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INTEREACE STABILITY DURING RAPID DIRECTIONAL SOLIDIFICATION

David E. Hoplund and Michael 1. Aziz
Division of Applied Sciences, Harvard University, Cambridge, MA 02138

ABSTRACT

At the solidification velocities observed during pulsed laser annealing, the planar interface
berween solid and liguid is stabilized by capillarity and nonequilibrium effects such as solute trap-
ping. We used Rutherford backscatiering and electron microscopy to determing the nonequilibrium
partition coefficient and critical concentration for breakdown of the planar interface as a function of
interface velocity for Sn-implanted silicon, This allows us 1o test the applicability of the Muilins-
Sekerka stability theory to interfaces not in local equilibriuemn and to test the Carictl-Sekerka and
other theuries for oscilkutery instsbilities.

INTRODUCTION

Puring stcady-state solidification of a single-component melt, a planar solid-liquid interface
will remain stabte as long as heat is removed through the solid. If the interface is in local equilib-
rium, then gt solid stays below the meliing wmperature, the interface at the melting temperature,
and the liquid above the melting temperature. Since the liquid is not undercooled, the interface is
stable.

The stability eriterion for 4 two-component melt is more complicuted. Tiller er al. [ 1] anakyzed
the effect of sotute preferentially partitioning into the Hquid, They showed that for any straight-liae
Equidas, there exists a critical concentration of solute in the bulk liquid such that the interface is
unstabie. Solute rejected by the inlerface creates a concentration gradient in the [iyuid layer next 1o
the interface. The concentration gradient causes the liquid ahead of the interface to be undercooted
with regard to the composition-dependent liquidus temperature despite being at a higher tempera-
ture than the interface, This is the basis of the constitutionat supercooling condition.

Later, Mulfins and Sekerka [2] used linear perturbation analysis to evaluate interface stability.
They started their analysis with an unperturbed planar interface in tocal equilibrivm moving at con-
stant velocity. Then they calculated the time dependence of the amplitude of an infinitesimal sinu-
soida) perturbation imposed on the imerface. Since the perturbation curves the interface, they ook
capillarity into account and found that it had a stabilizing effect, especially al high solidification
velocities, The effect is strong enough that for any concentration of solute in the bulk liquid, the
interface is stable if the velocity is high enough. A high velocity ailows litde time for lateral diffu-
sion of solute, so no large scale perturbations can form. Small scale perturbations do have time 1o
form, but these are the perturbations that capillarity resists most strongly. This is the basis for the
Mullins-Sckerka absolute stability timit. For high velocities, the absolute siability limit reduoces 10
the following simple form:

L KETMI v
Coo = K D)m BL. ()

where Cos is the critical bulk concentration in the liquid to cause interface breakdown, k is the
partition coefficient (ratio of the solute concentration in the growing solid to that in the liquid at the
interface), Tug is the melting point of pure solvent, T is the capitlarity constamt (ratio of surfice
tension to heat of fusion), v is the interface velocity, m is the slope of the smaight-line liquidus, and
D1 is the diffusivity of solute in the bulk of the liguid.

The Mullins-Sekerkn analysis assumes local equilibrivm at the the interface. This assumption
is least likely to hold at velocitics where equation (1) is most likely 10 be valid. The limit of inter-
face stability should be sensitive 10 nonequilibrium effects because the suppressed partitioning {31
or “sofute trapping” associated with nonequilibrium solidification ought to stabilize the interface.
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Early tests of interface stability under nonequilibrium conditions [4-6] siowed that stabilization did
indeed occur. Now that the kinetic undercooling function in pure silicon [7-9] and solute trapping
function for various dopants in silicon [10-12] have been measured, it is possible to incorporaie
nonequilibrium effects systematicaily into stability theory.

Aziz and Kaplan [13] have proposed a model for the interface response functions eabied the
“continuous growth model without solute drag.” For solute trapping in the dilute solution regime,

the model gives

(vivi) + ke
T {vivp)+ | @)

where k is the nonequilibrium partition coefficient, ke is the cquilibrium partition coefficient, v the
interface velocity, and vp the diffusive velocity. Using the continuous growth modet and assuming
a dilute solution, a straight-line equilibrivm liquidus and solidus, and a solidification velocity much
less than the maximum solidification velacity at infinite driving force, Boettinger has derived a
simple expression | 14] for the slope of the kinetic liquidus,

ko - k L Jnkﬁc
mik(v)) = mex |1 + ———p7 K . (3)

where k is the noncquilibrium partition coefficient, ke is the equilibrium partition coefficient, and
i is the slope of the equilibrium Jiquidus. Substituting the partition coefficient of equation (2) and
the liguidus slope of equation (3) into the Mullins-Sckerka result (not just equation (1), but the full
slo]mion) yields & thermodynamically consistent formulation of nonequilibrium linear stability
theory.

We recently reporied {15] the fiest quantitative test of stability theory, using Sn-implanted Si-
on-sapphire (SOS) samples. However, the large number of extended defects in these samples not
only made identification of the cell walls difficult but also might have influenced the breakdown of
the planar interface. Here we report similar measurements performed on bulk single crystal
Si{100). We compare our measurements of the onset of instability to the theory. Since the key
parameters in the theory have already been measured, this constitmes a quantitative test with no
free parameters.

EXPERIMENT

Wafers of (100) siticon were implanted with 165 keV 120Sn* at doses of | and 2 x10/cm?,
Sampies were melted with a 30ns FWHM XeCl (308nm) excimer laser pulse. Preheating samples
with a 80W CO2 laser just before firing the excimer laser allowed us to control the thermal con-
ductivity and thermal gradient in the marterial and thereby extend the range of solidification veloci-
ties 10 fower velocities. Surface melt durations were measured using the fransient reflectivity of a
low power Ar ion laser. Since for our samples the melt duration as o function of laser fluence was
close 10 that of pure bulk silicon, we could use well calibrated heat fow-simulations of pulsed hser
melting of pure silicon [16] to obtain melt depths and solidification velocities for our samples.

After solidification, the Sn concentration-depth profile was measured using Rutherford Back-
scauering Spectrometry {RBS). Since nensubstitutionality of dopants Jits been cormelated with
interface breakdown {17], we also performed ion channeking analysis. Figure 1 shows data for one
sample. We initially asswmed that the interface broke down at the depth where the concentration of
nonsubstitutional Sn became appreciable. The total concentration of Sn at thit depth was uuken to
be the critical concentration {or breakdown. This is exact for steady state sofidification. For exam-
ple, the interpretation of Figure 1 is that the interface was stable from 3300A (the maximum melt
depth) 1o 1500 A, but then broke down. The critical concentration for breakdown is the to1al Sn
concentration IS(X}.’\, about 0.7 atomic percent Sn.

327

2-5 17T |1 E 1 LI I T 1 1 1 I 1 © I [ 1T | I:

o - -
B 20F ——Total Sn =
o S 2 U Substitutional Sn 3
S’ 1.5 | —:
o 1.0 — E

- - .

O 05F e -]

) [~ o T N ]
O 0 - N l 1 11 | AR A b1 =

" —1000 1000 2000 3000 4000

Depth (A)

Figure 1; RBS Ichanneling data for Sn-implanted bulk Si(100) after puised laser melting.

DISCUSSION

Figure 2 shows our data. It also shows a full numerical sohution to the Mullins-Sekerka theory
rather than the high velocity limit of equation (1). For the dashed curve, we assumed that k and m
had their equilibriwm vatues, For the solid curve, we used the k of equation ) an_d the m of cqua-
tion {3). The equilibrium partition coefficient is ke = 0.016. The diffusive velocity, vp = 17 wis,
and the liquid diffusivity, Dy = 2.5x10% cm?/sec, were taken from solute trapping cxperimenls
[15]. Values of other thermophysical parameters not takena from Cahn, Coriell, anq Bocuinger (e8]
are: capillarity factor Tyl = 1.3x10-7 Km obtained from homogeneous nucleation experimuits
[19]; and stope of the equiiibrium liquidus mg = -460 K {20]. The temperature gradient in the liquid
was estimated to be 25104 K/m from heat flow calculations. The temperature gradient in the solid
was approximated by the product of the velocity and the latent heat divided by the thermal conduc-
tivity in the solid. Although these estimates are refiable, the predictions are highly insensitive to the
thermal gradients for solidification velocities in the range that we are investigating. )

Theory and experiment agree quite well considering that there are no adjustable parameters in
the comparison. Also, the new data points agree with the previously reported results for silicon-on-
sapphire samples {15]. Three ways of refining this work are in progress. The cell size, mcn‘sured
in plan-view transmission electron microscopy (TEM), can be compared with theory. Cross-
section TEM is under way to verify that the interface did break down at the position inferred by
RBS/channeling, Finally, we should consider that there might be a delay in this non-steady-state
experiment between the onset of instability and the appearance of nonsubstitutional impurities (note
that adl of our data lie slightly above the curve predicted by the theory). Both the second and third
jtems mentioned above would tend (o cause us 10 over-gstimate the critical concentration. Also, it is
possible that the surface tension, taken from nucleation experiments, might turn out to be 100 low
due to heterogeneous nucleation. In this case the theoretical curve in Fig, 2 would be moved
upwards as equation (1) shows.

We have also considered theories for oscillatory instabilities such those developed by Coriell
and Sekerka [21] and Merchant and Davis [22). It now seems that §i(Sn) is not a good system for
studying oscillatory instabilities because the crystal/melt interfnce is too sluggish. According to
calculations for the onset of instabilities [23, 24], in our present experiments the interfaces should
always become susceptible to steady instabilities before oscillating ones.
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Figure 2: Critical concentration above which cellular breskdown of planar intesface oceurs.
Curves: (- - -) Mullins-Sekerka theory assuming local equilibriuny; (——) Mullins-Sekerka
theory assuming k(v) and m(k(v)} given by equations (2) and (3); () Equation (1), simplific
form of the Mullins-Sckerka theory valid at high velocities, assuming k(v) and m(k(v)) given by
cquations (2) and (3).

. Y
o
&

ACKNOWLEDGEMENTS

 We are grateful to 1.Y. Tsao, P.5. Peercy, S.R. Stiffler and M.O. Thompson for collubori-
tion, and to C. Hayzelden for instruction in microscopy, in the SOS swdy. We thank 5.R, Coricll
for assistance with the numerical solution 1o the stability equations. Samples were implanted at the
Surface Modification and Characterization Facility at Oak Ridge National Laboratory. Work at
Harvard was supported by the DOE through DE-FG02-89ER45401 (J.B. Darby).

REFERENCES

. W.A. Ti!lerl, K.A. Jackson, 1L W. Rutter, and B, Chalmers, Acta Metall, 1, 428 (1953).
2. W.W. Mullins and R.F. Sckerka, J. Appl. Phys. 35, 444 (1964).

3. 1.C. Baker and LW. Cahn, Acta Metall, 17, 575 (1969).

4. I Narayan, I. Appl. Phys. 52, 1289 (1981).

. 1.W. Cahn, S.R. Coriell, and J.W. Bocttinger, in 1

28

A.G. Cutlis, D.T.J. Turle, HL.C. Webber, N.G. Chew, 1.M. Poate, P. Bueri, and G. Fou,
Appl. Phys, Leu. 38, 642 (1981).

§.U. Cumpisano and J.M. Poate, Appl. Phys. Lett, 47, 485 (1985).

G.]. Galvin, 1.W. Mayer, and P.S. Pecrey, Appi. Phys. Lett. 46, 644 (1983).

M.0. Thompson, P.H. Bucksbaum, and 1. Bokor, Mater. Res. Soc. Symp. Proc. 35, 18}

{1985).
B.C. Larson, L.Z. Tischler, and D.M. Mills, J. Mater. Res. 1, 144 {1986).

. M.J. Aziz, 1.Y. Tsao. M.O.Thompson, P.S. Pecrcy, and C.W. White, Phys. Rev. Let. 36,

2489 (1984).

. M.]. Aziz and C.W. White, Phys. Rev. Lett. 57, 2675 (1986).
. L.M. Goldman and M.J. Aziz, J. Mater. Res, 2, 524 (1987).

. M.J. Aziz and T. Kaplan, Acta Metall. 36, 2335 (1
. W.1. Beettinger and S.R. Coriell, in §¢i

988).
: 1t Rapi

it
i iot 1| ies. edited by P.R. Sahm, H. Jones, and C.M. Adams
{Nijhoff Publishers, Dordrecht, the Netherlands, 1986), p. 81.

. D.E. Hoglund, M.J. Aziz, S.R. Stiffler, M.O. Thompson, 1.Y. Tsao and P.S. Peerey, 4.

Crystal Growth, in press (1990).

. M.). Aziz, C.W, White, 1. Na(ayan, and B. Stritzker, in Eperpy Beam-Solid Ingractions wnd

edited by V.T. Nguyen and A.G. Cullis (Editions de

Transient Thermal Processing
Physique, Paris, 1985), p.231.

. C.W. White, B.R. Appleton, B. Stritzker, D.M. Zehner, and S.R. Wilson, Mater. Res. Soc.

Symp. Proc. 1, 59 (1981). ] ;
rocessing

Laser and Elecuion Beam Processing ©
Maierials, edited by C.W, White and P.S. Peerey (Academic Press, New York, 1980), p. §9.

. P.V. Evans, G. Devaud, T.F. Kelly, and Y.-W. Kim, Acta Metall, 38, 719 (1950).
" C.D. Thurmond and M. Kowalchik, Bell System Technical Journal 39, 169 {1960).
. 8.R. Coriell and R.F. Sekerka, J. Crystal Growth 61, 499 (1983).

. G.J. Merchant and S.H. Davis, Acta Metall. 38, 2683 (1990},

. $.R. Coriell (private communicalion).

. G.J. Merchant and §.1. Davis {private communicaticn).






