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Abstract: Carbon (C) is an important isovalent impurity in silicon (Si) that is inadvertently added
in the lattice during growth. Germanium (Ge), tin (Sn), and lead (Pb) are isovalent atoms that are
added in Si to improve its radiation hardness, which is important for microelectronics in space or
radiation environments and near reactors or medical devices. In this work, we have employed density
functional theory (DFT) calculations to study the structure and energetics of carbon substitutional-
isovalent dopant substitutional CsDs (i.e., CsGes, CsSns and CsPbs) and carbon interstitial-isovalent
dopant substitutional CiDs (i.e., CiGes, CiSns and CiPbs) defect pairs in Si. All these defect pairs are
predicted to be bound with the larger isovalent atoms, forming stronger pairs with the carbon atoms.
It is calculated that the larger the dopant, the more stable the defect pair, whereas the CsDs defects
are more bound than the CiDs defects.

Keywords: silicon; nitrogen; intrinsic defects

1. Introduction

Silicon (Si) is the key semiconductor for integrated circuits, transistors, sensors, de-
tectors, solar cells, as well as for applications related to nuclear medicine, space industry,
telecommunications, and quantum computing [1–5]. An important issue in the perfor-
mance of the devices is the presence of defects which affect their electrical, optical, and
mechanical properties [6–9]. Obviously, it is significant to understand the behavior of the
defects in order to control the performance of the devices, either by suppressing their detri-
mental effects or by enhancing their beneficial influence in the material. Thus, by proper
defect engineering, we can enhance the efficiency of the material for certain applications.

The main isovalent impurities in silicon, that is C, Ge, Sn, and Pb, play an important
role as their presence in the lattice influence the material’s properties. Ge, Sn, and Pb
occupy substitutional sites in the Si lattice, and since they are electrically inactive, they do
not affect the electrical behavior of the material. Additionally, due to the difference in the
covalent radius (rC = 0.77 Å, rGe = 1.22 Å, rSn = 1.41 Å, rPb = 1.44 Å) compared to that of Si,
(rSi = 1.17 Å), they give rise to local elastic strains which can affect the equilibrium between
the concentrations of vacancies and self-interstitials, and the interactions between them
as well as with other impurities present. Indeed, Ge, Sn, and Pb, which are bigger than Si
and therefore introduce compressive strains in the lattice, tend to associate with vacancies;
however, C, which is smaller than Si, introduces tensile strains in the lattice and tend to
associate with self-interstitials. Notably, isovalent dopants in Si are widely used for defect
engineering in Czochralski silicon (Cz-Si) [10–14].
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Aside from oxygen, carbon is an important impurity in Si unintentionally added
during material growth [1,9,15,16]. In previous studies, the interactions of C with self-
interstitials and various impurities have been reported to mainly be with O and other C
atoms, leading to families of (C–O)-related (for instance, CiOi, CiOi(Sii)n) [9,16–20] and
C-related defects (for instance, CiCs, CiCs(Sii)n) [9,16,21–24]. Notably, carbon affects oxygen
precipitation [25,26] in Si. Also, carbon co-doping in doped Si suppresses the formation of
boron–oxygen complexes, which is very important for the performance of crystalline Si
solar cells [27].

Ge, when introduced into the Si lattice, affects the properties of Si in many ways.
It has been found that Ge atoms, by locking dislocations, can enhance the mechanical
strength of Si, which improves the production yield of the material [28,29]. It suppresses
thermal donors, which stabilizes the electrical properties of Si [30]. It enhances oxygen
precipitation and improves the internal gettering capability of metallic contamination
which is very important for device fabrication [31,32]. It suppresses void defects and
thus offers high quality polishεd surface for epi-layer growth in Si [33]. It suppresses
the formation of large-sized crystals originated particles (COPs), thereby improving the
quality of the surface of the material for epitaxial growth [34]. Ge also suppresses B–O
defects that lead to light-induced degradation (LID) of carrier lifetime, which is an im-
portant issue for the solar cells industry [35]. Importantly, Ge affects the production and
evolution of O-related and C-related irradiation induced defects in Si [36–38]. Ge-doping is
a valuable technique to control the formation and the thermal stability of O-related and
C-related defects in Si. Interestingly, co-doping has proven to be a promising strategy for
effectively tuning the electrical, mechanical, and optical properties of semiconductors, par-
ticularly Si. [10,36,39,40]. Central to this co-doping of Si with Ge and C, (rGe > rSi, although
rC < rSi) is a complementary strategy to enhance device operation through controlling defect
properties. It has been determined that the simultaneous Ge and C co-doping improves
radiation hardness of the Cz-Si substrate [12,41]. Moreover, Ge and C co-doping has been
found to suppress the large-size voids in Si which generate leakage currents that deteriorate
the efficiency of electronic devices [10,40].

Sn is also an important isovalent dopant impurity in Si. Sn, being larger than the Si
atom, attracts vacancies thus reducing the formation of VO and VO2 defects in Si [42–44].
This tendency to attract vacancies promotes Sn as a promising dopant for radiation hardness
in Si [45]. Additionally, the large Sn atoms are used to compensate strain layers in B-doped
Si, which is the basic substrate material for power devices [46]. Since Sn attracts vacancies
and C attracts self-interstitials, it has been proposed that Sn and C co-doping in Si could
further enhance the radiation hardening potential of the material [42,47], which is valuable
for application with solar cells and detectors operating in radiation environments [48].
Furthermore, since the introduction of C, which is a small atom compared to Si, contracts the
lattice when introduced at substitutional sites, as opposed to the case of Sn which is larger
than Si and expands the lattice, the compensation for each other’s strains could effectively
enhance their solubility [49]. This is important for the fabrication of carbon-implanted
light-emitted diodes [46,49]. This also raises an interest for any possible interaction between
Sn and C and the formation of Sn–C pairs. Thus, Sn and C co-doping was proposed as a
tool to assess the degradation of Si-based devices [42].

Lead has an even larger covalent radius than Sn and the consequence is that there is an
introduction of significant strains in the lattice that can affect the equilibrium concentrations
and defect processes involving intrinsic defects [50,51]. Regarding radiation defects, Pb
doping can affect the production evolution and the reactions of various VnO and VOm
defects in Si, indicating a practical interest for defect engineering [52–55]. Notably, Pb
in Si does not introduce any levels in the forbidden gap in comparison with Sn [52].
Additionally, when Pb and C are simultaneously in the lattice, the compressive strains
introduced by Pb can be compensated by the tensile strains introduced by C. Technically,
co-doping with C and Pb has been used to stabilize Pb at substitutional sites and suppress



Appl. Sci. 2024, 14, 4194 3 of 10

its precipitation [52,56]. It is therefore of interest to investigate the interaction between Pb
and C for the formation of carbon–lead pairs [14].

Among the Ge–C, Sn–C, and Pb–C pairs, it is worth noting that only Sn–C has been
studied more thoroughly, both experimentally and theoretically [47,57–59]. A number of
IR lines at 873, 1025.3, and 6875 cm−1 were attributed [47] to the (CiSns)2N with Ci at the
second neighboring position, with respect to the Sn. Additional lines at 888.9, 985.3 and
6915 cm−1 were also attributed to a less stable CiSns)2N* configuration [58]. Regarding
the Ge–C and Pb–C pairs, their presence were proposed theoretically and was indirectly
concluded experimentally from variations in the concentrations of the O and C-related
defects [14,60,61].

Isovalent doping in Si is a valuable technique used to optimize devices. In particular,
Ge, Sn, and Pb, when present in the Si lattice, affect the formation, the concentration, thermal
stability, and reactions of the oxygen-related and C-related defects. This is important for
the radiation hardness of the material, especially when Si-based devices such as detectors
are operated in radiation environments. Ge, Sn, and Pb co-doping with C is also a practical
way to improve the defect reactions and processes in silicon. Here, we have employed DFT
calculations to study the Ge–C, Sn–C, and Pb–C pairs in Si. In particular, the focus is on the
impact of the dopant size on the stability of the defect pair and whether substitutional or
interstitial dopants will produce more energetically favorable defect pairs. The criterion
considered here is binding energy.

2. Computational Methodology

We used a plane-wave DFT code implemented in the Cambridge Serial Total Energy
Package (CASTEP) to perform all the calculations [62,63]. Taking into account the exchange–
correlation interactions, we used the Generalized Gradient Approximation (GGA) method
with ultrasoft pseudopotentials [64] to depict the electron–ion interactions [65]. For the bulk
Si structure, we used a 250 atoms’ supercell. A 2 × 2 × 2 Monkhorst–Pack k-point grid [66]
was used and the cut-off energy was 350 eV. For the structures’ optimization, we used the
Broyden–Fletcher–Goldfarb–Shanno (BFGS) geometry optimization method [67,68]. We
used a step-by-step approach, performing more than 30 calculations for each defect (Ge, Sn,
Pb) for both the Ci and Cs formations until the lowest energy structure was reached in each
case. We used the Defects and Impurities Setup (DIMS) tool [69] to automate the process
and to avoid possible mistakes that arise from setting up the calculations by hand. The
figures in this paper were produced using the Visualization for Electronic and Structural
Analysis (VESTA) software (v 3) [70].

3. Results
3.1. Carbon Substitutional-Isovalent Dopant Defect Pairs

The Ge atoms in the Si lattice are completely soluble and can form Si1–xGex alloys [71].
Conversely, the larger Sn and Pb are not completely soluble over the compositional range
but only for a limited range (i.e., for small Sn and Pb compositions) [72]. The incorporation
of isovalent dopant atoms is important as they can modify the optical, electronic, and
structural properties [71,72].

Figure 1 represents the energetically favorable carbon substitutional-isovalent dopant
substitutional CsDs (D = Ge, Sn, Pb) defects. These were derived using DFT calculations for
all the possible configurations within the supercell. Here, the binding energy (i.e., energy of
the defect pair minus the energy of the isolated constituent defects) is the measure of stability.
The binding energy of a CsDs defect can be calculated using the following equation:

Eb(CsDs) = ECsDs_supercell+ ESi_supercell − ECs•Si_supercell − EDs_supercell (1)

where ECsDs_supercell is the total energy of a Si supercell containing a CsDs defect, ESi_supercell
is the total energy of a Si supercell, ECs•Si_supercell is the total energy of the Si supercell
containing a C substitutional, and EDs•Si_supercell is the total energy of the Si supercell
containing a D substitutional.
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Figure 1. Schematic representation of the energetically favorable (a) CsGes, (b) CsSns and (c) CsPbs

defects in Si. Important distances and angles in the vicinity of the defects are given. Dimmer atoms
represent atoms in the background.

The electronegativity difference between the C substitutional and the Si lattice atoms
is reflected in the shorter Si–C as compared to the Si–Si (or Si–D) bond distances (refer to
Figure 1). It should be stressed at this point that the distances and bond angles are given in
both Figures 1 and 2 in order to facilitate a comparison, as well as for other scientists to
facilitate a comparison with their results in the future and to consider whether they have
reproduced the present results or found alternative geometries.
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Figure 2. Schematic representation of the energetically favorable (a) CiGes, (b) CiSns and (c) CiPbs

defects in Si. Important distances and angles in the vicinity of the defects are given. Dimmer atoms
represent atoms in the background.

The CsGes pair is only weakly bound (by −0.10 eV) and forms when the C atom is at
the second nearest neighbor configuration as compared to Sn (refer to Figure 1). Conversely,
in both the CsSns and CsPbs defects, the isovalent atom is at nearest neighbor sites with
respect to the C atom (refer to Figure 1). The CsSns pair was calculated to be bound by
−0.42 eV in good agreement with previous theoretical studies (−0.19 to −0.20 eV, [47,73]).
The CsPbs pair is bound more (−0.56 eV) as the larger Pb atom takes more advantage of
the space provided by the smaller (compared to Si) carbon substitutional atom.

3.2. Carbon Interstitial-Isovalent Dopant Defect Pairs

The carbon atoms in the Si lattice can also reside in interstitial positions. Figure 2
represents the energetically favorable carbon interstitial-isovalent dopant substitutional
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CiDs (D = Ge, Sn, Pb) defects. The binding energy of a CiDs defect can be calculated using
the following equation:

Eb(CiD) = ECiDs_supercell+ ESi_supercell − ECi•Si_supercell − EDs_supercell (2)

where ECiDs_supercell is the total energy of a Si supercell containing a CiDs defect and
ECi•Si_supercell is the total energy of the Si supercell containing a Ci.

The energetically favorable CiDs defects were derived using DFT calculations for all
the possible carbon interstitial configurations in the vicinity of the D substitutional within
the supercell. The repulsion of larger isovalent dopants with interstitials is due to the local
distortion of the oversized isovalent atoms that effectively limits the space that is required
for the interstitial Ci defects.

Figure 3 summarizes the dependence on the isovalent dopant radius on the carbon-
dopant binding energies. The isovalent dopant radius is a key criterion, given that the
lattice is locally strained by the introduction of the dopant. These local strains contribute
significantly to binding energies, particularly in defect clusters consisting of isovalent
dopants where there is no contribution from the dopant charge states. In that sense, the
dopant radius is a common criterion used to discuss energetics of defect clusters. The main
trend of this figure is that the larger the dopant, the more stable the defect pair (i.e., more
negative binding energy). Also, it is clear that the CsDs defects are more bound than the
CiDs defects.
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4. Discussion

C can exist in considerable concentrations in Cz-silicon. Nevertheless, the formation of
CsDs and CiDs defects will rely also on the D content and the kinetics. If there is significant
variation in temperature and pressure or limited experimental data, the study of the kinetics
will benefit from the cBΩ thermodynamic model [74,75] and this has been employed to Si
and related systems [76,77].

Considering the CsDs and CiDs (where Ds = Ge, Sn, Pb) pairs studied here as com-
pared to analogous carbon-related defects encountered in Cz-Si (for example, [19,78] and
references therein). It is known that in Cz-Si, there exists a significant carbon and oxygen
concentration introduced during crystal growth [15,16]. If we also consider the processing
conditions, intrinsic point defects will also form and therefore the formation of the CsDs
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and CiDs defect pairs considered here will be antagonistic to defects such as CsCs, CiOi, etc.
Putting aside kinetic considerations and assuming that all defects have pathways to form
and are not hindered by kinetics, the criterion that can be used for the prevalence of specific
defect species would be binding energies. In this line of thought, a strongly negative
binding energy will denote that a defect pair will be more likely to form as compared to a
less bound defect pair. For example, a migrating Ci defect will be more easily captured by
an oxygen interstitial (binding energy −1.6 eV) [19] than an isovalent dopant atom (refer to
Table 1). This, of course, will assume that the initial concentrations of defects will be equal
as the law of mass action will favor defects with higher initial concentrations of defects. It
can be seen from Table 1 that the capture efficiency (based solely on binding energies) of
the defect pairs considered here is far less important than competitive carbon-containing
defect pairs. Therefore, the isovalent dopant-containing pairs will be far less populous
and can only play a role if there is a high content of isovalent dopants and hence, a higher
probability of the migrating carbon atoms to reach them and be attracted by them at nearest
neighbor sites.

Table 1. The binding energies of carbon-related defect pairs in Si.

Defect Binding Energy/eV Comments

Ci(SiI) −2.34 Ref. [19]
CiOi −1.6 Ref. [19]
CiCs −1.68 Ref. [19]

CsGes −0.10 present study
CsSns −0.42 present study
CsPbs −0.56 present study
CiGes −0.03 present study
CiSns −0.30 present study
CiPbs −0.32 present study

5. Conclusions

Here, we considered the structure and formation of carbon-isovalent defects in Si,
which is scientifically and technologically important. We employed DFT calculations to
provide detailed information on the structure of carbon-isovalent substitutional pairs,
where the carbon atom resides at a substitutional or an interstitial site in the Si lattice. The
main conclusion is that the larger the dopant, the more stable the defect pair. Additionally,
for all the cases considered, the CsDs defects are more bound than the CiDs defects. Here
the criterion is binding energies, and we did not consider in detail the formation of these
defects. Using DFT calculations, we characterized the geometry (bond lengths and angles)
of all the defect pairs considered, aiming to provide information to future experimental
and theoretical studies. It is anticipated that the present study can be the basis for future
experimental and theoretical work on this system and, in particular, the kinetics to form
the extended C-related defects. In essence, the present work can serve as a paradigm that
can be used in a transferable manner to investigate carbon-dopant and related defects in
semiconducting systems.
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