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Abstract It has been determined experimentally that
doping silicon with large isovalent dopants such as tin can
limit the concentration of vacancy-oxygen defects, this in
turn, can be deleterious for the materials properties and its
application. These results have been supported by recent
calculations based on density functional theory employing
hybrid functional. In the present study, we employ mass
action analysis to calculate the impact of germanium, tin
and lead doping on the relative concentrations of vacancy-
oxygen defects and defect clusters in silicon under equi-
librium conditions. In particular, we calculate how much
isovalent doping is required to constrain vacancy-oxygen
concentration in silicon and conclude that Sn and Pb
doping are the most effective isovalent dopants. The results
are discussed in view of recent experimental and compu-
tational results.

1 Introduction

Silicon (Si) is the semiconductor material with the largest
number of applications in microelectronic, sensor and
photovoltaic devices. As a result, it is one of the most
studied and understood systems; despite this, the under-
standing of many defect processes that affect its properties
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are still lacking [1-4]. These defect processes are, however,
becoming progressively more important as devices are
miniaturized and the overall dimensions of the optically or
electronically active part are reduced.

The VO or A-center is the most important and studied
oxygen-vacancy defect in Czochralski grown Si (Cz-Si)
[5]. A-centers form by the trapping of a relatively high
concentration of oxygen during the Czochralski crystal
growth process [5]. A-centers form by the association of
oxygen interstitials (O;) with vacancies (V) via the reaction
V4 O; - VO [5-7]. The presence of A-centers can
impact device performance as they are electrically and
optically active. An example of the importance of A-cen-
ters is Si-based imaging and spectroscopy sensors in space.
Space is a radiation environment and the formation of
A-centers is significant as high-energy particles induce
lattice displacement damage resulting in a highly athermal
concentration of V. These in turn diffuse and bind with
oxygen atoms. These A-centers are deemed to be effective
traps that have a detrimental impact upon device perfor-
mance [8, 9]. Therefore it is necessary to suppress their
concentration and for this purpose numerous defect engi-
neering strategies have been proposed.

Carbon (C) is a common impurity being introduced in
the Si lattice during the crystal growth process from the
graphitic components in the equipment, gaseous contami-
nants and the polycrystalline starting material [10-12]. C
may occupy substitutional sites (C,) forming charge neutral
defects in the Si lattice. C atoms can also associate with O;
to form C-O complexes, such as CO; pairs [13]. An
important process in irradiated Si is the Watkins dis-
placement reaction C; 4+ Si; — C; that can lead to the
formation of C interstitials (C;) and the suppression of Si
intertitials (Siy) [14, 15]. Importantly, it was previously
shown that C; introduces in-gap states [16], whereas at
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room temperature it associates with O; and C, forming C;O;
and C;C, defects [17-19]. These defects in turn introduce
states within the Si band gap, which can impact devices
[20-22] and therefore their structure and properties have
been thoroughly investigated [23-27]. Finally, during
irradiation C;, C;0O;, and C;C, defects are nucleation centres
for more extended defects such as C;0;Si; [28-30].

The experimental studies of Watkins [31, 32] and
Kimerling et al. [33]. demonstrated that isovalent impu-
rities [carbon (C), germanium (Ge) and tin (Sn)] can
impact the formation processes of VO pairs in Si. In more
recent studies, the trend has been to introduce Sn in Si
(and/or related host materials such as Ge) at ever
increasing concentrations as this leads to the variation of
the structural and electronic properties [34-36]. From an
experimental viewpoint, electron irradiation experiments
determined that the precense of dopant Sn atoms sup-
presses the formation of the A-centers [37]. Additionally,
Pb causes [38] a reduction in the VO concentration, which
is larger in comparison with that caused by Sn [39]. The
decrease of the VO concentration has been attributed [39—
41] to the reduced recombination of Frenkel pairs during
irradiation due to the oversized isovalent dopants. These
earlier results have been recently supported by recent
work employing infrared spectroscopy and density func-
tional theory (DFT) calculations [40, 41]. Mass action
analysis can clarify and deconvolute the role of doping on
dopant-defect interactions and in particular which inter-
actions will lead to significant concentration of defects
[42].

The aim of the present study is to employ mass action
analysis to calculate the impact of isovalent dopants upon
the relative concentrations of oxygen-vacancy defects and
in particular VO.

2 Methodology
2.1 Definitions

Defect clusters compete for point defects, and therefore to
establish the overall defect populations, it is required to
consider the formation of all defects types (isolated point
defects and clusters) and to calculate their relative popu-
lations through a mass action analysis [43]. DFT calcula-
tions can be used in conjunction with experimental work to
provide estimates of the relative thermal stability and for-
mation energy of defect clusters. In that respect the cal-
culation of the binding energies, E,, defined by the
following relation is important:

Eb = Edefectcluster - Z‘Eisolateddefects (1)

@ Springer

Equation 1 implies that for negative binding energies
clusters are energetically favourable with respect to their
constituent isolated defect components. In the present study
we use recent state-of-the-art hybrid DFT binding energies
calculated by Wang et al. [44-46].

2.2 Mass action analysis

The concentration of an XY defect cluster (denoted by
[XY]) with a binding energy E,, relative to the concentration
of unbound defects X and Y (i.e. [X] and [Y] respectively)
is defined by:

LSS R (—Eb) 2)
(X][Y] kT
where kg is Boltzmann’s constant and 7 is the temperature.
The mass action method was previously employed to
calculate the relative concentrations of point defects and
their clusters in germanium (Ge) [47, 48] and Si [49]. It
should be stressed that within the mass action framework
the temperature dependence of defect concentrations at
equilibrium conditions may be calculated. Kinetics may
impact the results as will non-equilibrium conditions (for
example high dose rate irradiation). In the present study the

relative concentrations of the defects are predicted under
equilibrium conditions.

3 Results and discussion
3.1 Mass action model

Experimental FTIR spectroscopy studies have determined
that the main defect clusters in irradiated Si are VO, V,,
VO,, C;, C,0;, C;C,, and C;O;Si; [50]. Additionally, there is
experimental and/or theoretical evidence of the DV and
DVO defects in isovalent (D)-doped Si (D = Pb, Sn, Ge)
[39-41, 46, 47, 51]. The respective relations for the for-
mation of the defects are:

V+0— VO (3)
V+V—VV (4)
VO +0; — VO, (5)
C, + Sif — C; (6)
C; + 0; — GO; (7)
Ci + Cs — GGy (8)
C;0; + Si; — CiO;Si; 9)
D+V — DV (10)
D+V +0; — DVO (11)
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Previous studies [50] have shown that the interaction (a) 10“‘§ . T . T . T . T " T
between isovalent dopants and C atoms is limited at least as 1 g:vo 56 vo,
compared to binding energies of the DV and DVO defects. 10" i
Additionally, in a previous mass action analysis study it o E ]
. . . £
was calculated that a typical C-concentration has limited S :
impact upon the formation of VO defects [52]. Finally, the _§ 10 3 3
main aim of the present study is to deconvolute and assess *E ]
the impact of isovalent doping on the relative concentra- 8 1074 S
tions of oxygen-vacancy defects and in particular VO. é ] - ]
Therefore, we omit from the mass action model the C-re- s
. . 10" E
lated reactions (i.e. Egs. 6-9).
The system (i.e. Egs. 3-5, 10, 11) can be described
using mass action by solving simultaneously the following 10" o e om 3 1o
relations:
Temperature /K
(VV] (2.52 eV) (12) b
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[V] [V] p kBT ( ) 1019—E T T T T T T T T T T
E GeVO v, Vo,
[VOi] 221 eV Ge VO GeV
———=e 13
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[VO,] 4.05 eV §
—_— = ¢ 14 = 17 =
Vool ~ P\ Tkt 19 g 0] I
= P ]
[DV] —E,(DV) £ -
—— =exp| ——— (]5) 8 10" 3
DIV] T :
o
[DVO,} —Eb(DVOi) 1
e sl (16) 10°]
[D][V][O;] kgT E E
For the binding energies in Eqs. 12-16 the hybrid DFT 10 L ' ' ' ' i
values derived by Wang et al. [44-46]. were used. In the 500 750 1000 1250 1500
present study we consider concentrations of Si; and V sig- Temperature /K
nificantly higher than the thermal equilibrium concentra- (©)
tion. This is because under irradiation there is the 0y ' ' ' ' ' | ' '
. . . . —GeVO V. VO,
formation of a highly athermal concentration of Si; and Ge Vo GeV
V. These native point defects interact with oxygen and 10" 3
carbon forming the complexes mentioned above. «"g 3 - —— ]
S 10”4 E
3.2 Impact of isovalent doping §
= ] ]
: : . S 10°4 E
Ge is the smallest isovalent dopant considered here. é E E
GeV and GeVO have binding energies of —0.26 and ;
—2.44 eV respectively [46]. Figure 1(a) represents the 107 3
temperature dependence of the concentration of unbound ]
atoms and defect clusters for initially unbound [Ge] = 10"

10" em™ and [O;] = [V] = [Sij] = 10" cm™ over the
temperature range 400-1600 K. For this low Ge content, the
most populous defects are the VO, and V,. GeVO entraps a
small concentration of V and O; peaking to 1 % at the
highest temperatures considered. The GeV defects have very
small concentrations throughout the 7 range. For initially

T T T T T
500 750 1000 1250 1500
Temperature /K

Fig. 1 The temperature dependence of unbound atoms and defect
clusters for [O;] = 1 x 10'® cm™3, initial [V] = [Sij] = 1 x 108
cm > and a [Ge] =1 x 107 em™2, b [Ge] = 1 x 10'® cm ™3, and
c[Ge] =1 x 10" cm™
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unbound [Ge] = 10" cm™ (refer to Fig. 1b) the VO, and
V, defects remain the most populous, there is a considerable
increase of the GeVO defects, however, the concentration of
VO defects is similar to the case with less Ge doping. The
GeV defects are increased but they are still less than 10"
cm > for most of the T considered. Interestingly, at the
higher Ge concentration (for initially unbound
[Ge] = 10" cm_3) at around T = 1000 K the GeVO
becomes the dominant vacancy-complex exceeding the
concentration of both the VO, and V, defects (refer to
Fig. 1c). The GeV content, as expected, significantly
increases as compared to the lower Ge-concentration cases
but is far less populous as compared to GeVO. VO is
decreased but not significantly to justify the use of Ge
doping as a strategy to reduce its concentration.

Sn is larger than Ge and this is reflected in its higher
vacancy complex binding energies, which are for SnV and
SnVO —1.50 and —3.19 eV respectively [46]. Figure 2a
represents the temperature dependence of the concentration of
unbound atoms and defect clusters for initially unbound
[Sn] = 107 ecm™ and [O;] = [V] = [Siy] = 10"® cm™3
over the temperature range 400-1600 K. Again the VO, and
V, defects are the most populous followed by SnVO, where
most of the Sn atoms are clustered (refer to Fig. 2a). The
SnV defect acquires significant concentration as the temper-
ature increases accounting for about 10 % of the Sn atoms and
1 % of the V at temperatures greater than 1500 K (refer to
Fig. 2a). An order of magnitude increase in the Sn concen-
tration (Fig. 2b) leads to the significant decrease of the VO,
and V,. Additionally, SnV has now a similar concentration to
VO,, and the population of VO is significantly reduced. As the
temperature increases SnV captures nearly 10 % of the Sn and
V species. A further increase of the Sn concentration by an
order of magnitude leads to thedominance of the SnVO and
SnV defects (refer to Fig. 3c). Most V are tapped by SnVO and
this leads to the collapse of the VO concentration to below
10" cm™ i.e. to a reduction of more than two orders of
magnitude throughout the T range considered.

Pb is more bound to V and VO than Ge and this is reflected
in its higher binding energies, which are for PbV and PbVO
—1.80 and —3.47 eV respectively [46]. As the binding energy
difference between Sn-vacancy complexes and Pb-vacancy
complexes are not very high the impact of Pb defect on the
oxygen-related defects in Si is similar.

To clarify the effect of Sn and Pb concentration at
reducing VO concentration we introduce Fig. 4, where its
concentration with respect to D for four typical tempera-
tures is considered. For all the temperatures considered VO
is reduced efficiently when the Sn and Pb doping is more
than 10'® cm™>. There is little if any difference (Pb being
slightly better) between Sn and Pb in their suppression of
VO defects. This is consistent with the small amount of
available experimental evidence (Ref. 50 and references

@ Springer
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Fig. 2 The temperature dependence of unbound atoms and defect
clusters for [0;] = 1 x 10" cm™2, initial [V] = [Sij] = 1 x 10'® -
cm ™ and a [Sn] =1 x 10" em™, b [Sn] = 1 x 10"® cm™, and
c[Sn]=1 x 10" em™3

therein) and is a reflection of the higher binding energies of
Sn and Pb related defects as compared to Ge related
defects.
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10" 4 strains introduced by Pb atoms that are significantly larger
g ] compared to Si atoms. In the case of Pb doping C is
T ] ] important to retain Pb atoms at their sites and to avoid Pb
S 10"+ 3 N . . L .
= 3 3 precipitation, which is a significant issue [38, 53, 54].
= Nevertheless, introducing further C in the lattice can lead
§ 10”4 3 to more C-related defects that can be in turn deleterious for
o / the properties of Si [50, 55]. Conversely, Sn doping at
10" — ] around 10" cm™ does not require codoping with C and
E ] therefore given its similar efficiency with Pb at reducing
o VO defects it is a better choice.
10 T T T T T T T T T . .
500 750 1000 1250 1500 Importantly, the aim of the present study is the calcu-

Temperature /K

Fig. 3 The temperature dependence of unbound atoms and defect
clusters for [0;] = 1 x 10'® cm™2, initial [V] = [Sij] = 1 x 10'® -
ecm ™ and a [Pb] =1 x 10”7 ecm™, b [Pb] = 1 x 10'® cm ™, and
c[Pb] =1x 10" cm™

At this point we should consider that Pb is co-doped
with C in order to be introduced in Si. In essence the
presence of C with its smaller covalent radius relieves the

lation of relative defect concentrations at equilibrium
conditions aiming to show the influence of different iso-
valent dopants. These form defect clusters with V and O;
taking into advantage predominately the local strain
relaxation as reflected by their binding energies of the
clusters (refer to Eq. 1). Kinetics and/or extended defects
always play a role in defect processes and particularly in
experiments which involve irradiation and are under non-
equilibrium conditions.
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The predicted formation of VO defects at high temper-
ature may not be compatible with irradiation experiments
where they have transformed to VO, defects. The mass
action results are consistent with crystal growth experi-
ments as in these there is evidence that VO defects form at
high temperature [52]. Binding energies alone are not
sufficient to predict the thermal evolution of the system as
demonstrated during annealing of irradiated Si, however,
they are important when comparing the efficacy of isova-
lent dopants and the relative concentrations required to
reduce the deleterious VO defects. Finally, the inclusion of
the isovalent dopant may impact other defect processes and
electronic properties in Si as it impacts other group IV
materials [56-58]

4 Conclusions

In the present study a mass action analysis model was
employed to deconvolute the impact of isovalent doping on
oxygen related defects in Si. The mass action analysis
model uses hybrid DFT derived binding energies of the
releavant clusters and concerns equilibrium conditions. The
relative concentration of defects are predicted under an
extensive temperature range for different Ge, Sn and Pb
concentration conditions. It is shown here that Sn and Pb
doping (exceeding 10'® cm™) more efficiently suppresses
VO. Considering the techological issues to introduce high
concentrations of Pb in Si it is deemed that Sn is a more
appropriate isovalent dopant to reduce the concentration of
oxygen-related defects in Si.
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