J Mater Sci: Mater Electron (2015) 26:2248-2256
DOI 10.1007/s10854-015-2677-0

Engineering VO, C;0; and C;C; defects in irradiated Si through

Ge and Pb doping

C. A. Londos * T. Angeletos - E. N. Sgourou *
A. Chroneos

Received: 12 November 2014/ Accepted: 5 January 2015/ Published online: 21 January 2015

© Springer Science+Business Media New York 2015

Abstract Carbon and oxygen associated defects such as
VO, C,0; and C;C, are common in electron irradiated sili-
con. Their presence can affect the material and electronic
properties of Si. A way to limit their impact and understand
their behavior is through doping with large isovalent do-
pants. The aim of the present study is to investigate and
compare the effect of Ge and Pb doping on VO, C;O; and
CiCs defects in electron irradiated Si mainly by using
Fourier transform infrared spectroscopy in conjunction
with recent density functional theory calculations. It was
determined that the production of these defects is reduced
by the presence of the isovalent impurity and more sig-
nificantly for Pb doping as compared to Ge doping. Upon
annealing the conversion to secondary defects (in particular
VO to VO, and C;0; to C,0,;) is also affected by the iso-
valent dopants. Interestingly, the conversion ratio ayo./ayo
is reduced with the increase of the isovalent radius,
whereas the acsoni/acio; is enhanced. Theoretical calcula-
tions were used to corroborate these findings.
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1 Introduction

Si remains the principal material for a wide range of
nanoelectronic, sensor and photovoltaic devices [1-5].
Defects processes are very important as the characteristic
dimensions of devices are a few nanometers. The detailed
understanding of many defect processes that can affect
material and devices properties is not well established [6—
10]. Carbon (C) and oxygen (O) impurities are the most
common and important impurities in electron irradiated Si.

FTIR has been used extensively to study the production
and annealing behavior of defects in irradiated Si. Local-
ised Vibrational Modes (LVM) bands arising from oxygen-
related and carbon-related defects in Si have been corre-
lated and attributed to particular defects. The band at
830 cm ™! has been assigned [11, 12] to the neutral charge
state of the VO defect (A-center), which is the archetypal
oxygen-related defect in Si. The C;O; and the C;C; defects
are very important carbon-related defects. At least six
LVM bands have been assigned [13] to the C;O; center
(strongest is at ~ 865 cm™ ). The C;C, defect is metasta-
ble, with five IR bands been correlated with the A con-
figuration of the defect and another six IR bands with the B
configuration of the defect. Although the bands are very
weak and can be seen only at liquid He temperatures [14], a
band at 544 cm ™' can also be detected [15] at room tem-
perature in carbon-rich Si. In essense the latter band
appears to be the superposition of two bands [15, 16] one
related with the C;C, defect and the other with the C;O;
defect. Regarding the C;C, defect, a third configuration has
been identified [17, 18] recently renewing the interest [19]
in the study of carbon-related defects.

Importantly, the VO, the C;O; and the C;C defects
introduce electrical levels [3, 13, 20-22] in the forbidden
gap of Si affecting the quality and the efficiency of Si-
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based devices. This enhances the need to investigate the
properties of these defects with the aim to suppress their
negative impact on the output of devices and to control
their behavior. Isovalent doping is one of the techniques
used to this end.

From a theoretical perspective recent studies employing
density functional theory (DFT) have been used to inves-
tigate the structure and properties of oxygen and carbon
related defects in Si [23-25]. DFT is a valuable tool to
investigate the electronic structure and defect processes of
defects in Si. For example, studies on oversized dopant
atoms (Sn or Pb) in Si are in excellent agreement with
experiment in the suppresion of the formation of VO
defects [24].

In this study (among the isovalent dopants Ge, Sn and
Pb) we decided to investigate and compare the effect of Ge
and Pb doping in RT irradiated Cz-Si containing equal
concentrations of carbon. Notably, both Ge and Pb do not
introduce energy levels related to radiation-induced defects
in the forbidden gap of Si in contrast to Sn. Regarding
vacancies, Sn produces SnV pairs, which survive up to
150 °C. However, Ge produces GeV pairs which do not
survive RT and Pb in all indications produces PbV pairs,
although any signal from this defect has not been detected
so far. On the other hand, in the case of carbon contained
Sn-doped Cz-Si, SnC related defects are produced which
introduce levels in the gap that have a negative effect in the
radiation tolerance of Si material. In the case of Ge doping
any GeC related defects have not been reported and in the
case of Pb doping although there are indications for the
existence of PbC related defects any definite assignment
has not been made so far. Importantly, in Pb-doped Si
carbon is usually introduced as a co-dopant. Carbon has a
smaller (than Si) covalent radius and it is introduced in
order to relieve strains in the lattice induced by Pb due to
its larger (than Si) covalent radius. Also carbon retains Pb
at substitutional sites avoiding the formation of Pb pre-
cipitates. Thus for comparison purposes we also use in this
study C-containing Ge-doped Si, with carbon in approxi-
mately the same concentration as in Pb-doped Si, in order
to compare the exact difference between Pb and Ge doping.
Remarkably, a radiation-induced level in Cz-Si at E.
—0.37 eV is avoided [26] in Pb-doped Si. This is an
additional benefit of Pb doping that one has to consider in
manufacturing a radiation hard material. It is also known
[27] that Pb increases the carrier’s lifetime in Si. As a result
the optoelectronic properties of Si are improving, leading
to an enhancement of the performance of polycrystalline Si
for applications in solar cells. Ge-doped Si is also used in
photovoltaic industry to enhance the conversion efficiency
of solar cells [28, 29]. Thus it is of technological interest to
gather all the relevant information about the impact of the
two dopants on the behaviour of radiation defects.

In the present study we compare the impact of the iso-
valent impurities Ge and Pb on the production and con-
version to secondary defects of VO, C;O; and C;C, defects
in electron irradiated Si. Additionally, we calculate the
induced strains and discuss their impact on the defect
energetics. The results are discussed in view of recent
computational and theoretical findings.

2 Methodology

We used three samples cut from prepolished Czochralski Si
(Cz-Si) wafers. One group of Cz-Si samples contained
carbon (labeled CCz-Si), another one contained Ge and C
(labeled CCz-Si:Ge) and another one contained Pb and C
(labeled CCz-Si:Pb). The Ge and Pb concentrations of the
samples were determined using secondary ion mass spec-
trometry (SIMS) and their values were given by the pro-
vider of the samples. The carbon (606 cm™") and oxygen
(1,106 cmfl) concentrations were calculated by infrared
spectroscopy using calibration coefficients 1.0 x 10"
ecm 2 and 3.14 x 10" cm™?, respectively. The carbon
concentration of all the samples was of the same order. The
C, O, Ge and Pb concentrations are given in Table 1. The
samples were irradiated with 2 MeV electrons with a flu-
ence of 1 x 10'® cm™? at about 80 °C, using the Dynam-
itron accelerator at Takasaki-JAERI (Japan). After the
irradiation, all the samples were subjected to isochronal
anneals up to 600 °C in open furnaces in steps of 10 °C and
20 min duration. After each annealing step, the IR spectra
were recorded at room temperature by means of a Fourier
Transform Infrared spectrometer (JASCO-470 plus) with a
resolution of 1cm™'. The two phonon background
absorption was subtracted from each spectrum by using a
float-zone sample of equal thickness.

3 Results

Figure la—c represent characteristic segments of the
infrared spectra of the CCz-Si, CCz-Si:Ge and CCz-Si:Pb
samples, respectively, recorded after irradiation and at the
temperature of 350 °C in the course of the 20 min iso-
chronal anneals sequence. Bands at 830 cm ! (VO), at
861 cm™' (C,0y), at 546 cm™' (C;C/C;0;), and pair of
bands at (936, 1,020) cm ™! (C;04(S1);) are present in all the
samples, as expected. Importantly, a band at ~ 1,020 cm™"
appearing in the spectra at 350 °C is different than the band
at 1,020 cm™ "' appearing in the spectra immediately after
irradiation and which together with the 936 cm™' band
constitute a pair attributed to the C;O;(Si); defect, which is
stable [30] up to around 180 °C. The 1,020 cm™! band
shown at 350 °C in the spectra seems to emerge in the
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Table 1 The initial oxygen, Sample name

Isovalent impurity

[0i], 10" cm™3 [Cdl, 107 cm™3

carbon and isovalent impurity

content of the samples used Element Radius (A) Content (cm_3)
CCz-Si C 0.77 1.6 x 10" 10.00 1.6
CCz-Si:Ge Ge 1.22 4 % 108 5.55 1.0
CCz-Si:Pb Pb 1.46 1 x 108 2.1 0.95

30- ¢ (605cm”) (a) CCs-Si .spe.ctra upon the?, disappearaTlce of the 5.46 cm_l. band. This
indicates a possible correlation with this defect in the sense
2,54 that is produced upon the annealing out of the structures
Vo, (88sem’) ¢,0,(1048cm") C,0/C,C; related with the 546 cm™' band. The corre-
2,0 VO (830’ o20em’y " e sponding signal is very weak to allow proper analysis with

|
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Fig. 1 Segments of the infrared spectra of the samples for a CCz-Si,
b CCz-Si:Ge and ¢ CCz-Si:Pb after irradiation and at 350 °C
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Lorentzian profiling in order to have the exact contribution
of each of the C;O; and C;C; structures in the shape of the
546 cm™! band. The origin of the 1,020 cm™! band is not
known. However, since the C;O; upon annealing mostly
dissociates, although a small part contributes in the for-
mation of the 1,048 cm ™! band attributed [31] to the C,Oy;
defect, one may correlate the 1,020 cm~! band with
annealing processes related with the C;C, defect. In this
sense, in Fig. 2 the 546 and the 1,020 cm~! bands are
considered together.

Figure 2a—c represent the thermal evolution of (VO,
VO,), (C;0;, C,05;) and (C;C4/C;0;, 1,020 cm™") defects of
the CCz-Si(a), CCz-Si:Ge(b) and CCz-Si:Pb(c), respec-
tively. Notably, for the CCz-Si:Pb sample the 1,020 cm ™'
band is very weak and its evolution cannot be shown in the
Fig. 2c. Furthermore, the VO, band is largerly suppressed
in the latter sample. Interestingly, the suppression of the
VO, band due to Pb doping (with [Pb] = 10'® cm™") is
almost the same with the suppression of VO, in n-type and
p-type Si;_,Ge, material [32, 33] with x = 5.6 % that is
with Ge content at least three orders of magnitude larger
than that of Pb.

Figure 3 shows the production of the VO, C;O; and C;C/
C;O; versus covalent radius of the isovalent dopant.
Clearly, ayo decreases when the magnitude of the dopant
increases.

Figure 4 shows the conversion ratios ayoo/ayo and acsooi/
acijo; versus covalent radius of the isovalent dopant. Clearly
the two ratios exhibit a dependence to the covalent radius of
the dopant. It is observed that ratio aygy/ayo decreases with
the increase of the covalent radius of the dopant, whereas the
ratio acsoni/acio; Shows the opposite trend.

4 Discussion
4.1 Background

The principal aim of the present contribution is to discuss
the FTIR results, review recent DFT calculations and
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Fig. 2 The evolutions of the (VO, VO,), (C;0;, C;O,) and (C;Cy/
C0;, 1,020 cm™") defects upon annealing up to 600 °C

deconvolute the physical reasons why Pb doping is dif-
ferent to Ge doping in the production and formation of
defects in Si. In particular we examine the impact of Pb and
Ge doping on the production of VO, C;O; and CiC; in
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Fig. 3 The production (absorption coefficient) of the VO, C;O; and
C;Cy/C;O; defects as a function of the isovalent dopant radius
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Fig. 4 The conversion ratio (ayoo/avo) and (acsoifacioi) as a
function of the isovalent dopant radius

electron irradiated Si and their subsequent conversion to
secondary defects. To consider the differences between the
two dopants one needs to examine (a) the dopant strain
energies, (b) the strain in the lattice due to isovalent doping
and (c) the energetics of their association with the con-
stituent elements of the VO, C;O; and C;C defects namely
the V, O;, C; and C; and in that respect recent DFT studies
are reviewed.

4.2 Dopant strain energies in Si

Ge and Pb substitutional atoms induce compressive elastic
strains in the Si lattice. This is due to their larger tetrahe-
dral covalent radii, compared to that of the Si atom. Let the
Ar represent the difference of the tetrahedral radius
between the Si atom and the dopant. Due to the presence of
the larger dopant the first and the second nearest neighbors
(NNs) move radially outwards [34] by an amount of Ar,
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and Ar;, respectively and so on for the higher order NNs. It
is reasonable that Ar > Ar; > Ar, >... as a result of the
compression of the dopant-Si bonds. Neglecting the
atomistic nature of the displacements beyond the first NNs
and considering the Si lattice as a continuous medium, we
can apply the Hooke’s law to estimate the strain energy
stored in the first NN of the dopant atoms. This can be
expressed as follows:

1
E = 4 X SgKo(Ar — An ) +87Gro(4n)’ (1)

where gK, represents the stiffness constant of the impurity-
Ist NNs bonds (Kc is the force constant and g is a
dimensionless parameter of order unity) and the last term
of equation represents the energy stored in the surrounding
lattice matrix by the expansion of a cavity of radius ry by
an amount Ar;. Here, 1 is the interatomic distance in the Si
lattice and G is the Si shear modulus of elasticity. Formula
(1) can be written as follows [34]:

E" = const x (4r)* (2)

The increase of the tetrahedral radius in each case is calculated
by the expression Ar = r; — rs;, where r; is the covalent
radius of the impurity atom and rg; is this of a Si atom
(r = 1.17 A). Considering that the covalent radii of Ge and
Pb are rg, = 1.22 A and rep = 1.4 A respectively, we have
Arg. = 0.05 A and Adrp, = 0.05 A respectively. Comparing
the strain energy stored in the first NNs of the Pb and Ge atoms:

EY Arep\
=rb (2170 & 39
Ege ArGe

This indicates that the strain energy in the case of Pb is
greater than this of the Ge. So it is more preferable for the
Pb defect to trap vacancies in order to decrease the strain
energy, compared to Ge.

4.3 Strain in the Si lattice due to isovalent doping

The relative change of volume % due to the presence of the
dopant, is connected with the change v of the volume V,
due to the replacement of one Si atom by the dopant atom

[35]. The relative relation is given by “‘,—:)/ =% (:))Td) where

v5" is the volume that corresponds to the Si atom and V,
stands for the volume of the pure Si crystal. Assuming that
the atoms in the Si lattice behave like hard spheres, the
relative volume change % can be expressed as follows:

G- e

where n, R; and N, Rg; are the concentration and the
covalent radius of the dopant and the Si atom, respectively.

A4V _nin(R—R5) n

Vo N #mRy N
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From relation (3) the values %: 1.07 x 107> and

% = 1.73 x 107" for the Ge and Pb dopants, respectively.
To estimate the stress related to the presence of the larger
impurity atoms in the Si lattice we consider that the
induced pressure P produces a change in the unit cell
volume. The relative change “‘/—Z in the volume of the
undoped Si crystal can be derived from the empirical for-
mula [36]:

i‘/—vza0+aP+bP2+cP3+~-~ (4)

0

where in the case of Si, the coefficients are oy = 0,
o= 10211 x 107" kbar™!, b = —2.9614 x 10~° kbar >
and ¢ = 0 kbar . To simplify our calculations, we take
into account only the first important term of the above sum
oP, since the terms of the second order and higher are very
small compared with the first. Thus, replacing the above

calculated values of % for the case of Ge and Pb in the

final  relation ﬁ‘,—f}’: oP it is  deduced that

Pg, = 1.05 x 1072 kbar and Pp, = 1.69 x 1072 kbar,
respectively. As we can see, the strain in the case of Pb is
greater compared to that of the Ge, but in both cases the
value is rather small to cause significant changes in the
processes related with the production and annealing of the
radiation defects.

4.4 Insights from DFT and other considerations

As it is found for the calculations above the dopant strain
energies and the strain in the lattice due to isovalent doping
are greater for Pb than Ge doping. The association of a
V with an oversized isovalent atom such as Pb and Ge in Si
is energetically favorable as the vacant space provided
relaxes the strain associated with the accommodation of the
oversized isovalent atom in the lattice. This is consistent
with the calculated binding energies of the PbV and
GeV which are —1.37 and —0.27 eV respectively (refer to
Table 2). Note that the binding energy discussed in the
present study refers to the energy difference between the
defect cluster with respect to the energy of the system when
the constituent defects are isolated. A negative binding
energy implies that the defect cluster is energetically
favourable over its component defects. The difference in
the PbV and GeV pairs is not only quantitative (i.e. their
1.1 eV difference in binding energies) but also structural.
In previous theoretical work Hohler et al. [23] calculated
that the very big impurities in Si and Ge host lattices are
accommodated in the split-vacancy configuration rather
than the full-vacancy configuration. In the split vacancy
configuration the dopant is surrounded by two semi-
vacancies (i.e. it occupies the position in between two
lattice sites), whereas in the full-vacancy configuration the
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dopant is at a near substitutional site with a vacant nearest
neighbor host atom site. Hohler et al. [23] did not consider
PbV defects, however, in recent DFT studies [24, 37] it was
calculated that PbV forms in the split-vacancy configura-
tion whereas GeV in the full-vacancy configuration.

Considering the experimental results and the insight
from DFT calculations discussed above it can be concluded
that the introduction of oversized isovalent atoms in the
lattice leads to species competitive to O; in the capture of
V. As reflected in Figs. 2 and 3 many vacancies are bound
to the dopant atoms and they are not associating with O; to
form A-centers. The quantitatively smaller binding of the
GeV pairs as compared to PbV pairs implies that the former
will be only stable at lower temperatures acting effectively
as transient species. Conversely, the PbV pair with their
high binding energy will remain stable over a higher
temperature range and thus affect more significantly not
only the formation of VO pairs but also the conversion to
VO, defects (refer to Figs. 2, 3).

From a reaction point of view in the case of the VO
annealing the main contributing reactions are:

VO +0; — VO, (5)
VO + Si; — O; (6)

In previous studies [38, 39], it was argued that due to the
induced stains in the Si lattice by the larger isovalent do-
pants the balance between reactions (5) and (6) is shifted
towards reaction (6), leading to the suppression of the VO,
formation. In this framework the larger the isovalent dop-
ant the larger the VO, suppression in agreement with
Fig. 4. The calculations above show that the dopant strain
energies and the strain in the lattice due to isovalent doping
are small. This implies that they can play a significant role
locally but not away from the vicinity of the dopant.
Another possibility that can be considered is the formation
of GeVO and PbVO complexes via the following reactions:

Ge + VO — GeVO (7)
Pb + VO — PbVO (8)

Table 2 DFT derived binding energies (eV) of the Pb and Ge related
defects in Si

Reaction Binding energy
Ge + VO — GeVO -0.21% —0.23%
Pb + VO — PbVO —1.17% —1.26*
V+0 - VO —1.65% —2.21*
Ge + V — GeV —0.25% —0.26% —0.27°
Pb + V — PbV —1.37% —1.64% —1.80°

Differences in energies are due to the different functionals employed
4 Reference [38]
b Reference [37]

The DFT results (Ref. [40] and Table 2) indicate that both
these reactions are energetically favourable and that a pro-
portion of the migrating VO defects will be trapped by the
isovalent atoms to form GeVO and PbVO defects. Both these
defects are bound (again the isovalent atoms relax in the
available volume offered by the V of the A-center) with
PbVO being more favourable by about 1 eV (refer to
Table 2). Notably, experimental signals from these defects
have not been identified so far in Ge-doped and Pb-doped Si.
However, IR bands and DLTS peaks have been correlated
[41] with various GeVO structures in Si;_,Ge,. More spe-
cifically, two bands at 834.6 and 839.2 cm ™' were correlated
[41, 42] with the GeVO defect. Their presence of these
defects is detected as a perturbation of the main IR band of
VO at 830 cm ™' and Lorentzian analysis has demonstrated
their characteristics. In Ge-doped Si these bands are
expected to exist but at much lower concentration making
their detection very difficult. In any case, they can be con-
sidered analogous to the SnVO defects in Sn-doped Si [24].

Importantly, in high Sn-doped Si the SnV and SnVO defects
have been correlated with the reduction of VO and its con-
version to VO, [24]. We propose here a similar picture for Ge
and Pb-doped Si. The difference between the two dopants is
the higher binding energy for the PbVO compared to the Ge VO
defect, which implies that more VO defects will be associated
with Pb as compared to Ge. This is turn will translate to a
higher reduction of VO and its conversion to VO, for Pb-doped
Si in agreement with the experimental results.

Let us consider the main reactions (5) and (6) that VO
defect participates upon annealing and VO, defect forms.
By summing up these two reactions we receive

2VO0 + Sij — VO, )

The equilibrium constant K for this reaction is given by the
expression:

[VO,]

= isil- [voP 10

and depends only on the temperature.
Now, for the case of Ge-doped or Pb-doped Si, Eq. (10)
can be written as:

[VOZ] Ge

Kge = ———75 (11)
[Sll] Ge' [VO} 2Ge
and
VO
Kpy = V0 (12)
[Sit]py-[VOIp,
respectively.

Furthermore, the experimental evidence that the VO
concentration is smaller in Pb-doped than in Ge-doped Si,
that is [VO]p, < [VO]g. can be expressed as follows:
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[VO]Ph: A [VO]Ge (13)

where A is dimensionless factor smaller than 1.

As the induced strains by the isovalent dopants were
estimated to be small one can assume that the number of
self-interstitials, [Si;] in reaction (9) has the same value for
both cases of Ge and Pb, that is [Sij]pp ~ [Siilge. From
Egs. (12) and (13) we have:

[VO2]Pb

7 2Ph 14
[Sif] - 22[VOIg, 1

Kpp =

Now, due to the immutability of K (Kp, = Kg.) and via
Egs. (11) and (14) we have:

[VOZ}Ge _ [VOZ]Pb
[Sif] - [VOlz,,  [Sif] - 22[VOlZ,

from which we get to the relation
[VOZ]Pb: ;LZ[VOZ]Ge (15)
Combining relations (13) and (15) we finally have:

[VO2]Pb _ VOZ]Gg

_ .l
[VO} Pb [VO] Ge

(16)

Since A < 1, the later relation confirms that aygpayg is
smaller in Pb than in Ge-doped Si. In other words the
conversion ratio ayop/ayo decreases with the increase of
the dopant covalent radius, in agreement with our experi-
mental findings (Fig. 4).

DFT calculations provide important information con-
sidering the association of Pb and Ge with carbon inter-
stitials (C;) and carbon substitutional (C) atoms. Previous
DFT studies by Sgourou et al. [37] calculated that Pb is
bound to both C; and C, forming PbC; and PbC; defects
with binding energies —0.31 and —0.33 eV respectively
(refer to Table 2). Conversely, Ge forms only GeC; defects
with binding energy —0.46 eV but not GeC, defects [37].
These results favor the formation of Pb—C related defects
rather than Ge—C defects. Therefore, the suppression of the
CiC; and C;0; defects in Pb-doped Si will be more sig-
nificant as compared to Ge-doped Si (consistently with
Figs. 2, 3). Ge and Pb in the Si lattice may act as “scat-
tering” centers for the diffusing C; (refer to the case of
Si;_xGey, Ref. [43]) leading to a retarded diffusion of the
C; and consequently to a suppression of the formation of
the C;0O; and the C,C, defects.

It can be observed from Fig. 4 that the ratio acgoni/
acio; increases with the increase of the covalent radius.
The CyO, complex forms [44] upon the reaction
VO + C;0; —» C,0O,; occurring at about 300 °C when
both VO and C;0; defects become unstable and a small
percentage of them associate to produce the C,0O,; defect.
As mentioned above Ge and Pb dopants react with C to

@ Springer

form GeC,, PbCg and PbC; defects. At temperatures of
~300 °C these defects may dissociate liberating C, and
C; atoms. The latter are very mobile and are captured by
oxygen atoms to form transient C;O; pairs, which react
with VO defects to form additional C;O,; complexes. For
the case of Pb doping the available at these temperatures
carbon atoms ready to participate in the above processes
are expected to be more numerous than in the case of Ge
doping, leading to a larger number of C,O,; defects and
finally enhancing the acsozi/acio;i ratio. The opposite
behavior exhibited between the conversion ratios aygy/ayo
and acsopi/acio; as a function of covalent radius may be
related to the nature of the relevant defects. In particular
the VO and VO, are vacancy-related, whereas the carbon-
related defects C;O; to C,0,; involve self-interstitials in
their formation.

Furthermore the annealing of the C;C, defect which
contributes to the 546 cm™' was accompanied in the
spectra of Ge-doped Si (Fig. 2b) by the emergence of a
weak band at 1,020 cm™"'. The identity of the defect giving
rise to this band is unknown. It may have the same origin
with photoluminescence (PL) lines at 951, 953, 954 and
957 meV reported [45, 46] to grow in the PL spectra upon
the destruction of the 969 meV G-line arising from the
C,C,. Notably, only traces of the 1,020 cm™' band appear
in the spectra Pb-doped Si (Fig. 2c) and its evolution
cannot be shown in the figure.

Kinetics will also influence the picture as the introduc-
tion of oversized impurities in the lattice will impact dif-
fusion properties. With the low concentrations considered
in the present study their impact on diffusion is expected
not to be global but rather concentrated at a radius of a few
atomic sites around the isovalent atom. Again the impact of
Pb will be far more significant compared to Ge as its
covalent radius is far greater. These issues have been
examined in previous DFT studies which have calculated
that the migration energy barriers of vacancy-mediated
diffusing species greatly increase in the presence of over-
sized isovalent atoms in group IV semiconductors. For
example the study of Tahini et al. [47] calculated that the
migration energy barriers for vacancy-mediated phospho-
rous diffusion are increased significantly in the presence of
oversized isovalent dopants such as hafnium. The system-
atic investigation from a theoretical viewpoint of the
impact of Pb on the energetics of A-center, C;O; and C;C,
diffusion in Si may further clarify their formation and
conversion.

The discussion above was focused on the engineering of
oxygen-related (VO, VO,) and C-related (C;0; CCy)
radiation-induced defects in Si by Ge and Pb isovalent
dopants. The results can be succinctly highlighted as
follows:
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(iii)

@iv)

The suppression of the production of the VO and
VO, defects was found to be related to the strains
introduced in the lattice by the presence of larger
Ge and Pb dopants. Although the strain fields were
estimated to be weak, the calculated strain ener-
gies by the dopants indicate the capture of the
vacancies by them (refer to GeV and PbV pairs)
which finally reduce the VO and VO, production
especially in Pb-doped Si. The role of Ge and Pb
dopants due to the strain fields in their periphery,
as annihilation centers for the vacancies and self
interstitials, is another factor that should also be
considered for the observed reductions. From a
DFT perspective the formation of the GeV and
PbV defects is confirmed, with the association of
the PbV being stronger consistently with the
present calculations.

The reduction in the production of the VO and the
VO, defects between Ge and Pb-doped Si does not
necessarily imply a reduction in the corresponding
conversion ratio ayoyayo of the VO to the VO,
defect with the incease of the covalent radius. We
have considered that the weak strain fields due to
the presence of the Ge and Pb dopants in the Si
lattice may not affect strongly the balance of the
reactions (5) and (6), mainly responsible for the
formation of the VO, defect upon the VO anneal-
ing. Subsequently, we have shown by thermody-
namic arguments that the substantial reduction of
the produced VO defects in the case of Pb as
compared with that of Ge, for the reasons cited in
(i), leads to a profound decrease of the conversion
ratio ayop/ayo for the Pb-doped Si.

The suppressed production of the C;O; and C;Cg
defects was attributed to the ability of the
oversized Ge and Pb impurities to retard the
migration of the C; forward to the C; and O;
impurities leading finally to a reduction in the
formation of the C;C; and the C;O; pairs. Addi-
tionally, DFT calculations show the tendency of
carbon to associate with Ge and Pb isovalent
dopants and this can be a further reason for the
reduction of the C;O; and C;C, defects.

Although most of the C;O; defects anneal out by
dissociation at ~300 °C, a small fraction of them
converts to the C;O,; complex. Ge and Pb seems
to enhance this ratio and the phenomenon was
tentatively attributed to the release of carbon
atoms from isovalent dopants-carbon pairs at these
temperatures leading to the formation of transient
C;O; pairs which in turn convert to C,Oy
complexes.

5 Conclusions

Using FTIR spectroscopy it was determined that the pro-
duction of VO, C;0; and C;C, defects in electron irradiated
Si is reduced by the presence of isovalent dopants and in
particular in the case of Pb. Upon annealing the conversion
to secondary defects (VO to VO, and C;0; to C,0y;) is also
affected by the isovalent dopants. Notably, the conversion
ratios are reduced more for Pb doping. The calculation of
the dopant strain in the lattice due to isovalent doping
revealed that is limited for the dopant concentrations
considered. However, the strain energies are substantially
higher in the case of Pb-doping and can justify indirectly
the presence of PbV defects. Using recent DFT results we
propose that the Pb and Ge doping influences the produc-
tion and conversion of the VO, C;O; and C,C, defects via
the formation of PbV, PbVO, PbC;, PbC,, GeV, GeVO and
GeC; defects. The present work indicates the ability of
engineering O- and C-related radiation defects in Si.
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