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Abstract

The formation of defects modifying the effective doping concentration of helium-radiated pC–nK–nC and pC–pK–nC silicon diodes is

analyzed as a function of the annealing temperature. After irradiation with helium at high energy levels and annealing at 220 8C, the probable

formation of divacancy clusters increases the number of charged-acceptor states in a space-charge region. Capacitance-Voltage and Spreading-

Resistance Profile measurements show that annealing at 350 8C results in the formation of an acceptor-like defect that deep level transient

spectroscopy measurements suggest can be tentatively attributed to the V2O or V4/V5 centre. Annealing at 430 8C results in the disappearance of

the acceptor-like defect. Instead, pronounced donor formation in a range close to the penetration depth of the helium ions is observed. The

influence of these effects on device characteristics is discussed.
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1. Introduction

Irradiation techniques are widely used for carrier-lifetime

control in bipolar power devices [1–7]. Electron irradiation

results in a homogenous distribution of the generated

recombination centres, while proton or helium irradiation

generates inhomogeneous defect profiles.

It is well-known that proton irradiation followed by

annealing in a temperature range between 250 and 500 8C

leads to the formation of shallow donors. This effect limits the

use of proton irradiation for carrier-lifetime control. The same

effect can be used for the creation of deep n-doped regions [8],

but sometimes the decreased carrier lifetime in the irradiated

area limits such applications.

During helium irradiation, the formation of acceptor-like

defects can result in a compensation of the doping concen-

tration. A well-known double acceptor is the divacancy which,

however, is only stable up to annealing temperatures of about

300 8C [9]. In this paper we first focus on doping and

compensation effects of helium irradiation after annealing at

temperatures R350 8C. A further increase of the annealing

temperature causes the formation of donor-like centres while

the recombination centres are vanishing. Finally, the possible

formation of divacancy clusters in high-energy helium-radiated

silicon annealed at 220 8C is discussed. Consequences for

silicon devices are considered.

2. Experimental details

First, pC–nK–nC (Fig. 1) and pC–pK–nC (Fig. 2) test

diodes were fabricated from FZ (floating zone)-grown silicon.

The oxygen concentration in the conventionally prepared

diodes was typically higher than 1016 cmK3. Helium

irradiation was performed at room temperature with doses

between 7!109 and 2.1!1012 cmK2 and energies of 5.4 and

11.6 MeV, respectively. After irradiation, the samples were

annealed at TZ350 8C or TZ430 8C in a nitrogen atmosphere

for about 1 h. The doping of the n-type and p-type base

material is 6!1013 cmK2 and 3.3!1013 cmK2, respectively.

Fig. 3 shows another test structure that consisted of a p–nK

junction and a parallel-connected thyristor [7]. The central

p-region was surrounded by a p-ring that on one hand acted as
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a field ring, and on other hand was part of the vertical nC–p–

nK–pC structure, forming a thyristor. The pC-layer, connect-

ing the p–nK diode and the concentric p-base of the thyristor,

prevented the space-charge region from reaching the surface.

Together with the electric field, which is always strongest at the

position of maximum curvature of the p–nK diode (when the

p-layer is negatively biased with respect to the nK-layer), it

was ensured that breakdown of the diode occurred in the bulk

region. The nK-substrate was thick enough to ensure that the

maximum electric field strength at the p–nK junction met

the avalanche ionization criterion before the field reached the

anode p-layer. Thus the avalanche breakdown limited the

maximum blocking voltage of the p–nK diode. The thyristor

connected in parallel with the diode protected the diode from

damage due to breakdown. This was achieved by using the

avalanche current to trigger the thyristor, which turned on

when a certain avalanche current was exceeded. In this case,

the voltage drop across the diode was reduced to less than 10 V.

The typical avalanche breakdown voltage of the diodes

investigated was about 5 kV at room temperature.

The applied irradiation energy of 24 MeV corresponds to a

penetration depth of about 300 mm. The irradiated area

comprises not only the junction area but also a part of the

concentric p-ring (Fig. 3). Local irradiation was performed by

irradiating the sample from the upper side through an

aluminum mask with a pinhole. The irradiated samples were

annealed for 4 h at about 220 8C. Three different helium doses

were applied.

Symbols

P Hole concentration

n Electron concentration

Jn Electron current density

NK
A Acceptor density

NA Ionized acceptor density

NTA Acceptor trap density

NTD Donor trap density

VTH Thermal voltage

ETA Acceptor trap energy level

fA Fraction of occupied acceptor traps

ni Intrinsic density

cnA Electron capture rate of acceptor traps

cnD Electron capture rate of donor traps

enA Electron emission rate of acceptor traps

enD Electron emission rate of donor traps

cnA Electron entropy factor of acceptor traps

cnD Electron entropy factor of donor traps

kB Boltzmann’s constant

t Time

30 Absolute permittivity

LD Diffusion length

G Generation rate

R Recombination rate

Jp Hole current density

ND Donor density

NC
D Ionized donor density

NK
TA Ionized acceptor trap density

NC
TD Ionized donor trap density

ET Trap energy level

ETD Donor trap energy level

fD Fraction of occupied donor traps

Ei Intrinsic energy level

cpA Hole capture rate of acceptor traps

cpD Hole capture rate of donor traps

epA Hole emission rate of acceptor traps

epD Hole emission rate of donor traps

cpA Hole entropy factor of acceptor traps

cpD Hole entropy factor of donor traps

q Elemental charge

vT Thermal velocity vT

3r Relative permittivity

f Potential
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Fig. 1. Doping profile of the pC–nK–nC diodes (Nn-Z6!1013 cmK3)
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Fig. 2. Doping profile of the pC–pK–nC diodes (Np-Z3.3!1013 cmK3)
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