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a b s t r a c t

Deep Level Transient Spectroscopy (DLTS) has been used to study defects formed in bulk silicon after
implantation of 8.3 MeV 28Si3+ ions at room temperature. For this study, Schottky diodes prepared from
n-type Czohralski-grown silicon wafers have been implanted in the single ion regime up to fluence value
of 1 � 1010 cm�2 utilizing the scanning focused ion microbeam as implantation tool and the Ion Beam
Induced Current (IBIC) technique for ion counting.

Differential DLTS analysis of the vacancy-rich region in self-implanted silicon reveals a formation of the
broad vacancy-related defect state(s) at Ec �0.4 eV. Direct measurements of the electron capture kinetics
associated with this trap at Ec �0.4 eV, prior to any annealing do not show an exponential behaviour typ-
ical for the simple point-like defects. The logarithmic capture kinetics is in accordance with the theory of
majority carrier capture at extended or cluster-related defects. We have detected formation of two deep
electron traps at Ec �0.56 eV and Ec �0.61 eV in the interstitial-rich region of the self-implanted silicon,
before any annealing. No DLTS signal originating from vacancy-oxygen trap at Ec �0.17 eV, present in the
sample irradiated with 0.8 MeV neutrons, has been recorded in the self-implanted sample.

Crown Copyright � 2014 Published by Elsevier B.V. All rights reserved.

1. Introduction

A new semiconductor device technology, providing better radi-
ation hardness, is required for applications in high-energy physics,
accelerator-based science, aerospace technology, i.e. the research
communities developing and/or using semiconductor devices in
harsh ionising radiation environments [1–5]. Novel devices are
usually a result of complex manufacturing processes and therefore
scarce and highly valuable [6,7]. Defect studies and radiation hard-
ness testing procedures utilizing a low ionizing particle radiation
provided by large accelerators or nuclear reactors usually require
large particle fluences and corresponding long exposure times. A
widely used alternative testing methodology utilizes a MeV ion
beam irradiation to simulate radiation damage created by high
energy neutrons, protons, pions, electrons, etc. With respect to
low ionizing particles, ions having the energy per unit mass in
0.1–1 MeV/u range have the advantage of higher nuclear energy
deposition per particle [8–10], thus creating comparable defect
concentrations required for testing purposes at much lower

fluence values and therefore at corresponding shorter exposure
times. One major disadvantage of this approach is that the utiliza-
tion of a broad ion beam requires the investigation of one test sam-
ple per each desired irradiation condition.

The capability of high-energy heavy-ion microprobes [11,12] to
perform high-flux, high-frequency and high-precision scanning,
compared to conventional ion broad-beam sources, offer advanta-
ges of: (a) selecting a particular region of interest on the device, (b)
a computer controlled positioning of an ion micro-beam, (c) mini-
mising irradiation area, (d) rapid irradiations, i.e. minimising expo-
sure times and (e) single ion implantation.

The Ion Beam Induced Current (IBIC) is a mature and versatile
ion microprobe technique for the characterisation of transport
properties of charge carriers generated by single ions in active re-
gions of semiconducting devices [13,14 and all Refs. therein].

We combine sub-micrometre ion beam sensitivity and IBIC
technique for accurate implantation of desired number of ions in
each pixel in order to create low level radiation damage in complex
geometry patterns in simple planar test devices [15]. Each im-
planted ion dose is monitored in vivo by single ion counting, as well
as the leakage current flowing in the IBIC sensing circuit. The total
accumulated fluence from all irradiated areas is kept below
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threshold for substantial leakage current increase. Each tested de-
vice, either micro-structured or having simple planar geometry,
can be irradiated multiple times at different positions. The feasibil-
ity of this experimental protocol in the low radiation damage limit
has already been demonstrated for testing and modelling of detri-
mental influence of energetic ions on the bulk properties of silicon
[15–17] and diamond [7] used for fabrication of particle detectors.
This protocol overcomes the previously discussed disadvantage of
requiring a large number of test samples for different irradiation
conditions. In order to justify its cost effectiveness in particular
for novel detector radiation hardness testing, a similarity between
defect states created by single heavy ion implantation and neutron
(or high energy proton) irradiation of materials of interest should
be demonstrated.

Vacancy-related defects are the most dominant electrically
active defects in n-type silicon introduced by ion implantation. It
is known that vacancy-related defects introduce three electronic
states in the upper part of the band gap. Vacancy-oxygen (VO) pair,
double negatively charge divacancy V2(=/–), and single negatively
charge divacancy V2(–/0) are associated with levels at 0.18, 0.23
and 0.43 eV, respectively [18]. It has been observed that the diva-
cancy has different behaviour when n-type Si is irradiated with
electrons, neutrons or implanted with heavy ions [19]. Some stud-
ies report on creation of small vacancy and interstitial clusters with
energy levels very close to single acceptor divacancy state energy
[20]. So far our present knowledge on cluster-related defects and
their properties, especially the carrier capture cross section, is very
limited. Moreover, the structure of cluster-related defects and their
influence on the charge carrier capture characteristics is not fully
understood.

The aim of our studies is a better understanding of (i) the nature
of defects created by single heavy ions at MeV energies and (ii) the
influence of these electrically active defects on the charge carrier
transport properties. In particular, the main objectives of this study
are: (1) comparison of defect species created by single ion implan-
tation and fast neutron irradiation (with maxima at 0.8 MeV) and
(2) capture kinetics of created vacancy-related defects in silicon.

2. Experimental

n-Type silicon Schottky diodes were produced on phosphorus-
doped (up to 1–2 � 1014 cm�3) Czohralski-grown (CZ) silicon
crystal wafers with initial resistivities of 30 X cm. The Schottky
barriers were formed by a thermal evaporation of gold at room
temperature through a metal mask with a circular opening of
1 mm in diameter, while Ohmic contacts were formed by a thermal
evaporation of aluminum on the back side of the silicon wafer. The
quality of prepared diodes was characterized by I–V and C–V mea-
surements at RT. The diode design (size, doping and thicknesses)
and irradiation conditions have been optimised for (1) direct single
ion detection utilizing IBIC technique and (2) DLTS analysis of the
implanted samples. The samples were homogenously implanted
by 8.3 MeV Si at the ANSTO heavy ion microprobe capable of
focusing ions with the maximum rigidity of ME/q2 = 120 [21].
The micro-beam with ion rate 2 � 1011 cm�2 s�1 was raster
scanned multiple times over the total irradiated area of approxi-
mately 1 mm � 1 mm to avoid the instantaneous implantation of
the full dose and achieve a more homogenous ion implantation.
The scan area was divided in 512 � 512 pixels with a dwell time
per pixel equal to 500 ls, i.e. on the average 5 ions were implanted
in each pixel before the micro-beam was moved to the next pixel
position. The total fluence was 1010 cm�2 with negligible error
caused by a dead time of DAQ system.

The carousel facility of the 250 kW TRIGAMark II reactor at the
Jozef Stefan Institute in Ljubljana was used for this work. The

accumulated fluence of fast neutrons was 1 � 1012 cm�2. Neutron
irradiations were done inside a cadmium shield to filter out the
thermal neutrons which would cause transmutation of the Si leav-
ing only the fast neutrons to create damage in the samples.

Deep traps created in silicon were characterized using Deep Le-
vel Transient Spectroscopy (DLTS). The DLTS measurements were
performed at temperatures between 80 and 300 K. To distinguish
vacancy related defects which are created along the ion projectile
cascade from defects related to mainly implanted ions and recoils
(interstitials) created at and beyond the end of an ion range, depth
profiling DLTS measurements [22] were performed at different re-
verse bias voltages and filling pulse amplitudes: (1) �2 to �0.2 V
and (2) �5 to �3 V. Eight different rate windows from 0.5 to
50 ms were simultaneously obtained from one temperature scan
in order to determine the DLTS signature of formed defects.

3. Results and discussion

The precise voltage settings required for DLTS experiment were
chosen from the comparison of SRIM [23] simulations for the ex-
tent of disordered region dense with vacancies and interstitials fol-
lowing the single 8.3 MeV O ion implantation in silicon (Fig. 1) and
C–V measurements (not shown). A reverse bias of �2 V with a fill
pulse of �0.2 V sampled the vacancy-rich region corresponding
to the implant tail, Fig. 1(c), while a reverse bias at �5 V with a fill
pulse of �3 V sampled the interstitial-rich region close to implant
peak, Fig. 1(b).

The measured free carrier concentration in the region of interest
of pristine device is of the order of 1014 cm�3. The cumulative de-
crease of the free carrier concentration in the irradiated device
across the whole section from surface to the extent of implantation
range (not shown) is supporting the fact that electron traps are
formed within implantation range.

Fig. 2(a) show normalized DLTS spectra of the silicon ion im-
planted sample (Si:Si) and neutron irradiated sample (n:Si) mea-
sured at bias �5 V and rate window of 50 ms. Two electron traps
with their maxima at about 97 and 188 K have been observed in
the n:Si sample and three electron traps with their DLTS peak max-
ima at about 188, 232 and 258 K in the Si:Si sample for the rate
window of 50 ms. These traps are referred to as E0–E3 in the
following text. Activation energies of electron emission for the
E0–E3 traps have been determined from Arrhenius plots of
T2-corrected electron emission rates as 0.17, 0.40, 0.56, and
0.61 eV, respectively.

Fig. 2(b) show differential DLTS spectra of the Si:Si sample mea-
sured for two different voltage settings (as described in the previ-
ous section) after implantation with no annealing carried out. The
DLTS spectrum with the voltage setting sampling the vacancy-rich
region (circles) resembles those reported in the literature for CZ Si
crystals implanted with Si ions [18,24]. However, some unexpected
features have been observed. A double acceptor state of divacancy
V2(=/–) and vacancy-oxygen (VO) pair have not been detected at
all in our DLTS measurement of the Si:Si sample. It has been re-
ported in the literature that the intensity of V2(=/–) and VO is sup-
pressed in heavy ion irradiated Si [25–27], but a complete lack of
V2(=/–) and VO is a remarkable result. It should be pointed out, that
Monakhov et al. [26] have used 6 MeV Si ions, while we have used
8.3 MeV ions. The suppression of VO and V2(=/–) defects is even
more pronounced for 2 MeV Er ions implanted Si [22] and 46 MeV
I ions implanted Si [25]. Moreover, despite the fact that we have
used high energy ions, the DLTS peak ascribed to E1 defect is very
sharp (typical for point-like defects), and notable, low-temperature
broadening has not been observed as suggested elsewhere [27].

On the basis of a comparison of the measured trap parameters
with the known values for defects induced by ion implantation
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Please cite this article in press as: Ž. Pastuović et al., Generation of vacancy cluster-related defects during single MeV silicon ion implantation of silicon,
Nucl. Instr. Meth. B (2014), http://dx.doi.org/10.1016/j.nimb.2014.02.082

http://dx.doi.org/10.1016/j.nimb.2014.02.082


Download English Version:

https://daneshyari.com/en/article/8041574

Download Persian Version:

https://daneshyari.com/article/8041574

Daneshyari.com

https://daneshyari.com/en/article/8041574
https://daneshyari.com/article/8041574
https://daneshyari.com

