GROWN-IN MICRODEFECTS IN SILICON AS A GUIDE TO THE PROPERTIES OF POINT DEFECTS
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The concentration field of self-interstitial and vacancy depends on at least 10 parameters. For the interstitial growth mode, it is sensitive mostly to the 3 parameters of the self-interstitial transport: the melting point diffusivity Dim, the migration energy Eid and the drift energy (i. These parameters can be fitted to describe the observed shape of A-swirl regions in quenched crystals. The resulting value for Dim is about 1.5x10-4 cm2/s (considerably lower than a commonly assumed value) while (i is about 4 to 8 eV (a surprisingly strong uphill drift). This conclusion is yet subject to further proof, due to some uncertainty related to a possible effect of carbon impurity.     

INTRODUCTION

     Simulation of vacancy and self-interstitial distribution in silicon crystals is an important modern field of activity (1-3). To perform such simulations, one should specify many parameters of the intrinsic point defects. There are 5 basic constants of self-interstitials: two for the equilibrium concentration (the melting point value Cim and the formation energy Ei), two for the diffusivity (the melting point value Dim and the migration energy Eid) and one for the drift velocity along the temperature gradient (the drift energy (i). Also, there are 5 similar constants for vacancies: Cvm, Ev, Dvm, Evd and (v.  The problem, in its simplest (conventionally accepted) version – when a fast recombination of vacancies and self-interstitials is assumed – contains 10 parameters, none of them is well defined, at the current state of knowledge. If one chooses to consider a finite recombination rate, there are two more parameters, to describe the temperature dependence of the rate constant. We stick to the model of fast recombination, which is consistent with the V/G rule (3,4): the type of intrinsic point defect incorporated into crystal locally – near the crystal-melt interface – is controlled by the ratio of the growth rate (V) to the local temperature gradient (G). Vacancies are incorporated if V/G is over some critical ratio (V/G)cr and self-interstitials are incorporated at V/G < (V/G)cr.  

     In principle, the ten above-listed parameters can be fitted to the experimental maps of grown-in microdefects produced by agglomeration of either vacancies or self-interstitials, using the constraints resulting from other available data, like self-diffusivity. However, the number of fitting parameters is too large to obtain definite and reliable values. The fitting problem is much simplified if one deals with a ‘deep’ interstitial growth mode, V/G << (V/G)cr. The crystal is then in-flooded by self-interstitials that out-diffuse to the lateral crystal surface. The interstitial concentration field Ci(r,z), where r and z are the radial and axial coordinates, respectively, is sensitive mostly to the interstitial transport constants which are Dim, Eid and (i. The number of fitting parameters is effectively reduced to three. To our knowledge, there is only one reported example of microdefect maps at very low V/G – in the paper by Roksnoer (5). The crystals of a small diameter (23 mm) were pedestal-pulled at a constant low V, and then quenched. In the course of cooling, the A-swirl-microdefects (dislocation loops of interstitial type) were formed in a region where the self-interstitial concentration was sufficiently high for that - above some critical value Ccr. In other words, the A-swirl region is confined by an iso-concentration contour, Ci(r,z) = Ccr. The fitting task is to simulate Ci(r,z) for different sets of Dim, Eid and (i and select the set that gives the best description of the A-swirl regions. 

CONSTRAINTS IMPOSED ON THE COMPLETE PARAMETER SET

     Although the concentration field Ci(r,z), in a deep interstitial growth mode, is controlled basically by the three above-mentioned transport parameters, the other 7 parameters should be also specified, to perform the simulation. There are several constraints that allow to do it, at least approximately - which is enough, due to a low sensitivity of the computed concentration field to all the parameters but Dim, Eid and (i. These constraints are listed below.

1. There is an approximate (but quite precise) analytical expression for (V/G)cr through the defect constants (3): 

               (V/G)cr = (1/kTm2) [DimCim (E - (i) – DvmCvm (E - (v)] / (Cvm – Cim)  ,              [1] 

where Tm is the melting temperature and E = (Ei + Ev) / 2 – the averaged formation energy. The experimental estimates for (V/G)cr are within a range 0.12 to 0.2 mm2/minK (1-4). We adopt the value of 0.14 mm2/minK (see the section discussing the temperature gradient in pedestal-pulled crystals).  

2. The concentration difference, Cvm – Cim, can be determined (3) using the reported data (6) on the total amount of vacancies stored in the voids (for a deep vacancy growth mode). There is some scatter in this estimate, and we choose the lower limit (which is most suitable to reconcile it with the expression [1]) : 

                                            Cvm – Cim = 1.6x1014 cm-3    .                                                [2]

3. The equilibrium concentration difference, Cve(T) – Cie(T), was measured (7), in a range of high T, in samples that received a Rapid Thermal Annealing. With the constraint [2], the experimental curve may be fitted using any value of Ei within an expected range from 3 to 5 eV (8), by selecting a proper value for the vacancy formation energy Ev. The relation between the two formation energies is well approximated by a parabolic law:

                                                   Ev =  a + b Ei + c Ei2        ,                                              [3]

with a = - 0.482, b = 1.463, c = - 0.0914. The difference Ei – Ev is relatively small, in the order of 0.2 eV, and it increases upon increasing Ei . 

4. The self-diffusion and impurity diffusion data (9-11) give information about the diffusivity-concentration products, DiCie and DvCve (the subscript e indicates to the equilibrium value of the concentration). Most of the data refer to the temperature range around 1000oC, where there is an agreement about the values of the products: DiCie (  DvCve ( 4x106 cm-1s-1. However there is a remarkable discrepancy between the works (9,10) and (11) concerning the activation energies Eis and Evs of the two self-diffusion products, DiCie and DvCve – and therefore a remarkable difference in the values of the two products extrapolated to the melting point, DimCim and DvmCvm. 

     According to (9,10), the activation energy is high for self-interstitial (Eis = 4.95 eV) and considerably smaller for vacancy (Evs = 4.11 eV) which results in a low DvmCvm/DimCim ratio at the melting point (DimCim = 2.4x1011 cm-1s-1, DvmCvm = 1.85x1010 cm-1s-1). Since Cvm > Cim, the vacancy diffusivity Dvm is much lower than the self-interstitial diffusivity Dim. This concept was generally adopted in simulation works (1-3), though somewhat larger values of DvmCvm and Evs were used.   

     According to (11), the two activation energies are close one to the other: Evs = 4.86 eV, Eis = 4.68 eV. The activation energy is slightly higher for the vacancy product, quite contrary to the previous result. Accordingly, the DvmCim/DimCim ratio is larger than unity (DvmCvm ( 1.9x1011 cm-1s-1, DimCim ( 1.1x1011 cm-1s-1). The vacancy diffusivity Dvm is then slightly higher than the self-interstitial diffusivity Dim. However, Dv(T) becomes lower than Di(T) upon lowering T, since the vacancy migration energy Evd turns out to be larger than Eid. 

     The reason for the vacancy to self-interstitial change-over, upon reducing V/G, is quite different for the two above cases. The vacancy mode at higher V/G results from the inequality Cvm > Cim, in both cases. But the reason for the interstitial mode at lower V/G is different. 

     With DimCim >> DvmCvm (BSM-type relation, by the initial letters of the authors (9)), the self-interstitial mode is realized due to a fast diffusion of self-interstitials, from the interface into the crystal bulk. The expression [1] is consistent with the experimental values for (V/G)cr – but only if the drift energy (i is zero – or at least considerably smaller than E (or if (i < 0 which means downhill drift of self-interstitials).

     With DvmCvm > DimCim (UGP-type relation (11)), the self-interstitial mode can be realized only due to a strong uphill drift of vacancies ((v is positive and larger than E). Then the vacancies, though faster diffusers than self-interstitials, can not penetrate into the crystal bulk at low V/G, because they drift back to the interface. The expression [1] for (V/G)cr can produce the correct number at any value of the self-interstitial drift energy (i , by a proper choice of the vacancy drift energy (v. For this reason, this case is more flexible than the previous one.  

     We will try both types of settings for the diffusivity-concentration products, using slightly corrected values (consistent with the above-mentioned value for DiCie and DvCve at 1000oC and with the reported self-diffusivity (10)) : 

DimCim = 2.3x1011 cm-1s-1, Eis = 4.95 eV;   DvmCvm = 4x1010 cm-1s-1, Evs = 4.25 eV  ,   [4a]

DimCim = 1.0x1011 cm-1s-1, Eis = 4.6 eV;     DvmCvm = 2x1011 cm-1s-1,  Evs = 4.9 eV   .   [4b]

     For any specified values of the three fitting parameters Dim, Eid and (i , and for the chosen self-diffusivity parameters (either [4a] or [4b]) the other seven parameters are defined by the following procedure: 1) The interstitial formation energy Ei equals Eis – Eid . 2) The vacancy formation energy Ev is a function of Ei defined by Eq.[3]. 3) The vacancy migration energy Evd equals Evs – Ev. 4) The self-interstitial concentration (at Tm) is Cim = (DimCim) / Dim. 5) The vacancy concentration (at Tm) is Cvm = Cim + (Cvm – Cim). 6) The vacancy diffusivity (at Tm) is Dvm = (DvmCvm) / Cvm. 7) The vacancy drift energy, (v, is calculated from the Eq.[1] using the adopted value for the critical ratio, (V/G)cr = 0.14 mm2/minK.

TEMPERATURE FIELD IN PEDESTAL-PULLED CRYSTALS 

     Before turning to simulation of the concentration fields, one should know the temperature field in the crystal, T(r,z). At low V, one can neglect the convection heat flux and apply an equation

                                                          div((gradT) = 0       ,                                               [5]

where ((T) is the heat conductivity; it is approximately proportional to 1/T and can be presented as ( = (m Tm / T where (m refers to the melting point. It follows from Eq.[5] that the function U = log(Tm/T) satisfies the Laplace equation (U(r,z) = 0 where ( stands for the Laplace operator. For this reason, the ‘temperature potential’ U is useful to represent the temperature field. It is also convenient to use the coordinates normalized by the crystal radius R ( ( = r/R and ( = z/R). A simple analytical form for U((,() is obtained if the potential profile at the crystal surface (at ( = 1), is represented by a polynomial

                                                       U(1,() = ( Pk (k        ,                                                 [6]

where k is from 1 to n; it turned out that four terms (n=4) are enough for a good approximation. The axial distance z is counted from the interface edge so that U(1,0) = 0. Next, we construct a polynomial Uk((,() that satisfies the Laplace equation and coincides with (k at the crystal surface. It is easily done be starting with the (k term, then adding a term (k-2 ((2 – 1) to compensate for (((k) = k(k-1)(k-2, and so on. A useful relation is (((k) = k2 (k-2. The result is 

U1((,() = ( ,      U2((,() = (2 – ((2–1) / 2 ,     U3((,() = (3 – 3 ( ((2–1) / 2 ,

                 U4((,() = (4 – 3 (2 ((2-1) + 3 ((4-1) / 8 – 3 ((2-1) / 2.                                     [7]

     In this way, we obtain a particular solution for the temperature potential: 

                                              Up((,() = ( Pk Uk((,()           ,                                             [8]

that coincides with the profile [6] at the crystal surface. 

     At the crystal surface, the radial heat flux, - ( (T/(r, should be balanced by the irradiated heat, (T4, where ( is the Stefan-Boltzmann radiation constant multiplied by the gray-body emissivity. In terms of the potential U, and for the normalized radial coordinate, this boundary condition reads

                                      (U/(( =  [( Tm3 R /(m] exp(-4 U)    .                                          [9]

The parameter combination within the square brackets is equal to 0.11, for the thermal parameters conventionally used in temperature simulations (12) – with the emissivity 0.7 and the conductivity (m ( 0.2 W/cmK. 

     The polynomial solution [8] is not yet the final result since it is not completely consistent either with the boundary condition [9] or with the experimental shape of the crystal/melt interface. To achieve these requirements, an additional potential should be introduced. This potential, denoted by Ub((,(), should be zero at the crystal surface - where the polynomial part Up((,() already reproduces the surface axial profile [6] – and thus it can be expanded into the Bessel series: 

                                          Ub((,() = ( Bk Jo((k() exp(-(k()       .                                  [10]

where Jo is the Bessel function of zero order and  (k are the roots of this function ((1 = 2.40482; (2 = 5.52009). 

    The whole temperature potential U is the sum of the polynomial part Up and the Bessel part Ub. The interface shape is defined as the surface ((() at which U((,() = 0. We use only two first terms (k=1 and k=2) in the series [10] to meet the two most important requirements: 

1) to get the strict flux balance [9] at the interface edge ((=1, (=0).

2) to get the central interface deflection ((0) the same as that observed experimentally, about 0.1. The actual interface was exposed in ref.(5) by detaching the crystal from the melt; it is of a concave shape, and one parameter (central deflection) is enough to reproduce the shape.  

     The coefficients B1 and B2 are defined by these two requirements, at any specified coefficients Pk. In the final stage of temperature computation, the polynomial coefficients Pk were selected in such a way as to best satisfy the boundary condition [9]. The criterion was the averaged squared difference between the left-hand part and the right-hand part of the balance equation [9]. The smallest difference, less than 0.1%, was achieved at the following set of the coefficients: P1 = 0.3191, P2 = - 0.08655, P3 = 0.0187, P4 = - 0.001781, and these values were used to compute the temperature potential U((,(), and thus the temperature itself, T((,() = Tm exp(-U). The most important feature of the temperature field is the variation of the axial gradient G along the interface; this is shown in Fig.1. The average value of G is about 47.4 K/mm. It is close to the value calculated within the 1D model where T is considered as a function of z only, and the heat flux, - (R2 ( dT/dz, changes due to the heat loss from the lateral surface, 2(R (T4. The gradient is then G = (( Tm5 / R (m)1/2 = 48.4 K/mm. The 1D approximation allows also to take into account the convection heat flux, V cT (R2 (where c is the heat capacity per unit volume). The corresponding correction to the gradient was found to be   – V cTm / (3 (m). The interstitial to vacancy change-over in pedestal-pulled crystals occurs at V = 6 mm/min (5). At this relatively high growth rate, the correction to G is appreciable, - 5.6 K/mm, and the gradient is expected to be about 42.8 K/mm. The resulting estimate for the (V/G)cr is then 0.14 mm2/minK – the value adopted in the present work.         

STEADY-STATE  CONCENTRATION FIELD

     Due to fast recombination, the self-interstitial concentration Ci and the vacancy concentration Cv are related by the equilibrium mass-action law: 

                                            Ci(r,z) Cv(r,z) = Cie(T) Cve(T)         ,                                    [11]

where the temperature T is a function of  r and z that was defined above. First the crystal is grown in a steady-state mode, and the steady-state concentration fields are established. Then the crystal is quenched, and the two concentrations, Ci and Cv,  decrease due to further recombination; the remaining concentration of self-interstitials will be identical to the initial (steady-state) concentration difference C = Ci – Cv. This difference is thus a quantity of interest, and it will be used as the primary concentration field. It is the iso-concentration contour of C(r,z) – rather than of Ci(r,z) – that should be computed to delineate the A-swirl region. The self-interstitial concentration Ci is expressed through C from Eq. [11] :

                                          Ci = C/2 + [C2/4 + Cie Cve]1/2            ,                                    [12]

and Cv is then expressed through Ci.  

     Generally – in a non-steady-state growth mode – the concentration C is changing with time due to the self-interstitial and vacancy fluxes, Ji and Jv :

                                           (C/(t = - div(Ji) + div(Jv)         .                                           [13] 

    Each flux is composed of the three basic terms: Fickian diffusion, transportation by a moving crystal (convection) and drift along the temperature gradient. The self-interstitial flux vector is 

                                Ji = - Di grad Ci + V Ci – Di Ci (i grad (1/kT)       .                         [14]     

The last term (the drift flux) is based on a generally accepted assumption: the drift velocity is proportional to the gradient of the inverse temperature and to the diffusivity. The drift energy (i is just a kinetic coefficient that can be, in principle, of any value and sign. The positive sign means an uphill drift (from a colder to a hotter crystal part). The  vacancy flux vector Jv is of the same form (only the index i should be replaced for v). The velocity vector V is along the axis z (the pulling direction). It is convenient, for subsequent use, to define the temperature-gradient vector g = grad(1/kT). It can be expressed through the gradient of the temperature potential: g = (1/kT) grad U. 

     We are interested here in the steady state case, (C/(t = 0. The steady-state distribution can be obtained by relaxing some arbitrary initial field C(r,z) until the derivative (C/(t becomes reasonably low.     

     The right-hand part of the decay equation [13] is convenient to express through the derivatives of the concentrations. The term divJi takes the form

             divJi  =  - Di (Ci  + [V + Di (Eid - (i) g] grad Ci + (i (Eid – kT) Di Ci g g    .     [15]

     In derivation of this expression, a relation ((1/kT) = kT g g was used; it follows from the Laplace equation for U = log(Tm/T). The term divJv has a form similar to Eq.[15]. The first and second derivatives of Ci and Cv are expressed through the discrete values of the two concentrations, at the nods of a rectangular grid. 

     The equilibrium boundary condition (Ci = Cie, Cv = Cve) were assumed both at the interface and at the lateral crystal surface; it corresponds to the ideal sinking of the point defects at these surfaces. 

COMPUTATION RESULTS

     The near-interface A-swirl regions were observed (5) in two crystals grown at V1=0.5 mm/min and at V2=0.2 mm/min (crystal 1 and crystal 2, respectively). These regions are reproduced by the lines in Fig.2. Their shape qualitatively corresponds to the out-diffusion of self-interstitials to the lateral crystal surface. At very low pull rate (Fig.2b) the A-defect region is narrow; it strongly indicates to an appreciable uphill drift of the self-interstitials that keeps them close to the interface. At a higher pull rate (Fig.2a), the self-interstitials are transferred by a moving crystal further into the crystal body, and the A-region becomes essentially larger. For the crystal 1, the boundary of the A-swirl region is somewhat diffuse in the central part (at ( from 0 to 0.5); a tentative shape of this portion is shown by the dashed line in Fig.2a. 

     The adopted fitting sequence was as follows. The interstitial migration energy, Eid, was first fixed, within a reasonable range from 0.2 to 1 eV. Then the interstitial drift energy (i was scanned within some range. For every (i, different values for the diffusivity Dim were tried. For each of them, the iso-concentration contour was drawn through a representative point at the A-swirl boundary in the crystal 1. This point was chosen at (=0.537, (=1.007 (just outside the diffuse portion of the boundary). The contour shape is very sensitive to Dim, and practically a unique value of Dim could be selected to best describe the most reliable portion of the A-swirl boundary (between (=0.5 and (=0.8). This value of Dim was then used to compute an iso-concentration contour in the crystal 2; this one was drawn through the point located at the center of the boundary ((=0, (=0.61). By this procedure, the concentration C for each contour is defined: C1 for the crystal 1, C2 for the crystal 2. Each of these two values should be identical to the critical concentration Ccr for the formation of A-swirls in the course of quenching. Therefore the parameter set is consistent with the experiment only if it leads to C1 = C2. As an example, the computed values of C1 and C2 (normalized by Cim) are plotted in Fig.3 in dependence of the assumed value of (i, for the UGP-type setting [4b] and for the low value of the migration energy, Eid = 0.2 eV. The criterion C1 = C2 is fulfilled at (i = 4.6 eV which means a strong uphill drift of self-interstitials; the corresponding value of the vacancy drift energy is still larger, (v= 9 eV. The complete parameter set for this case is presented in Table 1 (indicated by the number 1). The computed iso-concentration contours in Fig.2 (shown by open circles) correspond just to this case. They reproduce the A-swirl regions satisfactorily, except for the portions near the crystal surface. A reason for this discrepancy may be a deviation of the actual sinking law at the surface from the assumed ideal sinking, Ci = Cie.  

Table 1. Some best-fit parameter sets for the self-interstitial and vacancy.
	Set 
	Cim /

1014 cm-3
	Ei ,

eV
	Dim /

10-4 cm2/s
	Eid ,

eV
	(i ,

eV
	Cvm /

1014 cm-3
	Ev ,

eV
	Dvm /

10-4 cm2/s
	Evd ,

EV
	(v,

eV

	1
	7.3
	4.4
	1.37
	0.2
	4.6
	8.9
	4.19
	2.25
	0.71
	9.01

	2
	6.67
	4
	1.5
	0.6
	6.3
	8.27
	3.91
	2.42
	0.99
	9.69

	3
	6.25
	3.6
	1.6
	1
	8
	7.85
	3.6
	2.55
	1.3
	10.36

	4
	2.3
	4
	10
	0.95
	1.5
	3.9
	3.91
	1.28
	0.34
	10.91


     Similar fitting procedure for other values of Eid gives similar results: a strong uphill interstitial drift is required to meet the condition C1 = C2, and the computed contours are very similar to those shown in Fig.2. However, the deviation of the computed contours from the experimental ones increases upon increasing Eid. The parameter sets for Eid = 0.6 eV and 1 eV are shown in Table 1 (indicated by number 2 and 3, respectively). Though the set 1 of the Table 1 seems to be preferable (it results in a somewhat better fit) the present procedure can not define a certain value for the interstitial migration energy. However, quite narrow ranges for the melting point diffusivity Dim (around 1.5x10-4 cm2/s) and for the drift energy (i (around 6 eV) follow from such a fit based on the UGP-type setting [4b]. 

     For the BSM -type setting [4a], a similar fitting procedure fails: though a good fit to the shape of the A-swirl boundaries can be found - by a proper choice of (i and Dim at specified migration energy Eid - the contour values C1 and C2 are essentially different. It does not necessarily mean that the BSM  setting should be rejected. The point is that self-interstitial agglomeration was reported to be sensitive to the carbon impurity (5). The critical concentration Ccr for A-swirl formation may then depend on the carbon content. The two crystals 1 and 2 may be of not identical carbon content, and the requirement of C1 = C2 is then doubted. An example of parameter set consistent with only the contour shapes is listed in Table 1 as number 4. The corresponding contours are shown in Fig.4; here C1 = 0.123 while C2 = 0.265. The vacancy migration energy should be not lower than 0.35 eV (3). This condition is violated at Eid < 0.95 eV. On the other hand, much higher values for Eid are not likely, and the present choice for Eid is thus justified. With this value, the interstitial drift energy is practically fixed at 1.5 eV: lower values lead to an unreasonably high diffusivity Dim - much higher than 10-3 cm2/s - while larger values of (i lead to unreasonably large vacancy drift energy - much larger than 10 eV. For these reasons, the parameter set 4 of the Table 1 is, practically, the only one consistent with the BSM setting for the self-diffusivity products.        

CONCLUSIONS

     A ‘deep’ interstitial growth mode - realized at V/G << (V/G)cr – is useful to deduce the parameters of intrinsic point defects in silicon. By quenching a crystal grown in a steady-state mode, a particular iso-concentration contour of the concentration field C(r,z) (the difference of the interstitial and vacancy concentrations) is delineated as a boundary of A-swirl-microdefects formed in the course of quenching. The observed shapes of this boundary impose a strong constraint on the choice of the parameters. 

    The three most relevant parameters are the melting point diffusivity Dim, the migration energy (the activation energy for diffusion) Eid and the drift energy (i. These were the fitting parameters of the problem while the other (less relevant) seven parameters of point defects were calculated using available data on the point defect properties. Particularly, the diffusivity-concentration products, DimCim and DvmCvm (for self-interstitial and for vacancy, respectively) are important for that purpose. Two different settings for these products were tried. The first is based on the metal (especially, Zn) diffusion data (9). The second is based on the self-diffusion and diffusion of phosphorus and antimony under non-equilibrium conditions (11). The essential difference between these two settings is that the DvmCvm/DimCim ratio is very small in the former case but larger than 1 in the latter case. 

     Assuming the universal value for the critical concentration Ccr (for formation of A-swirls), the quenched A-swirl regions can be satisfactory explained only for the second setting - with DvmCvm/DimCim > 1. The migration energy Eid could not be definitely selected by this fit though lower values (like 0.2 eV) seem preferable. However definite (and surprising) conclusions can be drawn concerning the diffusivity Dim and the drift energy (i. The fitted diffusivity Dim turns out to be close to 1.5x10-4 cm2/s - remarkably smaller than the commonly assumed value of about 5x10-4 cm2/s (1-3). The drift energy (i was often assumed to be negligible (1-3), but the present work indicates to a relatively large value, around 6 eV - greater than the formation energy. The corresponding drift velocity, (i Di grad(1/kT), is not however very large: it is in the order of 0.8 mm/min in pedestal-pulled crystals of small diameter (with very high temperature gradient) and in the order of 0.07 mm/min in modern Czochralski crystals where the gradient is much smaller. The vacancy drift is somewhat faster, by a factor of about 2.    

     These conclusions, if correct, change significantly the commonly adopted view of the high-temperature properties of point defects in silicon. However, a conventional view (small (i , large Dim – consistent with the setting of ref.(9)) can not be discarded, considering possible complications due to the carbon impurity. To make a final choice, more microdefect maps should be examined using the representative parameter sets of the type 1 and 4 of the Table 1.    
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Figure Captions

Fig.1  Calculated variation of the axial temperature gradient G along the interface in pedestal-pulled crystals grown at low rate (the crystal radius R = 1.15 cm). 

Fig.2 The experimental (lines) and simulated (open circles) boundary of A-swirl-microdefect region in pedestal-pulled and then quenched crystals. The point defect parameters correspond to the set 1 of the Table 1.  

a: in crystal 1 (grown at 0.5 mm/min); b: in crystal 2 (grown at 0.2 mm/min). 

Fig.3  Computed dependence of the contour concentrations C1 and C2 (for the crystal 1 and crystal 2, respectively) on the assumed interstitial drift energy (i. The setting for the self-diffusivity products is that defined by Eq.[4b]; the assumed interstitial migration energy is Eid = 0.2 eV. The best-fit value for (i corresponds to the intersection point. 

Fig.4  The experimental (lines) and simulated (open circles) boundary of A-swirl-microdefect region, for the parameter set 4 of the Table 1.  

a: in crystal 1 (grown at 0.5 mm/min); b: in crystal 2 (grown at 0.2 mm/min). 
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Rem: This is for Eid=0.5 eV
Better show one for Eid=0.2 eV
Replace later !
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Rem: This is for Eid=0.5 eV
Better show one for Eid=0.2 eV
Replace later !
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Rem: This is for Eid=0.5 eV
Better show one for Eid=0.2 eV
Replace later !
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Rem: This is for Eid=0.5 eV
Better show one for Eid=0.2 eV
Replace later !
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Rem: This is for Eid=0.5 eV
Better show one for Eid=0.2 eV
Replace later !
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		0.7302968

		0.7302968

		0.7745967

		0.7745967

		0.8164966

		0.8164966

		0.8563489

		0.8563489

		0.8944272

		0.8944272

		0.6086975

		0.9121583

		0.3798541

		0.9246758

		0.9258296

		0.9206606

		0.9105025

		0.8958318

		0.8763458

		0.8534596

		0.8271358

		0.7975029

		0.7641696

		0.7264262

		0.6832492

		0.6331577

		0.5738409

		0.5014529

		0.4081685

		0.271711



a

C1 = 0.182

r/R

z/R

0.1727887

1.0067

1.3758

1.306602

0.8389

1.2852

0.1735287

0.6711

1.1745

1.240289

0.5302

1.0067

0.1701324

0.3557

1.173931

0.1745

0.1487946

0.1007

1.104139

0.08389

0.1440269

0.07383

1.031278

0.07383

0.1404458

0.9556532

0.1248468

0.8776624

0.1203675

0.7970156

0.1181147

0.7141672

0.1088677

0.6289026

0.1063523

0.5404589

0.1092219

0.4477819

0.1170481

0.3477483

0.1312

0.1312

0.1661333

0.1661333

0.2048

0.2472

0.2933334

0.3432

0.3968

0.4541333

0.5152

0.58

0.6485333

0.7208

0.7968

0.8765333

0.96

1.0472

1.138133

1.2328



		0		0

		0		0.151

		0.2581989		0.3356

		0.2581989		0.5369

		0.3651484		0.7047

		0.3651484		0.8054

		0.4472136		0.7718

		0.4472136		0.6711

		0.5163978		0.4698

		0.5163978		0.2349

		0.5773503		0

		0.5773503

		0.6324556

		0.6324556

		0.6831301

		0.6831301

		0.7302968

		0.7302968

		0.4179468

		0.748194

		0.7544404

		0.729739

		0.6854151

		0.6237916

		0.5423551

		0.4330246

		0.2674762



b

C2 = 0.412

r/R

z/R

0.2182019

0.6208

0.6208

0.615

0.221756

0.5872

0.5828627

0.5369

0.2183832

0.4362

0.5461537

0.2852

0.1992914

0.1678

0.5085441

0.1242

0.1949786

0.1007

0.4709027

0.09731

0.1930042

0.09731

0.4315727

0.1871804

0.390068

0.1879617

0.3455024

0.1973103

0.2923575

0.2048

0.2048

0.2472

0.2933334

0.3432

0.3968

0.4541333

0.5152

0.58



		





		0		0.5369		0

		0.2581989		0.6711		0.2181

		0.3651484		0.7718		0.3859

		0.4472136		0.8389		0.5369

		0.4472136		0.8725

		0.5163978		0.8557

		0.5163978		0.7215

		0.5773503		0.5

		0.5773503		0.2349

		0.6324556		0

		0.6324556

		0.6831301

		0.6831301

		0.7302968

		0.7302968

		0.7745967

		0.7745967

		0.412533

		0.7919648

		0.8029657

		0.7943858

		0.7775332

		0.7545816

		0.7298957

		0.7028383

		0.6761231

		0.6492016

		0.6230645

		0.5974253

		0.5729277

		0.5489292

		0.5262612

		0.5044407

		0.4836577

		0.4641375

		0.4457948

		0.4284138

		0.4123918

		0.3973403

		0.3843472



a

C1 = 0.43

r/R

z/R

0.218446

1.0067

1.3758

0.2212564

0.8389

1.2852

0.2168805

0.6711

1.1745

0.1974117

0.5302

1.0067

1.425732

0.3557

0.1920144

0.1745

1.089483

0.1007

0.1887708

0.08389

0.8629061

0.07383

0.1802058

0.07383

0.6961286

0.1777561

0.564134

0.1816868

0.4532917

0.1932368

0.3507532

0.2048

0.2048

0.2472

0.2933334

0.3432

0.3968

0.4541333

0.5152

0.58

0.6485333

0.7208

0.7968

0.8765333

0.96

1.0472

1.138133

1.2328

1.3312

1.433333

1.5392

1.6488

1.762133

1.8792



		0		0

		0		0.151

		0.2581989		0.3356

		0.2581989		0.5369

		0.3651484		0.7047

		0.3651484		0.8054

		0.4472136		0.7718

		0.4472136		0.6711

		0.5163978		0.4698

		0.5163978		0.2349

		0.5376021		0

		0.5204744

		0.4673626

		0.3959968

		0.3080798

		0.187158



b

C2 = 0.638

r/R

z/R

0.2630225

0.6208

0.6208

0.615

0.2756036

0.5872

0.5451243

0.5369

0.2782632

0.4362

0.4767489

0.2852

0.268396

0.1678

0.4140013

0.1242

0.2802324

0.1007

0.3476175

0.09731

0.2933334

0.09731

0.3432

0.3968

0.4541333

0.5152

0.58




