to symmetry the induced current corresponds to pad geometry (not strip)

« Weighting field is constant 1/d
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Ien (t) = qo N eh €XP| —
Generation eeeeeeooee
Trapping

~
7
|

lo + Iy

Q=)
|

I.dt
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Laser and electronics transfer function



Measured signals

- TCT signals measured with an oscilloscope are the result of:

15(t) P(t) T(®

A A

ANS

Transfer function of the

—
»

n
>

Induced current I from Temporal shape of the _
drifting charge carriers laser pulse ele_ctronlc_s o ifier. bi
Physical process we want to Typically 0.5 ns or (much) less Main contributions: amplifier, bias-T,

oscilloscope, detector capacitance

measure
\ MG l

- In general I;(t) can be extracted using Fourier
transforms (complicated):

Is(t)=FT‘1( FT (Im) )

FT(T)FT(P)
« Approximations:
N P()=B3(t)  T()=gcexp(—70)
I,(t) = ff I,(t"—t") -P(t") -T(t—t")dt"dt’ - If timescale longer than few 100 ps: I(t) ~ I, (¢)
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Extraction of the transfer function

Im(t) = [[ I(t —t") - PT(t") dt’

- Laser and electronics transfer functions PT can be extracted from [,,,(t) in a very thin detector (25 um),
where I,(t) is very short, i.e. I (t) = 1,6(t)

- Use simulation of the same device to extract PT
« Adjust the simulated transfer function to get optimal agreement of the measured/simulated pulses

Example (extreme case):
n-on-p sensor 3x3 mm?
thickness 50 um

Viy=20V

Viias = 300 V

660 nm top side (hole) injection

23.09. 2025

y [pm]

= = X 4] [%) (%) Y &
o o m e u o th o
TTTT [ TTT T[T T[T TTT[TTTT[TTIT{TITTTT T
[Ty \ [Ty \ [TTrTy

o
OSgTTT

simulation (KDetSim)

10

Nt
15 20 25 30 35 40 45 50
X [um]
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[5] C. Scharf and R. Klanner NIMA 799 (2015) p. 81-89.

I(t

I (t)

K 3
time [ns]
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Charge carrier mobility



Charge carrier velocity and mobility  DRD3%

- Charge carrier drift velocity depends on electric field — described by mobility u:

Veh Heh (E’ T) E [6] C. Canali, G. Ottavian, A. Alberigi, J. Phys. Chem. Solids, vol. 32, p. 1707, 1971.
[7] Jacoboni et al., Solid State Electron. 20, 2(1977) 77-89

[8] S. Selberherr et al., Solid-State Electron., vol. 33, no. 11, pp. 1425-1436, 1990.
[91 WF2 - T. Bauer, M. Friedl, and M. Krammer, 2000.

[5] C. Scharf, R. Klanner, NIM A 799 (2015) p. 81-89

- Mobility is a function of the electric field and temperature
« Atlow E (< 0.2-0.3 V/um at room T) drift velocity increases linearly with E
« At high E (> 1 V/um at room T) drift velocity saturates

« Mobility reduces with increasing temperature — higher phonon scattering probability
- Different parametrizations and models:

(T =300 K)
Hon = 480 cm?/Vs
Hoe = 1400 cm?/Vs

Klanner-Scharf (KS):
Vsatn = 80 um/ns
Caughey-Thomas: i;E <E, Vsare = 105 pmins
_ Ho 1 Uo
3 B ” e |11 (E—E,);E >E T (K)
1+ (—‘uO_E> ’ Ho  Vsat 0% ° KS: pary(T) = par;(300K) - (300 K)
Usat ( CE<E

1 < 0 par; pary(T =300 K) a;

— =X 1 ‘UO Electrons ) 1430 cm?/V s -1.99

Hn 2, Viar 1.05-107 cm/s -0302
E +b(E - EO) +c(E—Eo)% E > Eo Holes ul 457 cm?/V's -2.80
\""0 b 957.10% s/cm -0.155

o 0o o 2w0vsem 563

DRD3 TCT School: Signal Formation

19



23.09. 2025

Mobility measurement with TCT

- Single carrier type injection (red light, front/back side)
- Electric field dependence on position (v, , |5 changes, E is known)

- Fitting of the pulse shape to determine parameters of a model

(c)

0.1

0.08

0.06

I [arb.]

0.04

0.02

« Example: time-of-flight method, time of arri

TCT pulse 675 nm front illumination (electron drift)

dy

i b mMEas. @ 1000V = gimulation |-
& meas. @ 500V — simulation

i & meas. @ 250V  — simulation
.| & meas.@ 150V —— simulation |
meas. @ 100V simulation

val very sensitive on mobility

(d)

0.08

0.06

0.04

1 [arb.]

0.02

TCT pulse 675 nm rear illumination (hole drift)

¥ meas.@ 1000V — simulation | |

.| 0 meas. @ 500V —— gimulation |..

4 meas. @ 250 V
4 meas. @ 150 V

meas. @ 100 V

— simulation | §
— simulation | :
simulation | :
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[5] C. Scharf and R. Klanner NIMA 799 (2015) p. 81-89.
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Timing measurements



Time of Arrival measurements

- Time of arrival measurements will be critical for pileup suppression at HL-LHC (pileup 200)
« Targeted time resolution < 50 ps
« ATLAS High Granularity Timing Detector and CMS Endcap Timing Layer
- We want to measure the time of arrival with respect to a reference time
« Reference at LHC the 25 ns clock (bunch crossing time)
« Inlab a reference signal (from reference detector or laser trigger pulse)
- At least two channels are recorded
- Time of Arrival: time when signal crosses a selected threshold
- Time resolution defined as RMS of the time difference 62 = RMS(tggr — tpur); ogur = 0% — ORgF

- Radiation hard sensor technologies for timing:

Cathode
Ring

z [um]

Low Gain Avalanche Diode (LGAD) 3D sensor

Internal charge multiplication by
impact ionization in the p+ gain layer
9 G al n p-type Bulk

Short drift path,
independent of thickness
Radiation hard
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Contributions to time resolution

2 _ 2 2 2
Odet = Gjitter + apulse shape + OTpC

T , -peaking time

slew rate
dV/dt

Jitter contribution minimized by
high signal-to-noise ratio, fast
signal rise time

__ threshold

---------------

Pulse shape contribution:

: } : Gj >
1. Time walk (signal size) — correctable noisejitter time over threshold t
. . .. (ToA) —_— timewalk -

(ConStant fract|0n dISCI’ImInatOI‘) e - uncorrectable dueto different induced current

2 LGAD nonhomogenous MIP Chal‘ge E— shapes(“Landautimewalk” orfand “hit poskion”)
' ’ =
. . C ctablef I by

deposition (Landau fluctuations) — (constant fraction dsc. of ToA/ToT)

uncorrectable — not present in laser

measurements

3. 3D: Weighting field distortion (weighting
field not constant within a cell) — focused
laser good tool to probe this
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23. 09. 2025

Compact TCT setup

"‘ ' = X - -
Fixed laser TCT setup W, S —
Beam spot size 1 mm \ @ f‘“{i’i‘i

Interchangeable laser (660 nm and 1064 nm)
Interchangeable sample (PIN diode, LGAD)

MS<y | Amplifier and bias-
DRS4 oscilloscope | /4 T (notvisible)

Y/

il

i

Sample on temperature
controlled block

DRD3 TCT School: Signal Formation
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KDetSim simulation tool

C++ ROOT based tool for charge collection/signal simulations
« http://kdetsim.org/
« Developed and maintained by G. Kramberger (JSI Ljubljana)
« Other similar tools: AllPix2, TRACS, Weightfield

It is not a TCAD simulator, but a lightweight tool complementary to TCAD

Inputs:
« sensor geometry (pad, strip, pixel, 3D, LGAD, etc.), thickness
- electrode configuration (read out / neighbor electrodes) and bias voltages
* N (unlike TCAD, where N is calculated from physical laws)

Solver for the electric and weighting fields (Poisson and Laplace equations)

Simulation of charge carrier propagation and induced current
- Arbitrary ionization patterns (front/back side, MIP, etc.)
- Different mobility models, diffusion (step-wise propagation of individual charges)
« Impact ionization can be enabled
« Electronics transfer functions from TCTAnalyse (Particulars library for TCT analysis)

Basic exercises will be done during the lab course
« CERNbox: Ubuntu virtual machine with set up environment (6 GB) and Analysis scripts
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http://kdetsim.org/
https://particulars.si/TCTAnalyse/index.html

KDetSim example DRD3

N E-field
eff
08 :_ —004 —
b on Keep in mind:
b e Reflective boundary conditions
b E (no field lines escaping through
e = sample sides)
OE T S H PP T v R T S S E DETECTOR WITH ALL
° s 100 150 200 20 00 0 50 foo 150 200 250 300 Full ELECTRODES SHORTENED  REAL SEGEMENTED DETECTOR
St:&)
E-potential - T - T
— 300 — XY plane
uE L E e -
E 250} gt.;aSeyvx ggeag = s = # e e
25— - Std Dev y 3.303
= 200 [— All neighboring electrodes All neighboring electrodes
= e also with U,=1 —> all strips at U,=0 —> individual
s E_ 150 — shortened channels
E 100 i - - - -
CE E To simulate weighting field of a segmented
= E detector create basic cell with several
- s o 1;0 5 e h ok T electrodes (sensing central electrode, other
electrodes not sensing)
Measured current (C_ =10pF, R =50 Q) Total Charge
det input charge _ charae
Entries 90194 a Entries 89996
Mean 1.581e-08 = Mean 1.527e-08
0 Std Dev 1.47¢ 08 Std Dev 1.469¢ 08 i
200 | | | s

B
g

=
S

o

°\|I\II‘||\||\||\|| "i' I

1 | \ \ 10

t[s]
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Summary

TCT signals come from the current induced in electrodes by moving charge carriers
Shockley-Ramo’s theorem: I(t) = qi(t) « Ew (7(t))

« Electric field determines charge carrier trajectory
« Weighting field determines induced current on sampling electrode
 In general both fields have different position dependence

Measured current also includes laser and electronics transfer functions

The signals enable extraction of many sensor parameters:
« Depletion voltage, collected charge, mobility, timing information etc.

Lightweight simulators (AllPix2, KDetSim) available — no need for full TCAD in certain
applications

Hands on exercises in the Signal Formation lab course

Install Virtual Machine for data analysis & KDetSim “out-of-the-box”
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