ChE 393/469A
 
Homework 7

(50 pts)
1. 
The previous homework set sought to derive an expression for the effective segregation coefficient ke in Czochralski growth according to the definition:








(1)


where Cs is the concentration of impurity in the solid, and Cb the concentration in the (well-mixed) bulk liquid.  For impurities like metals, ke got larger (worse) as the pull rate V increased.  Now we’ll see how this change in ke affects the impurity profile in the pulled crystal along its axis.



Since crystallization tends to be a purifying process, the solid that freezes at any point in time tends to release impurity into the liquid.  Thus, impurities build up in the liquid, getting a limit on how much of the initial Si change can be crystallized for wafer use.  Moreover, Eq. (1) implies that the solid becomes progressively less pure as well.  That is, Cs varies along the length of the crystal, starting at its lowest value near the seed.  As semiconductor manufacturers need consistency in performance from wafer-to-wafer as much as they need purity itself, this axial variation in Cs defines how much of the boule can be used for a single lot.



To derive a quantitative expression for Cs, let’s define Y as the fraction of the original melt that has solidified.  Let’s also assume that the densities of the solid and liquid are about equal, and that the initial concentration of impurity in the melt is Cbo.  The fact that Cs and Cb vary with Y indicates that we’ll be using differential mass balances.



(2 pts)
(a)
Write an expression for Nb, the amount of impurity in the well-mixed bulk liquid, in terms of Cb and the volume of liquid Vb.



(3 pts)
(b)
Write an analogous expression for a differential amount dNb.


(2 pts)
(c)
Write an analogous expression for Ns, the amount of impurity in the solid, in terms of Cs and Vs.  Note that the solid is not mixed at all, so that Cs is variable throughout.



(3 pts)
(d)
Write the corresponding expression for dNs.



(12 pts)
(e)
Use these results and the definition of Y (=Vb/Vtot) to write a differential mass balance for solute in terms of Y, Cb, and ke.



(8 pts)
(f)
Integrate your expression in (e) to obtain Cs as a function of Y, Cbo and ke.



(20 pts)
(g)
We saw in the last homework that










(2)





where k is the true (equilibrium) segregation coefficient, D is the solute diffusivity in the melt, and 

 is a characteristic distance for diffusion in the stirred liquid.






Suppose that for our Si process 

= 0.02 cm, and D = 5 x 10-5 cm2/s.  Let the impurity be boron with k = 0.8.  Finally, for satisfactory wafer performance let’s require that Cs remain less than or equal to Cbo for the process we are considering – that is, the solid can be no less pure than the melt.  Calculate the maximum fraction Y of the melt we may crystallize for the following three cases:






(5 pts)
(1)
in the limit V 

0






(6 pts)
(2)
for V = 0.2 cm/min (a typical pull rate)






(9 pts)
(3)
in the limit that V gets very large (ignoring for the moment problems with large heat transfer rates and unwanted crystal nucleation).
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