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Summary

✓ Ion-solid interaction: semiconductors as charge amplifiers

✓ Formation of the induced charge signal: The Gunn’s theorem

✓ Principles of the Ion Beam Induced Charge (IBIC) technique: ion 

spectroscopy

✓ Examples of IBIC experiments to characterize semiconductors 

materials and devices.
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Ions to induce material 

modification/functionalization

Ions as a probe for 

material characterization

Single keV-MeV

ion detection
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Detection before the ion interact with the target

e.g. pre-implant determinism systems
➢ Paul Trap «Concept of deterministic single ion doping with sub-nm spatial resolution” 

J. Meijer et al. Appl. Phys. A 83, 321–327 (2006), DOI: 10.1007/s00339-006-3497-0

➢ “Image charge detection of ion bunches using a segmented, cryogenic detector”

P. Räcke et al. J. Appl. Phys. 131, 204502 (2022); doi: 10.1063/5.0096094

Lecture 9: Deterministic single ion implantation using image charge detection and ion 

traps Speaker: Jan MEIJER (Leipzig University, Germany)

Detection of the ion interaction with the target

➢ Secondary electron detector (SED)
➢ Single ion implantation of bismuth

Cassidy N et al. 2021 Phys. Status Solidi a 218 2000237

➢ Ion Beam Induced Charge (IBIC)

➢ Steven R Schofield et al” Roadmap on atomic-scale semiconductor devices

2025 Nano Futures 9 012001

Single Ion Detection I - E. Vittone 4



ICTP - 30/06/2025

➢ Single ion implantation of bismuth

Cassidy N et al. 2021 Phys. Status Solidi a 218 2000237

Ion induced secondary electron emission
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Ion interaction with solids

SLOWING DOWN OF ENERGETIC IONS IN MATTER

Basic concepts

x

E0

E

E=E0-E

Energy loss per 

distance x

traversed 

Stopping power (S) or 

Specific energy loss

Units: [keV/m]→ [J/m]=[N] → Stopping Force 
Stopping power is the retarding force acting on charged particles
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Interaction processes contributing to stopping power:

a) electronic (collision) stopping power →inelastic collisions 

with the atomic electrons

b) nuclear stopping power → elastic collisions with the target 

nuclei

c) radiative stopping power → Bremsstrahlung emission, 

Cerenkov radiation, nuclear reactions. These are important 

only at very high energies.
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Bohr velocity

𝒗𝑩𝒐𝒉𝒓 = 𝜶𝒄 ≅
𝒄

𝟏𝟑𝟕
≅ 𝟐. 𝟏 ∙ 𝟏𝟎𝟔𝒎/𝒔

Ion energies

H  : 𝑬 =
𝟏

𝟐
𝑴𝑯𝒗𝑩𝒐𝒉𝒓

𝟐 ≈ 𝟐𝟓 𝒌𝒆𝑽

He : 𝑬 =
𝟏

𝟐
𝑴𝑯𝒆𝒗𝑩𝒐𝒉𝒓

𝟐 ≈ 𝟏𝟎𝟎 𝒌𝒆𝑽
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Conduction Band

Valence Band

+

-

Conduction Band

Valence Band

- - - - - -

- - - - -

Eg

Eg

Target: semiconductor

Ion energy loss converted into

Ionization thermal energy

Electron/hole pairs (phonons)

For a given radiation energy 𝑬𝑰𝒐𝒏

𝐍 =
𝐄𝐈𝐨𝐧

𝛆
= mean number of e/h pairs is

𝛆 = Mean energy spent for creating one e-h pair; weakly
dependent on the type and energy of the radiation

𝟐 = 𝑭 ∙ 𝑵 = 𝑭
𝑬𝑰𝒐𝒏

𝜺
= The variance in N

F is the Fano factor
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N=5.510
5

e/h pairs

CHAMMIKA N B UDALAGAMA PhD thesis
Optimization and Computer Control of the Sub-100 nm, Proton Beam 
Writing Facility at CIBA
https://scholarbank.nus.edu.sg/entities/publication/43db6390-fd43-
4fe2-b729-cee6c6d9f681

Figure 3.10: Simulation of the δ-rays 

generated when 1000, 2 MeV protons impinge 

on 10 μm thick PMMA. 

https://scholarbank.nus.edu.sg/entities/publication/43db6390-fd43-4fe2-b729-cee6c6d9f681
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Physical observable

Instantaneous charge injection in a semiconductor

What do we measure?

Current:

https://www.youtube.com/watch?v=zYGHt-TLTl4

The Haynes-Shockley experiment

Single Ion Detection I - E. Vittone 12
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J.R. Haynes, W. Shockley, 

“The mobility and life of injecting holes and electrons in germanium,

Phys. Rev. 81, (1951), 835-843.

file:///D:/DFS/ICTP3/lecture1-introduction/jas2local/education/semicon/diffusion/diffusion.html
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If an amount of net charge is injected suddenly in a semiconductor, the 

free charge carriers of opposite sign try to balance the injected charge 

and establish charge neutrality. 

How fast the charge neutrality can be achieved is determined by the 

dielectric relaxation time constant, τd.

Single Ion Detection I - E. Vittone 14

P-doped Ge;
resistivity about 15 Ω·cm; 

dielectric constant =1.4 pF/cm; 

Dielectric relaxation time = 21 ps.

Charge neutrality maintained

Ambipolar transport

Rectifying contact

Extraction of minority carriers
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Electric field
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A

Current
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Electric field
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--- ---
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Rectifying 

contact
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Natural IIa diamond from Yakutia (Siberia USSR)

400 µm thick

  1015 Ω·cm; =0.5 pF/cm; 

Dielectric relaxation time = 500 s.

Charge neutrality not maintained

NIMB 93 (1979) 160, 73

40 keV pulsed
electron 
accelerator, 70 ps , 

RevScInstr 41, 
1205 (1970)

𝐓𝐑 = 𝐝𝐫𝐢𝐟𝐭 𝐭𝐢𝐦𝐞 =
𝐓𝐡𝐢𝐜𝐤𝐧𝐞𝐬𝐬

𝐃𝐫𝐢𝐟𝐭 𝐯𝐞𝐥𝐨𝐜𝐢𝐭𝐲

Current decay -> carrier lifetime
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Electric field

V

A

--- ---
+++ +++ Diamond

Solid state ionization chamber

Charge carriers (electrons-holes) generated by a ionizing particle move

in an external electric field and induce charge on the electrodes
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+

- - - - - - - ----
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Lecture 9: Deterministic single ion implantation using image charge detection and ion 

traps Speaker: Jan MEIJER (Leipzig University, Germany)
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+

- - - - - - - ----

-

Image charge method
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Lecture 9: Deterministic single ion implantation using image charge detection and ion 

traps Speaker: Jan MEIJER (Leipzig University, Germany)
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Single Ion Detection I - E. Vittone

Gunn’s theorem

21
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V0+dV c=b
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QI

VI 

28Single Ion Detection I - E. Vittone

An arbitrary arrangement of conductors and of space charge . 

∇𝐫𝑄𝑖 = −𝑞 ⋅
𝜕𝐄 𝐫

𝜕𝑉𝑖

Rate at which the charge

induced upon the sensing 

electrode changes as the 

small charge q is moved

Rate at which the field experienced

by  the small charge changes when

the potential of the sensing 

electrode is varied.

The potential of all the 

other conductors are 

held constant during the 

differentiation

rearrangement of 

charges when the 

potentials are changed

The sensing electrode (at potential VI with a charge QI)
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QI

VI 

A B

𝐐 = 𝐀׬
𝐁
−𝐪 ⋅

𝛛𝐄

𝛛𝐕𝐢
𝐝𝐫 = −𝐪 ⋅

𝛛

𝛛𝐕𝐢
𝐀׬
𝐁
−𝛁𝛙 𝐝𝐫 = 𝐪 ⋅

𝛛

𝛛𝐕𝐢
𝛙(𝐁) − 𝛙(𝐀) =

= 𝐪 ⋅ 𝛙𝐰(𝐁) − 𝛙𝐰(𝐀)

Weighting potential: 𝛙𝐰=
𝛛𝛙
𝛛𝐕𝐢

Weighting field Ew =
𝜕E

𝜕𝑉𝑖
;

Electric field E r = −∇ψ

ψElectric potential

The induced charge Q at the sensing electrode is given by 

the difference in the weighting potentials between any two 

positions (A and B) of the moving charge
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

0 𝒅 x

𝑽

E

0 𝒅x

𝑽

𝒅

𝐄 = −
𝜕𝝍

𝜕𝒙
=
𝑽

𝒅

𝝍 = 𝑽 𝟏 −
𝒙

𝒅


w

0 𝒅 x

𝟏

0 𝒅 x

𝟏

𝒅

𝑬𝒘 =
𝜕𝑬

𝜕𝑽
=
𝟏

𝒅E
w

𝝍𝒘 =
𝜕𝝍

𝜕𝑽
= 𝟏 −

𝒙

𝒅

Electric potential

Electric Field

Weighting potential

Weighting Field

Example: capacitor
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

0 𝒅 x

𝑽

𝝍 = 𝑽 𝟏 −
𝒙

𝒅


w

0 𝒅 x

𝟏
𝝍𝒘 =

𝜕𝝍

𝜕𝑽
= 𝟏 −

𝒙

𝒅

Electric potential Weighting potential


w

0 𝒅 x

𝟏

+

𝑨 𝑩

𝐐 = +𝐪 ⋅ 𝛙𝐰 𝐁 −𝛙𝐰 𝐀
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Q= 𝒒 ⋅ 𝛙𝐰 𝒅 −𝛙𝐰 𝒙𝟎 − 𝒒 ⋅ 𝛙𝐰 𝟎 − 𝛙𝐰 𝒙𝟎 = 𝒒

𝝍𝒘 = 𝟏 −
𝒙

𝒅

+

-

Total induced charge

holes electrons
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Shockley-Ramo theorem 

I = −
q ⋅ 𝐯

𝑑

Gunn’s theorem 

I = −q ⋅ 𝐯 ⋅
𝜕𝐄

𝜕𝑉
= −q ⋅ 𝐯 ⋅ 𝐄𝒘

∇rQi ⋅ v =
dQi

dt
= Ii

∇rQi = −q ⋅
𝜕E r

𝜕Vi

𝐄𝒘 =
𝟏

𝒅
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C. Canali, E. Gatti, S.F. Koslov, P.F. Manfredi, 

C. Manfredotti, F. Nava, A. Quirini

Nucl. Instr. Meth. 160 (1979) 73-77

400 m thick natural diamond, 

biased at 40 V @ RT

Electrons: 

Drift velocity;   v = E = d/TR

Mobility;   =d2/(TR *VBias)

Characterization of the transport properties in diamond
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1. Definition of the study domain

𝜕𝑛

𝜕𝑡
= +∇ ⋅ −𝜇𝑛 ⋅ ∇𝝍 ⋅ 𝑛 + 𝐷𝑛 ⋅ ∇𝑛 + 𝐺𝑛 −

𝑛

𝜏𝑛
𝜕𝑝

𝜕𝑡
= −∇ ⋅ +𝜇𝑝 ⋅ ∇𝝍 ⋅ 𝑝 − 𝐷𝑝 ⋅ ∇𝑝 + 𝐺𝑝 −

𝑝

𝜏𝑝

Δ𝝍 = −
𝜌

𝜀

2. Calculation of the electrostatics and of the evolution in time 

and space of the electron (n) - hole (p) densities generated by 

ionization

Continuity equations

Poisson′s equation

Electrons

Holes

Evaluation of the induced charge at the sensing electrode
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5. Evaluate the induced charge

𝑄𝑖(𝑡) = −𝑞න

0

𝑡

𝑑𝑡′ න

Ω

𝑑𝐫 𝑛(𝐫, 𝑡′ ; 𝑟0) ⋅ 𝐯𝑛(𝐫) + 𝑝(𝐫, 𝑡′ ; 𝑟0) ⋅ 𝐯𝑝(𝐫) ⋅ 𝐄𝐰

3. Evaluate the Gunn′s weighted potential 𝛙𝒘 and weighting field 
Ew

𝛙𝒘 =
𝜕𝛙

𝜕Vi
; 𝑬𝒘 = −𝛁𝛙𝒘 → Vi=potential at the sensing electrode

𝐓𝐡𝐞 potentials of all the other conductors are held constant

Evaluation of the induced charge at the sensing electrode

4. Evaluate the induced current

I𝐢 (t) = −q න

Ω

dr n(r, t′ ; r0) ⋅ vn(r) + p(r, t′ ; r0) ⋅ vp(r) ⋅ 𝐄𝐰
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 

equation  continuity  electron  the  for  function  sGreen'  the  is

V

)r(E
)r(v)r;'t,r(nrd'dtq)t(Q
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






−=  



The continuity equation 

involves linear operators

The charge induced from 

electrons can be evaluated by 

solving a single, time 

dependent adjoint equation.

( )
n

n
*

n0n

n
GnDn

t

n


−++++=



 +
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+ 

i

nn

in

V

E
G

Qn




=

=

+

+

T.H.Prettyman, Nucl. Instr. and Meth. in Phys. Res.  A 422 (1999) 232-237.

Short-cutAdjoint equation Method
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40

Monte Carlo Method

Shockley-Ramo-Gunn Theory
A charge moving in a non-zero electric field induces a current to 

the sensitive electrode.

∂ψ/∂V is the Gunn’s weighting potential, where ψ is the electric 

potential and V the bias voltage

Short-cut

Follow the carrier trajectories by a Monte Carlo approach

Taking into account

❖physical parameters (geometry, electric field, transport properties)

❖experimental set-up (noise, threshold, beam spot size)

P. Olivero et al., Nucl. Instr. Meth. B 269 (2011) 2350
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Single ion detection for the functional characterization of 

semiconductors

Physical observable: charge induced at the sensing electrode

by the motion of carriers moving in an electric field

𝑄𝑖(𝑡) = −𝑞න

0

𝑡

𝑑𝑡′ න

Ω

𝑑𝐫 𝑛(𝐫, 𝑡′ ; 𝑟0) ⋅ 𝐯𝑛(𝐫) + 𝑝(𝐫, 𝑡′ ; 𝑟0) ⋅ 𝐯𝑝(𝐫) ⋅ 𝐄𝐰

Space/time evolution of carriers

Continuity equations

Electrostatics

𝐯𝒏,𝑝 = 𝒅𝒓𝒊𝒇𝒕 𝒗𝒆𝒍𝒐𝒄𝒊𝒕𝒊𝒆𝒔 = 𝝁𝒏,𝒑 ∙ 𝑬
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Si-face

Starting Material: 360 m n-type 4H-SiC by CREE (USA)

Epitaxial layer from Institute of Crystal Growth (IKZ), Berlin, Germany

Devices from Alenia Marconi System

4H-SiC Schottky diode

1.5 MeV H+

C
C

E

2 MeV H+

0 20 40 60 80 100120140
0,0

0,2

0,4

0,6

0,8

1,0

Applied Bias Voltage (V)

1.5 or 2.0

MeV H+

CCE=Charge Collection Efficiency

=

(Charge collected)/(Charge generated)

3 mm

Frontal view



ICTP - 30/06/2025 Single Ion Detection I - E. Vittone

43 50 m thick N-type epitaxial 4H-SiC layerSchottky electrode

Frontal ion 
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Generation of electrons and holes in the

Depletion Region Neutral Region
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Complete charge collection Only holes injected in the 

depletion region by diffusion 

induce a charge

Electric 

Field

Single Ion Detection I - E. Vittone
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45

Frontal ion 

Irradiation
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4H-SiC Schottky diode
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Frontal ion 
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Lp=(9.0±0.3) m

Dp = 3 cm2/s

p = 270 ns

minority carrier 
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The fitting procedure provides a trapping level of about 

0.163 eV which is close to the value found in similar 

4H SiC Schottky diodes by DLTS technique (S1 level).

E. Vittone et al., NIM-B 231 (2005) 491.

Temperature dependent IBIC (TIBIC)
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From Spectroscopy to micro-spectroscopy

Use of focused ion beams

Single Ion Detection I - E. Vittone
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One advantage of IBIC over other forms of charge collection microscopy is that 

it provides high spatial resolution analysis in thick layers since the focused 

MeV ion beam tends to stay ‘focused’ through many micrometers of material.

Single Ion Detection I - E. Vittone
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GaAs Schottky diode
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E. Vittone et al., Nuclear instruments and Methods in Physics Research B 158 (1999) 470-47 
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Frontal ion 

Irradiation

Schottky electrode 50 m thick N-type epitaxial 4H-SiC layer
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4 MeV protons

2 µm beam spot size (FWHM)

Charge sensitivity 1800 electrons/channel -> 14 keV in SiC

Spectral resolution: 12000 electrons (FWHM) ->94 keV in SiC
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Depletion layer→

→ high electric field/drift velocity →

→ Complete induced charge collection

Neutral layer→

→ Minority carrier diffusion →

→ CCE exponential decay

Drift-Diffusion model
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30 V                          50 V                     70 V 

Vb

61Single Ion Detection I - E. Vittone

nsp  80

m,  ,(Lp )3094 =

Drift-diffusion model - Simulation
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Angle Resolved Differential IBIC analysis of silicon 

power diodes

Objective:

• Electronic characterization of power diodes

1013 cm-3
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How: Polychromatic angle resolved IBIC analysis

ICTP -
30/06/2025

Using different proton energies

Tilting the sample with respect to the proton beam axis at different angles

Modulation of the probing
depth by 
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How: Polychromatic angle resolved IBIC analysis
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Modulation of the carrier generation profiles by different tilting angle and different ion energies
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Depletion
Layer

P
A

2 V
Epi-Si

Cz substrate

Back electrode

p+

n-

n+

Scanning proton microbeam

IBIC Map
1.7 MeV proton

Applied Bias = 2 V

How: Polychromatic angle resolved IBIC analysis

Modulation of the carrier generation profiles by 
different widths of the depletion region induced
by changing the applied bias voltage

65Single Ion Detection I - E. Vittone



ICTP - 30/06/2025

Depletion
Layer

P
A

10 V
Epi-Si

Cz substrate

Back electrode

p+

n-

n+

Scanning proton microbeam
How: Polychromatic angle resolved IBIC analysis

Modulation of the carrier generation profiles by 
different widths of the depletion region induced
by changing the applied bias voltage

IBIC Map
1.7 MeV proton

Applied Bias = 10 V
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Depletion
Layer

P
A

200 V
Epi-Si

Cz substrate

Back electrode

p+
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n+

Scanning proton microbeam
How: Polychromatic angle resolved IBIC analysis

Modulation of the carrier generation profiles by 
different widths of the depletion region induced
by changing the applied bias voltage

IBIC Map
1.7 MeV proton

Applied Bias = 200 V

67Single Ion Detection I - E. Vittone
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Experimental Results: Charge Collection Efficiency (CCE)
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Model based on simplified IBIC theory

𝐂𝐂𝐄𝐦𝐨𝐝𝐞𝐥 𝛉, 𝐄𝐈𝐨𝐧, 𝐕 = න
𝟎

𝐃

𝛈(𝐱) ∙
𝐝𝐄

𝐝𝐱
𝛉,𝐄𝐈𝐨𝐧

𝐝𝐱

Generation profile
Electron stopping power

CCE profile

Epi-Si

D

Al Electrode+Si Dead layer: (x)=0

Depletion region: (x)=1

Neutral region: (x)=
𝐜𝐨𝐬𝐡(𝐃−𝐱)

𝐜𝐨𝐬𝐡(𝐃−𝐰)

w

0

)𝑑2𝜂(𝑥

𝑑𝑥2
=

)𝜂(𝑥

𝐿ℎ
2

With bounday conditions:

𝜂 𝑥 = 𝑤 𝑉 = 1

ቤ
𝑑𝜂

𝑑𝑥
𝑥=𝐷

= 0

Solution of

Best fit with two free parameters:
W(V): depletion layer width as function ov V
Lh: minority carrier diffusion length

Effect of the 
back surface
field at the n-
/n+ boundaries
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Results: Model
Solid lines are fitting curves

Experimental and 
fitting CCE as
function of 
Tilting angle 
@ different V
Parametrized by E
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Results

Behavior of the 
depletion layer
width as function
of the applied
bias voltage
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In this 1st lecture

✓ Single ion detection based on the ion-semiconductor
interaction

✓ The ion energy loss in the material generates charge
carriers, which can be detected by measuring the induced
charge at the sensing electrode

✓ The induced charge signal depends upon the device 
electrostatics, transport and recombination properties.

✓ The Gunn’s theorem provides an adequate interpretation of 
the pulse signal formation and is at the base of powerful 
models to simulate electronic device performances

✓ The analytical potential of the Ion Beam Induced Charge
technique stems on multiple configurations:

Frontal, Lateral, Depth, Angle, Temperature Resolved
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C. Manfredotti et al., Nuclear instruments and Methods in Physics Research B 158 (1999) 476-480
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