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ABSTRACT

Pulsed-laser melting of ion implantation-amorphized silicon layers,

and the subsequent solidif ication of undercooled liquid si l icon, have been

studied experimentally and theoretically. Measurements of the time of the

onset of melting of amorphous silicon layers, during an incident laser

pulse, have been combined with measurements of the duration of melting,

and with modified melting model calculation's- to demonstrate that the ther-

mal conductivity, Ka, of amorphous silicon is very low (Ka ^ 0.02 W/cm-K).

Ka is also found to be the dominant parameter determining the dynamical

response of amorphous silicon to pulsed laser radiation; the latent heat

of fusion and melting temperature of amorphous silicon are relatively

unimportant. Transmission electron microscopy indicates that bulk

(volume) nucleation occurs directly from the highly undercooled liquid

sil icon that can be prepared by pulsed laser melting of amorphous silicon

layers at low laser energy densities. A modified thermal melting model

has been constructed to simulate this effect and is presented. Nucleation

of crystalline silicon apparently occurs at a nucleation temperature, Tn,

that is higher than the temperature^ Ta, of the liquid-to-amorphous phase

transit ion. The model calculations demonstrate that the release of latent

heat by bulk nucleation occurring during the melt-in process is essential

to obtaining agreement with experimentally observed depths of melting.
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These calculations also shew that this release of latent heat accompanying

bulk nucleation can result in the existence of buried molten layers of

silicon in the interior of the sample after the surface has sol idif ied.

I t is pointed out that the occurrence of bulk nucleation implies that the

liquid-to-amorphous phase transition (produced using picosecond or ul tra-

violet nanosecond laser pulses) cannot be explained by purely thermody-

namic considerations.

1. Introduction

In this paper we summarize the results of recent time-resol.ved

ref lect iv i ty measurements [1—3] and model calculations [1—4] which,

together with post-irradiation transmission electron microscopy (TEM)

studies [3,5] , have allowed us to study both the transformation of

amorphous (a) silicon to a highly undercooled liquid {&) phase and the

subsequent rapid solidification process. Our work was motivated by the

following considerations.

On the one hand, there have been a number of recent theoretical and

experimental attempts [6-12] (the experiments using both pulsed and con-

tinuous heating) to determine thermodynamic properties of a-Si, such as

i ts melting temperature, Ta, and latent heat of fusion, La. These efforts

have resulted in estimates for the difference between Ta and Tc, the

melting temperature of crystalline (c) Si , ranging from no experimentally

observable difference (Ta « Tc) [6,7] to (Tc - Ta) -500 K [11]. The two

most recent studies, by Donovan et a l . [8] and by Olson and co-workers

[6,7] , used the results of continuous heating of a-Si in the solid phase

to estimate properties such as Ta and La; both studies resulted in est i-

mates for Ta near the middle of this range [ i . e . , (Tc — Ta) ~ 200-300 K],



-3-

though neither directly observed an a -> l transformation. We have been

interested in whether an alternative approach, using time-resolved

measurements and related model calculations, could provide additional

information about the thermodynamic parameters or thermophysical proper-

ties of a-Si (such as its thermal conductivity, Ka), and help to i l lumi-

nate the reasons for the wide range of values obtained in previous studies.

Our time-resolved measurements employ a newly developed technique [1,2]

that allows us to determine the time, tm, of the onset of melting of ion-

implanted a-Si, during an incident laser pulse, as well as conventional

measurements of the duration, TS , of the high ref lect ivi ty phase (HRP)

associated with surface melting, both, as functions of the laser energy

density, EA. One of the principal results of the work reported here is a

demonstration of the dominant role played by the low thermal conductivity,

Ka, of a-Si, relative to that of c-Si, in determining both the melting

threshold value of EA for a-Si layers of varying thicknesses, and the sub-

sequent solidif ication behavior of partially molten layers of a-Si, at

higher EJJ. The tm measurements provide a particularly powerful constraint

in f ixing the value of Ka. We conclude that the dynamics of pulsed laser

melting and resolidification are relatively insensitive to the values of

the melting temperature, Ta, and the latent heat of fusion, La, of a-Si.

This result seems particularly significant in view of the conflicting

conclusions regarding Ta in earlier measurements.

The second factor motivating our work was the realization that, since

a-Si apparently does melt at Ta << Tc, then pulsed laser melting of a-Si,

using laser pulses of low energy density, E ,̂ provides a means for pre-

paring a melt of 1-Si that is dramatically undercooled, relative to i ts
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normal freezing point. Relatively well-character!zed a-Si (free of voids

and gaseous impurities) can be prepared by ion implantation into a c-Si

substrate. By melting only partially through such an a-Si layer, the

undercooled 1-Si remains isolated from the c-Si beneath and the mechanism

for resblidification under conditions of large undercooling can then be

studied. Does solidif ication proceed from the 1-a boundary (as in

l iquid phase epitaxy from a crystalline substrate)? Or, wi l l some form of

bulk (volume) nucieation and growth be observed in the absence of a

crystalline template?

Cross-sectional TEM micrographs [3,5] provide important evfdence that

bulk nucleation does occur under these conditions. Furthermore, thermal

melting model calculations of melt depth and melt duration can be accu-

rately "calibrated," by comparison with time-resolved ref lect ivi ty mea-

surements of the duration of the high reflectivi ty phase (surface melt

duration). These model calculations then can be used to infer temperature

profiles in the undercooled 1-Si, and the nucleation behavior of under-

cooled 1—Si can be determined by comparison with the solidif ication pro-

f i les observed in TEM and by using the theory of homogeneous nucleation

[3,4] . Using this approach, we have been able to estimate a nucleation

temperature, Tn, where Ta < Tn < Tc« Thus, bulk nucleation apparently

occurs in undercooled 1-Si at temperatures above that of the 1 ->• a tran-

sit ion [4 ] . This conclusion is important since the conventional thermo-

dynamic interpretation of the laser-induced conversion of c-Si to a-Si

apparently requires undercooling to Ta for this conversion to occur [13].

Our work, revealing bulk nucleation at Tn > Ta, seems to imply that the
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1 •*• a transition cannot be explained by purely thermodynamic considera-

tions and that nonequilibrium and kinetic effects must play an important

role. Thus, the combination of techniques described in this paper provides

a powerful method for studying the dynamics of rapid solidif ication under

conditions of large undercooling of the melt.

2. Time-Resolved Measurements

A frequency-doubled Nd laser followed by four dichroic mirrors was

used to provide a harmonically pure 532-nm beam with (18±l)-nsec pulse

duration. The laser was operated at fixed amplifier gain to avoid slight

gain-dependent changes of second-harmonic pulse width; EA was varied with

lenses; a beam spli t ter was used for in-situ monitoring of the energy of

every laser shot; a separate vacuum planar photodiode and storage

oscilloscope were used to monitor the temporal shape of each pulse. Only

laser pulse shapes that were temporally nearly Gaussian were used in the

analyses. A cw HeNe probe laser beam, incident at 10° to the sample nor-

mal and focused to a 35-ijm-diam (1/e) spot, a silicon avalanche photodiode

detector, and a storage oscilloscope (time constant ~ 1 nsec) were used to

monitor the time-resolved ref lect iv i ty, R. The a-Si layers were produced

by implantation of 40-keV Si ions at a dose of 6 x 10^/crn^ into (100) n-

type silicon of 1-5 a cm resist iv i ty; transmission electron microscopy

(TEM) showed the amorphous layer to be slightly greater than 100 nm thick.

Figure 1 shows results for tm as a function of EA [2 ,3] ; the data for

c-Si were taken from Ref. 1. These data were obtained by simultaneously

monitoring the time evolution of the R signal and of the incident 532-nm

laser pulse and determining tm during the incident laser pulse. To
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further reduce errors due to slight variations in pulse shape, the zero of

time for these measurements was taken to be the center of' the incident

laser pulse; positive times correspond to melting before the peak of the

pulse. The experimental tm is defined as the time when the HRP is first

reached. As is expected intuitively, c-Si melts only during the latter

' half of the laser pulse at low Ez, with tm moving to the front of the

laser pulse with increasing E x (Fig. 1). t m for a-Si exhibits a similar

qualitative dependence on E^ but a-Si, in contrast to c-Si, is never

observed to melt as late as the peak of the laser pulse. In fact, for E A

> 0.6 J/cm^, a-Si melts within the first few nanoseconds of the*laser

pulse, some 12—13 nsec prior to its peak.

Figure 2 shows the results of our measurements of T S VS E A for a-Si

[2,3]. Also shown for comparison are results of recent xs measurements,

under nearly identical conditions, for c-Si [1]. The most apparent dif-

ferences between the two sets of results are that (1) a-Si melts at a

significantly lower value of EA (-0.15 J/cm^) than does c-Si (E^ = 0.35

J/cm^) and (2) T S for a-Si displays a quasiplateau from -0.25 to -0.4 J/cm^

3. Thermal Conductivity of Amorphous Silicon

For c-Si we recently found [1] that near the melting threshold, model

calculations of xs and tm are quite sensitive to the values used for the

optical and thermal properties of c-Si. This result provides confidence

that the process may be inverted, with the observed behavior of t m vs E^

being used as a constraint in order to infer thermophysical properties of

interest for a-Si [2,3]. In melting model calculations for a-Si, we used

a reflectivity Ra = 0.42 and absorption coefficient a = 5 x 10
5 cm'"1,
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independent of T in the sol id [14] . When the f i r s t cel l (10 nm) in the

f i n i t e difference calculations melts, a is increased to 10^ cm~l and R to

0.70. Exploratory calculations were made with many di f ferent pairs of

values of Ta and La (see discussion below) but our baseline calculations

assumed La = 1320 J/gm and Ta = 1150°C, in close agreement with the e s t i -

mates of Donovan et a l . [ 8 ] , The thermal conductivity, Kc, of c-Si was

taken from Glassbrenner and Slack [15] while Kg fo r s.-Si was related to

the e lect r ica l conductivity in A-Si by the Wieaemann-Franz law [ 1 ] .

We at f i r s t assumed a temperature-independent Ka for a-Si equal to

the high temperature c-Si value of = 0.25 W/cm-K [15 ] , but the tm measure-

ments showed that th is could not be correct. Ka was then successively

halved un t i l i t was in the range 0.01—0.03 W/cm-K, when satisfactory

agreement with experiment was f i na l l y obtained [ 2 ] . The value Ka = 0.02

W/cm-K was used subsequently in the calculat ions, unless otherwise stated;

th is value represents an average over the expected weak T-dependence of Ka

above room temperature.

The sol id curves ly ing close to the measured data in Fig. 1 summarize

the agreement that can be obtained between experiment and calculations of

t m vs Eg for a- and c-Si . The dashed curve in the "c-Si" region i l l u s t r a -

tes the results of calculations in-which we used Ta = 1150°C» and La =

1320 J/gm but took Ka = Kc. I t is clear that the reduction of melting

temperature and latent heat from crysta l l ine values (Lc = 1799 J/gm and Tc

= 1410°C) has l i t t l e effect on tm (Eg): I t is the value of Kc that

defines the dynamical melting behavior as being that of c-Si . The dashed

curve in the "a-Si" region of Fig. 1 reinforces th is conclusion, since i t
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was obtained by putting Ta = Tc = 1410°C, La = 1320 J/gm but keeping Ka =

0.02 W/cm-K. These results provide convincing evidence for the dominant

role of Ka in determining tm [ 2 ] .

The value Ka - 0.02 W/cm-K determined here for self-implantation-

amorphized a-Si is quite; reasonable. A latt ice thermal conductivity

calculation, using a Dcoye phonon spectrum for a-Si, gives Ka (300 K) =

0.011 W/cm-K, while Goldsmid et a l . [16] recently obtained Ka (293 K) =

0.026 W/cm-K for a 1.15-pm thick deposited fi lm of a-Si on sapphireo

Webber et a l . [17] have also estimated that Ka ~ 10"2 W/cm-K via computer

modeling of pulsed laser melting of ion-implanted a-Si layers. »

4. Transmission Electron Microscopy: Evidence for Bulk Nucleation

Cross-sectional TEM micrographs have been published [3,5] i l l us -

trating the solidif ication morphologies that are observed following pulsed

ruby laser (693 nm wavelength, 12-nsec FWHM pulse duration) irradiation of

a 500-nm-thick a-Si layer produced by 30$i+ ion implantation of (100) c-Si

at l iquid nitrogen temperatures. The published TEM results [3,5] are

typical of the solidification morphologies that were observed in 100 to

500-nm-thick a-Si layers, using both pulsed Nd:YAG and pulsed ruby lasers

and wil l simply be summarized here for the case of a 500-nm-thick a-Si

layer.

No microstructural change was observed compared to the as-implanted

state at EA = 0.1 J/crn^. However, for EA sl ightly less than 0.2 J/cm^,

the surface melts as indicated by a jump in ref lect iv i ty. At E£ = 0.2

J/cm^, the top 183 nm of a-Si was transformed into a very fine-grained

polycrystalline (FG) region upon solidif ication, with average grain size
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~10 nm. At 0.3 J/cm^, two distinct regions were formed: a surface region

(80 nm deep) containing large columnar polycrystalline grains (known'

henceforth as the LG region) and a deeper layer (233 nm thick) containing

FG material similar to that formed alone at 0.2 J/cm^. With further

increase of E A, the thickness of the LG region grows linearly with E A,

while the thickness of the FG region reaches a maximum of about 240 nm at

E A = 0.5 J/cm^ and then decreases with further increase of Ex. The LG

region disappears completely only when complete epitaxy occurs, with

melting through of the a-c interface at high EA. Thus, for lower E^

(insufficient to melt through to the a-c interface), the sequence of

materials observed is LG p-Si near the surface, followed in order of -

increasing depth by FG p-Si, the remaining unmelted a-Si, and the c-Si

substrate; for sufficiently low EA the LG region is absent.

A microdiffraction pattern taken from the FG region showed that

diffraction rings characteristic of amorphous Si were not observed; thus,

the FG p-Si region marks an abrupt boundary with the a-Si beneath. The

possibility that the FG region results from solid phase nucleation and

growth (SPNG) can be ruled out because (1) there is insufficient time for

SPNG to result in -10 nm crystallites (the minimum time required even at

the melting point of c-Si is ~1 ysec) [6]; and (2) a sharp boundary is

observed between the FG and underlying amorphous regions, rather than the

diffuse boundary expected for SPNG [5]. The grains of FG p-Si were ran-

domly oriented and equiaxed, indicating that there is no preferred direc-

tion for crystal growth during formation of the FG p-Si region, and

certainly no microscopic evidence for'the existence of a planar solidifi-

cation front. This behavior is strongly suggestive of bulk nucleation
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occurring in highly undercooled £-Si. Insight into its origins is

obtained from the calculations described next.

5. Model Calculations: Solidification of Highly Undercooled Jt-Si

To our knowledge, a formulation of the heat flow problem incorpor-

ating bulk nucleation, large undercoolings, and a pulsed heat source is

not yet available. Nevertheless, we have found that finite-difference

calculations [18] can be modified to simulate nucleation effects under

such conditions. Calculations of the type discussed in Refs. 1 and 18

should be adequate for determining the onset of melting, tm, but it is not

clear that they can be modified to describe subsequent solidification from

a highly undercooled melt. More specifically, such calculations in the

past have generally assumed that the material gives up latent heat at the

same temperature at which it is absorbed. In the case of an a-Si. layer

with Ta = 1150°C, the material would have to cool to 1150°C before solid- ,

ifying. This is an unnecessarily restrictive condition which, if valid,

would seem to imply from thermodynamic considerations that the material

could only resolidify as a-Si. However, the presence in typical trans-

mission electron micrographs of randomly oriented FG p-Si suggests that

the FG material marks a region in which homogeneous bulk nucleation has

occurred at some T < Tn, the nucleation temperature, lying between Ta and

Tc. The volumetric release of latent heat on bulk nucleation of the c

phase is accompanied by either a very rapid solidification or the creation

of a "slush" zone [18,19] from which solidification subsequently proceeds

at a rapid rate; during this time it may be that no well-defined melt

front exists. Nucleation does not occur (or occurs very slowly) in the
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molten Si with T > Tn, until a melt front is reestablished at the inter-

face with the fine-grained material.

With the foregoing in mind, the calculations were modified from those

of Ref. 1 and 18 to include not only the presence of the a-Si layer but

also a simulation of the effects of bulk nucleation. We emphasize that

only one physical and mathematical model of an a-Si layer on a c-Si

substrate was used in all of the calculations discussed in this paper.. We

discussed the results for t m before considering the need to include under-

cooling and bulk nucleation in the model only because these two effects

are not expected to have any significant influence on tm, whereas they may

greatly influence T S. While the melt front is still advancing into the

a-Si layer, La, Ta, and Ka, Kc, orK^ are used depending on the ;phase of

the material in a given finite-difference cell. The latent heat is always

switched from La to Lc as soon as an a-Si cell has melted; this is the

simplest assumption consistent with the transmission electron microscopy

observations. If the melt front does not-penetrate to the a-c interface,

a layer of a-Si with its low thermal conductivity remains. The £-Si in a

given cell is allowed to solidify at the temperature of that cell, pro-

vided that this T is less than T n and that the melt front has begun to

recede from its point of maximum penetration. For those molten cells in

which T is initially > T n but < T c, crystallization cannot occur until T

drops below Tn or until the rapidly growing region of fine-grained Si from

an adjacent cell can provide nucleation sites for the liquid with T > Tn.

When the melt front initially contacts the a-c interface, the temperature

of the interface, T a c, will be Ta. The melt front cannot penetrate
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further until Tac rises to Tc and enough latent heat is supplied to begin

to melt the c-Si region. I f Ê  is not great enough for Tac to reach Tc,

crystallization wil l occur at temperatures between Ta and Tc. A thin

layer of fine-grained Si may be formed i f Tac < Tn but otherwise only

large-grained c-Si wi l l be formed. Finally, when Tac >^Tc, epitaxial

regrowth of single-crystal Si from the c-Si substrate can proceed just as

i t would for an entirely c-Si sample.

The results of calculations of TS for a 100-nm-thick a-Si layer on a

c-Si substrate are shown in Fig. 2. The solid curve in the c-Si region

was taken from Ref. 1 and demonstrates that acceptable agreement, can be

obtained with the experimental xs for c-Si. The origin of the apparent

displacement of the calculated curve from the experimental points at

higher values of EA is not clear (however, note the experimental error

bars). The short-dashed curve in the a-Si region was obtained from calcu-

lations with Ta = 1150°C, La = 1320 J/g, and Ka = 0.02 W/cm-K, while the

long-dashed curve used the same values of La and Ka and Ta = Tc = 1410°C.

Both curves give reasonably good agreement with experiment, given the

experimental error bars; thus, a choice between the two sets of parameters

is not obvious. In fact, a series of calculations in which Ta was grad-

ually increased to Tc simply gave a family of curves lying between the two

shown. Since all of these pairs of Ta, La values also give satisfactory

agreement with the tm (E^) curves of Fig. 1, we again see that i t is Ka,

not Ta or La, which strongly influences the results. The peak in the

short-dashed curve at 0.5 J/cm^ may be an artifact of the present modeling;

however, both the calculations and TEM results show that this is approxi-

mately the value of Ê  for which the remaining a-Si layer has become so
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thin as to greatly increase heat flow to the c-Si substrate. Thus,

ref lect iv i ty measurements and model calculations of surface melt duration

are in satisfactory overall agreement for the 100-nm-thick a-Si layer,

lending confidence that the model calculations can be used to infer both

the depth of melting into a-Si and temperature profiles in the undercooled

1-Si, prior to sol idif icat ion.

Typical results of calculations of temperature vs depth [3,4] are

shown in Fig. 3, while melt depth profiles vs time [4] are shown in Fig.

4, for a 100-nm-thick a-Si layer and a 532-nm wavelength, 18-nsec FWHM

laser pulse. (The surface melt durations presented in Fig. 2 were

obtained from calculations similar to those shown in Fig. 4.) In these

calculations we again took Ta = l'l50°C and La = 1320 J/g'm and Ka = 0.02

W/cm-K, with other parameter values for i- and c-Si as described above.

Figure 3 shows temperature profiles at the times when the melt front for

each EJJ reaches its maximum penetration. Tn was varied to obtain approxi-

mate agreement with the TEM results for the widths of the FG, LG, and a-Si

regions; Fig. 3 shows Tn - 1210°C but this value depends on the assumed

value of Ta. Figure 3 indicates that the temperature of the £-Si for 0.2

J/cm^ does not rise above Tn, so that only FG p-Si is expected at the sur-

face (in agreement with TEM), followed by the remainder of the a-Si. For

0.3 J/cm^, T > Tn in the region nearest the surface, and a thin region of

LG material is expected to grow from the underlying, bulk-nucleated FG

material. As EA increases, the LG region grows in size while the FG

region shrinks until at ~0.6 J/cm^ only ~20 nm of FG p-Si remains; for Ê

>_ 0.8 J/cm^ the melt front penetrates completely through the a-Si. The
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kink in each of the curves in Fig. 4 at ~100 nm occurs because Ta < Tc and

La < Lc; the melt front pauses until enough energy is absorbed for i t to

penetrate the a-c interface. For 0.6 ~ EA £ 0.8 J/cm^, the front contacts

the interface but does not penetrate i t . For EA ~ 0.6 J/cm^, the tem-

perature of part of all of the z-Si is < Tn and nucleation occurs in an

extended region for which no well-defined melt front exists, as indicated

schematically by the cross hatching on Fig. 4.

In i t ia l calculations for 400-nm-thick a-Si layers gave melt-front

penetrations much less chan the measured combined thickness of the FG and

LG regions. This seemed to imply that bulk nucleation and graio growth,

accompanied by the release of latent heat, occurred before the melt front

reached its maximum penetration and increased the depth of melting. We

might expect (and the calculations confirmed) this to be an important

effect for thick layers but not for 100-nm-thick layers.. Bulk nucleation

during melt-in was simulated by allowing an increment AEn of latent heat

to be released during melt-front penetration. AEn was estimated from the

relationship AEn = FpLcXm, where Xm is the measured maximum penetration at

a given EA, p is the density, and F is a factor interpreted as the frac-

tion of £-Si that solidifies before the melt front reaches Xm. To be phys-

ical ly meaningful, F must be _<_ 1 and we found F — 0.5-0.6 for most EA.

Moreover, the temperature profiles when Xm was reached again indicated

that the widths of the LG and FG p-Si regions extracted from the calcula-

tions were in good agreement with the TEM values i f Tn — 1210°C. The

model calculations clearly indicate that molten material can exist in the

interior of,the sample after the surface has resolidified.
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Th e theory of homogeneous bulk nucleation [19] yields an expression

for the nucleation rate I of the form

I = Io exp(-AG*/kT). (1)

I o is a factor having units of cm"3 s"-*- and magnitude of approximately

10-35. AG* is the free energy of a c r i t i ca l nucleus at temperature T. For

spherical nuclei of radius r the free energy is given by AG = 4irr2a +

4TIT3AGV /3, in which a is the surface free energy and AGV the volume free

energy. Setting dAG/dr = 0 gives

r* = - 2O /AG V , n* = 4irr*3Nv/3,

and . ' .. (2)

AG* = 167ra3/3(AGv)
2.

r is the radius of the c r i t i c a l nucleus, n is the number of atoms in i t ,

Nv is the number of atoms/unit volume. I f the difference in the heat

capacity Cp between the l iqu id and the sol id is neglected, AGV can be

expressed in terms of the undercooling AT = Tc — T as AGV = -LCAT/TC.

I f indeed the FG p-Si is due to bulk nucleation, u can be calculated

as fol lows. TEM [3 ,5 ] indicated an average grain size of "10 nm or a

volume of 1 0 " ^ cm3. Knowing the thickness Xn of the FG p-Si region from

TEM and an approximate value of i t s formation time t p from the model

calculat ions, I can be determined under the assumption that each 10-nm

grain resulted from a single nucleation event. For example, from the

results leading to Figs. 3 and 4 for EA ~ 0.3 J/cm2, we estimate Xp = 50

run, t p - 10 ns, and f ind I = 1026 cm"3 s " 1 . With a value of I estab-

l ished, Eqs. ( l ) 'and (2) and the expression for AGV can be used to relate



-16-

o to AT. Following Ref. 8, we took AT = 265 K and calculated a, r*, and

n* with the results: a = 219 erg/cm^, r* = 0.66 nm, and n* = 60 atom.

For the lower limit of AT (=390 K) estimated in Ref. 8, we found a = 275

erg/cm^, r* = 0.57 nm, and n* = 39 atom. Having fixed a, AT can be varied

to determine its effects on I , R*, and n*5 with typical results shown in

Table I . We note that the values of I in Table I are much greater than

those estimated by Turnbull [20] but are not inconsistent with values

found from molecular dynamics calculations [21].

We wil l summarize our view of the physical processes that take place.

The 18-ns laser pulse causes the a-Si to melt at a T ~ 300 K less than

Tc. Melting is either incomplete, in the sense that small clusters of

atoms remain in the melt, or nucleation occurs so rapidly that the two

situations are nearly indistinguishable on the time scale of the present

experiments. In either case, a. fraction of the latent heat is , in effect,

released while the melt front is s t i l l advancing; this release is essen-

t i a l for forcing the melt front to its maximum penetration. In the FG

p-Si region the temperature of the z-Si is <_ Tp long enough for nucleation

to occur. Because nucleation wil l occur in those regions f i r s t melted,

the surface may solidify before the deeper-lying regions. We have not yet

determined "he extent of the "slush zone" in which z-Si and c-Si coexist

at any particular time, but we note that the physical properties of such a

mixture are l ikely to be quite different from those of either pure jt-Si or

c-Si. Finally, we observe that Tn should appear on the free-energy

diagram, as in Fig. 5. From this diagram [4] i t can be seen that slow

cooling of A-Si from Tc wi l l result in nucleation of p-Si rather than for-

mation of a-Si. Therefore, the i •* a transition that can be produced
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using picosecond or u l t rav io le t nanosecond laser pulses must occur either

because the system is undercooled to Ta so quickly that nucleation cannot

occur or because a large number of mistakes are made in the incorporation

of atoms into the growing interface at high so l id i f i ca t ion ve loc i t ies .

(To the extent that the free-energy diagram of Fig. 5 can be used, the

la t t e r si tuat ion corresponds roughly to a path from the £-Si l ine t o , and

along, the superheated a-Si l ine at temperatures above Tn . ) Thus, we see

that the a-Si phase must be "trapped" by nonequi l ibr ium thermodynamic and

kinet ic effects [23 ] .
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Tabie I. I, r*, and n* vs AT/TC for a = 275 erg/cm
2.

AT/TC

0.13

0.15

0.17

0.19

0.21

0.23

0.25

T
(K)

1464

1431

1397

1363

1330

1296

1262

(cm-3

7.9 x

5.0 x

4.1 x

2.4 x

2.6 x

8.7 x

-1.3 x

106

1015

1019

1022

1024

1025

1027

*
r
(nm)

1.01

0.87 •

0.77

0.69

0.62

0.57

0.52 -

*
n

214

139

96

69

51

39

30
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Figure Captions

Fig. 1. Measured time of onset of melting (tm) for a-Si (circles) and for

c-Si (dots) vs E .̂ Also shown are the results of model calcula-

tions of tm for c- and a-Si (ses text) .

Fig. 2. Measured duration of the high-reflectivity phase (surface melt

duration, xs) for a-Si (circles) and for c-Si (dots) vs EJJ. The

error bars are derived from the measured rms precision of the Ê

calibrations. Also shown are the results of model calculations

of xs for a-Si (see text) .

Fig. 3. Profiles of temperature vs depth in undercooled liquid si l icon.

Each profile is shown at- the time of maximum melt-front penetra-

tion for the given EJJ.

Fig. 4. Melt-front profiles vs time for different laser EA. The cross-

hatching indicates the region in which TEM indicates that a well-

defined melt front does not exist (see text) .

Fig. 5. Schematic representation of Gibbs free energy vs temperature for

a-Si and £-Si relative to c-Si.
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