Nitrogen Out-Diffusion from Czochralski Silicon Monitored by Depth Profiles of Shallow Thermal Donors
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Abstract. A new  technique to measure nitrogen out-diffusion profiles C(z) in oxygen-containing samples was developed and applied to study out-diffusion at 950 to 1050oC. Shallow Thermal Donors (nitrogen-oxygen complexes) are subsequently generated at 650oC. A measured depth profile of these donors provides ‘an imprint’ of nitrogen profile, by which the C(z) curve can be restored. In the presence of oxygen, the diffusion problem is simplified by a fast oxygen-assisted dissociation of dimers but somewhat complicated by formation of nitrogen-oxygen complexes. It is however concluded that the nitrogen species are not strongly oxidized, and dimers are the dominant nitrogen species, as in float-zoned material. The values obtained for the dissociation diffusion parameter D1K1/2 (where D1 is the monomeric diffusivity and K is the dissociation constant) are in a qualitative agreement with those found earlier.    

Introduction

Nitrogen diffusion in silicon is an important phenomenon that also provides valuable information on the basic properties of the nitrogen impurity. The nitrogen diffusion mechanism was analyzed in ref.[1] of this proceedings volume, on the basis of published data on implanted nitrogen profiles in Float-Zoned (FZ) and Czochralski (CZ) materials, as well as on nitrogen out-diffusion [2] from FZ samples doped from the melt. At conventional doping levels (on the order of 1015 cm-3) and diffusion temperatures (1100oC or lower) the dominant nitrogen state is dimeric interstitial N2. The single interstitial state N1 exists, however, at a considerable equilibrium fraction, on the order of 10% at 1000oC.  Nitrogen transport occurs by the dissociation of (practically immobile) N2 dimers into the mobile species N1 that diffuse by some distance and produce new N2 species by a pairing reaction. 

   The dissociation diffusion problem contains three parameters: (1) the monomeric diffusivity D1, (2) the equilibrium dissociation constant K that relates the concentrations C1 and C2 of monomeric and dimeric species respectively for a particular case of dynamic equilibrium between dissociation and pairing and (3) the characteristic dissociation time (. Since C1 << C2, the profile evolution is actually controlled only by the two parameters: ( and the combination D1K1/2 [1].  

   For the reported case of nitrogen out-diffusion from FZ samples at 1000oC [2], there is an uncertainty with respect to the value of ( [1]: whether it is short (less than 1 s) or considerably longer (about 5 min). As a result of this uncertainty, the deduced value of the diffusion parameter D1K1/2 is also somewhat uncertain – in a range from 1.4 to 1.9 cm1/2/s [1]. 

   In CZ material, the dissociation rate of N2 is strongly enhanced by the oxygen impurity [1]; the oxygen-assisted dissociation time is certainly very short. With this respect, CZ material is a simpler object to study nitrogen diffusion, in comparison to FZ material. On the other hand, both N2 and N1 species form complexes with oxygen. While a fraction of oxidized dimers is small at T > 800oC [1], a fraction of oxidized monomers may be significant, and this possible complication should be taken into account. Therefore, some additional important information may be deduced by studying nitrogen out-diffusion from oxygen-containing samples.  

   In the present study, we applied a new technique to monitor nitrogen out-diffusion profiles in CZ samples. The technique is essentially based on the simultaneous presence of the two impurities, nitrogen and oxygen. By annealing a sample in the middle-temperature range (around 650oC) the Shallow Thermal Donors (STDs) are produced [3-6]. These species were shown [6] to be N1Om complexes that include one interstitial nitrogen atom and m oxygen atoms (with m=3 on average). The STD concentration Ns is a certain function of the total nitrogen concentration C [6]. The C(z) depth profile (generated at e.g. 1000oC) gives rise to an STD depth profile Ns(z) upon subsequent annealing at e.g. 650oC, and the measured Ns(z) profile is then converted into the C(z) profile. 

Experimenal details

Samples.  CZ samples - doped with nitrogen from the melt, to 2x1015 cm-3 - were cut from a wafer that was previously used to study STD generation at 600 and 650oC [6]. The crystal was also lightly doped with boron; the boron (acceptor) concentration, Na, was 4x1014 cm-3, with a slight variation by ( 5% between different samples. The total nitrogen concentration C was initially calculated [6] using a published segregation coefficient. Strictly speaking, this procedure is applicable only for lower nitrogen concentration – when nitrogen is predominantly in the same (monomeric) state both in the melt and in the solid, at the crystallization temperature. At higher C, there is a small but appreciable dimeric component in the solid, and the dependence of C on the nitrogen concentration in the melt is rather parabolic than linear [1]. This correction was taken into account but it did not result in any significant change of the calibration curve. 

Out-diffusion anneals. The out-diffusion was performed at 950, 1000 and 1050oC, for various durations, from 5 to 50 min, in an open-air furnace. After annealing, the samples were quenched by placing them on a thick silicon plate. 

Generation of STDs. A standard middle temperature anneal, 650oC for 3 h, was used to generate an STD profile. Such an anneal results [6] in a saturated STD concentration Ns that corresponds to the equilibrium relation between the involved species: oxygen, two-nitrogen species (N2, N2O and so on) and one-nitrogen species (N1, N1O and so on). The STDs are thought to be the dominant one-nitrogen species. The calibration equation for the total nitrogen concentration C and the saturated STD concentration Ns results from a series of mass-action law relations [6]:

                              Ns2 / (C – Ns) = R ,       or     C = Ns (1 + Ns / R)   .                                           (1)

This relation is well fulfilled [6] in a wide range of nitrogen concentrations, 1014 to 2x1015 cm-3. The equilibrium constant R depends on the annealing temperature and the oxygen content Cox. At 650oC and for our value of Cox (( 6.7x1017 cm-3, using the ASTM calibration coefficient, 2.45x1017 cm-2) the constant R was found to be 2.85x1013 cm-3.      

   The relation (1) applies for any local point of an arbitrary depth profile C(z). This is true since at 650oC nitrogen diffusion is too slow to induce an impurity redistribution between the adjacent parts of a profile. Once the STD depth profile Ns(z) is known, the nitrogen depth profile C(z) is obtained using the second of the Eqs (1). The STD concentration Ns(z) is the highest in the sample bulk (where C(z) is the highest) and tends to zero towards the sample surface – since C(z) is expected to decrease essentially from the bulk towards the surface. 

Spreading Resistance Profiling. The next step is to measure a spreading resistance depth profile, to deduce a Ns(z) profile. This was done at a cleaved sample surface, down to a depth of 300 mcm. In the present samples, the highest generated STD concentration (in the sample bulk) was about 2x1014 cm-3 – comparable to, but still less than, the boron concentration Na. The samples thus retained the p-type conductivity through the whole depth. The resistance profile is then directly converted into the depth profile of the hole concentration, p(z). Since p(z) = Na – Ns(z), the sought-after STD profile is given simply by 

                                                         Ns(z) = Na – p(z)    .                                                                (2)
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The complete sequence to finally obtain the nitrogen depth profile C(z) consists of the following steps: (a) convert the initially measured spreading resistance profile rs(z) into the hole depth profile p(z) using the calibration curve of the spreading resistance apparatus; (b) calculate the STD depth profile Ns(z) by Eq.(2); (c) calculate the nitrogen depth profile C(z) by Eq.(1).

Results and Discussion

The expected depth profiles of holes, p(z), is a gradually decreasing function of z, with p(0) close to the boron concentration Na – since the nitrogen concentration at the sample surface is expected to become too low to generate STDs. In some cases, the measured p(z) profile was just of the expected type. However in other cases some anomalous features (discussed later) were found. 

   It should be also noted that the STD concentration is controlled only by the dissolved component of nitrogen. If some appreciable fraction of nitrogen precipitated, in the course of an out-diffusion anneal, it would be evidenced by a remarkable decrease in the bulk value of Ns(z). Accordingly, the calculated bulk value of C(z) would be lower than the known total nitrogen concentration (2x1015 cm-3 in our samples).  Therefore, the STD technique to trace the nitrogen out-diffusion profiles is, at the same time, a useful tool to monitor nitrogen precipitation.

   A strong precipitation loss of nitrogen was indeed found after longer anneals (like 30 min at 1000oC, or 50 min at 950oC). However, at shorter anneals, the calculated bulk value of C(z) was close to 2x1015 cm-3 indicating that the precipitation loss of nitrogen is not essential in these cases.
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   An example of the use of the procedure to obtain an out-diffusion nitrogen profile is shown in Fig.1 which refers to the out-diffusion anneal at 1000oC for 15 min. The depth profile of holes (Fig.1a) is an immediate result of the spreading resistance profiling. The STD depth profile (Fig.1b) is obtained by Eq.(2). Finally, the nitrogen depth profile (Fig.1c) is calculated by Eq.(1); it is presented in a normalized form: C(z) is divided by the bulk concentration Cbulk. The normalized profile is more convenient for the simulation purpose. The simulated solid curves in Fig.1c will be discussed later.
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   Another example of deduced out-diffusion profile is shown in Fig.2. In this profile, some near-surface irregularity in the calculated C(z) is seen. This corresponds to the initial irregularity in the p(z) profile: the near-surface  value of p is somewhat less than the expected value, Na.  A possible reason for such an anomaly is in-diffusion of some donor contaminant, with a resulting near-surface decrease in p(z). If so, the near-surface part of the calculated nitrogen profile in Fig.2 is actually an artifact that should be ignored in simulation. 
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   Still more pronounced near-surface anomaly is shown in Fig.3. The calculated donor concentration Ns (by Eq.(2)) consists of the two different branches (Fig.3a): the near-surface dropping branch is definitely caused by some in-diffusing donor impurity while the rising branch in a deeper part corresponds to STDs. The diffusivity of the contaminant is relatively small, about 3x10-10 cm2/s - judging by the penetration depth. In both examples (Fig.2 and 3) only a near-surface part of the profile is spoiled by the donor in-diffusion; the STD profile can be still traced at least at some distance from the surface. Another interesting feature of the STD profile shown in Fig.3a is a remarkably low bulk concentration of STDs. The corresponding concentration of dissolved nitrogen is Cbulk = 1015 cm-3 - only a half of the total nitrogen content.  In this case of relatively long out-diffusion anneal (30 min), about 50% of initial nitrogen is lost by precipitation.    

   

Simulation of the measured nitrogen out-diffusion profiles by dissociation model

As was already pointed out, the dissociation of dimeric species N2 into N1 is fast in oxygen-containing (CZ) material. In this case, the equilibrium relation between the concentrations C2 and C1 of the two species is maintained: C2 = C12/K. The monomeric species N1 in CZ material can be substantially oxidized. The prevailing oxidized species, at the diffusion temperature, is likely to be N1O, but we consider a general case when various oxidized species N1Om coexist. The oxidation reactions are assumed to be fast enough to keep the concentration ratio C1* / C1 of oxidized and non-oxidized one-nitrogen species at the equilibrium value denoted by G. This depends on T and on Cox, but in our case Cox is of a fixed value. The total nitrogen concentration C is                                               

                                        C = C1 + C1* + 2 C2  = C1 (1 + G + 2 C1 / K)       .                                 (3)

A change in C is caused by diffusion of the mobile species N1:

                                                    (C/(t   = D1 (2C1/(z2            .                                                      (4)

If the total concentration of one-nitrogen species, C1t = C1 + C1*, is used as a variable, the equation system (3), (4) is reduced to one non-linear equation: 

                                         (1 + 4 C1t / Ke) (C1t/(t   = D1e (2C1t/(z2          .                                       (5)

The effective monomeric diffusivity D1e and the effective dissociation constant Ke are expressed through D1, K and the oxidation ratio G:   

                                        D1e = D1 / (1 + G) ,            Ke  = K (1 + G)2             .                              (6)  

The quantity Ke relates the total concentration of one-nitrogen species and that of two-nitrogen species: C1t 2 / C2 = Ke. If Ke << C, the dimeric species dominate over one-nitrogen species. If Ke >> C, the one-nitrogen species (mostly, oxidized ones) become dominant. In FZ material, Ke = K << C, but in CZ material (Ke > K) it is not clear beforehand which quantity is larger, Ke or C.  

    If Ke << C (the dimeric species are still dominant), C2 is close to C/2, and C1t is close to (KeC/2)1/2. The equation (5) effectively contains only one parameter, D1eKe1/2 - which is identical to D1K1/2, according to Eq.(6). The diffusion equation (5) is essentially non-linear, and the out-diffusion profile C(z) is essentially different from a conventional erf function. 

   If Ke >> C (the oxidized monomers are the dominant species), the Eq.(5) becomes a conventional linear equation that contains only one parameter: the effective diffusivity D1e. The out-diffusion profile is of erf type.

   Both cases should be tried to fit the observed profiles. Assuming that Ke << C we expect a non-erf profile and deduce the parameter D1K1/2. Assuming the opposite relation (Ke >> C) we expect a conventional erf profile and deduce the effective diffusivity D1e.   

   For the out-diffusion profile shown in Fig.1c, a good fit is obtained in case of not very strong oxidation, Ke << C (thick curve in Fig.1c). The deduced value of D1K1/2 is 0.67 cm1/2/s (at 1000oC); it is somewhat lower than the value of 1.4 to 1.9 cm1/2/s deduced earlier [1] from the out-diffusion nitrogen profiles in FZ wafers. The erf-type function - in case of strong oxidation, Ke >> C - provides a substantially worse fit (thin curve in Fig.1c), with D1e = 1.4x10-8 cm2/s. 

   We may conclude that the dimeric species are dominant also in CZ material, in spite of the presence of oxidized one-nitrogen species N1Om along with N1. The inequality Ke << C means - according to Eq.(6) – that the fraction C1/C1t = 1/(1+G) - of non-oxidized monomers among the one-nitrogen species - is essentially larger than (K/C)1/2, about 20% (K was estimated to be 7x1013 cm-3 at 1000oC [1]). This inequality does not exclude a possibility of a remarkable oxidation of monomeric nitrogen (G > 1) but does exclude a possibility of a very strong oxidation (G >> 1). 

   For other measured C(z) profiles (most of them are somewhat distorted by an in-diffusing donor contaminant) it is hard to make a distinction between a non-erf fit (Ke << C) and an erf-type fit (Ke >> C). If the case Ke << C is accepted (on the basis of the previous fit), the following numbers for the D1K1/2 parameter are found (in cm1/2/s unit): 1.5 for 1000oC / 10 min anneal; 0.3 for 950oC / 20 min. If also the profiles with well-pronounced bulk nitrogen precipitation are simulated – assuming that the shape of a normalized out-diffusion profile is not much affected by the precipitation loss – the following additional numbers are obtained:  2.25 for 1050oC / 10 min; 0.8 for 1000oC / 30 min; 0.8 for 950oC / 50 min. All the obtained numbers for D1K1/2 are shown, by filled triangles, in Fig.4 - together with the previously obtained [1] numbers shown by open circles (FZ or epitaxial material) and open triangles (CZ). Both sets of points are scattered considerably, but on average, they are in a qualitative agreement. This is an additional argument to accept that Ke << C in CZ samples. The reason for a large scatter in our data is not quite clear; much more out-diffusion anneals should be done to learn the reason and obtain more reliable average numbers.

Summary

A new technique to monitor nitrogen out-diffusion profiles C(z) in oxygen-containing nitrogen-doped samples is developed and applied to some particular cases of out-diffusion. After an out-diffusion anneal at temperatures from 950 to 1050oC, Shallow Thermal Donors (STDs) - which are nitrogen-oxygen complexes – are generated by 650oC / 3 h anneal. The saturated STD concentration, Ns, is a certain function of C, and therefore a measured depth profile of STDs, Ns(z), can be converted into the original out-diffusion profile C(z). 

   The nitrogen diffusion in CZ silicon proceeds by dissociation mechanism if the dimeric species N2 are dominant. The profile shape – a solution of a non-linear diffusion equation - is then controlled by the parameter D1K1/2, a combination of the monomeric diffusivity D1 and the dissociation constant K. An alternative case is the dominance of oxidized one-nitrogen species. In this case, the profile shape would be governed by a conventional diffusion equation, with an effective monomeric diffusivity D1e. The preliminary conclusion is that the actual scenario is the former one, through dissociation of prevailing dimeric nitrogen. A very important consequence is that the concentration ratio of oxidized and non-oxidized monomeric species is not very large in CZ material – in the order of 1 or less, at 1000oC. Values of D1K1/2 deduced by fitting the measured profiles are in a qualitative agreement with previously obtained numbers for this parameter.        
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Fig.3 Depth profiles after 1000oC / 30 min anneal. (a): of STDs; (b): of normalized nitrogen concentration. A deeper part of the profile is fitted by the dissociation model (solid curve).  





Fig.2 Normalized out-diffusion profile of nitrogen after 1000oC / 10 min. The solid curve is the best fit by dissociation model.





Fig.1 Relevant depth profiles: (a) hole concentration deduced from spreading resistance profiling; (b) STD concentration; (c) normalized nitrogen concentration. Solid curves represent the best-fit simulation by dissociation model (thick curve) and by simple diffusion equation (thin one).





Fig.4 Diffusion parameter D1K1/2 after the present work (filled triangles) and by other data, according to ref.[1] (open symbols).








