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Abstract. The investigation is focused on the simulation of the I-V characteristics of Si
p*-n-n* diodes irradiated with medium-energy “’Ar ions whose range is less than the detector
thickness. The characteristics were simulated by considering the distribution of the current
generating defects related to the profile of primary vacancies with a sharply rising density at the
end of the ion track, which was defined by using the TRIM software. The defects involved in
the simulation were two radiation-induced acceptors, the one positioned at £ -0.42 eV and
the other in the lower half of the bandgap at £, — 0.65 eV, responsible for the bulk current
generation and the electric field distribution, respectively. With the adjusted characteristics of
the defects, I-V characteristics in the fluence range (1-4)x10° cm? demonstrated a quantitative
agreement with the experimental curves and a strict proportionality of the maximum current
to the fluence. The electric field evolution with ion fluence was calculated and discussed as
information complementary to the I-V data.
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AnHoOTanug. PaboTta mocBsImeHa MOACIMPOBAHUIO TEHEpPaIlMOHHOTO TOKa KPEMHMEBBIX
JIIETEeKTOPOB, OOJTYyUYeHHBIX MOHAMU “’Ar cpemHell sHepTHeil, (POPMUPYIOIINX B CTPYKTYpE MK
bparra. IIpomeMoHCTpUpOBaHB MOACIMPOBAHWE paCIIpeAcICHUS ITIePBUYHBIX OS(PEKTOB B
cpene TRIM, pacnpenelieHus] 3JEKTPUUECKOTrO TIOJS TIPU Pa3iUYHBIX J03aX OOJYYeHUs, a
TaKKe CpaBHEHME DKCIIEPMMEHTAIbHBIX BOJbT-aMIIEPHBIX XapaKTepUCTUK M ITOCTPOCHHBIX Ha
OCHOBE MOJeJMpOBaHus. B KayecTBe OCHOBHI IS PACYETOB IPUHSTA JBYXYPOBHEBAsI MOJEb
TeHepalnn

KmoueBbie cioBa: neheKThl, KpeMHUEBBIE IETEKTOPLI, O0JIy4YeHNE MOHAMMU, paauallMOHHAas
CTOMKOCTb, CUMYJISIIIUSI TOKA
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Introduction

Silicon detectors are currently a central element of the largest detection systems in accelerator
complexes such as Large Hadron Collider, CERN, and GSI, Darmstadt. One of the main features
of such facilities is the huge energy of accelerated particles, reaching hundreds of GeV. Under
these conditions, particles traverse the total detector depth and create a uniform defect distribution
throughout the device, and the detector properties in the entire bulk degrade uniformly. The model
of Si detector degradation with uniformly damaged volume was developed in many studies and
successfully applied for an explanation of the detector radiation degradation under the influence
of light particles of high energies [1].

Nuclear physics where the study of exotic ions is one of the focuses of interest, is also exploiting
the beams of larger and larger intensity. A specific feature of such experiments is that the ranges
of the ion mass and the energy are wide enough, and thus detected ions can pass through the
detectors creating an almost uniformly distributed damage in the detector bulk or stop inside it.
The results of recent study on the comparison of radiation effects of high-energy protons and “°Ar
ions on Si detectors [2] demonstrated the applicability of the parameterization of the irradiated
silicon properties, namely, the introduction rates of radiation-induced defects, by using scaling
coefficients, and thus extend them for the modeling of heavy ion effects on Si detectors.

In the case of short-range ions (the range is less than the detector thickness), another important
issue arises. The rate of energy loss increases with the energy reduction, and thus at the ion
stopping point the primary defect density might be up to several orders of magnitude larger than at
the beginning of the ion range, thus forming the Bragg peak. This adds to the detector degradation
a new factor, a vastly non-uniform distribution of radiation defects along the ion paths.

The impact of the Bragg peak region (BPR) on the electrical characteristics has already been
observed in the recent study of Si diodes irradiated with short-range ions [3]. In the current
work, this line of investigation is continued and focused on the practical issue, the analysis of
I-V characteristics of p*-n-n* diodes irradiated with medium energy *Ar ions forming the BPR
in the silicon bulk. The goal of the work is to propose parameterization of the silicon properties,
which allows calculating 1-V characteristics of irradiated diodes. For this, simulations of the I-V
characteristics and the distribution of the electric field across the diode depth x, E(x), were carried
out. The obtained results can be considered as a first step in the physics of radiation degradation
of Si detector exposed to short-range ion irradiation.

Experimental

The samples were processed on the n-type Czochralski silicon wafer with a resistivity of 60 Qcm,
which allows precise profiling the effective space charge concentration N . in the damaged region
by increasing the range of bias voltage needed for its depletion. The diodé thickness and the pt-n
junction area were 300 um and 23 mm?, respectively. All samples contained a guard rings structure
surrounding the p* contact and stabilizing I-V characteristics of the diodes. Three samples were
irradiated with 53.4 MeV “Ar ions to the fluences ®1 = 1x10°, ®2 = 2x10° and ®3 = 4x10° cm™2.

The I-V measurements were carried out at room temperature (R7) in the voltage range
0—100 V using Keithley 487 picoammeter with the diode guard ring grounded. The dependences
of the bulk current on voltage after irradiation and beneficial annealing of the samples are shown
in Fig. 1, a. The shapes of the characteristics are similar for all fluences.

Simulations of primary defect distribution using TRIM

The distribution of primary defects in silicon irradiated with 53.4 MeV “Ar ions was calculated
by using Transport of Ions in Matter (TRIM) software [4]. Fig. 1, b shows the amount of primary
vacancies N (x) defined as their number generated in the layer at the depth x over a length of 1 A
per 1 ion and distributed across the ion range r of about 15 um.

© Muruna [1.J0., Bepounikas E.M., ®aneeBa H.H., Epemun U.B., 2023. U3natenn: Cankr-IlerepOyprekuii moJuTeXHUYECKU A
yHuBepcuret I[lerpa Benaukoro.
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Fig. 1. Experimental I-V characteristics of Si diode irradiated with 53.4 MeV “Ar ions vs (@) primary
defect distribution in silicon irradiated with 53.4 MeV “Ar ions calculated by using TRIM (b)

Obviously, subsequent interactions of the vacancies with the target atoms, the contaminations
and with each other cannot be determined using simulations in TRIM, but it can be assumed that
some fraction of the vacancies will contribute to the formation of electrically active defects with
deep energy levels acting as the current generation centers and/or the levels responsible for the
electric field distribution in the depleted region in the reverse biased diode.

Simulation of I-V characteristics and E(x) profiles along the track of short-range “°Ar ions

In the I-V characteristics the current shows a gradual and then a sharp rise (the latter identified
with the BPR), and the following tendency to the current saturation at ¥ about 10 V. This value
is related to the depletion of the damaged region: the higher the fluence, the higher the saturated
current.

Given the capabilities of the program used for simulating the electrical characteristics of
p+-n-n* Si diodes described in [5], the N, dependence on the coordinate x normal to the diode
surface was tabulated within the ion range. Accordingly, the concentration of electrically active
defects affecting the diode 1-V characteristics was assumed to be proportional to the concentration
N, The proportionality coefficient K was an adjustable parameter, the same along the entire ion
tracks, but individual for a particular type of defects.

An approach to describing the characteristics of radiation-induced defects was similar to that
previously used to analyze the degradation processes in Si detectors irradiated with high- energy
protons, in which the set of numerous electrically active radiation defects was replaced by a
minimal number of effective defects with adjustable parameters [6]. Each of them is associated
with a certain process, which enables an independent fit to the diode characteristics.

In the modeling the I-V characteristics of diodes irradiated with short-range particles, the
parametrization of radiation effects should take into account the following factors:

-the rate of thermal generation of electrons and holes in the depleted region and its
nonuniformity over the thickness of the diode in accordance with a vacancy profile taken from
the TRIM data,

- compensation of positive charge of shallow impurities (phosphorus shallow donors in the
n-type silicon) by negatively charged acceptors induced by ions, which determines the distribution
of the electric field in the diode.

In the study, these processes were described by introducing into the model two effective
acceptor energy levels, one of which, DAI, determined the rate of the current generation in
the depleted region of the structure, while the second, DA2, compensated shallow donors, thus
forming the distribution of the electric field.

The DA1 was considered as the acceptor acting as an electron trap positioned at £, - 0.42 eV.
This energy level does not affect the space charge concentration since it is located in the upper
half of the bandgap and remains electrically neutral in the electric field region. The rate of the
current generation via this energy level is determined by the activation energy £ — 0.42 = 0.7 eV
(where Eg is the silicon bandgap equal to 1.12 eV at RT). The second acceptor DA2 is the effective
energy level located in the lower half of the bandgap at £, - 0.65 eV and capable of compensating
the charge of shallow donors; thereby it determines the electric field distribution in the diode. It
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should be noted that both levels, DAl and DA2, are current generation centers since they have
close activation energies of 0.7 and 0.65 eV, respectively; however, their concentrations are rather
different. The parameters of the levels are the electron and hole capture cross-sections set to be
the same and equal to 1x10" cm?.

The experimental I-V characteristics and simulated curves are compared in Fig. 2. Qualitative
agreement is observed for all fluences. It should be noted that the common feature of the current
rise shape is the decrease in voltage at which the rate of the rise with the bias is maximal. This
indicates that the material in the LDR becomes more compensated with increasing dose, which
results in a lower depletion voltage of the whole damaged region. The maximum agreement between
the calculated and the experimental curves is observed for the diode irradiated to ®3. Therefore,
the deviations of the current rise profile with voltage for lower fluences should be attributed to
the impact of the p*-n junction periphery on the current rather than to the factors related to the
mechanisms of the silicon bulk deterioration under irradiation. The same applies to the slow increase
in current observed in all I-V characteristics after depletion of the entire damaged region, which
can be related to the surface properties of the structure. All simulated I-V characteristics show a
smoother transition from the current rise to its saturation than the experimental ones. The reason
may be the channeling of some fraction of impinging ions, which blurs the border of the damaged
region and increases the width of the BPR, creating a damaged layer at a depth greater than r,
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Fig.2. Comparison of the simulated and experimental I-V characteristics of irradiated

Figures 3, a and b show the simulated distributions of the effective acceptor concentrations over
the depth of the damaged layer, along with the concentration of shallow donors N, = 7x10" cm.
The DAl and DA2 distributions correspond to the introduction coefficients K, = 0.4 and
K,,, = 0.007 per vacancy obtained from the fitting and are presented for the minimum and
maximum fluences. At ® = 4x10° cm2, the concentration of DA2 exceeds the concentration of

shallow donors in the most of the Bragg peak region (13-15 um), i.e., this bulk is overcompensated.
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Fig. 3. Simulated distributions of the DA1 and DA2 concentrations in irradiated diodes. ® (cm™):
1x10° (a) and 4x10° (b). For comparison, concentration of shallow donors is shown
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The important data obtained as a result of the I-V characteristics simulation are shown in
Fig. 4, which presents the distribution of the electric field E(x) in the diodes at various bias
voltages. The E(x) profiles in Fig. 4, a correspond to the minimum ®@. In this case, according
to Fig. 3, a, the DA2 concentration is below the concentration of shallow donors even at the
Bragg peak maximum, and the arising structure can be considered as a p*-n junction in silicon
with a nonuniform negative concentration N, = abs(N;, — N, ). Accordingly, the width of the
depleted region increases gradually when propagating into the damaged region. A feature of the
E(x) profile in the region of the Bragg peak is that after its depletion, the electric field gradient
increases (Fig. 4, a) and corresponds to the concentration of donors in the nonirradiated silicon.
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Fig.4. Distribution of the electric field across the diode thickness. ® (cm?2): @) 1x10°, and b) 4x10°

At the maximum fluence, the appearance of a built-in field in the range 0—5 V is clearly visible
at both sides of the border between the BPR and a nondamaged region (Fig. 4, b). At higher bias,
the electric field region is propagating outside the BPR, starting from a depth x = 15 um, and at
V=10 V the BPR is fully depleted. Such a change in the electric field with increasing voltage is
a direct consequence of the silicon overcompensation by the DA2 acceptors inside a part of the
damaged region and the appearance of a narrow region of the p-type silicon forming an internal
p-n junction at the BPR border with a nonirradiated silicon bulk. However, since this feature is
associated with the DA2 defect, whose concentration is less than that of the DA, it does not
affect the linear rise of the bulk current vs. fluence.

Calculations show that further increase in fluence leads to the qualitative changes in the shapes
of I-V characteristics, which requires separate experiments and is beyond the scope of the present
study.

Conclusion

The performed simulation of I-V characteristics of the diodes irradiated with short-range
40Ar ions showed that they can be described by two acceptors: an acceptor in the upper half of
the bandgap E.— 0.42 eV and an acceptor in the lower half at £, — 0.65 eV responsible for the
bulk current generation and the electric field distribution, respectively. The proposed system of
defects allows proportional scaling of the current in Si diodes irradiated with ions in the range
@ < 4x10° cm2, which does not yield a significant excess of the induced acceptor concentration
over the concentration of initial shallow donors in the raw n-type Si. This value is apparently the
threshold fluence above which the current vs. fluence proportionality might be disturbed. The
developed approach and the proposed parameterization of the concentration of acceptors induced
by radiation allows their application to predict the impact of any short-range ions basing on the
primary defect profile obtained via a program like TRIM.
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