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Diodes manufactured on the wafers of single-crystalline silicon uniformly doped with phosphorus are studied.
The wafer resistivity was 90 Ω cm. Xenon ions were implanted into the diodes from the side of the p+-region
(implantation energy 170 MeV, �uence Φ from 5×107 to 109 cm−2). It is shown that the formation of a continuous
irradiation damaged layer with the thickness of the order of magnitude of the average projective range creates
prerequisites for the negative di�erential resistance in the current�voltage characteristics of the irradiated diodes.
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1. Introduction

It is known that the presence of point defects with deep
energy levels within the energy gap of high-resistance ma-
terials can lead to the S-shaped current�voltage (I�V )
characteristics with a section of the negative di�erential
resistance [1]. The features of such current�voltage char-
acteristics are determined both by the space charge lim-
ited current and by double injection of the charge carri-
ers (both electrons and holes) [2, 3]. During irradiation
of silicon diodes with high energy heavy ions a region
of high concentration of the irradiation-induced defects
is formed along the ion trajectory. This region can be
tentatively considered as a �track� due to its parameters
di�ering signi�cantly from those of unimplanted semi-
conductor material [4, 5]. Foremost, this fact is related
to the free charge carrier concentration that can be con-
siderably lower in the track region due to compensation
of the irradiation-induced defects by the dopant impu-
rity. Thus, the formation of a section associated with
the negative di�erential resistance in the current�voltage
characteristics of irradiated diodes is expected.
The purpose of this paper is to study the silicon p+�n-

-diodes irradiated with the high energy xenon ions and
to determine the possibility for appearance of the nega-
tive di�erential resistance section in the current�voltage
characteristics.

2. Experimental technique

The diodes under study were manufactured on the
uniformly phosphorous doped single-crystalline silicon
wafers with the resistivity of 90 Ω cm and the thickness of
460 µm. The p+-type anode region was formed by boron
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ion implantation. The active area of the p+�n-junction
was 4.41 mm2. From an analysis of chemical etching of
the spherical metallographic section, the location of the
p+�n-junction was found at xj = 3.5 µm. The calculated
distribution pro�le of the di�erence |NA −ND| is shown
in Fig. 1 (curve 1). The space charge region thickness
of the p+�n-junction in the as-manufactured diodes was
found to be ≈ 4.5 µm. The contacts were formed by Al
(1.5 µm) sputtering.

Fig. 1. Calculated distribution pro�les: the di�erence
|NA −ND| in acceptor and donor concentrations in the
initial diode (curve 1) and primary vacancies formed by
irradiation of diode with 170 MeV xenon ions (curve 2).
The irradiation �uence Φ = 108 cm−2.

The diodes were irradiated with xenon ions having the
energy of 170 MeV. Implantation was performed from
the side of the p+-region. The irradiation �uence Φ was
5 × 107, 108, 109 cm−2. Computational results for the
distribution pro�le of the primary vacancies formed due
to xenon irradiation with the �uence of 108 cm−2 are
shown in Fig. 1 (curve 2).
Dependences of the forward current If through the

diodes on the voltage Uf were measured in the current
generator mode, while those of the reverse current Ir on
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the voltage Ur � in the voltage generator mode. An
HP 4156B semiconductor parameter analyzer was used
in measurements of I�V -characteristics. Measurements
of the real Z ′ and imaginary Z ′′ parts of the impedance
Z = Z ′ + iZ ′′ with respect to the frequency f were per-
formed with the use of an Agilent E4980A LCR-meter at
room temperature.

3. Experimental results and discussion

Figure 2 shows the current�voltage characteristics both
for the initial diode and for those irradiated with 170 MeV
xenon ions with the �uences of 5 × 107, 108, 109 cm−2.
Contrary to the diodes irradiated with the �uences of
5× 107 and 108 cm−2, in the current�voltage character-
istics of the diode irradiated with the �uence of 109 cm−2

the section associated with negative di�erential resis-
tance is clearly observed.

Fig. 2. Current�voltage characteristics of diodes. Ir-
radiation �uences are indicated in the �gure. The in-
set shows in a double logarithmic scale the section of
the current�voltage characteristic of the diode irradi-
ated with xenon ions with the �uence of 109 cm−2.

The appearance of the negative di�erential resistance
section only at Φ = 109 cm−2 may point to a threshold
nature of changes in the current�voltage characteristics
of the diodes with an increase in the irradiation �uence.
In this case the most probable cause of such a signif-
icant change in the current�voltage characteristics can
be the formation of an irradiation damaged layer in sil-
icon when the regions of the irradiation-induced defects
formed along the ion pass trajectory (track regions) are
merging.
The formation of an irradiation damaged layer in the

diodes irradiated with xenon ions with the �uence of
109 cm−2 may be con�rmed by the measurement results
for the frequency dependences of impedance. During the
experimental data analysis it is convenient to use the
quantity M∗ (instead of Z) that is proportional to the
complex electric module M and is de�ned as follows:

M∗ = M/C0 = ω(−Z ′′ + iZ ′), (1)

where C0 is the geometrical capacitance of a vacuum ca-
pacitor having the geometry identical to that of the ex-
amined sample.

Fig. 3. The imaginary part of the complex electric
module as a function of the frequency. The inset shows
plots of the electric module M/C0 in a complex plane.
Values of the irradiation �uences are indicated in the
�gure.

From the point of view of physics, M∗ is the quantity
inverse to the diode capacity [6]. For short, the quantity
M∗ is further referred to as the complex electric module.
The inset in Fig. 3 shows the plots of M∗ in a complex
plane. It is seen that the plot of the complex electric mod-
ule for the diodes irradiated with xenon ions with the �u-
ence of 109 cm−2 di�ers signi�cantly from both the plots
of the initial diodes and those of the diodes irradiated
with the �uences below 109 cm−2. Two arcs in the inset
of Fig. 3 (marked by numbers I and II) have compara-
ble �diameters�. The presence of several arcs in the plots
of complex electric quantities (impedance, admittance,
etc.) indicates the multilayer structure [6]. The changes
observed in the structure of the irradiated diodes can be
distinctly traced in the curves of the imaginary part of
the complex electric module ωZ ′ as a function of the fre-
quency f (see Fig. 3). Only one maximum at f ≈ 45 Hz
can be observed in the dependence ωZ ′(f) for the initial
diodes. Irradiation of the diodes with xenon ions with
the �uence of 5 × 107 cm−2 results in the shift of this
maximum to f ≈ 80 Hz and leads to the saddle point at
the frequencies of about 5 kHz. An increase in the �uence
up to 108 cm−2 is accompanied by a further shift of the
low frequency maximum to f ≈ 150 Hz and by the ap-
pearance of the second maximum at f ≈ 12 kHz. As the
irradiation �uence is increased up to 109 cm−2, the de-
pendence ωZ ′(f) changes drastically: the �rst maximum
is shifted to the region of the frequencies f > 30 kHz
acting only as an additional saddle point in the depen-
dence ωZ ′(f), whereas the second one is observed at the
frequency f ≈ 240 kHz.

The additional indirect evidence for the formation of a
continuous layer with the irradiation-induced defects may
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be derived from the current�voltage characteristics of the
reversely biased diodes. Figure 4 shows the dependences
of the di�erential conductivity G for the initial and the
xenon ion irradiated diodes with respect to the reverse
bias voltage Ur. The dependences are derived by means
of di�erentiation of the reverse current�voltage charac-
teristics. As for the diodes irradiated with the �uences
of 5 × 107, 108 cm−2, the dependences G(Ur) are non-
-monotonic. There is a minimum in the interval of the
reverse bias voltages from 0 to −3 V. As it was shown pre-
viously, for the diodes irradiated with 107 MeV krypton
ions [7] and 130 MeV xenon ions [8], such dependence
G(Ur) is possible under equilibrium conditions (i.e. at
U = 0) when the maximum of the irradiation-induced
defects is located outside the space charge region. There
is no minimum in the dependence G(Ur) of the diode
irradiated with the �uence of 109 cm−2. Under equilib-
rium conditions, this corresponds to the capture of the
major part of the irradiation damaged layer by the space
charge region, which is possible in the case of consider-
able compensation of silicon located in the vicinity of the
boundary of the space charge region.

Fig. 4. The di�erential conductivity of the diodes G as
a function of the reverse voltage Ur for the initial (vir)
diode and for those irradiated with 170 MeV xenon ions.

Thus, we can state that, under irradiation of diodes
with 170 MeV xenon ions with the �uence of 109 cm−2,
the triple-layer structure (heavily doped p+-region � re-
gion of the compensated n−-silicon � n-base) is formed
instead of the double-layer structure (heavily doped p+-
-region � weakly doped n-base). There is a possibil-
ity for double injection into the region of compensated
n−-silicon: holes from the p+-region and electrons from
the n-region. Filling the traps extends the life time of
the nonequilibrium charge carriers, and hence larger cur-
rent values are possible at smaller voltages. It should
be noted that the current�voltage characteristics of the
diodes irradiated with the �uence of 109 cm−2 are deter-
mined not only by e�ects related to the current limitation
by space charge (of the injected free carriers and those
captured by the irradiation-induced defects), but also
by the generation-recombination processes in the space

charge region close to the p+�n-junction. Therefore, the
current�voltage characteristics of the diode can be similar
to that typical of space charge limited current at voltages
greater than the contact potential di�erence. The inset
in Fig. 2 shows (in a double logarithmic scale) the sec-
tion (Uf > 0.5 V) of the current�voltage characteristics
of the diode irradiated with xenon ions with the �uence
of 109 cm−2. Along with the experimental data, the inset
also shows the result of the current�voltage characteris-
tic approximation over the voltage interval from 0.6 to
1.2 V in the form of If ∝ Ua

f , with a ≈ 2.9 ± 0.1. The
experimental and computed data are in good agreement.
The obtained value of a ≈ 2.9± 0.1 is close to three, cor-
responding to the cubic law of current increase, which is
typical of the case of the injection plasma in the high-
-resistance materials [2].

4. Conclusions
It is established that the presence of the section associ-

ated with negative di�erential resistance in the current�
voltage characteristics of the diodes, irradiated with the
high energy xenon ions, is possible provided a contin-
uous irradiation damaged layer is formed. At the ir-
radiation �uence of 109 cm−2, due to compensation of
silicon by the irradiation-induced defects, the p+�n−�n-
-structure is formed. Thus, the injection into n−-Si
of holes from p+-Si and of the electrons from n-Si be-
comes possible, whereas �lling the traps by nonequilib-
rium charge carriers results in the formation of the sec-
tion associated with negative di�erential resistance in the
current�voltage characteristics.
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