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The diodes manufactured on the wafers of single-crystalline silicon uniformly doped with phosphorus
are studied. The wafer resistivity was 90 Ω cm. Krypton ions are implanted to the side of the p+-region
of diodes (energy 107 MeV, fluence Φ from 5 × 107 to 4 × 109 cm−2). It is shown that recovery charge
Qrr is inversely proportional to the square root of the irradiation fluence value Φ. When the fluence increases,
the part of the recovery charge QrrA, due to the high reverse conductance phase, decreases faster than the value Qrr.

PACS: 72.20.Jv, 61.80.Fe

1. Introduction

Irradiation with protons or alpha rays enables forma-
tion of layers with the increased irradiation-induced de-
fect content, which is used in the fabrication of fast re-
covery diodes [1–6]. In this case the irradiation fluences
are usually larger than 1011 cm−2. Implantation with
heavy ions with the fluences of 109–1012 cm−2 [7, 8] also
leads to a considerable decrease in reverse resistance re-
covery time (recovery charge). A possibility to reduce
the reverse resistance recovery time by an order of mag-
nitude for the diodes implanted with Au ions with the
energy 350 MeV and the fluence 108 cm−2 is shown in [9].
In work [10] silicon diodes irradiated with krypton ions
with energy of 250 MeV and three fluence values (108;
5 × 108; 109 cm−2) were studied. The main problem is
to define optimal fluence values of irradiation with high-
-energy ions and to determine the dependence of the re-
covery charge on the ion fluence. The aim of the work is
to study effects of the irradiation fluence with 107 MeV
krypton ions on the recovery charge of diodes.

2. Experimental technique

Diodes are manufactured on wafers (thickness of
460 µm, plane (111)) of silicon grown by the crucibleless
floating-zone technique. Silicon wafers were uniformly
doped with phosphorus. Wafer resistivity was 90 Ω cm,
phosphorus concentration was 5× 1013 cm−3. Region of
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the p+-type was created by implantation of boron ions
with energy of 60 keV and fluences of 5.6 × 1014 cm−2

on the apparatus “Vezuviy-3M” followed by annealing of
defects and dopant drive-in in oxidizing atmosphere at
temperature of 1150 ◦C during 50 min. The active area
of the p+n-junction is 4.41 mm2. The profile of the dif-
ference of acceptor and donor concentrations |NA −ND|
plotted according to the results of the modeling of the
technological process of diode manufacturing is shown in
Fig. 1 (curve 1). In order to create an ohmic contact
to the base of diodes, implantation of phosphorus ions
(energy of 75 keV, fluences of 3.1 × 1015 cm−2) into the
non-planar side (n-region) was performed. Contacts were
formed by aluminium sputtering followed by burn-in at
temperature 475 ◦C in nitrogen atmosphere (aluminium
layer thickness at contact to p+-region is 1.5 µm).

Diodes are irradiated with krypton ions at cyclotron
U-400. The irradiation energy E is 107 MeV, fluence Φ
varies from 5 × 107 to 4 × 109 cm−2. Implantation is
performed to the side of the p+-region. The average pro-
jected range of krypton ions in the double-layer structure
Al/Si according to the results of modeling in the TRIM
program [11] is equal to Rp ≈ 16.5 µm. Figure 1 (curve 2)
shows the calculated profiles of the distribution of pri-
mary vacancies. The distance between the metallurgical
border of the p+n-junction (where NA = ND — defined
neglecting n-Si compensation by radiation-induced de-
fects) and the maximum of the distribution of primary
vacancies is found to be δ ≈ 11.5 µm.

Static current–voltage characteristics are registered ac-
cording to a standard procedure using the program-

(111)



112 N.A. Poklonski et al.

Fig. 1. Calculated profiles of the absolute value of
the difference of acceptor and donor concentrations
(curve 1) in the virgin diode, and the distribution of
the primary vacancies (curve 2), formed by irradia-
tion of the diodes with krypton ions with the fluence
Φ = 109 cm−2. NA is the concentration of acceptors,
ND is the concentration of donors, NV is the concen-
tration of primary vacancies, x is the depth, xj is the
depth of pn-junction.

Fig. 2. Dependences of the reverse current Ir and the
rate of current change dIr/dt on time t for the switch-
ing of a diode irradiated with krypton ions with the
fluence Φ = 108 cm−2. QrrA is the part of the switching
charge corresponding to the phase of the high reverse
conductivity, QrrB is the part of the switching charge
corresponding to the phase of the reverse resistance re-
covery. The border between phases is taken by the in-
stance of time t = ts, when the maximum is observed in
derivation dIr/dt corresponding to the inflection in the
dependence Ir(t).

-analytical complex HP 4156B. Transient processes in
diodes are studied by switching from the forward (for-
ward current If ≤ 1 A) to the reverse bias (voltage
Ur = 2 V). The dependences of the reverse current
Ir(t) = UR(t)/R passing through the diode are calcu-
lated on the basis of voltage oscillograms UR(t) at the
load resistor (R = 10 Ω). All measurements are carried
out at room temperature. Figure 2 presents the scheme
of the diode connection in the measuring circuit and the

examples of the dependence of current Ir on time t when
diodes are switched and its derivative dIr/dt. There are
also marked instants of time: t = t0 (when the polarity
of the current is changed) and t = tr (when the cur-
rent through the diode Ir decreases to the value of the
reverse current of the diode in stationary conditions Is

under the same reverse voltage on the diode Ur), and
also the moment of time t = ts (when a maximum on the
derivative dIr/dt and a bend on the dependence Ir(t) are
observed). The value of recovery charge Qrr, being the
sum QrrA + QrrB (see Fig. 2), is assessed by a numerical
integration of the reverse current Ir of the diodes

Qrr = QrrA + QrrB =
∫ tr

t0

Ir(t)dt , (1)

where QrrA is the part of recovery charge correspond-
ing to the high reverse conductance phase, QrrB is the
part of recovery charge corresponding to the reverse re-
sistance recovery phase. The boundary between the A
and B phases is chosen to be t = ts.

3. Experimental results and discussion

Figure 3 shows the dependences of the differential con-
ductance G = −dIr/dUr of the diodes on the reverse
bias voltage Ur. The G(Ur) dependences are calculated
by differentiation of the current–voltage characteristics
represented in the inset in Fig. 2. For the diodes irra-
diated with krypton ions with the fluences of 5 × 107–
109 cm−2 there is a section of a differential conductance
where an increase on the G(Ur) dependence occurs. Ac-
cording to [1] this can be considered as confirmation of
the spatial separation of the irradiation defect maximum
and the space charge region under equilibrium conditions
(at U = 0). For the diodes irradiated with the fluences
of 4 × 109 cm−2 the section of differential conductance
increase is not observed. This issue is connected to the
propagation of the space charge region into the irradia-
tion defect layer even when there is no bias voltage.

Figure 4 shows the dependences of current I on time
t for the switching of virgin diodes (Vir), and the diodes
irradiated with krypton ions. The inset represents the
initial part of Ir(t) dependence for the diodes irradiated
with the fluences of 4 × 108, 109 and 4 × 109 cm−2. It
is seen that an increase in the fluence of krypton ion ir-
radiation leads to a change in Ir(t), which consists in
a considerable decrease in the length of the high reverse
conductance phase and the transformation of dependence
Ir(t) for the reverse conductance recovery phase. Such
behaviour of the Ir(t) dependence during the switching
of the diodes irradiated with krypton ions with the energy
of 250 MeV has been considered earlier [10] and has been
connected with the inhomogeneous distribution of in-
jected charge carriers over the bulk of the base which con-
tains clusters of irradiation-induced defects. At fluences
of 108 cm−2 dependences Ir(t) for diodes irradiated with
krypton ions with energies E = 250 MeV (for the diodes
with δ ≈ 26.4 µm) and E = 107 MeV (for the diodes with



Effects of Fluences of Irradiation with 107 MeV Krypton Ions . . . 113

Fig. 3. Dependence of the differential conductance of
the diodes G on the reverse bias voltage Ur for the vir-
gin (Vir) diode and the diodes irradiated with kryp-
ton ions with the energy of 107 MeV. The inset shows
the current–voltage characteristics of the diodes at a re-
verse bias. The values of irradiation fluences are shown
in cm−2.

Fig. 4. Dependences of the reverse current Ir on time t
for switching of the virgin diode (Vir), and the diodes ir-
radiated with krypton ions with the energy of 107 MeV.
The values of irradiation fluences are shown in cm−2.
The dependences are obtained at the injection current
density of 1.5× 105 A/m2 and the duration of a rectan-
gular injecting pulse of 500 µs.

δ ≈ 11.5 µm) are similar to each other, i.e., a considerable
portion of charge corresponds to the reverse resistance
recovery phase (phase B). An increase of irradiation flu-
ence for krypton ions with the energy E = 250 MeV
to 109 cm−2 leads to a considerable decrease in QrrB

(unlike to irradiation with E = 107 MeV). Irradiation
with energy of 250 MeV caused (for comparable injec-
tion currents and irradiation fluences) a more essential
decrease in switching charge. For instance, at injection
current density of about 105 A/m2 for E = 250 MeV and
Φ = 108 cm−2 reverse recovery charge Qrr ≈ 1.8 µC is
observed, but for E = 107 MeV and Φ = 108 cm−2 it is
Qrr ≈ 4 µC. Comparison of the results obtained in [10]
with the ones presented in this paper suggests that an in-

Fig. 5. Dependences of recovery charges on the flu-
ence of krypton ions: open rhombs stand for the re-
covery charge Qrr; open circles indicate the fraction
QrrA of the recovery charge accounted for the phase of
the high reverse conductance; filled squares are the ra-
tio QrrB/QrrA of the recovery charges for the phases
of the reverse resistance recovery (index B) and of
the high reverse resistance (index A). The depen-
dences are obtained with the injection current density
of 1.5 × 105 A/m2 and the duration of a rectangular
injecting pulse of 500 µs.

crease of irradiation energy of krypton ions to 250 MeV
affects Ir(t) dependences due to the increased irradiation-
-induced defect concentration as well as due to the larger
δ distance.

Figure 5 represents the dependences of the recovery
charge Qrr, the fraction QrrA of recovery charge ac-
counted for the high reverse conductance phase, and the
ratio QrrB/QrrA of recovery charges for phases of the
high reverse conductance and reverse resistance recov-
ery on the fluence of irradiation with krypton ions. As
it follows from the results of integration of experimental
curves Ir(t), the dependences QrrA(Φ) and Qrr(Φ) may
be approximated by a power function. The total recov-
ery charge depends on the fluence as Qrr(Φ) ∝ Φ−0.5.
The fraction of recovery charge accounted for the phase
of the high reverse conductance depends on the fluence
as QrrA(Φ) ∝ Φ−1.4. Thus, when the fluence of irradi-
ation with krypton ions increases, QrrA decreases much
stronger than Qrr.

As it follows from Figs. 4, 5 irradiation with krypton
ions leads to a substantial decrease in the recovery charge
of the diodes even when the fluences are < 1012 cm−2.
For example, irradiation with krypton ions with the flu-
ence of 4 × 108 cm−2 causes a decrease by more than
three times in the recovery charge. In the first approx-
imation the ratio QrrB/QrrA of recovery charges for the
phases of the reverse resistance recovery and the high
reverse conductance determines the softness of the re-
verse resistance recovery. A faster decrease in the charge
QrrA helps to “preserve” a soft reverse conductance re-
covery when the irradiation fluence increases, at least for
Φ < 109 cm−2. Although an increase in leakage currents
at the given irradiation fluences may be considerable (by
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more than an order of magnitude), it can likely be min-
imized by annealing. It is known that in the case of
large local concentrations of irradiation-induced defects
annealing can cause formation of vacancy and interstitial
clusters [12, 13]. Because of issues indicated above, an-
nealing experiments on optimization of leakage currents
and reverse resistance recovery time of diodes irradiated
with high-energy heavy ions require careful preparation
and electron microscope studies which are beyond the
scope of the current work.

4. Conclusions

It is shown that the use of high energy ion implantation
with krypton ions with the fluences ≤ 109 cm−2 allows
to decrease the recovery charge of diodes considerably
(by up to an order of magnitude). The recovery charge
Qrr of the diodes is found to be inversely proportional to
the square root of the irradiation fluence value Φ. The
fraction of reverse recovery charge QrrA (which accounts
for the phase of the high reverse conduction) is found to
decrease faster than Qrr value with the increasing fluence.
Thus, irradiation with high energy ions can be considered
as one of the possible ways of creation of the Si-based fast
diodes with the soft recovery.
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