Nitrogen Diffusion and Interaction with Oxygen in Si
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Abstract. Reported nitrogen diffusion profiles are analyzed to deduce the basic properties of the N2 / N1 community of nitrogen dimers and monomers: the species diffusivities, the equilibrium dissociation constant and the dissociation time of dimers. The dimers are concluded to be practically immobile while the monomers are fast diffusers. The N2 species are dominant at lower temperature. The monomeric state N1 becomes dominant only when the temperature approaches the melting point (in crystals doped from the melt). The dissociation rate of N2 is strongly enhanced by a catalytic effect of oxygen.      
Introduction

Nitrogen in silicon gives rise to several important and interesting effects:

· The suppression of void formation in Float-Zoned (FZ) crystals [1,2]. 

· An enhancement in the density of voids and grown-in oxide particles in Czochralski (CZ) crystals [3,4]. The voids become smaller and acquire a platelet shape [4]. 

· Dislocation locking, and thus mechanical strengthening of the material [5].

· A retardation of oxide film growth (on substrates implanted with nitrogen) [6].

· The generation of Shallow Thermal Donors in oxygen-containing material [7-9]. 

· The formation of deep centers under certain anneal conditions [10-12].

   To understand these phenomena it is necessary, in the first place, to have a clear notion of the nitrogen states and diffusion mechanism. The prevailing state of nitrogen at room temperature, in FZ material, has long been known to be dimeric [13]. It is now established that dimeric nitrogen is an interstitial defect [14].  Di-interstitial species N2 will partially dissociate into single interstitials, N1, upon increasing temperature. The central question concerning the nitrogen impurity is which state, N2 or N1, prevails in certain relevant temperature ranges – for instance, at the melting point when nitrogen affects the incorporation of vacancies and self-interstitials [15]. The reported first-principle estimates for the binding energy of N2 are strongly scattered: from 4.3 eV [16] down to 1.7 eV [17]. The former energy would imply that the N2 state is stable up to the melting point. The latter energy would imply a strong dissociation of N2 above a certain temperature.  

   The concentration ratio of the dimeric and monomeric species is particularly important in nitrogen diffusion, and available experimental data can help to solve the above problem. There are two major sources of information: 

(1) Evolution of depth profiles of implanted nitrogen.

(2) Out-diffusion of nitrogen from doped samples.

   By bringing these two sources together, and using some additional data, the basic properties of the N1 / N2 system can be deduced. This is the goal of the present paper.     

Dissociation mechanism of nitrogen transport in implanted layers

The evolution of implanted nitrogen profiles in FZ Si, induced by Rapid Thermal Annealing (RTA) and monitored by Secondary Ion Mass Spectroscopy (SIMS), was reported by Hockett [18]. After annealing at 800oC for 10 s, the initial nitrogen depth profile C(z) was not broadened. This shows that the diffusion length of the prevailing N2 species is much shorter than the profile width. This inequality results in an upper limit for the dimeric diffusivity:  D2  ( 10-12 cm2/s. On the other hand, the profile height was substantially reduced, and a long (some micron) tail in the nitrogen distribution appeared (Fig.1, curve 1). This phenomenon is naturally attributed to a partial dissociation of N2 into the mobile N1 species that diffuse away from the implanted layer, both into the sample bulk and towards the sample surface. 

   The concentration C2 of N2 changes due to the dissociation and backward pairing: 

                      (C2/(t = - (1/() (C2 – C12/K)            .                                                           (1)

The concentration C1 of N1 changes due to diffusion and the pairing/dissociation reaction:

                       (C1/(t = D1 (2C1/(z2  - 2 (C2/(t      .                                                          (2)
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This diffusion problem, with zero boundary condition for C1(z) at the sample surface (z = 0), contains three parameters: 

( , the dissociation time of N2 into two monomers; 

K, the dissociation constant that relates the two concentrations in the particular case of equilibrium: C12 / C2 = K ; 

D1, the monomeric diffusivity. 
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   Actually, the computed nitrogen profile C(z) =  C1(z) + 2 C2(z)  turns out to be sensitive to only two of the parameters: ( and D1K1/2. The importance of the latter parameter comes simply from the fact that, at high C, the concentration C1 is certainly much lower than C2. For this reason, the derivative (C1/(t in Eq.(2) is much less than 2 (C2/(t. If the equation system (1) and (2) were simplified by neglecting (C1/(t, and by normalizing C1 by K1/2, the parameters D1 and K would be present only in the combination D1K1/2. 

   The observed nitrogen profile is best reproduced by simulation with ( = 18 s, D1K1/2 = 0.09 cm1/2/s. The computed profile is shown in Fig.1 by the solid curve 1. A relatively good fit supports the dissociation mechanism of the nitrogen transport.  

   The assumed value for the monomeric diffusivity D1 has almost no effect on the computed profile, provided that D1 is sufficiently high, in order to be consistent with a deep nitrogen penetration into the sample bulk. This condition results in a lower limit for the diffusivity:  D1 > 1.5x10-9 cm2/s. The diffusivity ratio D1/D2 is therefore 1500 or more. The contribution of D2 into the nitrogen transport can be normally neglected. 

   Another example of well-pronounced nitrogen diffusion is found after RTA at 950oC for 10s [18]. This case is simple since the dissociation time, at a higher T, should be much shorter than in the previous case – and therefore much shorter than the anneal duration. For this reason, the two concentrations are almost in the equilibrium relation, C12 / C2 = K, and the problem effectively contains only one fitting parameter, D1K1/2, which was found to be 1.15 cm1/2/s. The computed profile C(z) well corresponds to the measured one (Fig.1, curve 2), in the vicinity of the peak, but deviates somewhat from it at larger depth z. 

   At still higher temperature, for RTA at 1050oC for 10s [18], the remaining nitrogen concentration approaches the detection limit of SIMS. In this case the fit is not as good as before: there is some discrepancy between the peak positions for computed and measured profiles, at the same maximum concentration. The parameter D1K1/2 can be only estimated to be about 9 cm1/2/s.

[image: image3.emf]0 1 2 3 4 5 6 7 8 9

depth, mcm

Concentration, cm

-3

10

15

10

16

10

17

10

18

[image: image4.emf]0.01

0.1

1

10

0.70.750.80.850.90.95

1000 / T

D

1

 K

1/2

, cm

1/2

/s

   Recently, RTA-induced evolution of implanted nitrogen profiles was studied by Mannino et al [19] using CZ wafers and epitaxially-grown (EPI) films. We have fitted the two reported profiles in EPI films after RTA at 855oC for 30 and 120 s, by the same dissociation model (Fig.2). The deduced parameters are: ( = 60 s, D1K1/2 = 0.16 cm1/2/s (for the 30 s anneal) and ( = 43 s, D1K1/2 = 0.19 cm1/2/s  (for the 120 s anneal). There is only a small difference between the two sets of deduced parameters. Again, a good fit is a convincing evidence in favor of the dissociation mechanism of nitrogen transport. The as-implanted peak is reduced in height but not broadened by RTA (similar to the previous case of Fig.1, curve 1) which implies that D2 ( 3x10-13 cm2/s at 855oC. 

   Generally speaking, the observed evolved profiles of implanted nitrogen indicate to conversion of immobile N2 dimers into some mobile species. These mobile species were assumed to be monomeric. Another possibility is a reconstruction of N2 into a mobile atomic configuration denoted by N2(. The mobile dimers N2( would migrate a long distance before reconstructing back into the major form N2. This mechanism was also simulated. Although the computed profiles are qualitatively the same as before, they never match the reported profiles quantitatively: a deviation may amount to 50% or more. For this reason it can be safely concluded that the transformation of N2 into mobile state is indeed by dissociation into N1. 
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A strong difference in the behavior of implanted nitrogen, between CZ and low-oxygen epitaxial (EPI) material was recently discovered [19]. At a lower annealing temperature (750oC) the nitrogen profiles evolve only in CZ wafers - not in EPI films. For higher T (RTA at 855oC for 120 s), there is a considerable difference in the evolved profiles. In the EPI case (already shown in Fig.2, curve 2), a continuous tail emerges from the main peak. In the CZ case, there is a broad band with a maximum located much deeper than the original implant (Fig.3). The dissociation model of nitrogen transport (Eqs.(1) and (2)) provides also a good fit for CZ case (solid curve in Fig.3). The difference between the CZ and EPI cases is entirely due to the value of the dissociation time (, while the diffusion parameter D1K1/2 is the same, 0.19 cm1/2/s. 

   In the EPI case, ( is relatively long (43 s) and the originally present N2 species are not completely dissociated. The tail of diffusing N1 species is continuously fed by the remaining dimers. 

   In the CZ case, ( is essentially shorter (10 s). The initially present N2 species are almost completely dissociated. The produced N1 species migrate away into the bulk and to the sample surface, and give rise to a broad peak. A narrow peak located near the surface (Fig.3) is not accounted for by the diffusion model.  This is most likely a small fraction of implanted nitrogen that is present in an immobile form different from N2.          

   An enhanced dissociation rate of N2 dimers in CZ material is naturally attributed to nitrogen reactions with oxygen. A series of two reactions: 

                           N2 + O ( N2O,        N2O ( N1 + N1O                                                  (3)

provides an additional dissociation path that turns out to be more efficient than the direct dissociation of N2 into N1 + N1. The concentrations C1 and C1* of the one-nitrogen species, N1 and N1O respectively, are expected to be in the equilibrium ratio since the reaction N1 + O ( N1O should be very fast, due to a high mobility of monomeric nitrogen. The mass-action law for this reaction reads

                                    C1* / C1 = Cox / K1        ,                                                                (4)

where K1 is the dissociation constant of the N1O complex into N1 + O, and Cox is the oxygen concentration. 

   The oxidation reaction of nitrogen dimers is not as fast since it is limited by a relatively low oxygen diffusivity, Dox. The relation between the concentrations C2 and C2* of the N2 and N2O species, respectively, can only roughly be considered as equilibrium; the equilibrium relation is similar to Eq.(4): C2* / C2 = Cox / K2 where K2 is the dissociation constant of N2O into N2 + O.

   The equilibrium oxidation ratio for dimers can be estimated from available spectroscopic data on the nitrogen-doped CZ crystals [20,21]. In the as-grown state, these crystals show both N2-related IR bands and several bands due to nitrogen-oxygen complexes (particularly, N2O). Upon applying RTA at T ( 700oC [21], the N2-related IR band is enhanced while the other bands are diminished if T ( 800oC. This means that at least at T ( 800oC the equilibrium concentration ratio between N2 and N2O is in favor of N2 dimers: Cox/K2 is essentially smaller than 1. Using this inequality, (with Cox = 1018 cm-3) and applying for K2(T) an Arrehnius-type equation with a tentative prefactor of 5x1022 cm-3 (the lattice site density), one can estimate the binding energy of an oxygen atom to N2 dimer: E2 ( 0.9 eV. The value of K2 extrapolated to 855oC with this energy is ( 5x1018 cm-3, and the corresponding equilibrium fraction of oxidized dimers is less than 20%.

   The oxygen-assisted dissociation rate J of N2 dimers equals the net flux for each of the two involved reactions (3):   

       J  =  4 ( Rc Dox (C2 Cox – K2 C2*) = (1/(*) (C2* - C1 C1* K1 / (K K2 ))   .                (5) 

The first of these expressions corresponds to diffusion-limited net oxidation rate of N2. The second expression is the net dissociation rate of N2O where (* is the dissociation time of N2O into N1O + N1. The coefficient in this expression, K1/(KK2 ), corresponds to zero net flux for the equilibrium relation between the involved concentrations. The capture radius Rc is assumed to have a conventional value of 5x10-8 cm. Upon excluding the C2* concentration from Eqs (5), the net oxygen-assisted dissociation rate becomes 

                                    J   = (1/(ox) (C2 – C12 / K)     ,                                                        (6) 

where (ox is the effective dissociation time for the oxygen-assisted path: 

                         (ox   =   [1/(4 ( Rc Dox ) + (*K2 ]  /  Cox       .                                           (7)

The total dissociation rate is a combination of the oxygen-assisted contribution (6) and the contribution (1/(o) (C2 – C12/K) of the path not related to oxygen; here (o is the dissociation time found in EPI films (about 50 s). The apparent value of 1/( is the sum of 1/(ox and 1/(o.  The oxygen-assisted component is thus (ox = 12.5 s. In the expression (7) for (ox, the first term (the oxidation time of dimers) is 2.5 s which means that the second term, (*K2/Cox, should be 10 s. 

   The latter requirement imposes a certain limitation on the nitrogen parameters. The dissociation time (* is the shortest possible if the backward pairing reaction of N1O and N1 is limited by N1 diffusion, with the pairing coefficient 4(RcD1. The actual pairing coefficient, K1/(K2K(*) according to Eq.(5), is generally smaller. This inequality specifies the lower limit for (*. The corresponding lower limit for (*K2/Cox is (K1/Cox) / (4(RcD1K), and this number should be less than 10 s. This latter requirement is fulfilled if the oxidation ratio of nitrogen monomers, C1*/C1 = K1/Cox, is sufficiently large. It is not clear at the moment if this should be greater than 1 (strong oxidation of monomers) or whether it can be less than 1 (only a weak oxidation).   
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   If the monomers are strongly oxidized, the mobile monomers, N1, represent only a small fraction, f1 = C1 / (C1 + C1*), of the one-nitrogen species. Accordingly, the effective diffusivity of the one-nitrogen species will be D1f1. At the same time, the effective dissociation constant relating C2 with the total concentration of one-nitrogen species is also modified to be K/f12. The effective dissociation parameter composed of the modified values for diffusivity and dissociation constant, is however unchanged: it remains equal to D1K1/2. 

   The latter conclusion is important: it means that the observed nitrogen profiles in CZ wafers can be used to deduce the value of D1K1/2. The reported profiles [19] for RTA 900oC / 30 s and 1000oC / 30 s are well reproduced by the computed curves assuming that ( is much shorter than the annealing time and thus using only one fitting parameter, D1K1/2. This one was deduced to be 0.11 and 1.15 cm1/2/s, at 900 and 1000oC respectively. 

   Various values for D1K1/2 deduced above can be now collected in one plot (Fig.4). A significant scatter of the points can be partially attributed to a well-known difficulty in measuring the RTA temperature. The reported (nominal) value might deviate from the true temperature. The filled circles in Fig.4 are based on out-diffusion data discussed in the next section.   

Out-diffusion of nitrogen from doped FZ samples

The SIMS-monitored out-diffusion of nitrogen was studied by Itoh and Abe [22]. The FZ samples were doped with nitrogen from the melt, to a concentration C =5x1015 cm-3.  The anneals were performed in a range from 800 to 1200oC. The authors of ref.[22] assumed that (1) nitrogen was present mostly in the dimeric form during anneals, and (2) the apparent diffusivity represents the diffusion coefficient of N2 dimers. The reason for the first statement was that the N2 related IR bands were found both prior to and after the anneal.  It could be however that the post-anneal dimers are formed only in the course of sample cooling, while monomers were dominant during anneal. Therefore, it is not clear beforehand which nitrogen state dominates during diffusion, N2 or N1.  In the above discussion, N2 dimers were found to be immobile based on implanted nitrogen data. It is therefore necessary to reconsider the out-diffusion data of ref.[22] on the basis of the dissociation diffusion model, with only the monomeric species mobile. 

   The reported out-diffusion profiles [22] refer to anneals at 1000 and 1100oC. The dissociation time of dimers was deduced at lower T from implantation data. It is relatively short in FZ and EPI material. At T ( 1000oC, ( should be still shorter, and therefore much shorter than the anneal duration of 15 min. The two species, N1 and N2, are then present in the equilibrium ratio, and C2 =  C12 / K. We consider the general case, with an arbitrary concentration ratio between C1 and C2. The total nitrogen concentration, C = C1 + 2 C2, is expressed as  C1 + 2 C12 / K, and the system of the two equations (1) and (2) is reduced to one non-linear equation: 

                       (1 + 4 C1 / K) (C1/(t  = D1 (2C1/(z2     .                                            (8)

Just as in case of linear diffusion, the concentration depends on the distance z and time t only through z / t1/2. For the normalized monomeric concentration Y = C1/K, and the normalized distance X = z / (2 D1 t)1/2, the equation (8) becomes: 

                              Y((   =   - Y(  X (1 + 4 Y)    .                                                        (9)

where the differentiation with respect to X is denoted by the prime sign. Eq.(9) was solved numerically, with the boundary condition Y(0) = 0, for various initial slopes Y((0). Every value of the slope corresponds to a particular ratio Cb/K of the total bulk nitrogen concentration Cb and the dissociation constant K. At C = K, the two species are present in equal amount: C1 = 2 C2 = C/2. At C < K, the monomeric species are dominant while at C > K, the dimeric species are dominant.  

   The out-diffusion profile at 1000oC can be satisfactorily fitted by an erf function [22]. The computed profile is close to the erf function only if the monomers are dominant; otherwise the computed profile is of a somewhat different shape.  One could conclude that the monomeric species are dominant already at T ( 1000oC. In that case (K > Cb), the apparent diffusivity Da would be close to the monomeric diffusivity D1. However, Da is characterized [22] by a high activation energy, about 2.8 eV - and accordingly by a huge prefactor, about 3000 cm2/s, not found for interstitial diffusers in Si [23]. The activation energy for the D1K1/2 parameter would be still larger, due to contribution of K1/2. This conclusion contradicts the data shown in Fig.4: the values for D1K1/2, though scattered remarkably, are consistent only with a moderate activation energy, 2.5 eV on average.  

   It is therefore concluded that nitrogen is predominantly in dimeric state N2 under the anneal conditions, supporting the assumption of ref.[22]. In other words, the dissociation constant K is essentially smaller than the nitrogen concentration, 5x1015 cm-3. The apparent diffusivity Da is then close to  D1(K/8Cb)1/2 [9]. This accounts both for a high activation energy of Da (composed of the two contributions, that of D1 and that of K1/2) and for a large prefactor (also composed of the two contributions). The computed profile is sensitive mostly to the dissociation diffusion parameter D1K1/2, and only marginally to the precise value of K (provided K << Cb). The best-fit profiles are shown in Fig.5 and 6; the fitted D1K1/2 parameter is 1.4 cm1/2/s at 1000oC, and 9 cm1/2/s at 1100oC.  

   For 1100oC anneal, the best-fit profile for dissociation mechanism (Fig.6) provides a marginally better fit than the erf profile (which would be a straight line, in the scale of Fig.6). However, for 1000oC anneal, the best-fit profile somewhat deviates from the measured profile (curve 1 in Fig.5), and provides a worse fit, in comparison to the erf profile. The reason for that is not clear. The simplest explanation is just an insufficient accuracy of SIMS, at relatively low nitrogen concentration and relatively large sputtered depth. If the measured profile were to be completely trusted, a difference between the computed and measured profiles would indicate an inaccuracy of the adopted model. 

   One modification to improve the shape of the computed curve, would be taking into account dimeric transport, by reconstruction of major immobile dimers N2 into a minor mobile configuration N2(, as was discussed above. This mode of nitrogen transport was not pronounced in RTA experiments, but the reason for that could be simply a too long reconstruction time of N2 into N2(. If so, the dimeric transport may become important during much longer furnace anneals. If this model were true, it would result in a lower value of D1K1/2 parameter, since monomers would only partially contribute into the profile evolution. 

   Another modification could be to use an arbitrary (not necessary short) dissociation time (. The small values of ( at 800 and 855oC, deduced from implantation data for EPI and FZ material, are not consistent with an Arrehnius-type temperature dependence: ( at 800oC is too short for that. Therefore, these values are likely to represent not intrinsic dissociation of N2 directly into N1 + N1 but rather an enhanced dissociation by some residual impurities that act similar to oxygen. The origin of these impurities may be the implantation process itself. Another possible enhancement - specific for implanted layers - is by non-equilibrium self-interstitials supplied by implantation-induced self-interstitial clusters. In short, the dissociation time in implanted layers may be always much shorter than that in normal (not-implanted) FZ material. The largest possible value for ( in the latter case is limited by residual oxygen. Extrapolation of Eq.(7) to 1000oC, with Cox reduced by a factor of 200 (to a value representative for FZ crystals), gives ( in the order of 3 min. The best-fit of the measured profile in Fig.5 is achieved at ( = 5 min – consistent with the above estimate; the computed profile is shown by the solid curve 2. The deduced value for D1K1/2 is 1.9 cm1/2/s - only slightly larger than the value of 1.4 cm1/2/s obtained under the assumption of short (. 

   In the plot for the temperature dependence of D1K1/2 parameter (Fig.4), the filled circles refer to the just determined values based on furnace out-diffusion anneal. For 1000oC, two different numbers are used, as discussed above. The furnace-based points are thought to have a better accuracy in T, in comparison to RTA-based points (open circles and triangles). A larger weight should be thus attributed to the former points. A tentative average Arrehnius line (solid line in Fig.4) corresponds to a following analytical representation:  

                        D1K1/2 = (1.4x1010 cm1/2/s) exp(-2.5 eV / kT)              .                        (10)

The activation energy, 2.5 eV, is composed of the migration energy of monomers, Ed1, and a half of the binding energy of dimers, Eb/2. 

Dissociation constant estimated by nitrogen segregation in CZ growth

The dissociation constant K could not be definitely specified on the basis of diffusion data alone. Only the upper limit for K was established in the temperature range of 1000 to 1100oC: K is essentially less than 5x1015 cm-3 (the total nitrogen concentration). 

   On the other hand, the value of K at the melting point Tm can be estimated, at least roughly, from the dependence of SIMS-measured nitrogen concentration in CZ crystals on the nitrogen concentration in the melt [9]. The latter quantity (denoted by CM) is equal to the initial concentration of nitrogen in the melt divided by the remaining melt fraction, since the nitrogen loss to the crystal is negligible, due to a very low segregation coefficient. The dependence C(CM) shows a small but definite super-linearity that can be approximated by a parabolic function (Fig.7). Such a behavior is consistent only with nitrogen present as monomeric species in the melt. The monomeric concentration in the solid is then C1 = Ks CM where Ks is the segregation coefficient of monomeric nitrogen. The total incorporated nitrogen concentration is close to C1 at lower CM. At larger CM (larger C1) a concentration of dimers in the solid, in equilibrium with the major monomeric species, becomes appreciable. The total incorporated concentration is then C = C1 + 2 C2 = C1 + 2 C12 / K(Tm). It is a parabolic function of CM, and K(Tm) can be deduced from the plot of Fig.7. If a reported value Ks = 7x10-4 [24] is assumed for the segregation coefficient, the deduced value for K(Tm) is 1.5x1016 cm-3. However, if both Ks and K are treated as fitting parameters, lower values are obtained for both: Ks = 5.4x10-4 and K(Tm) = 5x1015 cm-3. This fit is represented by the solid curve in Fig.7. We adopt an average number for K(Tm), 1016 cm-3. Assuming for K(T) an Arrehnius dependence on T, with a conventional prefactor, in the order of lattice site density, we can write an approximate expression:

                           K  =  (5x1022 cm-3) exp(-2.24 eV / kT)        .                                       (11)

This expression gives K(1100oC) = 3x1014 cm-3, K(1000oC) = 7x1013 cm-3 – both values are essentially less than 5x1015 cm-3, in accordance with the limit established for K in the 1000 to 1100oC range.  

   The characteristic temperature Tdp that separates a higher–T range (where N1 is the dominant nitrogen species) from a lower-T range (where N2 is the dominant species) can be defined by the equation K(Tdp) = C. It can be called ‘dissociation temperature’ if one goes from lower to higher T, or equivalently ‘pairing temperature’ if one goes from higher to lower T. For the concentration C = 5x1015 cm-3 of ref.[22], Tdp is close to 1340oC. For a more typical doping level, C = 1015 cm-3, Tdp = 1190oC. 

Temperature dependence of the monomeric diffusivity

The two equations (10) and (11), for the D1K1/2 parameter and the dissociation constant K, specify the temperature dependence of the monomeric diffusivity:

                         D1  = (0.063 cm2/s) exp(-1.38 eV / kT)               .                                  (12)

The prefactor in this equation has a value in the range found for interstitial diffusers in Si, from  0.001 to 0.1 cm2/s  [23]. At a representative temperature of 1000oC, D1 = 2.2x10-7 cm2/s. 

   One should bear in mind that the function K(T) - used to derive the Eq.(12) - was defined using a specific value for the prefactor, 5x1022 cm-3. Actually, the prefactor could be larger, if there is an essential gain in the vibrational entropy, upon dissociation of N2 into N1 + N1. With an increased prefactor, the value for the binding energy Eb would be also increased, and the Eq.(12) would be modified. For instance, if the prefactor in Eq.(11) is increased by 100, Eb will be 2.9 eV instead of 2.24 eV, and the migration energy in Eq.(12) would be 1.05 eV instead of 1.38 eV. The prefactor in Eq.(12), reduced by a factor of 10, will be still of a reasonable value for the interstitial diffusers. The absolute values of K and D1 at the representative temperature of 1000oC will be modified to K = 1.7x1013 cm-3, D1 = 4.4x10-7 cm2/s. 

   Although the Eqs (10) – (12) for the basic nitrogen parameters are approximate, the monomeric diffusivity D1 and the parameter D1K1/2 seem to have a relatively small uncertainty - within a factor of 2 at 1000oC. An uncertainty in the dissociation constant is somewhat larger, probably by a factor of 4 at the same T.  

Summary 

The nitrogen impurity in Si is generally present as a community of two interstitial species: dimers N2 and monomers N1; in many cases the relation between the two concentrations is close to equilibrium:  C12/C2 = K(T). The estimated value for the dissociation constant K(T) shows that in crystals doped from the melt the monomers dominate only at relatively high T, close to the melting point (for instance, at T > 1190oC for a typical total nitrogen concentration of 1015 cm-3). 

   The diffusivity of the dimeric species N2 was concluded to be too low to affect nitrogen diffusion profiles. The nitrogen transport occurs through dissociation of N2 into mobile monomeric species N1 that diffuse and produce dimers by pairing. Although a competing diffusion path may operate – through reconstruction of N2 into minor mobile state N2( - this path is believed to be insignificant.

   If the dimeric species are dominant, the nitrogen transport is controlled by a combination D1K1/2 of the monomeric diffusivity D1 and the dissociation constant K. Both D1 and D1K1/2 were deduced, with a reasonable accuracy – see the Eqs.(10) and (12).        

   The dissociation time ( of nitrogen dimers is reduced remarkably in the presence of oxygen impurity. The effect is of a catalytic nature: a dimer N2 is oxidized to a complex N2O that dissociates easily into N1O + N1. After that, oxygen is liberated by dissociation of N1O into N1 + O. Other impurities may act in a similar way, and it is not clear if the dissociation of N2 is sometimes intrinsic (directly into N1 + N1) or it is always controlled by residual impurities.  

   It is worth noting that the oxygen-assisted dissociation of N2 should produce an interesting effect on the evolved shape of implanted nitrogen. The concentration Cox of oxygen atoms is generally reduced by formation of N2O species. This effect can be neglected in the temperature range of T ( 855oC considered in the present paper. But at lower T (at increased fraction of bound oxygen), a reduction in Cox becomes essential in the vicinity of the implantation peak, where the local concentration C2 of N2 traps is the highest. At the profile shoulder (at much lower C2) a reduction in Cox is negligible. The oxygen-assisted dissociation rate is proportional to Cox, and it will be substantially slower at the peak, in comparison to the shoulder. The nitrogen profile will evolve mostly due to dissociation loss of dimers at the shoulder, and the profile width will decrease with time. Such an effect was indeed reported after annealing at 750 and 650oC [25]. 

Nitrogen effect on void formation.  The monomeric N1 species are important in crystal growth since they are efficient traps for vacancies while N2 do not contribute much to vacancy trapping [15]. The results of the present work show that the N1 species are abundant, even if not dominant, at the void nucleation temperature. For instance, at 1100oC, and at the total nitrogen concentration of 1015 cm-3, the estimated concentration of monomers is 3x1014 cm-3. This is enough in itself (even without a supply of monomers by dissociation of dimers) for vacancy trapping since the vacancies are present normally in a concentration less than 1014 cm-3. A quantitative theory of nitrogen effect on void formation is a problem to be addressed separately. It is clear that a joint effect of the two impurities, nitrogen and oxygen, should be considered to account for the qualitative difference between FZ and CZ crystals.   
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Fig.1 Nitrogen depth profiles in FZ wafers: as-implanted (black dots), after RTA 800oC / 10 s (open circles), after RTA 950oC / 10 s (open triangles) [18]. The solid curves are computed by the dissociation model.





Fig.2 Nitrogen depth profiles in EPI films: as-implanted (black dots), after RTA 855oC / 30 s (open circles), after RTA 855oC / 120 s (open triangles) [19]. The solid curves are computed by the dissociation model.





Fig.3 Nitrogen profile in CZ wafer after implantation and RTA 855oC / 120 s (open circles) [19]. The solid curve is computed by the dissociation model.





Fig.4 Values of the D1K1/2 dissociation parameter deduced from reported nitrogen profiles. Open circles: FZ and EPI (RTA), open triangles: CZ (RTA), filled circles: FZ (out-diffusion in a furnace).  





Fig.5  Out-diffusion nitrogen profile after 1000oC / 15 min normalized by the bulk concentration (open circles) [22]. The curve 1 is computed for a short dissociation time (, and the curve 2 – for ( = 5 min. 





Fig.6  Out-diffusion nitrogen profile after 1100oC / 15 min normalized by the bulk concentration (open circles) [22]. The solid curve is computed for a short (. 





Fig.7 Relation between the nitrogen concentrations in the melt and in the solid (open circles) [9]. The solid curve is the best parabolic fit.








