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What is the nature of the C-C complex in silicon? Insights from electronic structure calculations

The structure of the C-C complex in silicon has been debated since long time. Different theoretical and experimental studies tried to shed light on the properties of these defects that are at the origin of the light emitting G-center. It is essential to understand structural and electronic properties of these defects because they are relevant for applications in lasing and there is an increasing interest to control their formation and concentration in bulk silicon. In this paper, we study structural, electronic, and optical properties of different possible configurations of the C-C complex in bulk silicon by means of density functional theory (DFT) plus many-body perturbation theory (MBPT). Our finding show that different competing structures could be at the origin of the experimental results.

I. INTRODUCTION

Carbon being an isovalent impurity to silicon initially occupies a substitutional position (C s ). High energy irradiation (electron, ion, proton, or gamma) creates fast diffusing self-interstitials. Some of those interact with carbon atoms and kick them out of the substitutional sites to create carbon interstitials (C i ). C i is mobile above room temperature and though it interacts with other impurities and forms defect complexes. C i C s is one of the secondary irradiation induced defects, which is perhaps the most studied due to its rich physics and interesting structural, electronic, and optical features.

The pair is associated to a G-center which emits light on 0.97 eV (1280 nm). 1,2 It was discovered in the 60's as a by-product in the silicon crystal caused by the radiation damage from the bombardment with high energy electrons, ions and gamma rays. In recent years, an important effort has been made in order to increase the G-centers concentration [1][2][3] . The methods are generally based on the silicon surface alteration, followed by a laser annealing. These technologies have promising applications in development of a silicon laser.

The structure of the complex has been debated for a long time in different experimental and theoretical studies. [4][5][6][7][8][9][10][11][12] The early Electron Paramagnetic Resonance (EPR) study 4 identified a signal, called as Si-G11, that corresponds to a vacancy occupied by two carbon atoms in a positive charge state. The angular dependence in the Si-G11 Zeeman spectrum suggests that two carbon atoms lie in 〈110〉 plane, while the C-C bond is oriented along the (111) direction. Later experiments, based on optical detection of magnetic resonance (ODMR) study 5 of the 0.97 eV optical peak, relate the G-center to the C i C s complex in its neutral state. O'Donnell et al. 5 proposed another model for C i C s complex where the substitutional carbon atoms are separated with interstitial silicon atom. Two modification of such a complex are possible: the A-form, when the interstitial silicon is a three bonded, and the B-form, when the Si is bonded to two neighboring C s atoms. Bistable C i C s complex (Aand B-forms on Figures 1a and1b) and its charged states have been studied experimentally. 6 Song et al. 6 have performed a wide analysis of a bistable C i C s complexes in pand n-doped silicon by means of EPR, Deep Level Transient Spectroscopy (DLTS) and Pholuminescence spectroscopy (PL) techniques and have provided a complete configurational-coordinate energy diagram. The A-form is found to be lower in energy for all the charged states except neutral where the B-form slightly lower in energy. Later the Localized Vibrational Modes (LVMs) of the bistable complex have been obtained by means of Infrared (IR) spectroscopy. 7 The obtained spectra for Bform (540.4, 543.3, 579.8, 640.6, 730.4 and 842.4 cm -1 ) and A-form ( only five of six local modes were identified 594.6, 596.9, 722.4, 872.6, 953.0 cm -1 ) are in fair agreement with values obtained via ab initio calculations 8,9 .

In 2002, Laiho et al 10 by means of EPR, have detected a new low-symmetry configurations of a complex containing an interstitial silicon and two identical carbon atoms. These signals, named as Si-PT4 and Si-WL5, have not been identified so far, however their presence suggest several forms of C i C s complex. These forms appear during the cooling procedure and possess varying magnetic properties.

The exact geometry configurations of carbon-pair can be investigated by first principles studies. A few theoretical attempts have been performed during recent years. By means of DFT calculations, Liu et al 13 proposed a third configuration of C i C s complex (see Figure 1c), the C-form: two carbon atoms are situated in a vacancy and oriented in (100) direction. Although, the configuration was found to be at least 0.2 eV more stable than A and B for all charge states, there are no experimental observations proving this form presence so far.

Since then, most of the theoretical works investigate the three forms of C i C s complexes [14][15][16] (see Figures 1a, 1b, and 1c). However, their results are not in agreement with each other. Reported by Mattoni et al. 14 and Docaj et al. 16 , the binding of A-form is as strong as that of C-form, however both of the forms are less stable than B in neutral state. In these two studies, non spin polarized calculations have been performed. In contrary, Zirkelbach et al. 15 have calculated the stability of dicarbon pairs by taking the spin into account and have found the C-form the most stable. Finally, we found another stable configuration of C i C s complex, which we call as D-form, that is a torsion of C-form along the C-C bond axis (see Figure 1d).

Here, we present our investigation of the structure, vibrational properties, and optical absorption spectra by means of first-principle calculations in order to determine and characterize the different forms of this C i C s complex. Moreover, we make an attempt to obtain the ground state (geometries, binding energies) and excited state properties (band gaps and optical absorption/emission spectra) of all the four forms. The latter property could allow us to assign which of four forms corresponds to the lightemitting G-centre.

The paper is organized as follows: in section II we summarize the computation methods employed in the calculation of the atomic structure and the electronic and optical properties; in section III there are the numerical parameters entering in the calculations; in section IV we present results for electronic structure and optics, and finally in section V we draw the conclusions.

II. METHODS

The defected structures was implanted in silicon super-cells containing 64 (small) and 216 (big) atoms, within periodical boundary conditions. The geometry optimization was performed using BigDFT wavelet based code 17 with Hartwigsen-Goedeker-Hutter pseudopotentials 18 and the GGA-PBE functional. 19 To reach the local minima of every structure we used the Fast Inertial Relaxation Engine (FIRE). 20 Variations in geometry structures of the defects of interest in the small and big super-cells are negligible. However the energies of the various structures slightly differ. In addition, an accurate prediction of excited state properties requires accounting the long-range interactions. Thus considering big super-cells is crucial and all further results were obtained in the large super-cells. To calculate the phonon modes, we employed the finite difference method within the frozen phonon approximation. To accelerate computations, a defect and its first-shell neighbors were considered exactly, while the remote atoms were contributing as unperturbed bulk atoms.

Then, we took optimized structures and generate oc-cupied and empty states 21 with the plane-wave based code QuantumEspresso 22 , the norm-conserving Troullier-Martins pseudo-potentials 23 and PBE functional. 19 Then we correct the Kohn-Sham levels by means of many-body perturbation theory in order to obtain the quasi-particle(QP) band structure and the optical response of the system. The quasi-particle band structures are obtained within the GW approach. 24 Specifically, we use non-self consistent GW (denoted as G 0 W 0 ) in which the screened Coulomb potential, W , and the Green's function, G, are built from the KS eigenstates {ε nk ; |nk } (with k the crystal wave vector and n the band index). The quasi-particle energies are then obtained from:

ε QP nk = ε nk + Z nk ∆Σ nk (ε nk ). ( 1 
)
In Eq. 1

Z nk = [1 -∂∆Σ nk (ω)/∂ω| ω=ε nk ] -1 ,
is the re-normalization factor and

∆Σ nk ≡ nk|∆Σ|nk ,
where

∆Σ = Σ -V xc ,
is the difference between Σ = GW , the GW self-energy, and V xc , the exchange-correlation potential used in the KS calculation. [START_REF] Aulbur | Solid State Physics[END_REF] The optical-spectra are calculated by solving the Bethe-Salpeter equation (BSE): 26

(ε QP ck -ε QP vk )A s vck + v ′ c ′ k ′ vck|K eh |v ′ c ′ k ′ A s v ′ c ′ k = Ω s A s vck . (2) 
Here, the electronic excitations are expressed in a basis of electron-hole pairs |vck corresponding to transitions at a given k from a state in the valence band (v) with energy ε QP vk (hole) to a conduction-band (c) state with energy ε QP ck (electron). A s vck are the expansion coefficients of the excitons in the electron-hole basis and the Ω s are the excitation energies of the system. In case of spin-polarized defects we performed spin-polarized calculations both at the GW and BSE level.

III. CALCULATION DETAILS

In this section we report the convergence parameters that enter in each of calculations discussed in the previous section. Structure optimization has been performed using a 0.42 Bohr grid spacing on the wavelet mesh and then in planewave we used a cutoff of 80 Ry to generate the KS wavefunctions. In the G 0 W 0 calculation, we used 1500 bands For the BSE we used the static part of the screening calculated in the GW, 100 valence bands and 100 conduction bands for the calculation of the optical absorption, and 15.000 G-vectors to describe the Kohn-Sham wave-functions. Then the BSE equation has been inverted and interpolated on the double grid too. 27 All the GW and BSE calculations have been performed with the Yambo code. 28 

IV. RESULTS AND DISCUSSION

In this section we will address the structural, vibrational, electronic and optical properties of the different

C i C s complexes.
a. Structure and binding energies of the various forms of the CiCs complex In Figures 1a -1d, the four obtained optimized configurations of C i C s complex are shown. In the A-form, carbon atoms occupy neighboring lattice sites, while the Si atom is an interstitial bonded to both carbon atoms and one silicon. The B-form is similar to A but the interstitial Si only bridges the two carbon The initial configuration for this optimization was chosen to be slightly different from the C-form. Thus, we can conclude, that D-form is another local minima, which is similar to the C-form but almost 0.4 eV higher in energy.

The twisted shape of the D-form can result from the rotation of π-orbitals of two C atoms in order to form a π bond (see Figures 1c and1d). In the C-form, the two corresponding π-orbitals are perpendicular to each other; each of them is occupied by one electron, making this complex paramagnetic.

All four forms of C i C s complex can be created from very same ingredients, i.e. from mobile interstitial carbon and immobile carbon in substitution. Depending on the topology of the reaction, either A and B or C and D forms can be reached. In a neutral state, A will directly transform to B, as B is more stable. The A to B transformation barrier has been estimated to be as low as 0.1 eV 15 . Transformation from either A (or B) to C and backward is less probable as the transformation barrier have been estimated to be as high as 2-3 eV 16 . Nevertheless, the kinetics of C i C s complex formation and re-orientation, i.e. various migration barriers, is out of the range of the present study. Interested readers can find information in the work of Zirkelbach et al. 15 .

The binding energies of the complex were calculated as

E b (C i C s ) = -E tot (215SiC i C s ) -E tot (216Si) + E tot (215SiC s ) + E tot (216SiC i )
and the obtained values are listed in Table I. The C-form is found to be the most stable among all. These results are in contradiction with some recent theoretical studies 14,16 however it is in agreement with findings of Zirkelbach et al. 15 and Liu et al. 13 . We demonstrate the crucial role of the spin in complex respective stabilities, as it increases the binding energy by about 0.17 eV compare to non-spin polarized calculations (0.2 eV in Ref. 15 ). The D configuration has a binding energy of 0.88 eV, which is close to that of A-form. Generally speaking, all these forms can be present in a heavily carbon doped silicon, and their relative concentrations should depend on their binding energies. It should be also taken into account, that formation kinetics can impact significantly the balance between the four complex concentrations. That is why, even if the A-and B-forms are indeed less stable than the C-form, they could be present in the sample and could be detected by various experimental techniques, such as IR and EPR spectroscopy.

In experiments, a 546 cm -1 band is used to measure the C i C s complex concentration. The Figure 2 shows the concentrations of various carbon related defects in silicon during an isochronal annealing (20 min). Those concentrations are extracted from Kinetic Mass Action Law (KMAL) simulations 29 for the colored lines, and from the experiment 30,31 for the black lines. Two different simulations were made: the curve in plain lines takes into account the binding energy of the C-form of C i C s (E b = 1.28 eV), whereas the one in doted lines takes into account the binding energy of the B-form (E b = 0.93 eV).

The two simulations exhibit the main features of the experiment: species, their concentrations, and the reaction temperatures. The only difference between the two simulations is the binding energy of C i C s pair. While considering the C-form, the simulation reproduces two following experimental parameters: first, the C i C s dissociation temperature of 280-300 ℃; second, the experimentally observed evolution of C i O i pair. These evidences favor the C-form existence. While considering the B-form, the decay of C i C s pairs at lower temperatures (190 ℃) liberates the mobile C i species, causing the rise in C i O i concentration just before its dissociation. This rise is not seen experimentally, adding a further proof that the C-form is the one detected in this experiment. The just described observation is a strong evidence for the presence of the C-form in irradiated silicon, but more detailed analysis of other properties should be performed in order to finally assign the observed properties of dicarbon pair to any of its form. Hereafter, we will consider four forms of C i C s pair, namely A-, B-, magnetic C-, and D-form, as far as they are the most interesting configurations. Particularly, we will define their vibrational and excited states properties.

b. Vibrational properties One of the easiest ways to decipher the exact configuration of defects presented in a sample is a combined theoretical-experimental investigation of LVMs. An accordance between the obtained values would unambiguously point a correct structure, while lines' intensity would give an estimation of concentration. Therefore, we present here our theoretical investigation of LVMs of the four forms of C i C s and will compare them with already published results (see Table II). Our values for the A-and B-forms are in excellent agreement with experiment and previous calculations. For the C-form our results differs in larger extend. This can be related to the differing geometries of the C-form between our and Docaj's study. 16 Spin polarization was not taken into account in the study of Docaj, thus they could deal with the D-form or another local minimum. The obtained results can be a reference point for future IR experiments, indicating the energy range for a possible LVM bands of the C-form. For example, in the study of Lavrov et al. 7 , there was an assumption, that only B form is existing in neutral form, that is why the reported IR spectra were ranged up to 1000 cm -1 and above 7000 cm -1 . While according to our calculations the highest frequency of Cform correspond to 1135 cm -1 and is obviously out of the scope of the just mentioned work.

c. Electronic and optical properties While the situation is rather clear with LVM fingerprints, which is hard to misinterpret, more attention should be paid to the formation kinetics and optical properties of the forms of carbon-carbon pair. We start our discussion of the electric properties of the four complexes at the Kohn-Sham level. In Figure 3a we report a schematic representation of the electronic band structure of the four defects. We found that although we use a large supercell, more than 200 atoms, the presence of the defects slightly affect the bulk gap, by about 0.13 eV in the worst case of the complex A, due to resonant defect states. We found that the four complexes present deep levels in the band gap. In the A, B and D cases there is a single level inside the gap situated respectively at 0.36 eV, 0.40 eV and 0.30 eV from the top valence band. The C case is different because the defect is spin-polarized and therefore the level in the gap is split into two levels one for each spin polarization. Finally, we have to mention that in the D complex there is a strong resonance close to the top valence bands, that generates a strong absorption peak at high frequencies as we will see in the following. Then we turn on quasi-particle correction and obtain the band structure schematically reported in Figure 3b.

The GW correction opens the gap from 0.76 eV to 1.1 eV and also raises the deep level positions respect to the top valence bands. In the A,B and D cases these levels remain in the band gap while in the C case the two levels almost merge with the bottom of the conduction bands (see Figures 3a and4). This fact has important implications on the optical properties as we will see in the following. Beyond the shift of the electronic levels. The corresponding density of states (DOS), calculated using a 2 × 2 × 2 shifted grid plus the gamma point, is reported in Figure 4. We compare the DOS of the four defected structures with the one of the pure system aligning the top valence band position. The DOS of the four complexes are similar to the one of the pure system but the peaks are smoother because of the presence of defects that breaks symmetries in the supercell. In the band gap the deep levels are clearly visible, execpt for the C case, where DOS generated by defect levels merges with the one of the conduction DOS. Now that we have analyzed the electronic structure of the four defects we move to their optical properties.

The optical response was evaluated by means of the GW plus Bethe-Salpeter equation (BSE), i.e. including both local-field effects and electron-hole interaction, see Figure 5.

Since we would like to compare the optical properties with light emission experiments we will discuss here only the lowest absorption peaks of the four complexes, the ones affected by the presence of the defects. The optical spectra at the Independent Particle Approximation (IPA) level, can be easily deduced from the band structure. Correlation effects modify the spectra in two ways: first the GW corrections shift the level positions and second the BSE mixes the single particle transitions and redistribute the spectral weight. In the case of the B complex these effects just modify the shape of the spectra leaving the lowest absorption peak around 1450 nm. In the A case there is strong redistribution of the spectral weight, the peak at 1300 nm disappears and the peak at 1350 nm acquires more strength. But the C and D cases are the one most affected by the GW corrections (see schematic band structure 3b). In fact the deep levels of the C complex are pushed up by GW correction and so the absorption peaks move to lower wave-lengths. In the D case the peak at high energy is shifted toward lower frequencies. Fig. 5 illustrates the situation, now lowest absorption peaks of the C complex are at 1080 nm and 1150 nm while the one of the D complex is around 1180 nm. The final outcome of these results is that now the absorption peaks of the A and B complexes are too high in wavelengths to explain the G-center emission, while the C and D remain close to the emission measured in the experiments.

V. CONCLUSIONS

In this paper we have performed a detailed investigation on the properties of the forms of the C i C s complex from first principles calculations. We intend to better understand what are the properties of the possible forms of C i C s complex and why the C-form, which is the most stable according to our calculations, has been never experimentally observed so far. In addition, we tried to characterize theoretically the optical properties of the four forms of carbon-carbon pair, and assign one of them to the light emitting G-centre.

First, we found that among all four C i C s forms, the C-form is the most stable, as it's binding energy is 0.4 eV higher that that of the B-form. Moreover, KMAL isochronal annealing simulations show that the dissociation temperature of 546 cm-1 band, that is used to determine the stability of C i C s complex, corresponds to the binding energy of the C-form. Meanwhile, that of the Bform lead to a dissociation at about 100 ℃ lower in temperature, which leads to a strong disagreement with experiment and therefore becomes another evidence for the C-form existence. Second, we attribute a set of localized vibrational modes to each of four configurations. The set corresponding to the C-form contains four bands, three of which are at the range of those of A-and B-forms, and can be overlaped with those. The highest band of 1135 cm -1 is above the registration range of most LVM experiments, thus it could be missed during measurements. Then we studied electronic and optical properties of the C i C s complexes. We found that the inclusion of correlation effects is crucial to describe the optical properties of C-C defect complexes. In fact, the different approximation in standard semi-local functionals fail to describe the correct level position of localized and resonant defect states respect to the bulk levels. Therefore, we provide here an accurate quasi-particle band structure of the four complexes and their optical absorption with the GW+BSE approximation. Regarding now the form re-sponsible for the light emitting G-centre, C and D configurations are better candidates for the light emission band at 1280 nm. To conclude, all these facts become strong evidence of the existence of the C-and D-froms of C i C s in heavily carbon doped silicon. Up to our knowledge, no evidences of C-form have been obtained by the Electronic Paramagnetic Resonance technique, which is another effective characterization method. However, as the C-form is a magnetic complex according to our simulations, its signal should lie in a range of the spectra, situating far from the signal of neutral species. Hence, additional characterization experiments are necessary, in order to investigate the C and D configurations. New experiments should account for the complexes' vibrational properties, obtained in the current study, as well as their magnetization.
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 1 FIG.1: "Side" view (top line) and "top" view on the four forms of C i C s complex. Arrows show the distortion of B-form with respect to A-form and of D-form with respect to C-form.

FIG. 2 :

 2 FIG. 2: [Color online] Isochronal annealing of carbon/oxygen related defects in silicon. Colored lines are simulated curves, with the C-form of C i C s for plain lines and the B-form for the dotted lines. The black lines represent experimental values.

  FIG. 3: [Color online] Schematic band structure of the defects levels in the different complexes.
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 4 FIG. 4: [Color online] Density of states at the G 0 W 0 level, in presence of the different defect complexes, compared with the one of the bulk silicon with the same supercell. The arrows indicate the position of the defects deep-levels in the band gap.

FIG. 5 :

 5 FIG. 5: [Color online] Optical absorption in presence of the different defect complexes with the G 0 W 0 approximation plus the Bethe-Salpeter equation. The vertical lines are the experimental light emission 1,2

TABLE I :

 I 

Binding energies in eV for four configurations of C i C s . Some authors have only reported relative values. That is why, energies of the most stable configurations from References 14 , 8 , 9 , and 13 are indicated with letters w, x, y, and z, respectively. SP states for spin polarized calculations.

TABLE II :

 II Frequencies in cm -1 of the three A,B and C forms of C i C s pair.