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Abstract

Deep Level Transient Spectroscopy (DLTS) has been used to study defects formed in bulk silicon after implantation of
8.3 MeV **Si*" 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 x 10'°cm™ 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 E.—0.4 eV. Direct measurements of the electron capture kinetics associated with this trap at E.—
0.4 eV, prior to any annealing do not show an exponential behaviour typical 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 E.~0.56 eV and E.~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 E.—
0.17 eV, present in the sample irradiated with 0.8 MeV neutrons, has been recorded in the self-implanted sample.

Keywords radiation damage, DLTS, vacancy, cluster, microbeam, single ion implantation, IBIC

1. Introduction

A new semiconductor device technology, providing
better radiation 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 hardness 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 utilization
of a broad ion beam requires the investigation of one test
sample 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 advantages of: a) selecting a
particular region of interest on the device, b) a computer
controlled positioning of an ion micro-beam, c)
minimising irradiation area, d) rapid irradiations, i.e.
minimising exposure times and e) single ion
implantation.

The ITon 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 regions 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 implanted 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 threshold for substantial leakage current
increase. Each tested device, either micro-structured or
having simple planar geometry, can be irradiated
multiple times at different positions. The feasibility of
this experimental protocol in the low radiation damage
limit has already been demonstrated for testing and
modelling of detrimental 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
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Fig. 1: Monte-Carlo simulation of the disordered region dense with monovacancies and interstitials following the single 8.3 MeV O ion implantation
of silicon: a) the cumulative projection on a horizontal beam plane of all monovacancies, created by five different ion-projectiles and their recoil
cascades, per unit length of a projectile (VGR); d) The surface contour plot of the VGR distribution generated by random chosen single ion cascade in
material with entry point at (2500,0) nm; b) the enlarged area close to the end of an ion range, and c) the enlarged mid-range area corresponding to the
disordered regions probed by differential DLTS measurement. VGR yields shown by colour bars are expressed in monovacancy per Angstrom units.

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. Vacany-oxygen (VO) pair, double negatively
charge divacancy V,(=/-), and single negatively charge
divacancy V,(-/0) are associated with levels at 0.18, 0.23
and 0.43 eV, respectively [18]. It has been observed that
the divacancy has different behaviour when n-type Si is
irradiated with electrons, neutrons or implanted with
heavy ions [19]. Some studies 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 1) 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
implantation 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 x 10" ecm™) Czohralski-
grown (CZ) silicon crystal wafers with initial resistivities
of 30 Q 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 [-V and C—V measurements 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/q*=120 [21]. The
micro-beam with ion rate 2 x 10" cm™s” was raster
scanned multiple times over the total irradiated area of
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Fig.2. Results of DLTS spectroscopy performed on implanted silicon diodes: a) normalized DLTS spectra obtained by 8.3 MeV Si single ion
implantation (red) and 0.8 MeV neutron irradiation (blue); b) depth profiling of the vacancy-rich surface side of the implant tail (circles) and interstitial-
rich region near the implant peak (squares); c) section of DLTS spectra corresponding to E1 peak formed in the implant tail as function of a duration
time of the filing pulse (t,); d) results of carrier capture cross-section analysis of the El trap showing logarithmic behaviour typical for complex
(cluster) defect structures. Inset in fig.2 (d) shows the exponential dependence of carrier capture cross section typical for point defects.

approximately Imm x Imm to avoid the instantaneous
implantation of the full dose and achieve a more
homogenous ion implantation. The scan area was divided
in 512 x 512 pixels with a dwell time per pixel equal to
500 us, 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 10' cm™® with
negligible error caused by a dead time of DAQ system.
The carousel facility of the 250kW TRIGAMark II
reactor at the Jozef Stefan Institute in Ljubljana was used
for this work. The accumulated fluence of fast neutrons
was 1 x 10 "*cm™. Neutron irradiations were done inside
a cadmium shield to filter out the thermal neutrons which
would cause transmutation of the Si leaving only the fast
neutrons to create damage in the samples.

Deep traps created in silicon were characterized using
deep level 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 reverse bias voltages and filling
pulse amplitudes: 1) -2 —-0.2 V and 2) -5 — -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 extent of disordered region dense
with vacancies and interstitials following 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 10" cm™.
The cumulative decrease 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 implanted sample (Si:Si) and neutron irradiated
sample (n:Si) measured 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 maxima 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 EO to E3
in the following text. Activation energies of electron
emission for the EO to E3 traps have been determined



from Arrhenius plots of T >—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 measured for two different voltage settings (as
described in the previous 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 V,(=/-) and vacancy-oxygen
(VO) pair have not been detected at all in our DLTS
measurement of the Si:Si sample. It has been reported in
the literature that the intensity of V,(=/—) and VO is
suppressed in heavy ion irradiated Si [25-27], but a
complete lack of V,(=/-) 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 V,(=/-) 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 [16, 24, 28, 29], we assign the EO trap
to vacancy-oxygen (VO) defect and the E1 trap to the
(di)vacancy-related defect. As we have used the low
phosphorous—doped silicon (doping at about 1-2 x 10
cm’™), the vacancy-phosphorous (VP) pair contribution to
the overall E1 concetration calculated to be in the 10'
cm” range is neglected [30].

In some studies [24], E1 defect has been ascribed to the
single acceptor state of divacancy. However, recent
studies [18, 19] have revealed more complex structure of
those defects. Fleming et al [19] have shown an unusual
bistability of the divacancy-related defect in neutron, ion
and high—energy electron damaged silicon. In their work,
E4-ES5 defects with energies at around 0.43 eV came
from the most dominant single acceptor state of
divacancy and its low-temperature shoulder. The
discrepancy between intensities of two acceptor states of
divacany, and the broadening of the single acceptor state
of divacancy has been detected only after neutron and
ion irradiation [18].

In order to get more information regarding the nature of
(di)vacancy-related defect, the El trap, capture cross
section measurements were performed. Fig.2 (c) shows
the variation of the DLTS spectra originating from El
state, dominantly created at the mid-range of
implantation depth, sampled with increasing duration
time of filling pulses. The most significant and well-
documented difference between extended defects and
point-like defects involves the logarithmic capture
kinetics associated with extended defects. Such kinetics
results from the Coulomb interaction between a charge
carrier just being captured and other charges already
captured at the defects [31]. Although sharpness of the
DLTS peak corresponding to El traps is typical for
point-like defects, Fig.2 (b), the capture cross section

measurements have revealed a different nature for El
trap. The fact that we have not observed any low-
temperature broadening goes aginst the model which
directly implies that, due to the lattice strain, the shallow
state of the divacancy is not filled, as the strain
introduces broadening [32].

Fig.2 (d) shows the resulting E1 trap concentration (Nt)
as a function of the filling pulse duration. It is clear that
filling time for the E1 trap increases and saturation is not
observed. Moreover, the El trap clearly follows a
logarithmic function of the filling pulse duration. At
extended defects such as clusters and/or dislocations, a
local space charge region that may affect charge capture
is generated. In the model explained elsewhere [33], the
capture kinetics is described by a time-dependent
function for Coulomb potential, which reflects the
number of charges captured at the extended defects.
Therefore, the capture cross section becomes dependent
upon the amount of charge already captured.

The displacement damage modelling of the implant tail
region show increased vacancy density in disordered
regions approximately 100 nm wide around individual
ion—recoil cascades. Those regions have a high density
of defects, mostly divacancy cluster-related defects.
Although, according to our DLTS measurements inside
those highly disordered regions only one mode of the
divacancy exists (i.e. V(-/0)), it is possible that the
existence of V,(=/-) state is completely suppressed, due
to the charge compensation model [26]. The
concentration of V, traps in the disordered region
exceeds the doping concentration. The single acceptor
state of divacancy, V,(-/0), is being filled up during the
filling pulse in the DLTS measurements because of the
carrier diffusion into the disordered region. As a result,
the supply of free electrons is exhausted even before the
occupancy of the V,(—/0) trap reaches a saturation, Fig.2
(d), and the occupancy of the shallower V, (=/-) states is
negligible, giving no response during DLTS
measurement. Taking into account all results and
simulations, we can assign the El trap to the closely
spaced divacancies which are formed directly from the
nearest neighbour monovacancies originating from the
single ion impact cascade.

We shall now briefly return to Fig.2 (b) and DLTS
spectrum with the voltage settings sampling the
interstitial-rich region. We have detected two small,
closely spaced broad peaks. The origin of those very
deep defects is not clear. They resemble those reported in
the literature for ion implanted silicon [34]. Benton et al
have used 145 keV—1.2 MeV Si ions to doses of 1x10"
—5x10" cm™ and annealed their samples at 450 — 750
°C and ascribed those defects to intrinsic, cluster—related
defects. Although at the same dose, we have used
substantially higher beam energies (8.3 MeV) and no
annealing has been performed upon implantation.
Privitera et al. [35] demonstrated room-temperature
migration of Si interstitials over several microns beyond
ion implantation depth. Similarly, Larsen et al. [36] in a
study of migration of Si interstitials at room temperature
using a spreading resistance technique, detected dopant
deactivation up to a depth of several microns beyond the
region directly modified by implanted ions. In their



transient spectroscopy studies Giri et al. [37] observed a
newly found level labelled as D1 with the activation
energy in the 0.49-0.56 eV range and an approximate
capture cross section of 1 x 10° cm? in as—implanted
samples. Similarly to our results, they also observed
moderate energy broadening of D1 peak. The sensitivity
of the activation energy to ion type and radiation dose
indicates the influence of changes in the environment of
the defect in the damaged layer. The cluster binding
energy is known to change with the size of clusters [38]
and this might be reflected in the activation energy of the
associated defect. Moreover, it has been reported that the
photoluminescence line, W, due to very small interstitial
silicon cluster, is present in the interstitial-rich region of
ion implanted silicon, before any annealing [39].
Therefore it appears reasonable to conclude that E2 and
E3, which lie deep in the gap, are interstitial clusters—
related defects. However, further detailed studies are
needed in order to fully understand the behaviour of
interstitial-related clusters.

4. Conclusions

A depth profiling of partly damaged silicon layer
implanted with scanned 8.3 MeV Si ion microbeam has
been performed by means of DLTS measurements at two
different voltage settings, in order to distinguish defects
which are created in the vacancy-rich and interstitial—
rich regions. DLTS analysis of the vacancy-rich region
in self-implanted silicon reveals a formation of the
vacancy-related defect(s) with activation energy at E.—
0.4 eV. Direct measurement of the electron capture
kinetics associated with these states, prior to any
annealing, doesn’t show the exponential behaviour
typical for simple point defects. The logarithmic capture
kinetics is in accordance with the theory of majority
carrier capture at extended or cluster-related defects. Our
DLTS results suggest that small clusters of V, (-/0)
defects with activation energy close to E.~0.4 eV are
created in the highly disordered regions of silicon before
any annealing. Complete suppression of the VO and
V,(=/-) states in DLTS results is interpreted according to
the model of local compensation of the carrier
concentration in highly disordered regions located within
the ion cascade region.
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