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ABSTRACT 

Carbon is a common impurity in Si. Studies of this impurity have been carried 

out for decades, both experimentally and theoretically. The most common C-related 

defects are the isolated substitutional (Cs) and interstitial (Ci) impurity, the CiCs pair, 

and the CsCs pair. Existing theoretical studies explain some features of these defects, 

but not all the experimental data. In particular, two CiCs pairs have been observed and 

studied theoretically, but theory fails to predict their observed relative stability in 

various charge states. Theory also suggests that a third CiCs configuration should exist, 

but it has never been seen. Furthermore, the possibility of a CiCi pair has not been 

explored. 

In this thesis, we study systematically the properties of isolated C and all of the 

possible carbon pairs in silicon. The geometries, relative energies, migration paths and 

barriers, binding energies, electrical activity, and vibrational spectra, are calculated 

and compared to experimental data when available. 
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INTRODUCTION 

 

Carbon is mainly introduced from graphitic contaminants or carbonaceous 

gases that are present during the growth of the crystal. Isolated C is usually found as a 

substitutional defect, which is electrically inert and very stable [1]. The solubility of C 

at the melting point of Si is ~4x10
17

cm
-3

 [2]. C begins to precipitate above 1000 
◦
C [3]. 

 

1.1 Status of the field 

 

1.1.1 Experiment  
 
The main experimental techniques used to study impurities in semiconductors 

are electrical such as deep level transient spectroscopy (DLTS), optical such as Fourier 

transform infrared absorption spectroscopy (FTIR) and photoluminescence (PL), and 

magnetic such as electron paramagnetic resonance (EPR) and optically detected 

magnetic resonance (ODMR).  

Substitutional carbon (Cs) in silicon was first seen by FTIR in the 1960’s. It 

exhibits a local vibrational mode (LVM) at 607 cm
1

. The isotopic shifts associated 

with 
13

C and 
14

C are observed at 586 and 572 cm
1

, respectively [4,5]. Cs does not 

display any electrical activity [1]. X-ray studies on C-rich silicon [6] show that the C-

Si bonds are much shorter than the bulk Si-Si bonds. The silicon crystal feels an 

inward tensile strain due to these short C-Si bonds, causing carbon to act as a trap for 

interstitial defects. 

If a sample is irradiated by 2 MeV electrons, mobile self interstitials (ISi) are 

created. ISi kicks Cs out of the substitutional site, thereby forming interstitial carbon 

(Ci), which is mobile at room temperature [2,7,8]. Two LVMs at 921 and 930 cm
1

, 

have been observed, both associated with 
12

C, with isotopic shifts at 892 and 904 cm
1

 

for 
13

C [7]. No new line appears, corresponding e.g., to a defect containing both 
12

C 

CHAPTER I 
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and 
13

C. This shows that the defect contains a single carbon atom, Ci [7]. The charge 

state to which the modes correspond, is not specified.  

EPR experiments in lightly irradiated p-type Si [8] showed that Ci
+
 possesses 

C2V symmetry, while DLTS measurements [9, 10] provide a donor level at EV + 0.28 

eV. EPR and DLTS studies in n-type Si show an acceptor level at EC − 0.10 eV, and 

found that Ci
−
 also possesses C2V symmetry [11]. Ci is associated with an 856 meV PL 

line [12] and uniaxial stress measurements confirm that Ci possesses C2V symmetry 

[13]. Activation energies for migration range from 0.72-0.75 eV [11] to 0.87 eV [14]. 

The migration energy seems to be independent of the charge state, at least for Ci
+
 and 

Ci
0
 [11]. Annealing experiments under uniaxial stress give a reorientation barrier 

between adjacent tetragonal configurations ranging from 0.77eV [11] to 0.88 eV [8]. 

In irradiated material, the mobile Ci traps at Cs forming a CiCs pair [15]. Two 

configurations of CiCs have been observed experimentally. They are labeled A and B. 

Neither of them involves direct C-C bonding. The pairs dissociate into Ci and Cs at 

250
o
C [2]. Studies in p-type Si [16] using EPR and DLTS show that the A

0
→B

0
 

energy barrier is 0.18 eV. When the sample is irradiated with band-gap light at a 

temperature of ~60K, the B form converts into the A form [17]. 

EPR and DLTS studies have shown that in the positive and negative charged 

states, A is the more stable configuration by 0.02 and 0.04 eV [16], respectively. 

CiCs−A can be thought of as a <100> oriented Si-C split interstitial adjacent to a Cs 

[16,17].  
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Figure 1: The CiCs−A configuration (present calculations). 

 

 CiCs−A possesses C1h symmetry, and its donor and acceptor levels lie 

at EV + 0.09 eV and EC − 0.17 eV, respectively [16]. The identified LVMs of the A 

form in the neutral charge state are at 594.6, 596.9, 722.4, 872.6, and 953 cm
1

 [17]. 

The B form is the most stable configuration in the neutral charge state [16, 19]. 

It is lower than the A configuration by 0.02 eV [16]. ODMR data suggests that it 

consists of two carbon atoms lying close to second-neighbor substitutional sites, with 

a silicon interstitial lying between them [20]. 

 

 

Figure 2: The CiCs−B configuration (present calculations). 
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 ODMR studies on the excited triplet state of CiCs−B, show that the B 

form has C3V symmetry for temperatures higher than 30K and C1h symmetry below 

30K [20]. DLTS studies show that the B form has donor and acceptor levels at EV + 

0.07 and EC − 0.11 eV, respectively [16]. FTIR studies of the B form give LVMs, in 

the neutral charge state, at 540.4, 543.3, 579.8, 640.6, 730.4 and 842.4cm
1

 [17]. Song 

et al. [10] associate the 0.97eV PL line [21, 22] to the B-form. 

The less common CsCs pair was first observed in floating-zone silicon after 

irradiation by 2 MeV electrons at room temperature [23]. It is also seen in C-rich cast 

Si material [24]. The defect forms when a vacancy traps at CiCs [25]: Cs+ISi → Ci; 

Ci+Cs → CiCs; CiCs+V → CsCs. 

EPR data shows that CsCs can trap an electron to become CsCs
−
 with spin 1/2. 

The defect has an isotropic g factor and a complicated hyperfine structure consistent 

with trigonal symmetry [23]. 

The LVMs of the CsCs defect were obtained by FTIR in n-type Si. The IR-

active lines are at 527.4 and 748.7 cm
1

 [25]. The annealing behavior of the 748.7 

cm
1

 line is identical with that of the EPR signal originating from CsCs
−
. The 527.4 

cm
1

 line is believed to be a mode of the neutral CsCs pair [25]. 

1.1.2 Theory 

 

Cs has been studied by local density functional theory (DFT) in a hydrogen 

terminated cluster and Gaussian basis functions [26]. It is found that the C-Si bond 

length is 10% shorter than the Si-Si bond [26]. The LVM that corresponds to the 

triplet mode is found to be sensitive to the C-Si bond length, and calculated to lie in 

the range 561 to 684cm
1

 [26, 27]. 

Ci has been studied by a variety of theoretical techniques. One of the earliest is 

the MNDO (modified neglect of diatomic differential overlap) method [28]. It is a 

semi-empirical self-consistent implementation of Hartree-Fock theory [29]. The three- 
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and four-center electron repulsion integrals are set equal to zero [30] and the one and 

two center integrals depend on variable parameters fitted to experimental data [28]. 

Using this method, it was found that Ci possesses C2V symmetry in all three charged 

states [28]. 

Migration pathways for Ci [31] were calculated using local DFT with the 

Perdew-Zunger parametrization [32] of Ceperley-Alder results [33] for the exchange 

correlation functional. The geometries were obtained by conjugate-gradient 

minimization of the energy functional [34] in a 32 atom supercell. The migration paths 

considered were those that involved the breaking of only one C-Si bond. Two of the 

three nearest neighbors of the C atom were preserved [31]. The activation energy was 

found to be 0.51eV and the saddle point configuration had C2 symmetry [31]. 

Leary et al. [35] performed ab-initio local DFT calculations in the Si44H42 

cluster. The migration energy of Ci was calculated by inserting a C atom oriented 

along <111>. It was found that the C2-symmetric and the bond-centered saddle points 

had almost equivalent barrier heights of 1.10eV. Both calculations for the migration 

energy of Ci were done in the neutral charge state. The calculated LVMs of Ci in the 

neutral charge state, ranged from 1005, 853 and 358 1cm  [36] to 922.2 and 866.9 

1cm [35].  

CiCs has been studied using DFT with Gaussian basis sets in the C2Si43H42 

cluster [35]. The calculations found the A form to be lower in energy compared to the 

B form by 0.50, 0.35, and 0.43 eV in the  , 0, and + charge states, respectively. The 

calculated LVMs of the B form in the neutral charge state were 838, 715, 649, 582, 

552, 543 and 532 cm
1

 [35]. 

DFT calculations by Capaz et al. [37] on CiCs using the local density 

approximation in the Si64 supercell showed that in the neutral charge state the B form 

was lower than the A form by 0.11eV. The activation energy for conversion from A to 

B in the neutral charge state, was found to be 0.13 eV. The calculated LVMs for the 

12
C−

12
C isotope combination in neutral charge state were 841, 716, 643, 567, 514 and 
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503cm
1

 for the B form, and 890, 874, 722, 568, and 557cm
1

 for the A form [37], 

respectively. 

CsCs has also been studied by DFT calculations in the Si44H42 cluster [25]. Two 

structures labeled SB ('short bond') and LB ('long bond') were investigated. SB has a 

C−C bond length of about 1.6Å, and LB of about 2.9Å. Both structures have two 

carbon atoms at adjacent substitutional sites, with D3d symmetry [25]. In the neutral 

charge state, SB is the most stable structure by 0.16eV with LVMs at 689, 629, 522, 

and 512cm
1

 for 
12

C− 
12

C [25]. The modes 689 and 629cm
1

 are IR inactive, whereas 

the modes 522 and 512 cm
1

 are IR active. In the negative charge state, the LB 

structure is more stable by 1.3 eV with LVMs at 706, 697, 529, and 516 cm
1

 for 
12

C− 

12
C. The 697 and 529 cm

1
 modes are IR inactive, and the 706 and 516 cm

1
 modes 

are IR active.  

 Using ab-intio Hartree-Fock methods, Byberg et al. [23] predicted that 

CsCs  possesses an acceptor level. A later DFT calculation [25] found it to lie at EC − 

0.3 ± 0.2 eV. 

 

1.2 My contributions to the field 

 

Despite the considerable research that has been done, open questions still exist. 

Further, a few properties of C defects have been calculated at various times by various 

groups using different (and not always comparable) theoretical tools. The predictions 

do not always fit with the experimental data. There is no complete set of predictions 

obtained at a uniform level of theory. This is one purpose of my work. 

Further, due to the complexity of the interstitial geometry, a migration pathway 

for Ci has not yet been identified [31]. Various theorists have simply assumed a 

diffusion path. Activation energies for migration range from 0.72 to 0.87eV [11, 14]. 

Reorientation barriers between adjacent tetragonal configurations range from 0.77 to 

0.88eV [8, 11]. The calculations performed [31, 35] were done in the neutral charge 
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state, and the theoretical results do not complement each other. For example, Capaz et 

al. [31] find the path with a C2 symmetric saddle point to be the most likely one for the 

migration of Ci, with an energy barrier of 0.51eV. Leary. et al. [35], find that the C2 

symmetric path and the bond-centered path have a similar barrier height of 1.10 eV. 

The migration pathway of Ci is explored here using systematic nudged-elastic band 

(NEB) calculations in all three charged states. The pathways considered are those that 

involve the breaking of only one bond.  

For CiCs there is a discrepancy between the energies reported by experiment 

and those predicted by theory. Experimentally it is known that the B form is more 

stable in the neutral charge state, compared to the A form, by 0.02eV [16]. The A form 

is more stable in the positive and negative charged states by 0.02 and 0.04 eV, 

respectively [16].   

 Leary et al. [35] find the A form to be the most stable one, by 0.50, 

0.35 and 0.43 eV, in the –, 0 and + charge states, respectively. Capaz et al. [37] find 

the B form to be the most stable configuration in the neutral charge state, by 0.11 eV 

compared to the A form. No information was provided on the stability of the positive 

and negative charge states.  

 Leary et al. [35] computed the LVMs of the B form in the neutral 

charge state and found 7 modes, while Capaz et al. [37] computed the LVMs of both 

the A and B configurations. For the B configuration, Capaz observed 6 modes, in 

agreement with what is observed experimentally [17]. For the most part, the numbers 

provided by both calculations were in fair agreement with experiment. No gap levels 

were calculated by Leary et al. [35] while Capaz et al. [37] discussed the gap states in 

a qualitative manner, without providing specific values.  

 Further, the possibility that a third configuration of CiCs is stable has 

been mentioned by Tersoff [38], but it has not been observed experimentally or 

calculated by theory. The configuration (Figure 3) resembles a Si self-interstitial, but 

instead of having two Si atoms sharing one substitutional site, we deal with two C 
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atoms sharing one site. This configuration involves direct C-C bonding and I label it 

CiCs−NN. 

 

Figure 3. The CiCs-NN relaxed configuration. 

 

 I calculate here the energy differences between all three CiCs 

configurations in all three charged states and discuss the reason why the very stable 

pair CiCs-NN has never been seen. 

Finally, the possibility of a stable CiCi configuration was discussed by Mattoni 

et al. [39]. This pair has not been observed experimentally or studied in detail by 

theory. Even though its formation probability is low, it could form in the C-rich cast-

Si materials commonly used to fabricate solar cells or follow from the interaction 

between CiCs and ISi. I provide here the details of the structures, energetics, vibrational 

spectra, and electrical activity of this pair. 
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THEORETICAL APPROACH 

 

In this work, I perform first-principles DFT [40-43] calculations based on the 

SIESTA method [43,44]. 'First-principles' means that none of the input parameters is 

adjusted to reproduce experimental data. The host crystal is represented by supercells 

containing 128 host atoms with periodic boundary conditions applied to remove 

surface effects. The supercell is chosen large enough to minimize the unphysical 

interaction with defect images in neighboring cells and small enough to be 

computationally affordable. The Brillouin zone is sampled using a 3×3×3 Monkhorst-

Pack [45] mesh. The lattice constant of the perfect cell is optimized in each charge 

state. 

The Born-Oppenheimer approximation is used to separate the nuclear problem 

from the electronic one. The nuclei are treated with classical ab-initio molecular 

dynamics at 0K. Quantum effects such as zero-point energy and tunneling are ignored. 

Defect geometries are obtained using a conjugate-gradient algorithm, in which the 

atoms are moved towards a local minimum of the potential energy surface until the 

maximum force component on each atom is less than 0.003eV/Å. 

The electronic problem is split into core and valence regions. The core regions 

are replaced with ab-initio type, norm-conserving pseudopotentials. The logarithmic 

derivatives of the true and pseudo-wavefunctions are matched at the pseudopotential 

core radius for each value of the angular momentum . Our pseudopotentials are 

parameterized according to the Troullier-Martins [46] method and are in the 

Kleinman-Bylander form [47]. In SIESTA, the matrix elements of the potential are 

tabulated as a function of interatomic distance, thus increasing the speed of the 

calculations. The pseudopotentials have been optimized using the experimental bulk 

properties of the perfect solids and/or first-principles calculations [48]. Vibrational 

properties of free molecules and of known defects are also used, when experimental 

data are available. Such testing leads to some fine-tuning of the pseudopotential 

CHAPTER II 
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parameters relative to the purely atomic ones: small changes in the core radii and/or 

use of semicore states. Once optimized, we take these pseudopotentials to be 

transferable to the defect problems at hand.   

The valence regions are treated with first-principles (spin) DFT within the 

generalized gradient approximation for the exchange-correlation potential [49]. The 

charge density is projected on a real-space grid with an equivalent cutoff of 150Ryd to 

calculate the exchange-correlation and Hartree potentials. The basis sets for the 

valence states are linear combinations of numerical atomic orbitals of the Sankey type 

[50,51]. We use double-zeta basis sets for C, while polarization functions (one set of 

d’s) are added for Si.  

The minimum energy path between two local minima is determined using the 

nudged elastic band (NEB) method [52-54]. Because of the large CPU requirements, 

the NEB calculations are done in a 64 host-atoms cell with a 2×2×2 k-point mesh. 

The gap levels are estimated using the marker method [40,55]. Our 

implementation uses the perfect crystal as a marker for all defects, thus eliminating the 

dependence of the predictions on the marker. The gap level is taken to be 1.17eV.       
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   RESULTS  

3.1 Cs 

 

Cs lies at a substitutional site and has tetrahedral symmetry. The C-Si bond 

length in the neutral charge state is 2.00Å, which is 0.34Å shorter than the equilibrium 

Si-Si bond length. The calculated donor and acceptor levels of Cs are resonant with the 

valence and conduction band, respectively. Thus, we find Cs to be in the 0 charge state 

for all positions of the Fermi level.  

The calculated 596 cm
1

 triplet LVM is close to the experimental 607 cm
1

 [4]. 

The complete vibrational spectrum is shown in Fig. 4.  

 

Figure 4: LVMs for substitutional carbon in the neutral charge state. The C-

related modes are the dashed (black) line and the localized modes associated with its 

Si neighbors are the dotted (blue) lines. 

 

CHAPTER III 
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3.2 Ci 

 

The silicon self-interstitial readily interacts with Cs to form interstitial carbon 

(Ci). The calculated energy gain of this reaction is ISi + Cs → Ci + 0.8 eV. 

 As shown in Fig. 5, Ci has C2V symmetry, with Ci-Si aligned along a 

<100> axis, in agreement with experiment [13]. The C−Si bond length along the 

<100> axis is 1.76Å, while the other nearest-neighbor C-Si bond lengths are 1.81Å.  

 

Figure 5. Ci in the neutral charge state. The x and z axes are shown by arrows. 

 

 The calculated donor and acceptor levels of Ci are at EV + 0.24eV and 

EC − 0.10eV, respectively. The experimental values are EV + 0.28eV [9, 10] and EC − 

0.10eV [11]. 

 The calculated LVMs of Ci in the +, 0, and  charge states are 854 and 

969, 889 and 974, and 869 and 949 cm
1

, respectively. The measured values are 921 

and 930 cm
1 

[7]. 
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 The migration barriers have been calculated with the NEB method (Fig. 

6). The saddle point of the relaxed pathway corresponds to the intermediate 

configuration in Fig. 6, which has C2 symmetry. The diffusion path with a bond-

centered saddle point is shown in Fig. 7. 

                           

Figure 6. The starting, intermediate and final configurations for the C2 NEB 

calculation. 

 

                                  

Figure 7. The starting, intermediate and final configurations for the BC NEB 

calculation. 

 

 The calculations show that the lowest-energy migration path is the one 

containing a saddle point (intermediate configuration) with C2 symmetry for all three 

charge states. An energy barrier plot in the neutral charge state of Ci (Fig. 8)  shows 

that the BC path has a much higher energy barrier than the C2 path. This result agrees 

with the calculations done by Capaz et al. [37], on the migration of Ci. 
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Figure 8. Energy plot of the relaxed C2 and BC paths for the migration of Ci
0
. 

 

 The calculated energy barriers for the C2 path are 0.43eV in the neutral 

charge state, 0.53eV in the negative charge state, and 0.70eV in the positive charge 

state. It has to be mentioned, that my calculations do not determine how the gap levels 

of Ci change as the defect diffuses through the crystal. The Ci
+
 energy barrier is 

comparable to the experimental activation energy for diffusion, 0.72 - 0.75eV [11]. 

3.3 The CiCs pairs 

 

In this section we study three possible CiCs pairs: the A (Fig. 1), B (Fig. 2) and 

NN (Fig. 3) pairs.  The three pairs are quite close in energy to each other, with the B 

form predicted to be the most stable in all three charge states (Table 1).  
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Table 1. The calculated relative energies (eV) of the CiCs complexes. 

   + 0 – 

 CiCs−A  0.24 0.36 0.38 

 CiCs−B  0 0 0 

 CiCs-NN  0.22 0.38 0.31 

 

 

 Experimentally [16], the A form is more stable than the B form in the 

positive and negative charge states, by 0.02 and 0.04eV, respectively. In the neutral 

charge state the B form is found to be more stable than the A form by 0.02eV. 

However, we find the B form to be the most stable in all three charge states, with 

larger energy differences. 

 Leary et al. [35], find the A form to be more stable than the B form by 

0.35eV in the neutral charge state, 0.43eV in the positive charge state, and by 0.50eV 

in the negative charge state, also in disagreement with experiment.  

 Capaz et al. [37] find the B form to be the most stable in the neutral 

charge state compared to the A form, by 0.11eV but do not give the relative energies 

in the + and – charge states. 

The binding energies of the A, B, and NN forms are obtained from the 

following formation reactions in the 0 charge state: Ci+Cs  CiCs-A + 0.91eV;  Ci+Cs 

 CiCs-B + 1.28eV; and Ci+Cs  CiCs-NN + 0.89eV. The numbers are generally 

consistent with the observed annealing temperature of 250 C  [2]. 
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3.3.1 CiCs-A 

 

The relaxed configuration of CiCs−A in the neutral charge state (Fig. 1) has C1h 

symmetry in agreement with experiment [16]. The <100> oriented Si-C split 

interstitial has a bond length of 1.76 Å. The donor and acceptor levels lie at EV + 

0.08eV and EC − 0.18eV, respectively. The experimental values are EV + 0.09eV and 

EC − 0.17eV [16]. The calculated LVMs for all three charge states are shown in Table 

2. 

  Table 2. Calculated LVMs (cm
1

) of 
12

Ci−
12

Cs - A. 

 Exp.    0    

 953  913 917 953 

 872.6  908 912 813 

 722.4  712 710 693 

 596.9  599 598 660 

 594.6  592 591 594 

 

 

 The calculated LVMs are in good agreement with the observed 

experimental values of 594.6, 596.9, 722.4, 872.6, and 953cm
−1

 [17] for the neutral 

charge state of the A form.  

 

3.3.2 CiCs-B 

 
The relaxed configuration of the B form in the neutral charge state (Figure 2), 

displays C1h symmetry in agreement with experiment [20]. The C-Si bond lengths 

between the two carbon atoms lying close to second-neighbor substitutional sites, and 

the silicon interstitial are ~1.9Å.  The calculated donor and acceptor levels are at EV + 

0.02eV and EC − 0.17eV, respectively. The DLTS values are EV + 0.07eV and EC − 

0.11eV [16], respectively. The LVMs in all three charge states are shown in table 3. 
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Table 3. The calculated LVMs (cm
–1

) of 
12

Ci−
12

Cs - B. 

 Exp.    0               

 842.4  802 805 809 

 730.4  693 704 714 

 640.6  653 663 682 

 579.8  569 567 600 

 543.3  563 563 570 

 540.4  546 549 557 

 

 

 

The calculated LVMs are again close to the measured values of 540.4, 543.3, 

579.8, 640.6, 730.4 and 842.4cm
–1

 [17] in the neutral charge state of the B form.  

 

3.3.3 CiCs-NN 

 

CiCs-NN (Fig. 3) has not been observed experimentally. The defect has C2V 

symmetry, and the C-C bond length is 1.43Å. The donor and acceptor levels lie at EV 

+ 0.11eV and EC − 0.30eV, respectively The LVMs of CiCs-NN for all three charge 

states are shown in Table 4. Note that the C-C stretch mode is IR inactive. No IR line 

associated with this defect has been reported.  
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Table 4. The calculated LVMs ( 1cm ) of 
12

Ci−
12

Cs - NN. 
 

  0   

1119 1181 1149 

821 810 823 

566 806 570 

 580  

 

 Since the energy of this structure is close to that of the A and B 

structures, it is surprising that it has never been observed. The reason why could be 

related to the energetics of its formation. As Ci approaches Cs, it always first traps in 

either the A form or the B form, in which the two C atoms are farther apart, separated 

by one Si atom. Then, a barrier needs to be overcome in order to achieve the NN 

configuration. This involves exchanging the position of one Si and one C atom. I 

calculated the barriers for this exchange using the NEB method. The barriers for the 

A-to-NN and B-to-NN transitions are shown in Figs. 9 and 10. 

 
Figure 9. NEB calculations (0 charge state) of the transition from the A form to the 

NN form. 
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Figure 10. NEB calculations (0 charge state) of the transition from the B form to the 

NN form. 

 

 The CiCs-A to CiCs-NN  transition requires overcoming a barrier of 

1.83eV.  The CiCs-B to CiCs-NN transition requires overcoming a barrier of 2.16eV. 

In both cases one C atom needs to break two C-Si bonds to achieve this conversion. 

These values are larger than the binding energy of the pair. Thus, the transitions for 

the A or B to the NN form require temperatures larger than the dissociation 

temperature of the pair. 

 

3.4 The CsCs pairs 

 
CsCs forms in irradiated materials when CiCs traps a vacancy (CiCs

0
 

+V
0
→CsCs

0
 +3.28 eV). It is also seen in as-grown C-rich Si that contains 

concentrations of C that are higher than the solubility limit at the melting point. 

 There are two stable configurations of the CsCs pair. They have been 

called [25] CsCs(SB)  (short C-C bond) and CsCs(LB) (long C-C- bond). A comparison 

of the SB and LB configurations of CsCs is shown in Fig. 11. The C-C bond length for 

CsCs(SB) is 1.71 Å, while for CsCs(LB) is 3.66 Å. 
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Figure 11. The CsCs(SB) (left) and CsCs(LB) (right) pairs. 

 

 In the neutral and positive charge states CsCs(SB) is more stable than 

CsCs(LB) by 0.31eV and 0.04eV, respectively. In the negative charge state CsCs(LB) 

is more stable than CsCs(SB), by 0.20eV. The energy barrier separating these two 

configurations is only 0.14eV (Fig. 12). 

 

Figure 12. NEB calculation in the 0 charge state for the CsCs(LB)  CsCs(SB) 

transition. 

 

 The donor level of CsCs is almost resonant with the top of the valence 

band, while the acceptor level lies at EC − 0.28eV. This result agrees with the 

predictions [23] of the existence of an acceptor level for CsCs. The LVMs of the 
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CsCs(SB) configuration in the 0 charge state are 655, 591, 554, and 537cm
–1

 

(experimental: 527.4 [25]). The LVMs of the CsCs(LB) configuration in the – charge 

state are 793, 783 (experimental: 748.7 [25]), and 250cm
–1

. 

 

3.5 CiCi 

 

The formation of CiCi is improbable because the Ci concentration in silicon is 

very small compared to the concentration of substitutional carbon. The rapidly-

diffusing Ci has a higher probability of trapping at Cs before encountering another Ci. 

Also, Ci is in the + or – charge state in p- type or n-type Si, thereby resulting in long 

range repulsion. This defect (CiCi) has never been seen experimentally, but has been 

predicted to be quite stable, with binding energies lying in the range 1.5 to 2.1 eV 

[39]. 

                                                                   
Figure 13. Formation of the CiCi complex, on the left is the starting set up, on the 

right is the final configuration. 

 

 The defect forms, when two (neutral) Ci’s at neighboring interstitial 

sites, move toward each other to form a 1.3Å C-C bond, with C-C almost along the 

<211> axis. The energy gained in this reaction is substantial: Ci
0
 + Ci

0
→ CiCi

0
 + 

2.71eV. Another possible formation reaction could be from CiCs trapping interstitial 

silicon ISi, to form CiCi [39]. The energetics of this reaction are CiCs
0
+ ISi

0
 → CiCi

0
 + 

2.23eV. 
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 CiCi is electrically inactive and always in the zero charge state.  The 

LVMs of CiCi are at 568, 658, 813, 878 and 1424 cm
−1

.  
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    SUMMARY AND DISCUSSION  

Eight possible carbon defects in silicon were investigated. The calculations 

contained in this paper dealt with binding energies, LVMs, migration pathways, and 

gap levels.  

For Cs, my calculations show that the C-Si bond is 0.34Å shorter than the Si-Si 

bond, as predicted by X-ray studies in C-rich silicon [6]. I find that Cs does not 

possess any electrical activity, also in agreement with experiment [1]. The calculated 

596cm
−1

 LVM triplet is close to the experimental value 607cm
−1

 [4]. 

The energetics of the reaction resulting in the formation of Ci are discussed. Its 

equilibrium configuration has C2V symmetry, in agreement with experiment [13]. The 

calculated gap levels are also consistent with the experimental values. NEB 

calculations of the possible pathways of migration for Ci are predicted in all three 

charge states. The lowest-energy path has a C2 saddle point. The migration barrier is 

close to the measured value in the + charge state. The barriers in the 0 and – charge 

states are lower than the values reported in the literature. 

I studied three structures of CiCs, the A, B and NN configurations. I find the B 

structure to be the most stable one in all three charge states. The energy differences 

between the various configurations are larger than the ones reported in the literature, 

and the observed change of configuration with the charge state is not reproduce. The 

binding energies, gap levels, and LVMs were calculated for all three forms. For the A 

and B forms, the calculated values are in good agreement with experiment. The NN 

form has never been seen experimentally. NEB calculations show that the barrier 

which has to be overcome to achieve the NN configuration is larger than the binding 

energy of the pair. 

Two configurations of CsCs were also discussed. The calculated IR-active 

LVMs at 537cm
−1

 and 783cm
−1

 are in good agreement with the experimental values at 

527.4cm
−1

 and 748.7cm
−1

 [25], respectively. This defect has an acceptor level at EC − 

0.28eV.  

CHAPTER III 
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Finally, the CiCi defect is predicted theoretically to be very stable and 

electrically inactive. 

Open questions, still remain. Two of them in particular are vexing. 

The migration barrier of Ci
0 
and Ci

+
 have been measured by EPR [8], DLTS 

[11], and IR [14]. The two values are very similar, 0.73 and 0.75 eV [11], 0.87 eV for 

Ci
0
 [14], and 0.88 eV for Ci

+
 [8]. Our calculations predict 0.70 eV for Ci

+
 but the much 

smaller 0.43 eV for Ci
0
. It is also unclear how IR studies were able to determine the 

specific charge state of Ci. It is also possible that the gap levels of Ci shift as it 

migrates and that the measured barrier always corresponds to Ci
+
. 

Second, experimental data [16] for the CiCs pair indicate that the A 

configuration is more stable than the B configuration in the + and − charge states and 

that the opposite is true in the 0 charge state. Further, the measured energy differences 

between the two configurations are very small. Like our results those of all other 

theorists disagree with experiment. Leary et al. [35] find the A configuration to be 

more stable in all there charge states and we find the B configuration to be stable 

instead. Further, we find that the relative energies of the two structures are larger than 

those measured.
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