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Functional characterization of 
semiconductor materials and devices

Measurement of the their electronic properties and performances

Main physical observable: current
Current = F(carrier density; carrier transport)

Free carriers (electron/hole) transport
Two mechanisms:  

Drift  electric field v=μ·E
Diffusion  concentration gradient

Carrier (electron-hole) generation  
Recombination/trapping

Carrier lifetime 
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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 velocity → mobility
Current decay → carrier lifetime
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Electron beam induced current Ion beam induced charge

Alpha spectra from a source containing
a mixture of 231Am, 239Pu and 244Cm.

1 MeV alpha in 
Diamond generates

about 78000 e/h pairs
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200 µm

NIMB 93 (1994) 516

Alpha particle spectrum

Polycristalline diamond

Monocrystalline diamond
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Ion Beam Induced Charge
IBIC

Nuclear microprobe facility
@ Ruđer Bošković Institute
(Zagreb, Croatia)
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NIMB 100 (1995) 133
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With respect to OBIC, XBIC, EBIC
• larger analytical depth 
• lower scattering through the surface layers
• flexibility due to  the possibility of  using ions 

with different mass and energy

Higher spatial resolution 
in buried layers
Depth profiling
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the material behaves

as a ``mixture'' of two

``electronic phases''
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Frontal ion
Irradiation

Schottky 
electrode 50 µm thick N-type epitaxial 4H-SiC layer
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Zagreb 10.12.2013

Si-face

Starting Material: 360 mm 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
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2 MeV H+
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CCE=Charge Collection Efficiency

=

(Charge collected)/(Charge generated)
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Lp=(9.0±0.3) mm

Dp = 3 cm2/s

p = 270 ns

minority carrier 

diffusion length

1.5 MeV
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4H-SiC Schottky diode

Active region 

width
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

Tilting angle

V

Bias voltage

Parameter space: (E,,V)

E 

ion energy
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Behavior of the 

depletion layer

width as function of 

the applied bias

voltage
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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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NIMB 231 (2005) 491
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Two trapping levels

SRH recombination model 

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).
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Frontal
IBIC

Lateral
IBIC
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1 - Pristine diode: Lateral IBIC
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1 - Pristine diode: Lateral IBIC
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1 - Pristine diode: Lateral IBIC
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Neutral layer


Minority carrier
diffusion


CCE exponential
decay

Drift-Diffusion model

Depletion layer


high electric field/drift velocity


Complete induced charge
collection (Ramo theorem)
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nsp  80m,  ,(Lp m)3094 Drift-diffusion model 

Simulation
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Proc. of the IRE (1939), 584 Journ. Appl. Phys. 9,(1938), 635
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John (Mark)
Paul

George

Ringo

Nuclear Instruments and Methods in Physics Research B 332 (2014) 257–260



IBIC map

1.5 MeV H+

Electrostatic

Potential map

Vbias=100V

Experiments to validate 

the theoretical model

NIMB 266 (2008)1312
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Functionalization of semiconductor materials
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CCE map of a silicon photodiode with 
selected regions damaged with a) protons 

IAEA – CRP, RBI Report



CCE degradation
induced by ion irradiation

Depends on the damaging

ion fluence

Ettore Vittone 39

Depends on the 

polarization state
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Depends on the damaging

ion mass and energy

Ettore Vittone

Depends on the probing

ion mass and energy

CCE degradation
induced by ion irradiation



Depends on the material and/or device
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CCE degradation
induced by ion irradiation
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COOPERATION AND MUTUAL  
UNDERSTANDING LEAD TO  GROWTH AND 

GLOBAL ENRICHMENT

IAEA

NUS
Singapore

Ruđer Bošković
Croatia

Univ. Delhi 
India

IAEA Coordinate Research Programme (CRP) F11016 

“Utilization of ion accelerators for studying and modeling of 
radiation induced defects in semiconductors and insulators”

ANSTO
Australia

Univ. Helsinki -
Finland

CAN
Spain

JAEA-Kyoto Univ.
JAPAN

Nuclear Agency
Malaysa

Univ. Turin
Italy

Univ. Surrey
UK

SANDIA
USA
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https://www.iaea.org/publications/12356/guidelines-for-the-determination-of-

standardized-semiconductor-radiation-hardness-parameters

https://www.iaea.org/publications/12356/guidelines-for-the-determination-of-standardized-semiconductor-radiation-hardness-parameters


CCE degradation depends from

 Damaging ion energy and mass

 Probing ion energy and mass

 Polarization

The solid lines are the best fits obtained by 

means of our model considering 

Different PIBs

Different DIBs (8 MeV, 4 MeV)

Different polarizations (10,20,50 V)

DIB: 8 MeV He DIB: 4 MeV He



Final measurement of the recombination coefficients; 
n-type diode: p=(210±160)μm3/s; n=(2500±300)μm3/s; 
p-type diode: n=(2200±300)μm3/s; p=(1310±90)μm3/s; 
Open marks: dispersion of the combination of the fitting parameters.

Recombination coefficient

=kvth
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Ion beam characterization
by functionalized devices (by ion beams)
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ION STRIKE POSITION
AS FUNCTION OF CCE

POSITION SENSITIVE 
DETECTOR

NIMB 306 (2013) 169

CCE AS FUNCTION 
OF ION STRIKE 
POSITION
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A two-dimensional position sensitive diamond detector 
based on the multi-electrode charge sharing effect

2 MeV Li
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The proposed triangulation approach has 
demonstrated the potential to retrieve the 2-
dimensional position of impact of each ion by 
a with a spatial uncertainty of 0.9 µm on 
each spatial coordinate over a region denoted 
by 12 µm length scale.
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What next

In the field of quantum technologies, a state-of-the-art multi-elemental ion implanter 

is going to be installed at the Solid State Physics laboratory, which will allow the 

multi-parametric defect engineering of wide-bandgap semiconductors (diamond, 

SiC, GaN, etc.) for the development of innovative single photon sources and 

quantum sensors. The ion implanter will operate in synergy with the recently 

established class 10’000 cleanroom

WP

http://www.solid.unito.it/index.html
http://www.solid.unito.it/Strumentazione/CleanRoom/CleanRoom_index.html
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Leipzig,

January-June 2018

16 December 2019
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9 march 2020

Italy is in total lockdown
11 march 2020
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Universität Stuttgart

14 July 2021
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Max terminal potential: 100 kV
Ion source: NEC – SNICS II
2 beamlines (one currently operational)
Typical ion beam current range: 1 pA – 1 µA
Irradiation chamber localized within the cleanroom facility
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The multi-elemental ion implanter

Solid State Physics Laboratory

Physics Department, University of Torino

42 m2

Class 10000 
clean room

Probe station

Thermal 
processing 
chambers

High power
pulsed laser
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From 27/10/2022 to 11/05/2023 
370 operating hours

Targets: diamond, Si, SiC, Ti, Metal Oxides
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Conclusions

The Solid State Physics group of the Physics Department of the 
University of Torino has been committed since 90’s in IBT

Main contributions

To the development of the IBIC technique for the electronic
characterization of semiconductor materials and devices.

To formulate an experimental protocol, supported by a 
theoretical model, for the assessment of the radiation
hardness of semiconductors.

To the development of new position sensitive detectors based
on the sharing of the induced charge in multiple electrode
systems.

To the functionalization of materials by ion beams
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