






[image: PDFHALL.COM]






Menu





	 maison
	 Ajouter le document
	 Signe
	 Créer un compte







































First principle study of neutral and charged self-defects in amorphous

First principle study of neutral and charged self-defects in amorphous SiO2. Nicolas Richard a,*, Layla Martin-Samos b, Guido Roma b,. Yves Limoge b. 

















 Télécharger le PDF 






 161KB taille
 3 téléchargements
 160 vues






 commentaire





 Report
























Journal of Non-Crystalline Solids 351 (2005) 1825–1829 www.elsevier.com/locate/jnoncrysol



Electronic and atomic structure



First principle study of neutral and charged self-defects in amorphous SiO2 Nicolas Richard a,*, Layla Martin-Samos b, Guido Roma b, Yves Limoge b, Jean-Paul Crocombette b a



De´partement de Conception et Re´alisation des Expe´riences, CEA-DIF BP12, 91680 Bruye`res-le-Chaˆtel cedex, France b Service de Recherche de Me´tallurgie Physique, CEA/Saclay 91191 Gif sur Yvette, France



Abstract We present a study of several neutral and charged self-defects in a model cell of amorphous silica. We performed ab initio calculations using plane waves pseudopotential method in the framework of density functional theory using the local density approximation. We show the structures and the corresponding formation energies for vacancies and interstitials in several charged states for every possible defect site in our amorphous supercell. The obtained results on amorphous silica are compared to previous ones on a-quartz. The oxygen interstitials are found to be the dominant defects. The variation of formation energies as a function of the Fermi level at 300 K are represented and analyzed.  2005 Elsevier B.V. All rights reserved. PACS: 61.72.Ji; 61.43.Fs; 71.15.Mb



1. Introduction As a major constituent of nuclear glasses used to store nuclear waste or as thin layers in microelectronic devices, SiO2 can be exposed to radiation [1]. In such an environment, the point defects aﬀect the electronic properties of the material and contribute to its aging. Indeed, radiations could activate some defects which can therefore capture electrons and then change the electronic structure of the material. Therefore a complete and detailed understanding of the defect properties is crucial. Many defect properties are not directly accessible from experiments. In this case, ab initio calculations can complete the experiments and predict the properties of defects. Several ﬁrst principle studies have been done



in the past on native defects in a-quartz [2–7] as such the structure, the formation and the migration energies are now well known in this case. But for silica, the studies mainly concern the oxygen vacancies [2,8,9] or the neutral defects [10,11]. To determine the dominant defects and the formation energies, we decide to make a systematic study of charged and neutral native defects in amorphous silica. Our study uses two complementary approaches: molecular dynamics to generate the amorphous structure and ab initio calculations to obtain the defects structures and properties. In a second part, we describe the technical details of our calculations. The third part is devoted to the results and the fourth part to the discussions. 2. Details of calculations
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A 108 atoms (36 silicon atoms + 72 oxygen atoms) glass model is generated by quenching from a liquid



1826



N. Richard et al. / Journal of Non-Crystalline Solids 351 (2005) 1825–1829



using classical molecular dynamics with an empirical potential (BKS-type potential adjusted by van Beest [12]). We obtain a well connected glassy network, without rings containing two silicon atoms and without coordination defects. A detailed discussion about the generation of this amorphous cell is given in [10,11]. This 108 atoms initial conﬁguration is used to perform ﬁrst principles calculations in the frame of the density functional theory (DFT) in the local density approximation (LDA) using the plane wave-pseudopotential code VASP [13,14]. The cell is relaxed using conjugate gradient method. The obtained density (2.23 g/cm3) is close to the experimental density (2.20 g/cm3). The defect conﬁgurations are generated by adding an atom to the silica model cell (for the interstitials) or removing one from it (for the vacancies). The calculations have been performed for all the possible defect sites in the cell (for examples 72 sites for the oxygen vacancy). The charged defects are treated using methods discussed in [15,16]. These defect conﬁgurations are then relaxed by conjugate gradient techniques at constant volume. We assume that silica is in equilibrium with an O2 molecular gas. Formation energies are calculated according to the following reactions: • for an oxygen vacancy (VO): 1 SiO2 ! SiOV2 O þ O2 þ P 2



ð1Þ



• for an oxygen interstitial (IO): 1 SiO2 ! SiOI2O  O2 þ P 2



ð3Þ



ð4Þ



where P is the particle lost in the reaction (an electron for a positively charged defect, a hole for a negatively charged defect), V means vacancy and I interstitial. The particle reference energy is the electron chemical potential or Fermi level, le of the system. It means that to form a charged defect, we have to transfer electrons to (or from) a reservoir whose energy per particle is le. The formation energy for a defect is then: • for an oxygen vacancy:   1 VO VO Ef ¼ EðSiO2 Þ  EðSiO2 Þ  EðO2 Þ þ Qle ; 2



• for a silicon vacancy:    n1 V Si V Si Ef ¼ EðSiO2 Þ  EðSiO2 Þ þ EðO2 Þ n þ Qle ;



ð7Þ



• for a silicon interstitial:    nþ1 ISi ISi Ef ¼ EðSiO2 Þ  EðSiO2 Þ  EðO2 Þ n þ Qle ;



ð8Þ



where E(SiO2) is the ground state energy of the silica cell without defect, E(SiO2)V and E(SiO2)I are the ground state energies of the silica cell with one vacancy and one interstitial respectively, E(O2) is the ground state energy of the magnetic oxygen molecule and Q the charge of the defect. The Fermi level determines the formation energies. Roma and Limoge [6] have shown in the case of quartz, considering the usual presentation, which gives the formation energy calculated as if the Fermi level were stuck at mid-gap (4.5 eV for silica), is misleading. In our study, we choose l e ¼ 2.25 eV. This energy has been determined in a self-consistent way by Roma and Limoge in a-quartz from their formation energy calculations. We ﬁnd that the standard deviation ˚ for all defect types. for the bond length is 0.1 A



3. Results



• for a silicon interstitials (ISi): nþ1 SiO2 ! SiOI2Si  O2 þ P n



ð6Þ



ð2Þ



• for a silicon vacancy (VSi): n1 SiO2 ! SiOV2 Si þ O2 þ P n



• for an oxygen interstitial:   1 IO IO Ef ¼ EðSiO2 Þ  EðSiO2 Þ þ EðO2 Þ þ Qle ; 2



ð5Þ



3.1. The oxygen defects Among all the point defects, one of the most discussed and characterized experimentally and theoretically is the oxygen vacancy because of the important role it plays in the amorphous SiO2 layer and the Si/ SiO2 interface of microelectronic devices. The structures, the names, the average formation energies and the probability of ﬁnding the structure among the defect sites for the three charged states of oxygen vacancies studied are given in Table 1. For the neutral and negatively charged oxygen vacancies, the situation is quite simple. Only one conﬁguration is found: the two silicon atoms surrounding the vacancy bond and form a dimer with a bond ˚ , which is similar to the bond length of 2.40 and 2.44 A ˚ ). The average formalength of diamond silicon (2.35 A tion energy is 5.71 eV for the neutral case and 8.44 eV for the negatively charged conﬁguration. For the positively charged case, the situation is more complex. Indeed, three types of structure are possible according to the vacancy site:
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Table 1 Structures, names, average formation energies in electron volts and probability of oxygen vacancies for the positively charged, the neutral and the negatively charged states



Table 2 Structures, names, average formation energies in electron volts and probability of oxygen interstitials for the positively charged, the neutral and the negatively charged states



Charge



Name



Ef (eV)



%



Charge



Dimer



8.05 ± 0.29



80.2



Puckered 4·



7.60 ± 0.34



Puckered 5·



0



1



+1



Structure



Name



Ef (eV)



%



+1



Peroxide bridge



4.06 ± 0.40



100



9.9



0



Peroxide bridge



1.56 ± 0.37



100



8.17 ± 0.18



9.9



1



Edge sharing tetrahedra



1.60 ± 0.23



100



Dimer



5.71 ± 0.30



100



2



Edge sharing tetrahedra



0.71 ± 0.27



100



Dimer



8.44 ± 0.29



100



The silicon atoms are in grey, the oxygen atoms in black and the interstitial oxygen atom in white. The distances are in Angstro¨m.



The silicon atoms are in grey and the oxygen atoms in black. The distances are in Angstro¨m.



• The dimer structure is the same as in the neutral and the negatively charged cases but with a much longer ˚ ). This structure is the most probbond length (2.80 A able case (80.2%). • A second possible structure is a fourfold puckered structure labelled puckered 4· (9.9%). One of the nearest neighbor silicon atoms at the vacancy relaxes back through the plane formed by its three oxygen neighbors and becomes fourfold coordinated and bonds to a back oxygen. This conﬁguration is very similar to the one found in quartz as the most stable structure [2,6]. • The third one is a ﬁvefold puckered conﬁguration labelled puckered 5· (9.9%). One of the nearest neighbor silicon atoms surrounding the vacancy relaxes back and bonds to a back oxygen atom and a back silicon atom and becomes ﬁvefold coordinated. In all the ﬁvefold puckered cases, we observe the formation of a ring composed of two silicon atoms and two oxygen atoms. The populations of dimer and puckered conﬁgurations are in good agreement with the results of Lu et al. [9], whereas both calculations are done with diﬀerent silica cells owning quite diﬀerent densities. Looking at the formation energies, we observe that when it is possible to form it, the puckered 4· conﬁgurations require the smallest amount of energy. For the oxygen interstitials, we ﬁnd only one possible conﬁguration for each diﬀerent charge state. The characteristics of the studied oxygen vacancies are given in



Structure



Table 2. In the negatively charged and the neutral charged states, the oxygen interstitial goes into a Si–O bond to form a peroxide bridge. Whereas for the one and two positively charged states, the oxygen bonds to two silicon atoms and form a symmetric edge sharing tetrahedra. The formation energies of those structures are much smaller than formation energies of the oxygen vacancies. 3.2. The silicon defects The silicon defects have more complicated properties than the oxygen defects and have many diﬀerent equilibrium structures as shown in Tables 3 and 4 for the vacancies and interstitials respectively. In this work, we consider only neutral silicon defects. In the case of silicon vacancies, we obtain three different stable structures: a double peroxide bridge, a single peroxide bridge with two non-bridging oxygen atoms and an ozonyl bridge. When it can be formed, the double peroxide bridge is the more stable structure with the smallest formation energy (3.60 eV) as in aquartz. The problem with the study of silicon vacancies is the relatively limited number of possible defect site (36 against 72 for the oxygen vacancies in our cell) and their energies are distributed over a larger interval of energy. In the case of silicon interstitials, the most probable structure is the Si–Si–O link where the silicon interstitial is inserted in a Si–O bond, as in a-quartz. More complicated structures are also found but are not shown in Table 4 and are collected under the name Ôother structuresÕ. The formation energies of silicon interstitials are much larger than the energies of other types of defects.
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Table 3 Structures, names, average formation energies in electron volts and probability of silicon vacancy for the neutral charged states Charge



Structure



0



Name



Ef (eV)



%



Double peroxide bridge



3.60 ± 0.68



46.4



Simple peroxide bridge



6.21 ± 0.92



46.4



Ozonyl bridge



436 ± 2.21



7.2



The silicon atoms are in grey and the oxygen atoms are in black. The distances are in Angstro¨m.



Table 4 Structures, names, average formation energies in electron volts and probability of silicon interstitial for the neutral charged states



Table 5 Average formation energies in electron volts of each studied self-defect Defects



Ef (eV)



Charge



VO(0) VO(1) VO(+1) IO(0) IO(1) IO(2) IO(+1) VSi(0) ISi(0)



5.71 8.44 8.02 1.56 1.60 0.71 4.06 4.78 14.07



Structure



0



Other structures



Ef (eV)



%



13.30 ± 0.70



55.3



14.67 ± 0.29



10.6



17.39 ± 4.49



7.4



14.64 ± 2.30



26.7



The silicon atoms are in grey, the interstitial silicon atom in white and the oxygen atoms in black. The distances are in Angstro¨m.



Depending on extrinsic atoms existing in the silica cell, the Fermi level ﬂuctuates. In Fig. 1, we show the variation of the Boltzman average formation energy at 300 K as a function of the Fermi level. The Boltzman



4. Discussion 0



VO



14



• when it can be formed, oxygen interstitial will be the dominant defect; • silicon interstitial is a very marginal defect because of its very large formation energy. These results are similar to those found in quartz by Roma and Limoge [6], but here due to the disorder of the amorphous structure, the formation energy and structures are distributed.



-1



VO



12



+1



VO Formation energy (eV)



The results shown in the previous chapter are summarized in Table 5, where are shown average formation energies of every defect studied at 0 K in the previous section. Two major results come from the formation energies:
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Fig. 1. Boltzman average of the formation energies hEfi of each studied self-defect in function of the Fermi level le at 300 K.
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average is calculated for the diﬀerent defects using the following formula: P Ef eEf =kT ð9Þ hEf i ¼ P E =kT ; e f where T is the temperature and k the Boltzman constant. In Fig. 1, we observe that wherever the Fermi level is placed, the oxygen interstitials are the dominant defects. But with a Fermi level above 2.28 eV, the formation energies for the double negatively charged oxygen interstitials become negative. Then the silica cell is not in equilibrium anymore with the oxygen gas. It means that in pure silica, the Fermi level should be less than 2.28 eV.



5. Conclusion We have performed a systematic study of neutral and charged self-defects in a silica glass model using ﬁrst principle methods. We have shown that the defects in amorphous SiO2 have richer structures than in quartz. To our knowledge, it is the ﬁrst time that the formation energies and structures are given for all the possible defect sites in the cell. The oxygen interstitials are found to be the dominant defect. We have calculated the variation of the formation energies at 300 K as a function of the Fermi level and show that for the Fermi level >2.28 eV at 300 K, the system is not in equilibrium with its environment anymore.
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