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Nuclear and particle physics need electronic devices 

During a nuclear or particle physics experiment, it is often necessary to measure several quantities such as

the particle energy, momentum, position, count, or environmental parameters. The electrical transduction

mechanism is one of the most commonly used to carry out this type of measurements.

Hence, it is crucial to pursue a continuous R&D activity on electronic devices, gaining more and more

knowledge on the functioning of the materials that mostly compose them: semiconductor materials.
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Most of the electronic devices contains doped layers
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Doping techniques:

- ion implantation;

- equilibrium or quasi-equilibrium thermal diffusion;

- out-of-equilibrium laser thermal annealing (LTA);

- epitaxy.
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... whatever technique you use, electrical activation is not guaranteed

ELECTRICAL ACTIVATION of a dopant = when the impurity atom locates substitutional in a reticular site being

able to share its excess carrier, which will take part to the electrical transport in the extended states of conduction

or valence band. To quantify the electrical activation we have to probe the electrical transport.
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Hall-effect characterization:

It is a technique for the electrical characterization of doped

semiconductor layers. It allows to measure the density of free

charge carriers available for the conduction and their sign: − for

electrons and + for holes.
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Experimental setup for resistivity and Hall-effect measurements

For room temperature measurements:

- permanent or variable magnet in the range 0.5 – 1 Tesla;

- sample holder and 4 point probe system;

- current source and voltmeter, or source-measure unit (IMPORTANT!

high voltmeter sensitivity μV or nV);

- switch matrix;

- computer with a software for automated measurements and data

acquisition.

For low and high temperature measurements you need also:

- vacuum chamber and vacuum pump;

- sample holder with a refrigerating circuit and a heater;

- hardware and software for temperature control.

[7]
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1958/59 Van der Pauw papers for Hall measurements on flat samples [5,6]

Resistivity and Hall-type measurements can be done

contacting the surface of a flat sample if:

• the four contacts are at the perimeter;

• each contact area is small;

• isn’t there any isolated discontinuity in the doped layer;

• the layer thickness is homogeneous.

[7] [8] [9]

Finite contact size correction factors: [R. Chwang et al., Solid State Electronics, 17 (1974) 1217].
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Four point probe method for resistivity and Hall characterization

Sheet resistance measurement is done with two pairs of parallel contacts for I supply and V measure.

The importance to use four probes/wires: an extremely low current passes through the V-measuring

probes, so the contact and probe resistances don’t affect the measurement.

𝜌 = 𝑅𝑠ℎ𝑒𝑒𝑡 ∙ 𝑡

𝑅𝑠ℎ𝑒𝑒𝑡 =
𝜋

𝑙𝑛2
∙

𝑉43

𝐼12
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𝜎 =
1

𝜌
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[10]

Virginia Boldrini CNR-IMM



Hall measurement is done with two pairs of crossed contacts for I supply and V measure, when 𝐵 is applied.
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From 𝑉𝐻 sign you know the sign of charge carriers 

Four point probe method for resistivity and Hall characterization
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Four point probe method for resistivity and Hall characterization
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Measurements at variable temperature → different use depending on

the semiconductor bandgap

In the case of narrow bandgap semiconductors (Eg
Si = 1.12 eV, Eg

Ge = 0.66 eV), a complete ionization of impurities is

already reached at room temperature, thus measurements at variable T could be useful for special purposes (such as

Arrhenius plots construction for defects or contaminants analyses).

Extrinsic region =

complete dopant ionization

Freeze-out region

Intrinsic region

As-doped

Silicon [11]
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In wide bandgap semiconductors carrier compensation is significant

Carbon vacancy

4H-SiC

[13]

COMPENSATION: it happens when lattice defects or impurities introduce an energy state inside the forbidden gap,

getting charge carriers trapped there.

Impurity
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In wide bandgap semiconductors (Eg
4H-SiC = 3.26 eV) things are different. 

4H-SiC [12]

PROBLEM! free charge carriers (thus dopant activation) would be more than what you measure, because some

of them are trapped by compensating centres.
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When we deal with such materials it is fundamental to collect resistivity and Hall-effect data at variable temperature, in

order to perform an accurate data analysis with the charge neutrality equation:

𝑝 𝑇 = ෍

𝑖

𝑁𝐴𝑖

− − 𝑁𝐷
+

Measured free 
charge-carrier 

density

Density of 
ionized 

acceptors

Density of ionized 
compensating donors

𝑝 𝑇 = ෍

𝑖

𝑁𝐴𝑖

1 + 𝑔𝑖exp 𝐸𝐴𝑖
− 𝐸𝐹 /𝑘𝐵𝑇

− 𝑁𝐷
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In wide bandgap semiconductors carrier compensation is significant

Least squares 
fitting, but many 
parameters to fix

Acceptor ionization energy

[14]
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A self-consistent fitting procedure of p and μ: the case of 4H-SiC

[A. Parisini and R. Nipoti, J. Appl. Phys. 114 (2013) 243703.]

p(T), Rsheet(T)            μ(T)

Charge neutrality equation:

Equation describing mobility, derived 

from the relaxation time approximation:

𝑝 𝑇 = ෍

𝑖

𝑁𝐴𝑖

1 + 𝑔𝑖exp 𝐸𝐴𝑖
− 𝐸𝐹 /𝑘𝐵𝑇

− 𝑁𝐷

𝜇 =
𝑒 𝜏 𝐸

𝑚𝑑𝑟𝑖𝑓𝑡

τ(E) is the relaxation time of the total scattering momentum
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Conclusions:

13

Hall-effect characterization allows you to measure:

- the resistivity ρ of your doped layer;

- the volume concentration n of free charge carriers;

- their sign +/− and mobility μ.

Then, with the right data analysis you can derive the percentage of active dopants, their ionization energy

and the density of compensating centers.
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Hall-effect characterization allows you to measure:

- the resistivity ρ of your doped layer;

- the volume concentration n of free charge carriers;

- their sign +/− and mobility μ.

Then, with the right data analysis you can derive the percentage of active dopants, their ionization energy

and the density of compensating centers.

Thank you!
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The electrical properties should be optimized and predictable

Whatever doping technique is used (equilibrium thermal diffusion, ion-implantation + thermal annealing, out-

of-equilibrium Laser Thermal Annealing), for most devices it is crucial to obtain a homogeneous dopant

concentration in the layer of recommended thickness.

After the doping process, it is a good practice to check the shape of the impurity concentration distribution

across the layer thickness. This is done through SIMS (Secondary Ion Mass Spectrometry).

[R.A. De Souza and M. Martin, Phys. Stat. Sol. (C) 4, 6 (2007)]
[S. Brotzmann and H. Bracht, JAP 103 (2008)]
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There is no semiconductor electronics without doping

n-type doping

P

p-type doping

B
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It is by enriching some regions of a semiconductor material with more charge carriers (electrons or holes) than

there are intrinsically present in the crystal, that the desired electrical transport can be obtained. This is

achieved with the process called "doping", i.e. the insertion into the lattice sites of a certain concentration of

atoms belonging to other elements of the periodic table called "impurities", which can act as donors (making an

electron available) or acceptors ( trap an electron and thus make a hole available).
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-SiC
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4H-SiC band structure
BACKUP

Virginia Boldrini CNR-IMM


	Slide 3: Electrical activation of implanted dopants: statistical mechanical aspects of defect recovery and Hall effect characterization.
	Slide 4
	Slide 5: Nuclear and particle physics need electronic devices 
	Slide 6: Most of the electronic devices contains doped layers
	Slide 7: ... whatever technique you use, electrical activation is not guaranteed
	Slide 8: Experimental setup for resistivity and Hall-effect measurements
	Slide 9: 1958/59 Van der Pauw papers for Hall measurements on flat samples [5,6]
	Slide 10: Four point probe method for resistivity and Hall characterization
	Slide 11
	Slide 12
	Slide 13: Measurements at variable temperature  different use depending on the semiconductor bandgap
	Slide 14: In wide bandgap semiconductors carrier compensation is significant
	Slide 15
	Slide 16: A self-consistent fitting procedure of p and μ: the case of 4H-SiC
	Slide 17: Conclusions:
	Slide 18: Conclusions:
	Slide 19: Bibliography
	Slide 20: The electrical properties should be optimized and predictable
	Slide 21: There is no semiconductor electronics without doping
	Slide 22: 4H-SiC band structure

