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3.2. Defect formation

Fig. 7 shows a qualitative example of a final
constellation of di- and tri-vacancies. The total

numbers of the defects indicated in the plot should
not be compared with any NIEL scaling because
the statistical fluctuations are overwhelmingly
large. Also the depth of the projections should be
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Fig. 4. Spatial distribution of vacancies created by a 50 keV Si-ion in silicon. The inset shows the transverse projection of the same
event.
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in Ref. 30 that the L center could be related to the V3O
defect.

It should be noted that our results on the annealing behav-
ior of the traps assigned by us to the V3 and V3O defects are
fully consistent with the results on the annealing behavior of
V3 obtained in ESR studies29 and on the formation of the
V3O center obtained in a recent infrared-absorption study.31

It is also worth mentioning that according to our preliminary
DLTS results on the electron-irradiated n+-p diodes and ab
initio modeling, both the V3 and V3O centers also give rise to
two donor levels in the lower part of the gap.

IV. AB INITIO MODELING RESULTS

While multivacancy centers may be regarded as the re-
moval of adjoining Si atoms !see Fig. 6"a#$, a rather different
approach was proposed in the calculations of Makhov and
Lewis3 who showed that three self-interstitials could deco-
rate all 12 dangling bonds in V6 resulting in a low-energy
fourfold coordinated V3 complex !see Fig. 6"b#$. We have
also investigated several structures for V3 and particular at-
tention was paid to the most stable forms, namely, the PHR
V3 made up of three neighboring vacant sites with C2v sym-

metry, V3"C2v# shown in Fig. 6"a#, and the fourfold coordi-
nated form with D3 symmetry, V3"D3# shown in Fig. 6"b#. In
line with Ref. 3, we found that neutral diamagnetic V3"D3# is
0.50 eV more stable than diamagnetic V3"C2v# and also 0.23
eV more stable than paramagnetic spin-1 V3"C2v#. After add-
ing and removing electrons to the system, V3"D3# turns to be
metastable by 1.19, 0.43, 0.05, and 0.50 eV for double plus,
plus, minus, and double minus charge states, respectively,
where V3"C2v# stands now as the ground state. We have in-
vestigated the electronic structure of these complexes by in-
spection of the one-electron levels shown in Fig. 6"e#. It is
found that the long and twisted bonds in V3"D3# give rise to
states close to the band edges as in amorphous silicon,
whereas silicon radicals in V3"C2v# lead to much deeper
states around midgap. Let us first look in detail at the latter
and more ordinary form of the defect shown in Fig. 6"a#.
V3"C2v# comprises two remote silicon dangling-bond radicals
lying on the "110# symmetry plane of Fig. 6"a#, plus three
long reconstructed Si-Si bonds perpendicular to the same
plane. While the end radicals give rise to b1 and a1 gap states
!Fig. 6"e#$, the reconstructions produce three bonding states
below the valence-band top and corresponding antibonding
states "b2, a2, and b2# in the forbidden gap. As we show in
Fig. 6"e#, the lower b2 level is responsible for the acceptor
activity of the defect. We note that all three Si-Si reconstruc-
tions are very similar and their proximity leads to a strong
electronic coupling between the isosymmetric b2 levels. Con-
sequently, these move away from the a2 state. The electronic
structure of V3"D3# arises from twelve 2.6–2.7 Å long and
twisted Si-Si bonds which hybridize into bonding and anti-
bonding a1 and e gap levels !Fig. 6"e#$. The upper a1 state
has essentially an antibonding character between interstitial
silicon atoms !represented as dark blue balls in Fig. 6"b#$ and
their neighbors at the core of the defect. It has therefore the
right attributes to be responsible for a shallow acceptor trap
such as the E75.

Adding one electron to V3"C2v# gives A"− /0#=−3.48 eV
for its first electron affinity. A similar calculation for V2O
results in A"− /0#=−3.45 eV, i.e., 0.03 eV above the value of
V3. Accordingly, considering that the first acceptor level of
V2O lies at Ec−0.47 eV,9,10 we place the first acceptor level
of V3"C2v# at Ec−0.50 eV. Proceeding to the second electron
affinity, we find that A"= /−#=−2.16 eV for V3"C2v#, which
lies 0.05 eV below the same quantity for V2O. This places
the second acceptor level of V3"C2v# at Ec−0.28 eV. Similar
calculations for V3"D3# result in first and second emission
enthalpies of 0.23 and −0.10 eV. These results indicate that
while V3"C2v# possess first and second acceptor levels close
to E5 and E4, respectively, V3"D3# is only able to trap a
single weakly bound electron, i.e., in agreement with the E75
trap measurements.

It has been previously reported that the marker method
works best when the acceptor "or donor# states from both the
scrutinized defect being studied and the marker have a simi-
lar character, i.e., symmetry and space extent.19 The acceptor
level of the structure shown in Fig. 6"b# arises from an anti-
bonding state on long Si-Si bonds, making the VO complex
with its long Si-Si reconstruction a better marker for this
defect. The Si-Si antibonding state in VO produces an accep-
tor level at Ec−0.17 eV,10,21 and comparing electron affini-

FIG. 6. "Color online# Atomic structures of "a# V3"C2v#, "b#
V3"D3#, "c# V3O"C2v#, and "d# V3O"C1h#. V3"D3# is represented
along the %111& direction, whereas other structures are viewed ap-
proximately along %110&. Silicon, oxygen, and vacancy sites are
represented as gray, red "two-fold coordinated#, and white balls,
respectively. Three Si interstitial atoms in "b# are represented as
dark blue balls. In "e#, we depict the one-electron picture for all four
defects of interest obtained from the Kohn-Sham states within the
valence-band "VB# and conduction-band "CB# edges "band gap of
the cluster is Eg=2.4 eV#. Spin-up and spin-down occupied states
are represented as left- and right-hand circles, respectively.
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in Ref. 30 that the L center could be related to the V3O
defect.

It should be noted that our results on the annealing behav-
ior of the traps assigned by us to the V3 and V3O defects are
fully consistent with the results on the annealing behavior of
V3 obtained in ESR studies29 and on the formation of the
V3O center obtained in a recent infrared-absorption study.31

It is also worth mentioning that according to our preliminary
DLTS results on the electron-irradiated n+-p diodes and ab
initio modeling, both the V3 and V3O centers also give rise to
two donor levels in the lower part of the gap.

IV. AB INITIO MODELING RESULTS

While multivacancy centers may be regarded as the re-
moval of adjoining Si atoms !see Fig. 6"a#$, a rather different
approach was proposed in the calculations of Makhov and
Lewis3 who showed that three self-interstitials could deco-
rate all 12 dangling bonds in V6 resulting in a low-energy
fourfold coordinated V3 complex !see Fig. 6"b#$. We have
also investigated several structures for V3 and particular at-
tention was paid to the most stable forms, namely, the PHR
V3 made up of three neighboring vacant sites with C2v sym-

metry, V3"C2v# shown in Fig. 6"a#, and the fourfold coordi-
nated form with D3 symmetry, V3"D3# shown in Fig. 6"b#. In
line with Ref. 3, we found that neutral diamagnetic V3"D3# is
0.50 eV more stable than diamagnetic V3"C2v# and also 0.23
eV more stable than paramagnetic spin-1 V3"C2v#. After add-
ing and removing electrons to the system, V3"D3# turns to be
metastable by 1.19, 0.43, 0.05, and 0.50 eV for double plus,
plus, minus, and double minus charge states, respectively,
where V3"C2v# stands now as the ground state. We have in-
vestigated the electronic structure of these complexes by in-
spection of the one-electron levels shown in Fig. 6"e#. It is
found that the long and twisted bonds in V3"D3# give rise to
states close to the band edges as in amorphous silicon,
whereas silicon radicals in V3"C2v# lead to much deeper
states around midgap. Let us first look in detail at the latter
and more ordinary form of the defect shown in Fig. 6"a#.
V3"C2v# comprises two remote silicon dangling-bond radicals
lying on the "110# symmetry plane of Fig. 6"a#, plus three
long reconstructed Si-Si bonds perpendicular to the same
plane. While the end radicals give rise to b1 and a1 gap states
!Fig. 6"e#$, the reconstructions produce three bonding states
below the valence-band top and corresponding antibonding
states "b2, a2, and b2# in the forbidden gap. As we show in
Fig. 6"e#, the lower b2 level is responsible for the acceptor
activity of the defect. We note that all three Si-Si reconstruc-
tions are very similar and their proximity leads to a strong
electronic coupling between the isosymmetric b2 levels. Con-
sequently, these move away from the a2 state. The electronic
structure of V3"D3# arises from twelve 2.6–2.7 Å long and
twisted Si-Si bonds which hybridize into bonding and anti-
bonding a1 and e gap levels !Fig. 6"e#$. The upper a1 state
has essentially an antibonding character between interstitial
silicon atoms !represented as dark blue balls in Fig. 6"b#$ and
their neighbors at the core of the defect. It has therefore the
right attributes to be responsible for a shallow acceptor trap
such as the E75.

Adding one electron to V3"C2v# gives A"− /0#=−3.48 eV
for its first electron affinity. A similar calculation for V2O
results in A"− /0#=−3.45 eV, i.e., 0.03 eV above the value of
V3. Accordingly, considering that the first acceptor level of
V2O lies at Ec−0.47 eV,9,10 we place the first acceptor level
of V3"C2v# at Ec−0.50 eV. Proceeding to the second electron
affinity, we find that A"= /−#=−2.16 eV for V3"C2v#, which
lies 0.05 eV below the same quantity for V2O. This places
the second acceptor level of V3"C2v# at Ec−0.28 eV. Similar
calculations for V3"D3# result in first and second emission
enthalpies of 0.23 and −0.10 eV. These results indicate that
while V3"C2v# possess first and second acceptor levels close
to E5 and E4, respectively, V3"D3# is only able to trap a
single weakly bound electron, i.e., in agreement with the E75
trap measurements.

It has been previously reported that the marker method
works best when the acceptor "or donor# states from both the
scrutinized defect being studied and the marker have a simi-
lar character, i.e., symmetry and space extent.19 The acceptor
level of the structure shown in Fig. 6"b# arises from an anti-
bonding state on long Si-Si bonds, making the VO complex
with its long Si-Si reconstruction a better marker for this
defect. The Si-Si antibonding state in VO produces an accep-
tor level at Ec−0.17 eV,10,21 and comparing electron affini-

FIG. 6. "Color online# Atomic structures of "a# V3"C2v#, "b#
V3"D3#, "c# V3O"C2v#, and "d# V3O"C1h#. V3"D3# is represented
along the %111& direction, whereas other structures are viewed ap-
proximately along %110&. Silicon, oxygen, and vacancy sites are
represented as gray, red "two-fold coordinated#, and white balls,
respectively. Three Si interstitial atoms in "b# are represented as
dark blue balls. In "e#, we depict the one-electron picture for all four
defects of interest obtained from the Kohn-Sham states within the
valence-band "VB# and conduction-band "CB# edges "band gap of
the cluster is Eg=2.4 eV#. Spin-up and spin-down occupied states
are represented as left- and right-hand circles, respectively.
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Method (IV)  diode irradiated to 1014 cm-2 

The shape of the Q(t) changes with voltage: 
It increases with time for lower voltages 
It has the shape similar as non-irradiated sample for very high voltages 

The reason for the increase is the de-trapping of the charge trapped 
during the drift (note that at low voltages a lot of charge is trapped) 

T=25oC 
-410 V 

Charge trapped by many traps 

5/24/2011 G. Kramberger, 18th RD50 Workshop, Liverpool, May, 2011 !"
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Determination of the traps 

Short component can only be established reliably up to 0oC: 
20% of the de-trapping amplitude (trapped charge) 
longer time constants and smaller amount of trapped charge make determination very unreliable 

The introduction rate for the defect responsible for short component should be around 0.1 cm-1 (to explain 
trapping times/amount of trapped charge) 
Contrary introduction rates should be very high ~100 cm-1 for the defect responsible for long component? 
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