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Silicon diodes irradiated with helium ions with energies of 4.1, 6.8 and 8.9 MeV are studied. It is shown that
the mechanism determining the behaviour of frequency dependence of complex electric module and correspondingly
the behavior of impedance of diodes irradiated with helium ions in the frequency region 3�200 kHz is a recharging
of vacancy complexes localized in the space charge region.
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1. Introduction

Irradiation with helium ions has been successfully ap-
plied for increasing the operation speed of bipolar semi-
conductor devices [1] for a long time. By changing the
energy of helium ion irradiation one can change the depth
of irradiation damaged layer. This allows to control such
parameters as reverse recovery time and reverse cur-
rents [1�3]. There are also possible changes in the fre-
quency dependences of impedance. Study of features of
impedance frequency dependences caused by variation of
irradiation energy are of interest for evolution of radi-
ation technologies of semiconductor materials modi�ca-
tion as well as for improving capacitance research meth-
ods of semiconductor barrier structures formed on high-
resistance substrates.
The purpose of this work is to study the e�ect of

irradiation-induced defects introduced by helium ion ir-
radiation on dependences of impedance Z of diodes on
frequency f of alternate current.

2. Experimental technique

The diodes were manufactured on the uniformly phos-
phorous doped single-crystalline silicon wafers with re-
sistivity of 90 Ω cm and the 460 µm thickness. The p+-
type anode region was formed by boron ion implanta-
tion. The active area of the p+�n-junction was 4.41 mm2.
The p+�n-junction was located at xj ≈ 3 µm. This
agrees with the results of boron di�usion simulation.
The calculated distribution pro�le of the di�erence
|NA −ND| is shown in the inset of Fig. 1 (curve 1). Be-
ing estimated from the measurements of the capacitance�
voltage characteristics, a double electrical layer thickness
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Fig. 1. Dielectric loss tangent tan δ as a function of
reverse bias voltage Ur for the virgin diodes (1), and
for those irradiated with helium ions with the energies
4.1 MeV (2), 6.8 MeV (3) and 8.9 MeV (4). The irra-
diation �uence is 1011 cm−2. Inset: distribution pro�le
of the di�erence |NA −ND| of the concentrations of ac-
ceptors and donors (curve 1) and distribution pro�les
of primary vacancies introduced by helium ion irradia-
tion with the �uence of 1011 cm−2 and the energy of
4.1 MeV (curve 2), 6.8 MeV (3) and 8.9 MeV (4).

of the p+�n-junction (space charge region) in the as-
manufactured diodes was found to be ≈4.5 µm at room
temperature and U = 0. The contacts were formed by Al
sputtering (contact thickness to p+-region was 1.5 µm).

The diodes were irradiated with helium ions from the
p+-region side. Ion energy was 4.1, 6.8, and 8.9 MeV.
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The calculated distribution pro�les of primary vacancies
formed due to helium ion irradiation are shown in the
inset of Fig. 1. The distance δ between the boundary of
space charge region and the maximum of concentration
of primary vacancies was 9, 19, and 49 µm, respectively.

Measurements of frequency dependences of the real Z ′

and imaginary Z ′′ parts of the impedance Z ′+ iZ ′′ were
performed with the use of an Agilent E4980A LCR-meter
at room temperature in the frequency range from 2 Hz
to 2 MHz. The investigations were carried out for
the diodes irradiated with helium ions with a �uence
of 1011 cm−2.

Deep level transient spectroscopy (DLTS) measure-
ments were made at the frequency of 1 MHz with
the use of a spectrometer CE-6 (OMNITEL, Minsk).
The trap �lling voltage was 0 V, the trap emission voltage
was −10 V. The measurements were performed for diodes
irradiated with helium ions with a �uence of 1010 cm−2.

3. Experimental results and discussion

The DLTS spectra are shown in Fig. 2 for the vir-
gin diodes (1) and for those irradiated with helium ions
(2�4). In the DLTS spectra of virgin diodes two peaks E4
and E5 are observed. These peaks correspond to the trap
levels Ec−(0.45± 0.03) eV and Ec−(0.51± 0.03) eV. Oc-
currence of the peaks in the DLTS spectra of the virgin
diodes can be attributed to technologically introduced
defects during manufacturing of diodes. For the diodes
irradiated with helium ions, the trap energy levels in the
band gap corresponding to the peaks E1, E2, and E3 were
not virtually dependent on irradiation energy and were
Ec−(0.19± 0.02) eV (for E1 peak); Ec−(0.25± 0.02) eV
(for E2) and Ec−(0.40±0.03) eV (for E3). Comparison of
these results with the known data [2�6] allows to assume
that for the E1 peak A-centers are responsible (i.e. the
complexes �oxygen atom�vacancy� � VO(−/0)) and the
complexes �interstitial carbon atom�site carbon atom�

(CiC
(−/0)
s ), and for the E2 peak � divacancies (V

(=/−)
2 ).

Fig. 2. DLTS spectra of virgin diodes (1), and
diodes irradiated with helium ions with the energies
4.1 MeV (curve 2), 6.8 MeV (3) and 8.9 MeV (4). The ir-
radiation �uence is 1010 cm−2.

The E3 peak for the diodes irradiated with helium
with the energies 4.1 and 6.8 MeV is superposition of sig-

nals from the divacancies (V
(−/0)
2 ) and the multi-vacancy

complexes: e.g., a complex of divacancy with oxygen

V2O
(=/−) [7] or trivacancy V

(=/−)
3 [8]. The E3∗ peak

(along with the E3 peak) is also observed in the DLTS
spectra of diodes irradiated with 8.9 MeV helium ions.
We cannot �nd energy level position corresponding to
the E3∗ peak. It should be noted that the E3 peak am-
plitude in the DLTS spectra of diodes irradiated with
4.1 MeV helium ions exceeds essentially the amplitude of
the E3 peak in the spectra of diodes irradiated with 6.8
or 8.9 MeV helium ions.
Figure 1 shows the dielectric loss tangent tan δ as a

function of the reverse bias voltage Ur measured at the
frequency 1 kHz for the virgin diodes (curve 1) and for the
helium irradiated diodes (curves 2�4). There are maxima
in the dependences 2 and 3. The maximum for the diodes
irradiated with 4.1 MeV helium ions (curve 2) is observed
at the voltage Um = −2.9 V, and for 6.8 MeV helium
ions (curve 3) � at the voltage Um = −33.5 V. Non-
monotonic behaviour of tan δ(Ur) is attributed to the
expansion of space charge region into the base. In the
process of capturing of the irradiation damaged layer by
the space charge region, the increases in the generation
currents [9] and in the losses induced by defect recharg-
ing [10] are observed.

Fig. 3. Complex plane plots of the complex elec-
tric module M/C0 for the virgin diodes (1), and for
those irradiated with helium ions with the energies
4.1 MeV (curve 2), 6.8 MeV (3) and 8.9 MeV (4). The ir-
radiation �uence is 1011 cm−2. Inset: frequency de-
pendence of the imaginary part of the complex electric
module.

Figure 3 shows the plots of M∗ in a complex plane
for the virgin diodes (curve 1) and for those diodes ir-
radiated with helium ions with the �uence of 1011 cm−2
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(plots 2�4). The quantityM∗ is proportional to the com-
plex electric module M and is de�ned as M∗ = M/C0 =
ω(−Z ′′+ iZ ′), where C0 is the geometrical capacitance of
a vacuum capacitor having the geometry identical to that
of the examined sample, ω = πf is the angular frequency.
From the point of view of physics, M∗ is the quantity in-
verse to the diode capacity [11]. For short, the quantity
M∗ is further referred to as the complex electric module.
The inset in Fig. 3 shows the dependence of the imagi-
nary part of M∗ = M/C0 (i.e. ωZ ′) on the frequency f
of the alternate current.

In the complex plane plots of complex electric module
for the diodes irradiated with helium ions one can distin-
guish four arcs. The most visible arcs appear in the plots
corresponding to the diodes irradiated with 4.1 MeV he-
lium ions. In Fig. 3 they are designated with the Roman
numbers I, II, II ′ and III. In contrast to the irradi-
ated diodes, in the plot of the virgin diodes one can tell
only two arcs (I and III). The presence of several arcs
in the complex plane plots of complex electric quantities
(impedance, admittance etc.) is a sign pointing to the
presence of several relaxation time constants [11]. In the
case of the absence of irradiation-induced defects, the
equivalent circuit of a silicon diode can be represented
by two serially connected parallel RC-circuits [12]. Thus,
it can be assumed that arcs I and III in the complex
plane plot of complex electric module correspond to the
space charge region and to the diode base.

Arc II in the complex plane plots of all irradiated
diodes is observed equally clearly. While arc II ′ for
the diodes irradiated with 6.8 and 8.9 MeV helium ions
is weakly expressed and virtually coincides with each
other. Also strong di�erence in the frequency range 3�
200 kHz of the dependences ωZ ′(f) for the diodes irra-
diated with 4.1 MeV helium ions from the ones for the
diodes irradiated with 6.8 and 8.9 MeV helium ions is of
signi�cant importance.

At the irradiation �uences of 1011 cm−2 a strong com-
pensation of doping impurity in the base by irradiation-
induced defects is possible [9]. Thus, appearance of arcs
II and II' in the complex plane plots of irradiated diodes
can be attributed to the recharging of the irradiation-
induced defects as well as to the presence of the irra-
diation damaged layer. Nevertheless, as it follows from
the data shown in the inset of Fig. 1, in the vicinity of
the average projective range the local concentration of
the primary vacancies introduced by helium ion irradia-
tion with the energies ranged 4�9 MeV di�ers insigni�-
cantly. The close values of the resistance (800�600 Ω) in
the frequency range 0.4�2 MHz argue that the e�ective-
ness of irradiation-induced defect introduction is almost
the same for the energy values used in the experiment.
On the other hand, in the space charge region the lo-
cal concentration of the primary vacancies of the diodes
irradiated with 4.1 MeV helium ions exceeds the local
concentration for those irradiated with the energies 6.8
and 8.9 MeV nearly by the order of magnitude. Thus, it
can be assumed that arc II in the complex plane plots

of complex electric module is attributed to the e�ect of
the irradiation damaged layer, and arc II' is caused by
the time-lag of recharging of irradiation-induced defects
localized in the space charge region. The DLTS data con-
�rm implicitly this assumption (see Fig. 2). Dielectric
losses of diodes increase exactly in the case (see Fig. 1)
when the space charge region captures the irradiation
damaged region. This agrees also with the results [10, 12]
and can be considered as an additional support for the
stated assumption.

4. Conclusions

It is shown that the mechanism determining the be-
haviour of frequency dependence of complex electric
module and correspondingly that of impedance of diodes
irradiated with helium ions in the frequency region 3�
200 kHz is recharging of vacancy complexes localized in
the space charge region.
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