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Asymmetric Melting and Freezing Kinetics in Silicon
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We report measurements of the melting velocity of amorphous Si relative to that of (100) crystal-
line Si. These measurements permit the first severe experimental test of theories describing highly
nonequilibrium freezing and melting. The results indicate that freezing in Si is inherently slower
than melting; this asymmetry can be interpreted in terms of an entropy-related reduction in the
f reezing rate.

PACS numbers: 64.70.Dv

Virtually all commonly encountered melting and
solidification phenomena are heterogeneous, i.e. ,

mediated by the motion of a liquid-solid interface.
The velocity u( T) at which this interface moves in
response to overheating or undercooling is a funda-
mental unanswered question in materials science. '2
Recently, real-time measurements3 6 of melting and
freezing in Si under pulsed laser irradiation have be-
gun to provide insights into u(T); however, to date
these measurements have not provided meaningful
tests of theories for these functions. In this Letter, we
describe new measurements of the relative melting
velocities of amorphous Si (a-Si) and crystalline Si
(c-Si). These measurements lead to the first quantita-
tive discrimination between kinetic models for highly
nonequilibrium melting and freezing.

Two transition-state theory models are formulated
and tested. The difference between the two models
can best be understood in the limit of vanishing activa-
tion enthalpy. In the "collision limited" growth
model, both melting and freezing are assumed to be
fundamentally limited only by collision frequencies at
the interface. This leads to a "symmetric" formula-
tion in which maximum melting and freezing rates are
identical. In the "entropy limited" growth model,
proposed here, only melting is assumed to be so limit-
ed. This leads to an "asymmetric" formulation in
which the maximum freezing rate is lower than the
collision-limited maximum melting rate by an entropic
factor. We find the measurements to be consistent
only with the asymmetric model. Furthermore, we are
able to limit the important physical parameters of this
model, viz. , the fundamental attempt velocity and the
activation enthalpy, to narrow, but plausible, ranges of
values.

Experiments were performed on (100) silicon-on-
sapphire samples photolithographically patterned for
transient-conductance measurements, and ion im-
planted with Si to amorphize the near-surface material
to depths from 0.16 to 0.46 p, m. Samples were irradi-
ated through a fused-quartz homogenizer with 20- to
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FIG. 1. Real-time transient-conductance measurement,
during pulsed laser melting, of (a) melt depth and (h) solidi-
fication velocity, obtained by numerical differentiation. The
dashed lines are velocities extrapolated to the original a-
Si/c-Si boundary. The sample was 1 p. m silicon on sapphire,
implanted with Si to produce an amorphous layer 460 nm
thick.

30-ns pulses from a Q-switched ruby laser at 694 nm.
An example of the measured melt depth versus time is
shown in Fig. 1(a). A plateau is observed at the depth
of the a-Si/c-Si interface, due to the difference
between the melting temperatures of a and c--Si.

Indeed, the melting-temperature difference Tt, —Tt,
can be extracted from the duration of the plateau. s

The present analysis focuses on the velocity tran-
sients, shown in Fig. 1(b), associated with the plateau.
The melting velocity in the a-Si is determined by
steady-state heat flow; the interface temperature T; ad-
justs according to the v, ( T) relationship for a-Si. Im-
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mediately after the interface passes into the c-Si, T;

has not changed, but the melting velocity in the crystal
is now controlled by the u, ( T) relationship appropriate
for c-Si, and so the velocity changes almost discontinu-
ously. After a transient period, u, and T, decay to new
steady-state values.

Velocities immediately before (v, ) and after (u, )
the a-Si/c-Si boundary were varied by changes of the
laser fluence and the thickness of the a-Si layer.
These velocities are plotted versus each other in Fig. 2.
For low u, (where T; & T„), the sign of the velocity
reverses as c-Si grows into ASi. For large u, (where
T, ) T„), the liquid/solid interface slows, but does not
reverse direction, upon crossing the a-Si/c-Si boun-
dary. The velocity u, at which u,+ is zero is the a-Si
melting velocity at Ti, . Any theory which describes
melting and freezing of Si must satisfy the constraints
defined by the value and slope of this line at u,+ =0:

u, ( TI, ) = 29 + 3 m/s,

d„,/d, , i, =0.55+0.2. (2)

max I v, ] ~ 15 m/s,

v, ( T„)~ 15 m/s.

(3)

In addition, for 2.3-ns 694-nm laser irradiation just
sufficient to melt 0.46 iu, m of silicon (on sapphire), the
peak c-Si melting velocity has been measured to
exceed 190 m/s. " At that peak velocity, heat-flow
analyses indicate that an upper bound on the interface
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FIG. 2. The velocities just before (u, ), vs the velocities
just after (l},+), kinks such as that shown in Fig. 1(b) (Ref.
9).

Additional constraints provided by previous mea-
surements can be enumerated. For example, it has
been shown that I-Si can freeze to form c-Si at inter-
face velocities at least as high as 15 m/s, but that the
velocity is less than or equal to 15 m/s at the a-Si
melting temperature. 'o Therefore,

—QlkT[1 i~Gsl ~}/ "r]
U = Vfe (10)

%e call this the symmetric, or "collision limited'
growth, model because in the absence of an activation
enthalpy Q, both freezing and melting may approach
collision velocities.

temperature is 3300 K." Therefore,

v, (3300 K) ~ —190 m/s.

Finally, interface velocities must be limited by sound
velocities

max [ ~ u, ~ I
~ u„„„d,= 8300 m/s,

maxI ~u. ) } v,.„„„=6370m/s.

These constraints allow us to compare quantitatively
different models for interface response functions. In
the classical transition-state theory for continuous
crystal growth, "3'4 the response function is the dif-
ference between simultaneous freezing and melting
rates:

u = uof

[exp�

( —5 GI,/kT) —exp( —5 G,,/ k T ) ]. (8)

Here, vo is an attempt, or collision, velocity, f is an ac-
tive site fraction, &G,b = Gb —G„&H,s=Hb —H„
and ES,b=Sq —S, are Gibbs free energy, enthalpy,
and entropy differences, respectively, and an asterisk
refers to the transition state. In standard nota-
tion, "3 '4 the maximum freezing velocity, uf =vof
&& exp(b, S,,/k), is factored out of Eq. (8) to give

u = uf exp( —4H, ./kT) [1—exp( —b G,I/kT) ]. (9)

In systems for which f approaches unity and hH, .
approaches zero, it has been suggested' that ~f, rather
than vo, be identified as the collision velocity. Howev-
er, the implication of this identification is that the
maximum melting velocity may exceed the collision
velocity by a factor exp(b, S„/k). Examination of the
bracketed thermodynamic factor in Eq. (9) suggests an
explanation for this unphysical behavior. For T ( TI„
the Gibbs free energy decreases for freezing and in-
creases for melting. In this case, consistent with ex-
pectation, the freezing part of the thermodynamic fac-
tor is saturated at unity, whereas the melting part is
decreased by the factor exp( —AG„/kT). For T ) T&„
the Gibbs free energy increases for freezing and de-
creases for melting. In this case, however, the freez-
ing part of the thermodynamic factor is still saturated
at unity, whereas the melting part is increased by the
factor exp(b G,I/kT). To avoid this unphysical
behavior, reflected in excessive melting velocities, we
force the melting part of the thermodynamic factor to
saturate at unity, while decreasing the freezing part by
exp( —b GI,/kT). This symmetrizes Eq. (9) according
to



VOLUME 56, NUM@BR 25 PHYSICAL REVIEW LETTERS 23 JUNE 1986

We also propose a second possibility: that only the
maximum melting velocity, U~ = &ofexp(AS «/k),
but not the freezing velocity, approaches the collision
velocity. Factoring this maximum melting velocity out
of Eq. (8) gives

0/kTr —&s,ilk &H—,I/kr]& = &pge le

%e call this the asymmetric, or "entropy limited"
growth, model, because in the absence of an activated
enthalpy 0, the maximum freezing velocity is lower
than the maximum melting velocity by the factor
exp( —AS„/k).

Written in this manner, the model can be seen to be
one in which the enthalpic and entropic contributions
to the Gibbs free energy appear to enter inequiva!ently
into the kinetics of freezing and melting, and therefore
do not counteract each other, as is implicit in Eq. (10).
The origin of this inequivalence can be interpreted as
follows: On the one hand, there is a large energetic
driving force for liquid atoms to solidify; however,
there is only a small domain in configurational and vi-
brational phase space for which this is possible. The
collision-limited freezing rate is therefore decreased by
an entropic factor exp( —b, S,I/, ). On the other hand,
virtually the entire domain of phase space available to
solid atoms is also available to atoms in the more
disordered liquid state; however„ transformation to
the liquid is energetically unfavored. The melting rate
is therefore decreased by the Boltzmann factor
exp ( —AH I/kT).

To test the two models, represented by Eqs. (10)
and (11), respectively, we consider the behavior
predicted by each for both the a-Si l-Si and the c-

Si I-Si transformations. The relevant thermody-
namic quantities have been determined previously. "
The three free parameters are vf, and vf, (or ~, and
u ), which are taken to be temperature independent,
and g, which is expected to be similar for the two
transformations. ' By use of constraint (1), ~f, (or

) can be eliminated, which leaves only two free
parameters. All remaining constraints, except the line
constraint (2), then represent allowed half-planes in
the two-dimensional parameter spaces defined by uf,
(or u, ) and 0.

The boundaries of these half-planes are drawn for
the two models in Figs. 3(a) and 3(b). The shaded re-
gions correspond to parameter values consistent with
these boundaries. For the symmetric model [Fig.
3(a)] the allowed region is extremely small; since the
boundaries represent extreme possibilities rather than
best estimates, this model can immediately be con-
sidered unlikely. Physically, the allowed region is re-
stricted for the following reasons: For a given vf„
max(~, ) ~ 15 m/s places an upper bound on 0; how-
ever, u, ~ 15 m/s at T„places a lower bound on g
The allowed window increases as ~f, decreases, but the
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FIG, 3. Plots of the restrictions placed on the two-
dimensional parameter spaces (a) v&, and Q for the sym-
metric model, and (b) v and Q for the asymmetric model.
The shaded (allowed) regions define the parameter values
consistent with the half-plane constraints (3)-(7). The
dash-dotted lines define the line constraint (2), labeled
du, /dv, . The dotted lines define the parameter values con-
sistent with the slope P= [du, /dT]r, = —„m/s K, from

transient-conductance measurements (Ref. 17).

requirement that u, = —190 m/s at T; ~ 3300 K places
a lower bound on ~f, .

The line constraint (2) is drawn dash-dotted in Figs.
3(a) and 3(b). Even when broadened by experimental
uncertainty, the line constraint does not pass through
the allowed region of the symmetric model, indicating
a fortiori that this model is inconsistent with experi-
ment. Mathematically, the constraints imply a greater
asymmetry between melting and freezing rates than
can be introduced into the symmetric model by a sim-
ple activation enthalpy. Indeed, we speculate that
symmetric models in general, for which nonactivated
maximum melting and freezing rates are the same,
may be inconsistent with experiment.

In contrast, constraint (2) does pass through the al-
lowed region of the asymmetric model [Fig. 3(b)]„
therefore, this model is consistent with experiment.
Three interesting conclusions can be drawn from the
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parameter values allowed by the boundaries in this
model. First, 1600~ u ~ 8300 m/s, which bounds

fexp(b, S,,/k) between 0.19 and 1.0. Therefore, if

the fraction of double-bond growth sites on the (100)
c-Si surface is —0.5, then the entropy of the transition
state is near that of the solid. Second, 0.3» Q «0.25
eV; despite the low measured freezing velocities rela-
tive to the sound velocity, the transformations are not
strongly thermally activated. Thus, the observation
that freezing of Si is slower than that of metals' is at-
tributed mainly to a greater liquid/solid entropy differ-
ence rather than to a higher activation energy for inter-
facial atomic rearrangement. Third, for this model to
satisfy the half-plane constraint (4), the slope [du, /
dT]r„must be less than —,', m/s K. Of four indepen-

dent measurements of this slope, this is consistent
with the two transient-conductance measurements
(dotted lines in Fig. 3),'8'9 but not with optical5 and
x-ray diffraction measurements.

In conclusion, we have measured directly the rela-
tion between the melting velocities of a-Si and c-Si.
This has led to the first severe experimental test of
theories describing velocity/temperature interface
response functions far from equilibrium. The mea-
surements are inconsistent with a symmetric,
collision-limited growth model, but are thus far con-
sistent with an asymmetric, entropy-limited growth
model which we have proposed here.

Although not elaborated here, both models can be
shown to differ formally only in the thermodynamic
properties of the transition state. '7 In the symmetric
model, the transition state has a Gibbs free energy
G ~ maxI Gg, Gi); thus G. follows Gi below the melt-
ing temperature and G, above. In the asymmetric
model, G.» H~ TS, ; the enthalp—y of the transition
state is greater than or equal to that of the liquid, while
its entropy is less than or equal to that of the solid.
It should also be noted, ho~ever, that although
transition-state theory is commonly used to describe
phase transformations, its validity may be limited for
weakly activated condensed-phase processes. A de-
tailed comparison with the results of molecular-
dynamics simulations would be particularly illuminat-
ing.
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