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We investigate the impact of isovalent (in particular lead (Pb)) doping on the production and thermal
stability of the vacancy-related (VO) and the interstitial-related (C;O; and C;C,) pairs in 2 MeV
electron irradiated Si samples. We compare the Cz-Si samples with high and low carbon
concentration, as well as with Pb-C and Ge-C codoped samples. Using Fourier Transform Infrared
Spectroscopy (FTIR), we first determine that under the examined conditions the production of VO
decreases with the increase of the covalent radius of the prevalent dopant. Moreover, the production
of the VO, C;0;, and C;C; pairs is quite suppressed in Pb-doped Si. In addition, we conclude to an
enhanced trapping of both C; and C; by Pb impurity under irradiation. The results are further
discussed in view of density functional theory calculations. The relative thermodynamic stability of
carbon and interstitial related complexes was estimated through the calculations of binding energies
of possible defect pairs. This allows to investigate the preferred trapping of vacancies in Pb-doped
samples and interstitials in the Ge-doped samples. The different behavior is revealed by considering
the analysis of the ratio of vacancy-related to interstitial-related clusters derived from the
FTIR measurements. The presence of PbV complexes is confirmed due to the mentioned analysis.

© 2013 American Institute of Physics. [http://dx.doi.org/10.1063/1.4795510]

. INTRODUCTION

Si and its alloys are mainstream materials used in a range
of microelectronic and photovoltaic applications. Nevertheless,
the understanding of numerous defect-dopant associations,
which can affect its properties are still not well established.'
These can become very important considering that the dimen-
sions of devices are a few nanometers with atomic effects
becoming more important. Oxygen (O) and carbon (C) are im-
portant impurities in Si, whereas their tendency to associate
with intrinsic defects and other impurities leads to numerous
clusters that in turn affect the properties of Si.>?

Infrared spectroscopy (IR) has been used extensively to
study the production and annealing behavior of defects in
irradiated Si. Localized vibrational modes (LVM) bands
from oxygen-related and carbon-related clusters in Si have
been identified and attributed to particular structures. It is
established that oxygen associates with vacancies and carbon
with self-interstitials (I). A band at 830cm ' has been
assigned®” to the neutral charge state of the VO pairs, which
is the main oxygen-related cluster in Si. The main carbon-
related pairs are the C;O; and the C;C,. At least six LVM
bands have been assigned” to the C;O; pair, among them the
strongest is that at ~860 cm ™. For high irradiation fluencies,
the C;O; pair can associate with self-interstitials and two
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bands at 940 cm™' and 1024 cm ™' have been correlated with
the C;Oil cluster.” The metastable C;C, defect gives more rise
to more than ten IR band. Five of them have been correlated
with the A configuration of the defect and another six IR bands
with the B configuration of the defect.® Although the bands are
very weak and can be observed only at liquid helium (He) tem-
peratures, a band at 544 cm ™' can be detected’ at room temper-
ature in carbon-rich Si. Notably, VO, C0;, and C;C pairs
introduce deep levels in the energy gap of Si, and therefore,
affect its electrical properties. More specifically VO and C;O;
complexes are thought to act as recombination centers™ in Si
leading to a severe degradation of devices. For C;C,, however,
recent research on Si lasers has shown'” that the introduction of
this pair can be used to obtain optical gain and stimulated emis-
sion that in turn enhance the performance of Si-based devices.

The isovalent doping of Si is an established point defect
engineering strategy. In previous studies,''™'* we have inves-
tigated the effect of Ge doping to radiation harden Si. In par-
ticular, it was determined that the production of the VO,
C,0;, and C;C, is generally enhanced'' by the presence of
Ge. Additionally, the thermal stability of the VO pair was
found to be reduced'? although that of the C;O; and C;C,
pairs is practically unaffected'? by Ge. Finally, the percent-
age of VO defects that are converted to VO, defects is
reduced'’ by the presence of Ge.

Considering the case of Pb doping, the picture is less
clear. It was determined from electrical measurements'>'®
that the production of the VO and C;C; pairs is suppressed in
Pb-doped Si, although there are no related reports about the

© 2013 American Institute of Physics
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C;0; pair. Moreover to the best of our knowledge, there are
no reports regarding the impact of Pb on the thermal stability
of the oxygen-vacancy and carbon-related pairs. Similarly,
there are no reports regarding the effect of Pb on the conver-
sion ratio of the VO to the VO, defect.

Notably, Pb has a larger covalent radius than that of Si
inducing strains in the lattice which can be compensated by
the introduction of C, which has a smaller covalent radius
than that of Si. In fact, the codoping of Pb and C in Si has
been used as a technique to stabilize Pb atoms at substitu-
tional sites and suppress any Pb precipitation.'>'” Although
there is indirect evidence'>'® for the interaction between Pb
and C atoms, nevertheless any signal from PbC related com-
plexes has not been detected so far. In general, the introduc-
tion of strain fields in the lattice either with the application
of external pressure or with the introduction of isovalent
impurities with a larger covalent radius can impact the equi-
librium concentrations and defect processes (e.g., diffusion)
of intrinsic point defects.'®2° On the other hand, carbon
itself is also an isovalent impurity effectively providing in-
ternal local tensile strain to the silicon lattice. Concerning
the effect of carbon to the formation of the VO pair, we note
that the exact role of carbon is not definitely established so
far in the literature. For instance, there are reports stating
that VO formation is not affected®' by the carbon presence,
although other reports have concluded that the carbon pres-
ence enhances®> the VO formation.

As it was mentioned above, some species that are pres-
ent in the samples could remain undetected with an estab-
lished experimental technique such as IR spectroscopy. This
is because the signal from these defects is either too weak or
shadowed by other defect complexes. Nevertheless, there is
a possibility to investigate thermodynamic and kinetic fea-
tures of the defects and their complexes on the atomic scale
using first principles calculations as recently reviewed in
Ref. 23. For instance, this is the case for PbV complex in Pb-
doped silicon. PbV complex was predicted to be stable via
ab initio calculations in a recent paper,”® however, its LVM
bands have not been identified so far.

The scope of the present contribution is two-fold. First,
we investigate the effect of Pb on the production and the
thermal stability of the VO, C;0O;, and C;C pairs, which
allows us to make an assessment of the hardening potential
of Pb on these pairs by comparison with the corresponding
effect of Ge doping in Si. Second, in order to determine and
separate the effect of each dopant on defect formation, we
have performed a systematic theoretical study of possible
defect pairs. We considered pairs containing C and one of
the isovalent impurities (Ge, Sn, Pb) or self-interstitials

J. Appl. Phys. 113, 113506 (2013)

which were further studied from a thermodynamic point of
view. Such a combined analysis strengthens the possibility
to obtain a general picture of the processes in bulk silicon
codoped with C and Pb/Ge after irradiation.

Il. METHODOLOGY
A. Experimental methodology

We used mainly two groups of Si samples containing
carbon, one Ge-doped (labeled CCz-Si:Ge) and the other one
Pb-doped (labeled CCz-Si:Pb). The Ge and Pb concentra-
tions were measured by secondary ion mass spectroscopy
(SIMS). The oxygen (1106cm™") and carbon (606cm™")
concentrations were calculated using calibration coefficients
of 3.14 x 10" cm ™2 and 1.0 x 10""cm 2, respectively. To
compare and to study the influence of carbon on VO pairs
production, we used another two groups of Si samples con-
taining relatively high and low carbon doping labeled CyCz-
Si and C Cz-Si. All the samples were mechanically polished
and their thickness was ~2mm. It should be noted that the
606 cm ™' band of C; in the spectra overlaps with some other
spectra features. This carbon peak is superimposed in the
spectra by the two-phonon absorption band in Si causing dif-
ficulties in estimating the exact carbon concentration of the
samples. By following a procedure similar to that reported**
previously, we calculated the Cg concentration of the sam-
ples. The values cited in Table I are similar to the corre-
sponding values given by the provider with an error of less
than 2% for the CyCz-Si sample, 2% for C Cz-Si sample,
and ~6% for the CCz-Si:Ge and CCz-Si:Pb samples.

The samples were irradiated with 2 MeV electrons at
about ~80 °C, with a fluence of 1 %10 cm~2. Their Ge,
Pb, O, and C; concentrations together with other information
regarding the radiation-induced defects VO, C;0;, C;Cq, and
C;O;I are given in Tables I and II. Following the irradiation,
all the samples were subjected to 20-min isochronal anneals
in open furnaces in ~10 °C steps up to about 400 °C. After
each annealing step, the IR spectra were taken at room tem-
perature by means of a Fourier Transform Infrared (FTIR)
spectrometer (JASCO-470Plus) to monitor the thermal evo-
lution of the defects.

B. Theoretical methodology

The BigDFT* code was used to perform density func-
tional theory (DFT) calculations within Generalized
Gradient Approximation (GGA) using the Perdew-Burke-
Ernzerhof (PBE) functional.?® This code is using a wavelet
basis-set and is very attractive for dealing with complex and

TABLE I. The concentrations of Ge and Pb ([Ge] and [Pb]) and the concentrations of O; and C before irradiation ([O;], and [C;],) and after irradiation ([O;],;.

and [Cil.j).

Sample name [Oilo cm ™ [Oilas. cm”? [Cdlo cm”? [Cqlai cm™? [Ge] cm™? [Pb] cm™?
CyCz-Si 9.3 x 107 9 x 10" 22 x 10'6 13.2 x 10'¢

C.Cz-Si 9.5 x 10" 9.1 x 10" 5% 10" <2 x 10"

CCz-Si:Ge 5.2 x 107 4.3 x 10" 4.4 x 10'° <10' 4 % 10"
CCz-Si:Pb 2.1 x 1077 1.5 x 10" 19 x 10'¢ <10'® - 1 x 10"
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TABLE II. The production of the VO, C;O; and C;C; pairs for the various samples. The “C;D” column presents the expected but not detectable carbon related
defects concentrations Ry, presents the calculated ratio of vacancy-related pairs (VO) to interstitial-related detected clusters (C;0;, CiCs, CiOil). Ryj1 ext
presents the extended ratio of vacancy-related pairs (VO) with respect to all expected interstitial-related defects.

VOx10"®cm™ C,0;x10" cm™? CCex10" ¢cm ™3 C0iIx10" ¢cm—? CD, or C;x10'% cm ™3 Ry Ry ext
CyCz-Si 6.06 5.72 0.036 0.456 0 0.98 0.98
CCz-Si 5.8 3 0.02 0.23
CCz-Si:Ge 4.94 2.53 0.029 0.494 0.18 1.62 1.53
CCz-Si:Pb 3.31 1.87 0.016 0.304 8 1.51 0.33

inhomogeneous systems due to the adaptivity of the basis-
set. Moreover, the basis-set has high convergence properties
and the code can run on massively parallel or hybrid archi-
tectures.”>?’ A simple cubic supercell of 216 atoms was
used to construct the defected structures with periodic
boundary conditions (PBC). The calculation parameters
were chosen in accordance to those reported previously since
they have proven to give converged results for vacancy dif-
fusion in similar Si supercells.”® Core electrons were treated
within the norm-conserving pseudo-potential approximation
using the Hartwigsen-Goedeker-Hutter family.’ The wave-
let basis-set accuracy in PBC is given by the grid step size
which has been chosen to be 0.4423 Bohr in the three space
directions. This value provides variations in formation ener-
gies of oxygen related defects in silicon within 20 meV,
while the oxygen pseudopotential is harder than all other
dopants we introduced (C, Si, Ge, and Pb). Finally, I"-point
alone was used for Brillouin zone integration since the size
of the supercell ensures enough convergence for formation
and migration energies of defects in silicon.>® For this work,
we have calculated the binding energies, E;, of the defects of
interest as E,=FE4 + Eg — E4,p with E4 and Ep being the
formation energy of the former isolated defects A and B, and
E . p is the energy of the defect complex. The isolated defect
has been calculated in separate Si supercell. Energies already
present in references have also been recalculated here for
consistency and comparison of obtained results.

lll. RESULTS AND DISCUSSION

Figures 1(a)-1(d) show the IR spectra of the CCz-Si:Ge,
CCz-Si:Pb, CyCz-Si, and the C; Cz-Si samples, respectively,
recorded prior and after irradiation. Bands at 830cm ™'
(VO), at 862cm™ ' (C;0y), at 546cm ™" (C,C,) as well as the
pair of bands at 936, 1020 cm ! related to the (C;O;]) are
present as expected in all the samples. Note that the
546cm ! band is weak and any contribution from the C;O;
defect was not detected. Figures 2(a)-2(c) present the ther-
mal evolution of the VO, C;O;, and C;C; pairs, respectively.
For the CCz-Si:Ge sample, the spectral range below
600cm ™" is very noisy and the 546cm ™" band is obscured
by this noise. Consequently, the thermal evolution of the
band cannot be monitored properly. The band disappears
above ~300 °C but its decay cannot be followed and there-
fore it is not presented in Fig. 2(c).

Fig. 2 and the results in Tables I and II represent the pro-
duction of VO, C;0;, C;C,, and C;OI pairs in the Pb-doped
and Ge-doped Si sample as well as in the samples with high

and low carbon concentration. It is important to note that the
initial concentrations of oxygen and carbon are not the same
in the samples used. Carbon and oxygen concentrations are
expected to affect the introduction rates of the vacancy- and
the interstitial-related secondary radiation induced defects.
The lower observed concentration of carbon in the Ge-doped
sample makes direct comparisons of dopant effect on the VO
production difficult as it has been already reported that car-
bon concentration has a strong effect in Ge-doped samples."'
Nevertheless, we will show that conclusions can be derived
from a study of the relative concentration of the various
defect clusters made of carbon and vacancy/interstitials. We
shall interpret the results depicted in Fig. 2 by mainly explor-
ing the role of isovalent dopants present in the Si lattice.
Exploring the obtained IR data, one notices the decrease in
production of Frenkel pairs with the increase of the radius of
the isovalent dopant. This effect is in line with the oversized
dopant-induced Frenkel pair production reduction already
proposed previously.”® To progress further in this analysis,
we will now quantify how the produced vacancies and inter-
stitials are trapped with respect to the isovalent impurity.

We start our analysis with the reference sample that con-
tains high concentration of C:CyCz-Si. The concentrations
of the detected oxygen and carbon-related complexes are
reported in Table II. Upon irradiation most of the vacancies,
that survive annihilation with self-interstitials, are captured
by oxygen atoms to form VO pairs. In a first approximation,
if one does not take into account that some of the produced
vacancies pair together to form divacancies, the concentra-
tion of VO defects could be taken as a measure of the vacan-
cies concentration. On the other hand, self-interstitials that
survive annihilation with vacancies in the course of irradia-
tion are captured by carbon substitutional atoms converting
them to carbon interstitials (C;). The latter are very mobile at
room temperature and interact promptly with O; and Cs to
form C;0;, C;C,, and C;O;1 defects. When the oxygen con-
centration is larger than that of carbon like for the reference
sample, the concentration of the C;O; defects is dominating
and corresponds to more than 90% of the detected
interstitial-related defects. By inspection of the results in
Table II and particularly the ratio of vacancy related defects
to interstitial related defects (Ry/), one can immediately see
a value of almost 1 indicating that all the created Frenkel
pairs had been bound with the oxygen and carbon impurities,
respectively, to form the four identified clusters. Such a good
balance indicates clearly that indeed all the important va-
cancy and interstitial-related clusters have been taken into
account for the reference CCz-Si sample.
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FIG. 1. IR absorption spectra of the (a) CCz-Si:Ge, (b) CCz-Si:Pb, (c) C;Cz-Si, and (d) C; Cz-Si samples prior and after electron irradiation.

Regarding now the sample containing low concentration
of C: C.Cz-Si, concentrations of all detected complexes are
also presented in Table II. It is likely that all the defect com-
plexes of this high purity sample were detected during the
irradiation course. The comparison of the two only with car-
bon doped samples CyCz-Si and C; Cz-Si allows us to con-
clude, that doping with lower covalent radius leads to higher
VO pairs production under the same irradiation conditions.
This point will be further discussed in view of DFT results.
In the case of the Ge and Pb-doped samples, the concentra-
tion of the C;O; defects is substantially lower than that of the
VO defects (see Table II) suggesting that isovalent dopants
play a key role in the reduction of the detected defect clus-
ters. Interestingly, the Ry, is over-balanced for both Ge and
Pb. This result is puzzling as it indicates the same kind of
behavior for both samples, although dopant interactions with
vacancies and interstitials are different. Since some vacancy-
and interstitial-related defects might not be detected by FTIR
it seems reasonable to consider theoretical calculations in
order to identify possible missing complexes.

To begin with, we consider vacancy-related defects in Ge
and Pb doped samples. Both Ge and Pb are isovalent impur-
ities in Si with a covalent radius larger than that of Si.
Therefore, both these oversized isovalent dopants introduce
local strains in the Si lattice, which can be relieved by the
association with vacancies. For Ge-doped Si, the formation of

the GeV pair has been previously reported®'** in low temper-

ature irradiated Si. GeV is stable up to about 200 K and then
dissociates effectively liberating the trapped V. Although it is
expected theoretically, the formation of PbV pairs has not
been observed experimentally yet.”® The thermodynamic sta-
bility of defect clusters can be estimated through their binding
energies. The lower is the value of the binding energy the
stronger is the association between the defects. The corre-
sponding binding energies of the VO and GeV pairs are found
to be 1.53 eV and 0.27 eV, respectively. These values are con-
sistent with previous results®*>* indicating that when an O
and a Ge compete for a V the formation of the VO pair will
be prevalent. For Pb-doped Si, the tendency of Pb to associate
with vacancies is larger than that of Ge, due to its considerable
higher covalent radius, leading to a larger reduction of VO
pairs. Indeed, previous DFT calculations indicate that the PbV
pair has a binding energy of 1.37 eV.* This implies that Pb
will compete more effectively for the available V than Ge
and, therefore, it will have a more significant impact on the
reduction of the concentration of VO pairs.

The situation is less clear in the case of interstitial-related
defects. To further clarify this point, we have calculated using
DFT the binding energy of possible defects including carbon
and/or dopant and/or interstitial silicon, the dopant being an
element of the IVth column (C, Ge, Sn, Pb). Three types have
been considered in the following: (i) the carbon substitutional/
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FIG. 2. The production of the (a) VO, (b) C;O;, and (c) C;C; pairs for the
CyuCz-Si, C.Cz-Si, CCz-Si:Ge, and CCz-Si:Pb samples.

dopant substitutional complex C,Dj, (ii) the carbon interstitial/
dopant substitutional complex C;Ds, and (iii) the dopant sub-
stitutional/silicon interstitial complex Dl.

For the C Dy pairs, the binding energy has been calcu-
lated up to the fourth nearest neighbour (Fig. 3). From this,
we first can claim that C,C; pair is unlikely to form in isova-
lent doped silicon samples as the binding energy is always
negative and as low as —1.5eV for the first neighboring Ci.
For the C,Ge, pair, the binding energy is always close to

J. Appl. Phys. 113, 113506 (2013)

I C
0 Gell
3 Sn
[ Pb

Ebind, eV

i i i i i
1 2 3 4 inf
number of bonds between Cs and Ds

FIG. 3. Binding energies for C,D, complexes depending on the distance
between the components of the defect. The C,C, defect was found to be
unfavored, whereas Pb and Sn form the stable complexes with carbon as a
first neighbour with the formation energy around 0.3 eV. The Ge,C; complex
is shown to have a binding energy close to zero.

zero. However, Pb and Sn represent positive binding ener-
gies with a maximum absolute value of about 0.3eV when
Pb, and Sny are the first neighbors of a Cs.

For the C;Dy pair, the binding energy has been calcu-
lated only when the interstitial is first neighbor of the Di.
The choice of reference is not straightforward as the most
stable orientation of the interstitial Si and over-sized impur-
ities is the (110) configuration while it is the (100) for car-
bon. Notably, the choice of the reference will only change
the absolute value of the series but not the difference
between the four impurities. Using the (100) silicon intersti-
tial as a reference, we found a binding energy of 1.34eV for
the C,C; (see Fig. 4). This strong binding energy is in the
line with the formation of such a complex in our samples.
For C;Ge,, the resulting binding energy is found to be
0.46eV. And as for the C;D; complex, Pb and Sn have the
same behavior and a positive binding energy of 0.3 eV.

a E,, eV b
1.34—— CiCs [110] plane
Cc
0.46 —— CiGes
0.31-1_ cipbs
0.28 — CiSng [011] plane
0-+4-

impurity in site 1

FIG. 4. (a) Binding energies for C;Dg complexes. C;C; is the most stable
configuration with binding energy of 1.34eV (b) ID defect scheme, front
view (c) ID, defect scheme, side view. The site 2 is another possible position
of Dy as the first nearest neighbor of C;, but these configurations are less sta-
ble for all the tested elements.
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For the DI pair, the binding energy has been calculated
also only for the first nearest neighbor configurations. Taking
as a reference the (110) silicon interstitial, the binding
energy for the Dyl pairs is found to be close to zero or
slightly negative for all studied complexes except C,l that is
bound by 0.87 eV. This pair is expected to further transform
to C; with an energy gain of 1.44eV. This energy will be
called from now on as the binding energy of C;, correspond-
ing to the association from separated Cg and I. The geome-
tries of these two defects are represented in Figs. 5(a) and
5(b). The reconstruction could be performed through the car-
bon migration as indicated by arrows on Fig. 5(a) (not calcu-
lated). However, as the theoretical study of kinetic properties
is out of the scope of the present study, the corresponding
migration barriers have not been calculated. From the above
DFT results, it is clear that C; is the strongest trap for self-
interstitials. This is in agreement with previous experimental
findings on this issue® and references therein.

The positive binding energies of the defect clusters are
listed in Table III. In order to estimate the value of the mini-
mal binding energy to form the stable defect at irradiation
temperature of 80 °C, the mass action law can be considered.
For large binding energies £, > 0.3 eV, the complex forma-
tion is controlled entirely by the pairing kinetics that is out
of the scope of present study. Therefore, we will consider
these complexes as favorable ones. For E; smaller than

(@) <110> plane

(b) <110> plane

FIG. 5. The configuration schemes of (a) C,I and (b) C; defects. CJl is Cg
combined with (110) split self-interstitial and C; is (100) split mixed C-Si
interstitial. The probable reconfiguration path from CI to C; is denoted with
arrows on (a).
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TABLE III. The calculated binding energies of the most stable defect
complexes.

Complex Eb, eV
C,Pb, 0.33
GG, 1.34
C;Ge, 0.46
C;Pby 0.31
C,I 0.87
Dumb bell C; 1.44
PbV 1.37
GeV 0.27

0.3 eV the dissociation, and hence a precise value of Ey, is
essential. This is the case for GeV defect pairs in Table III.
This defect cannot be formed at all at 80 °C due to the low
equilibrium ratios of GeV and V. Consequently, this com-
plex may be considered as transient during the irradiation
flow. Based on these precepts, the following analysis of
defect clustering has been performed.

From the values presented in Table III, it is evident that Cg
tends to interact with I as well as with C;. Regarding the effect
of carbon doping on the VO production, high carbon contami-
nation can affect VO production rate through the capturing of
self-interstitials and preserving them from annihilation with
vacancies during the irradiation flow. This is also supported
with experiment as the detected VO concentration in a low car-
bon doped sample is reduced in comparison with the reference
sample with high carbon concentration (Table II).

One can compare the binding energies of Table III, which
correspond to clusters containing the same dopant. If one com-
pares the clusters containing Pb, it can be seen that Pb forms
complexes with vacancies. On the contrary, the Ge atom binds
with interstitial carbon with the energy gain of 0.46¢eV.

To investigate further the possible clustering within our
codoped samples, we analyze the carbon distribution before
and after irradiation. The data are reported in Table IV. In the
case of the CyCz-Si and the Ge-doped sample, the situation is
rather clear as about 90% of the initial substitutional carbon is
dispatched between substitutional carbon and the three carbon
interstitial related clusters. But for the Pb-doped sample, only
16.9% of the initial substitutional carbon is detected after irra-
diation. Following our DFT results summarized in Table III,
we can infer that the missing carbon can be distributed
between C;Pb,, C,Pb,, and C; defects which are undetected
clusters. The concentration of the lost carbon matches a value
as high as 16 x 10'°cm >, thus changing drastically the bal-
ance of the Ry,. As an example, if we consider half of the
missing carbon atoms to be involved in the undetected
interstitial-related clusters, C;Pb, or dumbbell C;, the resulting
extended value of ratio of vacancy- to interstitial-related
defects (Ry,_ext) reduces from the measured value of 1.51 to a
suggested value of 0.33. The same analysis applied in the case
of the Ge-doped sample only changes slightly the Ry ex
from measured 1.62 down to 1.53 (Table II).

The opposite behavior in the balance of Ry, o between
Ge and Pb doped samples is consistent with their DFT-derived
binding energies. Indeed, for the dopant-V pairs, there is a
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TABLE IV. Carbon related defects before and after irradiation.

J. Appl. Phys. 113, 113506 (2013)

Coox10em™  CO;x10"%em™  CiCx10"%em™  CGOIx100em™  Cx10'em™  YCupx10em™  Coo— 3 Copx 10 cm ™
CuCz-Si 22 5.72 0.036 0.456 13.2 19.45 2.6 (11.6%)
CCz-Si:Ge 4.4 253 0.029 0.494 1 4.08 0.3 (7.3%)
CCz-Si:Pb 19 1.87 0.016 0.304 1 3.21 15.8 (83.1%)

stronger binding energy for the PbV than the GeV pairs.
Moreover, the DFT calculations have illustrated that the situa-
tion is opposite in the case of interstitial related defects as the
binding energy of the interstitial with a Ge atom is stronger
than that with a Pb atom.

Importantly, the unbalance of Ry, ¢« clearly indicates
that either vacancy- (for Ry o < 1) or interstitial-related
(for Ry/_ext > 1) defects are missing in the FTIR analysis. In
other words, vacancy-related defects in the case of Pb-doped
and interstitial-related in the case of Ge-doped are trapped
by the corresponding impurity in the sample.

Taking into account that the binding of PbV is very sta-
ble, we can assume that the current observation of vacancy
loss is an experimental evidence of the PbV presence in Pb
doped sample.

In other words, our theoretical results allow us to claim,
that Pb and C codoping of crystalline silicon leads to the
reduction of VO pairs due to the trapping of V by Pb during
the irradiation with high energy electrons. On the other hand,
Pb can trap both C; and C; species in order to form com-
plexes during the course of irradiation as revealed by the
positive binding energies of C,Pbg and C;Pb, pairs of 0.33 eV
and 0.31 eV, respectively. Such behavior would explain the
experimentally reported carbon leakage. As vacancies and
carbon interstitials are the fast diffusing species, these com-
plexes can be formed by following reactions:

PbV + C; — PbCs; Pb + Ci — PbCi; PbCi + V — PbCs.

Notably, the balance between vacancies and interstitials
is a very informative tool to study defect complexes forma-
tion in irradiated material. Moreover, the balance of the im-
purity species before and after irradiation is an important
indicator of the processes that occurred. Such kind of bal-
ance analysis together with calculations from the first princi-
ples allows to investigate the complex behavior of defects
and impurities as well as their fundamental properties in the
material.

According to the theoretical and experimental results, it is
evident that the role of isovalent dopants on the production of
vacancy- and interstitial-related defect complexes is of high

TABLE V. Relative trapping forces of I and V by isovalent dopants (C, Ge,
Sn, and Pb) and O. «—» indicates unstable complexes, «+» indicates stable
ones.

C Ge Sn Pb (0]
\Y% — ++ +++ -+ ++++
1 ++++ ++ - - -

importance. In addition, each dopant interacts with vacancies
and interstitial in its own way depending on its covalent radius.
The relative strength of such interactions is derived from DFT
and presented in Table V. It can be concluded that the smaller
the covalent radius is, the higher is the binding energy with
interstitials and vice versa vacancies bind stronger with higher
covalent radius dopants. Of special interest is the Ge doped
case where we have medium values for both I and V. Such a
case would be very sensitive to the dopant concentrations as it
was shown previously in Ref. 11. Other elements show more
straightforward tendencies. C doping will lead to the increase
of VO complexes due to the trapping of interstitials by carbon
impurities. Whereas in Pb and Sn doping case, the concentra-
tion of VO pairs should decrease due to the trapping of some
vacancies by dopant elements. The situation becomes more
complicated in the codoped case, when relative concentration
and interactions between codopants play a crucial role.

The discussion above concerns the thermodynamic
aspects of the problem. Further, we will briefly consider the
kinetic features of the examined complexes. Previously, we
argued that the absence of an inverse annealing stage of the
VO in the Pb doped sample indicates the PbV stability above
the temperature where VO pairs begin to transform to VO,
(300 °C).** Indeed the absence of an inverse annealing stage
indicates that this complex is stable in the whole observed
temperature range. Moreover, this could explain the increas-
ing of the VO, clusters at 450 °C as was reported recently.>
This might happen due to the dissociation of PbV and further
reaction with free V with O, (V 4+ O, — VO,).

IV. CONCLUSIONS

The present results verify that the formation of the VO,
the C;0;, and the C;C, pairs is substantially reduced in the
Pb-doped Si as compared to the reference sample. Regarding
the thermal evolution of the above pairs, their annealing tem-
perature is clearly lower in the case of the Pb-doped Si. To
conclude, Pb doping can be used to improve the radiation
hardness of Si. The different behaviour is revealed by analy-
sis of the ratio of vacancy-related to interstitial-related
defects derived from the FTIR measurements. The vacancy
trapping by the lead impurity is a further evidence of the
presence of the inferred PbV pair.* The interstitial trapping
by Ge dopants is in line with the proposed mechanism of in-
terstitial release in such Ge-doped samples.'**> Concerning
carbon, our DFT calculations prove that it is the strongest
trap for the interstitials leading to an increase of the VO con-
centration with the increase of C concentration. Moreover,
we observe an enhanced-capture of both C; and C by Pb im-
purity under irradiation.
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