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Transition of a Si-A.s solution to the amorphous phase induced by pulsed-laser quenching

P. Baeri and R. Reitano
Dipartimento di Fisica —UniUersita di Catania, Corso Italia 57, Catania I-95129, Italy

(Received 16 November 1988; revised manuscript received 22 February 1989)

Si-As supersaturated solid solutions obtained by ion implantation on (100)- and ( 111)-oriented
Si substrates and laser annealing have been made amorphous by pulsed-laser irradiation. The tran-
sition to the amorphous phase has been detected in situ by time-resolved reAectivity measurements,
which demonstrated that it takes place via a liquid phase as in the case of pure Si. Heat-How com-
putations have been employed to correlate irradiation parameters with the solidification velocity.
The critical liquid-solid interface velocity to grow amorphous layers is much lower for the Si-As
solution than for pure silicon. It decreases from 5 to 3 m/s with increasing As concentration from 8

to 13 at. %. Moreover, it is a factor 1.5 smaller for the (111) substrates than for the (100) ones.
We explain this effect in terms of the difference between the crystalline and the amorphous melting
temperature decreasing with increasing As concentration. The results are consistent with an evalu-
ation of the free energy of Si-As solutions performed by assuming a heat of solution in the amor-
phous phase lower than in the crystal phase. Both experimental data and thermodynamic evalua-
tions indicate that when the As concentration approaches an upper limit of about 15 at. % only the
liquid-amorphous transition is possible since the free energy of the crystal and the amorphous phase
tend to coincide.

INTRODUCTION

Fast heating ( —10" K/s) and cooling ( —10 K/s)
rates achievable by pulsed-laser irradiation on thin sur-
face layers induce transitions from stable to metastable
phases and vice versa. It has been shown, for example,
that the transition between liquid and solid amorphous or
crystalline phases of pure silicon can be induced by
nanosecond pulsed heating and there has been a consider-
able interest in this subject during recent years. ' The
phase diagram of elemental silicon is now well established
and understood.

Amorphous silicon is a well-defined thermodynamic
phase which undergoes a first-order solid-liquid transition
at a temperature T,

&
which is 200—250 K lower than the

crystal melting point T,i (1685 K). Its melting enthalpy
(8850 cal/mol) has also been determined with good accu-
racy, together with its free energy with respect to the
crystal phase.

A necessary condition to observe the direct transition
from the amorphous to the liquid phase is a fast heating
rate () 10' K/s) in order to avoid solid-phase crystalliza-
tion. The transition from liquid to amorphous silicon
occurs, instead, when the solidification velocity exceeds a
threshold value which depends on the substrate orienta-
tion.

Indeed, dynamical observation of the solidification pro-
cess using the transient conductance technique has
definitely stated that the liquid-phase-epitaxial growth is
suppressed in favor of the amorphous nucleation when
the liquid-solid interface velocity exceeds the critical
value of 15 m/s for ( 100)-oriented Si substrates.

In this velocity range, the liquid close to the moving in-
terface must be substantially undercooled with respect to

its equilibrium temperature with the crystal. An esti-
mate of such undercooling has been made by an analysis,
based on kinetic and thermodynamic considerations, of
the measured solidification velocity following 3.5-ns
laser-pulse melting of silicon. An almost linear relation-
ship between undercooling and velocity with a slope of 15
K/(m/s) was derived for (100) silicon. Although the
measurements reported in that work refer to lower inter-
face velocities (& 6 m/s), a linear extrapolation up to 15
m/s seems very reasonable since it is based upon fitting
the experimental results with a thermodynamic model of
the interface response function. It also agrees, at the
high-velocity limit, with a previous observation of the
maximum velocity for nanosecond melts.

From the above data the liquid temperature near the
interface moving at the critical velocity for the amorphi-
zation results 225 K below T,&, i.e., equal to T,~

deter-
mined by calorimetric measurements. So, within the ex-
perimental uncertainties ( —50 K) if the liquid Si temper-
ature is just slightly below the equilibrium temperature
with the amorphous phase the solidification into amor-
phous Si occurs. It has been pointed out, indeed, that the
liquid-to-amorphous transition, if thermodynamically al-
lowed (i.e., if liquid temperature is below T„),is preferred
to the crystallization. '

Laser irradiation of silicon with a small amount of im-
purities (less than l%%uo) produces thicker amorphous lay-
ers than in the case of pure silicon. "' This effect was
explained in terms of enhancement of the amorphous nu-
cleation probability due to impurities. It is then a merely
kinetic effect since no change of the critical liquid-solid
interface velocity with respect to pure Si was evidenced.

Silicon-metal liquid mixtures solidify as amorphous for
much lower regrowth velocities than pure silicon does.
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Pulsed-laser irradiated, codeposited metal-silicon layers
were found to be amorphous when the composition was
far from those of congruent compounds and closer to eu-
tectic points in their relative phase diagram. ' A sys-
tematic study was not attempted to see if any critical
solidification velocity for amorphization exists in that
case.

We note, however, that fast solidification of binary sys-
tems is an intriguing matter since phenomena related to
component partitioning, leading to interface breakdown,
can occur. '

The idea is, however, that if component partitioning is
avoided, liquid undercooling will drive the nucleation of
metastable phases. It has been shown that it is possible,
for example, to switch the solidification between different
phases of an Fe5oV5o alloy by varying the liquid under-
cooling; a good explanation of this effect was given in
terms of the relative free energies of the phases. ' More-
over, due to competition between the nucleation of
several solid phases, often a multiphase structure
solidifies from the undercooled melt. ' Our knowledge of
the thermodynamic parameters of the several phases in-
volved is inadequate to give satisfactory explanation for
the appearance of these structures.

As a starting point to understand the fast solidification
of a binary system, it is interesting to investigate an inter-
mediate range of composition, i.e., the supersaturated
solid solution of an element in other far from singular
points, like eutectics or compounds, in the relative phase
diagram. We choose silicon-dopant supersaturated solu-
tions. The relationships between the thermodynamic pa-
rameters of the diFerent phases of the solution (amor-
phous, crystalline, and liquid) will change continuously as
function of the solute concentration; we will thus be able
to test if the picture already established for the fast
solidification of pure silicon is also valid for the solution.

The most suitable solute for this analysis is arsenic be-
cause of the very large concentration achievable in solid
solution' and because it does not show any segregation
effect in the liquid-solid interface velocity regime of our
interest. It is also, among all the species which exhibit
the previous characteristics, uniquely detectable by Ruth-
erford backscattering (RBS).

EXPERIMENT

( 100) - and ( 111)-oriented silicon wafers were im-
planted with 120-kev As+ ions at Auences between
5 X 10' and 10' ions/cm . After implantation, the sam-
ples were annealed with laser pulses (30 ns, Nd laser,
1.06-pm wavelength) in order to get a crystalline Si-As
solid solution. The laser energy was almost constant for
each pulse (2.0 J/cm ).

The different values of arsenic concentration in the
range 7—13 at. % were obtained by one, or up to six, laser
shots. Multiple pulses broaden the implanted As profile.
As verified by 2-meV He RBS, the As concentration was
almost constant in the uppermost (50—100)-nm-thick lay-
er. The Si-As solid solution was crystalline throughout
the entire sample as verified by channeling. All the treat-
ments were performed at room temperature.

The thermal stability of the prepared solutions was in-
vestigated by isochronal furnace treatments of 1 h at
several temperatures. Some samples were irradiated at
an energy density just below the melting threshold. It
was noted that the As atoms move off lattice sites at tem-
peratures above 450'C, while no off-lattice motion was
detected in the subthreshold irradiated sample in spite of
the higher temperature reached. So we conclude that the
very high heating rates in the solid phase produced by
pulsed-laser irradiation do not allow the As atoms to
move from their initial position.

Samples prepared as above were again irradiated with
the same Nd laser, with energy density ranging from 0.2
to 1.2 J/cm . The laser light was homogenized over a cir-
cular area of 3 mm in diameter by means of a quartz
homogenizer.

A He-Ne laser beam, focused on the sample surface in
the center of the pulsed-laser-irradiated area, a fast pho-
todiode assembly, and a storage oscilloscope were used
for time-resolved measurements of the surface reAectivity
(TRR) in order to detect surface melting. The overall
time resolution of the system was about 3 ns. The in-
cidence angle of the He-Ne beam on the sample surface
was 75, and the polarization plane was parallel to the in-
cidence plane. Using this geometry the reAectance
difference between crystal, amorphous, and liquid silicon
was enhanced with respect to the normal incidence.

2-meV He RBS in conjunction with the channeling
effect technique was employed to analyze the samples
after irradiation. Some samples were thinned for
transmission electron microscopy.

RESULTS

Typical transient reflectance curves are reported in
Fig. 1. These refiectivity signals refer to (100)-oriented
samples with 11-at. % As concentration (the same sample
to which Fig. 4 refers), irradiated with diferent energy-
density pulses. The signals obtained for irradiations be-
tween 0.2 and 0.3 J/cm are shown as dashed lines. The
intensity of the rejected He-Ne laser beam does not
reach the value corresponding to the liquid reAectivity
but progressively increases with increasing energy density
of the laser pulse between 0.2 and 0.3 J/cm .

Such a behavior was previously observed for both pure
Si and Ge (Ref. 17) and is not to be ascribed to a poor
time resolution of the measurement; instead, it is in part
due to the formation of a liquid layer thinner than the
probe light-absorption length ( —10 nm), and to some mi-
croinhomogeneity of the laser-pulse intensity not com-
pletely avoided by the quartz rod. We believe the latter
to be the main reason of this near-threshold behavior.
The surface melting threshold, E,h, was assumed to be
the energy density at which the midpoint value between
the solid and the liquid reAectivity is reached by the sig-
nal of the rejected He-Ne laser beam. For this particular
sample it is E,h=0.25 J/cm .

The solid lines refer to higher-energy-density irradia-
tions of 0.45 and 0.8 J/cm . The surface melt is well evi-
denced in these cases by the plateau of the signal at the
liquid reAectivity value. The reAectivity drops again to
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rows marked R„R„and Rt indicate the signal level for crystal,
amorphous, and liquid Si, respectively.

50-

0
CA =1

100-

50—

the value of the solid phase after 45 and 90 ns for the
0.45- and 0.8-J/cm irradiation, respectively. However,
the final levels are different. At the lower-energy-density
irradiation it corresponds to the amorphous reAectivity,
indicating that the liquid-to-amorphous transition took
place. For the higher-energy-density irradiation, instead,
the final level is the same as the starting one, indicating
that the crystal-liquid-crystal transition was induced by
the laser pulse.

Transient reAectivity measurements were performed
for several irradiation energy densities E and for different
As concentration CA, . We found that the surface-
melting-threshold energy density E,h increasing with de-
creasing CA, . We measured a minimum value of 0.25
J/cm for the samples with the highest As concentrations
(12.6 and 11.1 at. %), while for the lower one (7 at. %)we
measured E,„=0.4 J/cm . This behavior is due to the
dependence of both the melting temperature and the Nd
light-absorption coeKcient on the As concentration of
our samples.

In the following, we will present all our results as func-
tion of the parameter E —E,h, which is more appropriate
than E for a description of the melting and solidification
dynamics, as we will show in the following section.

In spite of the different melting thresholds, the trend of
the surface-melt duration versus the energy-density
difference (E —E,h) is the same for all the Si-As solutions
as shown in Fig. 2. The data refer to (100)-oriented
samples with 7-, 10.3-, 11.1-, and 12.6-at. %%uoA sconcen-
trations, respectively.

The experimental points for the different samples all lie
on the same solid line, which is plotted four times in the
picture. This line is the result of heat-Aow calculations
which will be illustrated in the next section. Open and
solid symbols indicate irradiations which induced the

0
0 0.5

E - E,h (J/cm2)

1.0

FIG. 2. Melt duration vs energy density above the melting
threshold of 30-ns Nd laser pulses for several As concentrations
of (100)-oriented Si. Open and solid symbols indicate the
liquid-crystal or liquid-amorphous transitions, respectively.
Solid lines are the calculated melt durations.

crystal-liquid-crystal or the crystal-liquid-amorphous
transitions, respectively. The energy-density value (indi-
cated by a dashed line in the graph) below which the sam-
ples solidified as amorphous increases with increasing ar-
senic concentration. The samples with the lowest As
concentration (7 at. %) remained single crystalline for all
the employed energy-density irradiations.

Similar results have been found for the ( 111)-oriented
samples. In Fig. 3 the melt durations as functions of
E —E,h are reported for 8.7- and 10-at. % arsenic con-
centration. The trend of the data is similar to that of the
(100)-oriented samples, but the energy-density thresh-
olds to obtain complete recrystallization are remarkably
higher. In particular, for (111)-oriented silicon with
10.0-at. % As concentration for liquid-to-amorphous
transition occurred for E —E,h values below 0.85 J/cm,
while in the ( 100) samples with the same dopant concen-
tration, amorphous formation was found only for E —E,h

below 0.35 J/cm .
The results obtained by TRR measurements were

confirmed by the RBS analysis of the irradiated samples.
In Fig. 4 the RBS spectra of the as-prepared sample with
a concentration of 11.1 at. % As and after further irradia-
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ther irradiation with 30-ns Nd-laser pulse at 0.45 J/cm .

which will be detailed in the next section.
Just above the melting threshold, the thickness of the

amorphous layers increases with increasing energy densi-
ty, following the thickness of the molten layer very close-
ly. Maximum thicknesses are obtained for well-defined

of 0.25, 0.3, and 0.4 J/cm above E,h for
the 10.3-, 11.1-, and 12.6-at. % As concentration, respec-
tive y.1.

~ ~ ~

densitAfter further increase of the irradiation energy
'

y,
the melt depth increases almost linearly, but the

tion with 0.45 J/cm are reported. The solid line
represents the random spectra of both samples; the irra-
diation with 0.45 J/cm energy density, in fact, did not
produce any further appreciable diffusion of As atoms
compared with the diffusion induced by the adopted an-
nea ing pling procedure (three shots at 2 J/cm energy density
for this sample). The 100-keV plateau extent in e
signal corresponds, in our glancing detection geometry,
to a 75-nm-thick layer with 12.5-at. % As concentration.

The channeling spectrum is reported for the starting
sample as solid dots. The minimum yield in the silicon
signal is about 4%, indicating a good crystal quality. The
minimum yie ln

'
ld

'
the arsenic signal is 13%%uo, indicating

h t th bstitutional concentration is 11.1 at. o. In a
the samples, the substitutional concentration was slig y
lower than the total concentration. All throughout the
paper we will refer to the former.

The aligned spectrum for the 0.45-J/cm -irradiated
le is shown as open circles. An amorphous layersamp e is s ow

50-nm thick is evident from both the Si and As s'g
The presence of the amorphous phase was checked by
electron-diffraction analysis.

The thicknesses of the amorphous layers are reported
in Fig. 5 as a function of E —E,h in the (100)-oriented
samples for several As concentrations. The two solid
lines delimiting the shadowed region are the results of
computations of the maximum melt-front penetration,
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amorphous-layer thickness decreases and the amorphous
layer vanishes at energy-density values which coincide
with the thresholds for full recrystallization as derived by
the TRR measurements.

It is evident that in the low-energy-density regime, the
amorphous Si-As solution is formed almost immediately
at the solidifying interface, as observed in lightly doped
Si." At high energy densities, instead, the epitaxial
growth of the crystal proceeds for a considerable thick-
ness before the amorphous phase nucleates and exhibits a
behavior similar to that of pure silicon. ' However, the
thicknesses of the amorphous layers produced in our ex-
periments are at least a factor of 3 higher than those ob-
tained in the pure-Si case.

HEAT-FLOW CALCULATIONS

TABLE I. Optical and thermal parameters of pure silicon
used in the heat-flow calculations.

Absorption coefficient (cm ')
Reflectivity

Specific heat (cal/mol K)

Thermal conductivity (W/cmK)
Melting temperature (K)
Melting enthalpy (cal/mol)

—T(K)/4305e
0.32
5.45+ {0.92 X 10 )

T —{0.85 X10')T-'
1585T
1685
12 000

The temperature, as well as the melt-front evolution of
the irradiated samples, can be calculated following a
widely used heat-How computational approach. ' As we
deal with samples having different As content, it is, in
principle, expected that the result of such calculations
will be different for the various samples.

The optical and thermal parameters needed as input
da, ta are reported for pure Si in Table I. We adopted
these values for the pure-Si inner layers, while for the Si-
As solution layer, they must be reevaluated as functions
of the As concentration so that they become depth
dependent.

In particular, the major differences with the pure-
silicon case arise from the great inhuence of the As con-
centration on the absorption coefficient at the Nd-laser
wavelength and on the melting temperature of the Si-As
solution. We shall discuss briefIy the relevance of these
two topics.

The absorption coefficient of the Si-As solid solution in
the 10-at. % As concentration range is of the order of 10
cm ', ' well above that of pure silicon (see Table I). As a
consequence, most of the laser-pulse energy is absorbed
into the Si-As layer, while the remaining part is very di-
luted in the substrate, where it produces negligible heat-
ing. Different values of the absorption coefficient [in the
(10 —10 )-cm ' range] due to the different As content
will result in different melting-threshold energy densities.
We perform calculations and obtained E,h values ranging
from 0.32 to 0.5 J/cm for absorption coefficients ranging
from 5X10 to 5X10 crn ', respectively.

However, thermal diffusion into the bulk spreads out
the temperature profile over a larger depth than the outer

200-nm Si-As layer where the laser light is absorbed. In
fact, since the heat-diffusion coefficient is of the order of
0.1 —1 cm /s, just during the 30-ns heating time the heat-
diffusion length is about 1 pm and it becomes even larger
during solidification. The temperature gradient is then
independent of the actual value of the light-absorption
coefficient in that layer. It is the same for the same
amount of energy density above the melting threshold
E —E,h. Calculations performed using absorption
coefFicients in the range specified above gave an average
temperature gradient of 9 X 10 K/cm over the outermost
0.5 pm at the respective melting thresholds.

Since the melt-front dynamics is essentially determined
by the temperature gradient, ' the computed. melt-front
evolution is the same for samples with different As con-
centrations for the same fixed value of E —E,h.

Let us now discuss the influence of the thermal param-
eters on the heat-Aow computations.

The different melting temperatures of our samples will
change the melting-threshold energy density; in contrast,
the melt-front dynamics does not change since it does not
produce any effect on the temperature gradients.

However, our samples exhibit a depth-dependent melt-
ing temperature due to the As concentration gradient and
this does affect the melt-front velocity.

In fact, during solidification the heat Aux through the
liquid-solid interface has to balance the released latent
heat, but it must also depress the liquid temperature
more and more to allow the solidification of the outer lay-
ers that have lower solidification temperatures. This pro-
duces a slowing down of the interface upon going toward
regions with greater As content, as has been observed ex-
perimentally.

Similar effects are produced during melting since the
liquid-solid interface temperature must increase to allow
melting of the inner layers with lower As content. So the
maximum melt depth will depend on the As depth profile
and it is smaller the greater the As concentration gra-
dient.

In our calculations we adopted the melting tempera-
ture T and the melting enthalpy AH of the crystalline
Si-As solution shown in Fig. 6 as function of the As con-
centration. The derivation of these curves will be ex-
plained in the next section.

The calculated melting-threshold energy density for
our samples ranges from 0.25 to 0.5 J/cm on going from
13- to 7-at. go As concentration and assuming a light-
absorption coefficient ranging from 2X10 to 5X10
crn ' for the same As concentration range.

At energy densities above E,h the computed maximum
melt depth increases almost linearly with E —E,h, as
shown in Fig. 5 together with the experimentally deter-
rnined amorphous layer thicknesses. The spread of our
results using the different melting-temperature —depth re-
lationship to account for the different As-concentration
profiles is shown by the dashed area; the two solid lines
were computed for samples with the highest (12.6 at. %)
and lowest (7 at. %) As concentrations, which also corre-
spond to the highest and lowest concentration gradients,
respectively.

The time during which the surface remains liquid is
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FIG. 6. Computed melting temperature (upper) and melting
enthalpy (lower) of a crystalline Si-As solution as a function of
the arsenic concentration.

unaffected by the depth-dependent melting temperature
since the maximum melt-depth reduction is balanced by
the reduced velocity during solidification. In fact, the
measured values of the melt duration reported in Figs. 2
and 3, although they refer to samples with different As
contents and depth profiles, all lie on the same curve,
which agrees very weH with the calculated one.

The good agreement of both the computed molten lay-
er thickness and surface melt duration with the experi-
mental data gives us confidence in our computation ap-
proach and thus in the computed liquid-solid interface
velocity values for which no direct measurement is avail-
able. They are reported in Fig. 7 as functions of the ener-

gy density.
These velocities refer to the outermost layer with con-

stant As concentration, which is the region of interest for
our purposes since all the amorphous-crystal interfaces of
the laser-amorphized samples were found within this lay-
er. The velocity varies from 5 m/s for irradiation energy
density near the melting threshold to 2.5 m/s for
E —E,h=1.0 J/cm . The cross-hatched area represents
the dispersion of the calculation results arising from the
different As depth profiles of our set of samples; the lower
and upper curves refer to the samples with the higher and
lower As concentration.

We conclude this section by discussing the critical ve-
locity values to solidify pure amorphous silicon from the
melt.

The first estimates, made by the one of the present au-
thors, of the critical velocity for the liquid-to-amorphous
transition in pure silicon were done by heat-Aow compu-
tations related to 2.5-ns pulsed uv-laser irradiations of
pure Si. They were 18 and 12 m/s for (100)- and
(111)-oriented substrates, respectively. In that paper,
however, the maximum velocity (which occurs near the

FIG. 7. Calculated solidification velocity as a function of the
energy density above the melting threshold, for a 30-ns Nd-laser
pulse on Si-As solid solutions. The spreading of the calculated
values for difterent As-concentration profiles is within the
dashed area.

maximum melt-front penetration) and not the one at the
depth where the amorphous phase was eftectively formed
was reported. We recalculated the latter obtaining values
of 15 and 10 m/s for the ( 100) and (111)orientations,
respectively. The calculated value for (100)-oriented sil-
icon agrees very well with the measured value using the
transient conductance technique, thus giving confidence
in the one computed for the ( 111)case.

DISCUSSION AND THERMODYNAMIC
EVALUATIONS

The results of heat-Aow calculations allow us to corre-
late the measured energy densities of the laser pulse to in-
duce the liquid-to-amorphous transition with the re-
growth velocity. Moreover, knowing the As concentra-
tion for each sample, it is possible to correlate this last
quantity with the critical solidification velocity. The re-
sults are plotted in Fig. 8(a) both for the (111) (circles)
and ( 100 ) (squares) orientations. The experimental
points of pure Si are also reported. For the same As con-
centration, the critical amorphization velocity is lower
for the (111) substrates than for the (100) ones as for
pure silicon.

The velocity-undercooling relationships can be used to
convert the abscissa scale of Fig. 8(a) into a temperature
scale. The undercooling for liquid-epitaxial regrowth
along the ( 100) direction in Si is 15 K/(m/s) (Ref. 9) and
molecular-dynamics computations ' allow us to extend
this result to the (111) direction of growth by scaling
with a factor of 1.5. We thus assumed 22.5-K/(m/s) un-
dercooling for the liquid-phase epitaxy along the ( 111)
direction. The liquid temperatures associated with the
two different critical velocities for the ( 111) - and
( 100)-oriented pure-Si samples are then the same.

By replotting the (100) and (111)data of Fig. 8(a) in
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terms of the amount of undercooling through its relation-
ship with the velocity, a single curve has been obtained as
shown in Fig. 8(b).

The solid line labeled "critical undercooling" separates
two regions: in the upper region solidification will result
in an amorphous layer, while in the lower region full
epitaxial regrowth will take place. It is also possible to
extrapolate toward a critical value of As concentration
(about 15 at. %) at which no undercooling of the liquid
below its equilibrium temperature with the crystalline
solid is needed to solidify the amorphous phase.

To understand this behavior of the critical undercool-
ing we will evaluate the free energies of the Si-As solu-
tion.

Using the available thermodynamic data, ' we are
able to compute the free energy of the liquid and crystal
phases of pure Si and As, respectively.

For the Si-As liquid solution we can use the regular-
solution model valid in the range (0—40)-at. % As concen-
tration.

In the solid phase, no experimental data are reported in
the concentration range of interest. So we extrapolated
the available data about the activity coe%cients of the Si-
As solid solution to our concentration range. The activi-
ty coefFicient of As has been measured at high tempera-
ture in the (0—3.5)-at. % As concentration ringe. 6 We
can extrapolate these data at higher As concentrations
since they show a very weak dependence on both temper-
ature and As concentration on increasing the latter. For
the activity coe%cient of Si, a general expression as a

function of temperature and As concentration was pro-
posed.

We were then able to compute the free energy of the
solid crystalline phase 6', and of the liquid phase 6', as a
function of As concentration and temperature. From
these data we computed the melting point of the crystal-
line solution, i.e., the temperature T at which 6'=6'.
'The calculated values of T are reported in Fig. 6(a) as
function of the As concentration.

The melting point strongly decreases with increasing
C~, and it reaches 1480 K for C~, =7 at. % and 1200 K
for C~, = 13 at. %. In particular, we note that our calcu-
lated melting-temperature reduction of 200 K for CA, =7
at. % agrees satisfactorily well with the estimate of 150 K
at the same As concentration reported in Ref. 20,

In order to compute the melting enthalpy, we used the
linear approximation 6'—6'= hH —TES, where
AH and AS are the enthalpy and entropy of the
liquid-solid transition, respectively, and T =AH /
AS . We derived b S from the slope of the (O' —6')-
versus-T curves and thus evaluated hH, which is re-
ported in Fig. 6(b).

By comparing Figs. 6(a) and 6(b), we note that the
computed reduction of the melting point below that of
pure Si is almost proportional to the reduction of the
melting enthalpy, while AS changes very little with CA, .
The reduction of AH arises from a large positive term
of the heat of solution, AH, „,in the crystal phase togeth-
er with a relatively small negative heat of solution in the
liquid phase, 6H,',&. As an example we report in Table II
the computed values of AH, AS, bH,',&, and AH,'„ for
CA, = 10 at. %.

The heat of solution can be regarded as the sum of
three terms: a structural term AH„,„„,which accounts
for the variation of the lattice stability, an elastic term
b,H,&„„which is the elastic energy due to the atom-size
mismatch, and a chemical term EH,h, , which is related
to the chemical bond of the Si-As pairs. The last term
has the same value in all the phases; the structural and
elastic terms are obviously not present in the liquid phase
so that AH,'„=EH,h,

With a reasonable assumption we can evaluate these
three terms as functions of the As concentration. As an
example, they are reported in Table II for C~, =10 at. %.

Now let us discuss the case of the amorphous solid
solution. We adopted the free energy of the covalently
bonded amorphous phase for pure Si, while for pure
amorphous As a frozen-liquid, glassy phase was assumed.

In the heat of solution in amorphous phase, hH,',&, one
obviously neglects the structural term and if one treats,
following Ref. 28, the amorphous phase as a simple
liquidlike model as in the metallic systems, it is
AH,'„=EH,'„=dH,h, . However, in our case we deal
with a covalent material since amorphous silicon is a
fourfold-coordinated system rather than an eightfold- or
tenfold-coordinated system like liquid Si and, as a more
realistic approximation, we suggest

b,H;,&

=hH, „, +Pb,H,~„, with P(1,
since some local elastic energy, although reduced by the



13 238 P. BAERI AND R. REITANO 39

TABLE II. Computed melting enthalpy, entropy and temperature, and heats of solution for Si-As
solutions with 10-at. % As concentration. For comparison, values for pure silicon are also reported.

Pure silicon
Crystal Amorphous Crystal

Sio, 9Aso. l

Amorphous Liquid

hH (cal/mol)
~S. (-1/-1 K)
T (K)
AH„& (cal/mol)

Hstruct (cal/mol)
AH, h, (cal/mol)
EHe)ast (cal/mol)

12 000
7.122

1685

8860
6.07

1460

10 317
7.68

1343
815

560
—315

570

7368
6.07

1214
255

(P=1)
0

—315
570

( =1)

—315

0
—315

0

factor P with respect to that of the crystalline phase,
should be included. Amorphous Si does have a bond dis-
order that does not exist in the crystalline phase. Thus
the local strain energy due to the As atoms is much better
accommodated in the amorphous phase than it is in the
crystalline phase. For this reason we believe the factor P
to be less than unity, but not equal to zero as it should be
for a glassy metallic phase.

Even in the approximation of 13= 1, b,H;,i is lower than
the enthalpy of solution in the crystal phase, as shown in
Table II for CA, =10at. %%uo.

Moreover, we will neglect the dependence of the amor-
phous melting entropy on the As concentration as we
found in the crystalline phase. We are then able to evalu-
ate the free energy of the amorphous solid solution and to
compute its melting point as we did for the crystalline
solution.

As an example of these calculations, the free-energy di-
agrams are reported in Fig. 9, taking as a reference the
free energy of the crystalline phase. This example refers
to C~, =10 at. % and assumes 13=1. For comparison,
the case of pure silicon is reported on the right-hand-side
of the same figure.

~ 1600—
Si-As alloy

E 1400

.~ 1200

It is evident that the difference between the crystal and
amorphous free energy in the solution is lower than it is
in pure Si. This is, in fact, the main effect of the assump-
tion of a reduced heat of solution in the amorphous phase
with respect to the crystalline phase.

The equilibrium temperatures of both solid phases
combined with the liquid one are lower in the solution
than in pure Si, but their difference is smaller.

The melting point of the amorphous is reported in Fig.
10(a) for )33=1 as a function of the As concentration; the
melting point of the crystalline solution is also reported
for comparison in the same figure (dashed line). The
melting point of the amorphous solution decreases with
increasing CA, in a less pronounced way than that of the
crystal solution.

2000—
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FIG. 9. Free energy of a Sio 9Aso &
solution (left) and of pure

Si (right) for the amorphous and liquid phase taking as a refer-
ence the crystal phase.

FIG. 10. (a) Computed melting temperature of crystalline
(dashed line) and amorphous (solid line) Si-As solid solutions as
a function of As concentration. (b) Computed difference be-
tween the crystal and amorphous melting points for different
values of the parameter f3 (see text); the squares are the mea-
sured critical undercooling to obtain the liquid-to-amorphous
transition [same data of Fig. 8(b)].
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For CA, =O the difference between the crystalline and
amorphous melting point is 225 K, i.e., the same as for
pure Si; with increasing As concentration the difference
becomes smaller and smaller until it vanishes for CA, =20
at. % (for P= 1).

In Fig. 10(b) we report the difference between the crys-
talline and amorphous melting points as a function of the
As concentration for several values of the parameter P.
The lowest curve has been computed by evaluating the
enthalpy of solution in the amorphous phase as due only
to the chemical contribution (P=O), while the upper
curve includes an elastic term equal to that of the crystal-
line phase (P= 1).

The experimental points reported in the same picture
are the critical undercooling to nucleate the amorphous
phase as derived from our experiments [see Fig. 8(b)].
From comparison of the calculated curves and the experi-
mental data, it is possible to conclude that a
concentration-dependent value of P, ranging from 0.2 to
0.6, should be assumed to obtain a satisfactory agreement
between them.

It must be pointed out that this estimate of P may be
incorrect since it is based on the assumptions and approx-
imations used for the thermodynamic description of the
crystalline and amorphous solutions. However, the eval-
uation of the elastic term in the heat of solution for the
amorphous phase is outside the scope of this work. The
results in Fig. 10 instead demonstrate clearly that the
lower heat of solution in the amorphous phase with
respect of the crystalline phase accounts for the observed
dependence of the critical undercooling for amorphiza-
tion on the As concentration.

SUMMARY AND CONCLUSIONS

The experimental results demonstrate that the pulsed-
laser-induced amorphization of a supersaturated crystal-
line Si-As solution in the (7—13)-at. %%uoA sconcentration
range exhibits the same qualitative features as pure sil-
icon. The transition to the amorphous phase takes place
via the liquid phase when the solidification velocity
exceeds a critical value which depends on the substrate
orientation,

However, a quantitative difference between the two
cases is evident both in the critical velocity values and in
the thickness of the amorphous layers produced.

In fact, it is possible to induce amorphization employ-
ing a laser which, for its pulse duration and wavelength,
it is not feasible to induce solidification velocities high
enough to amorphize pure silicon. We obtained amor-
phous layers on (100)-oriented substrates in the (3—5)-
m/s solidification velocity range, while pure Si solidifies
as amorphous only at velocities greater than 15 m/s.
Moreover, the thickness of the amorphous layers is con-
siderably greater for the Si-As solution than for pure Si.

A strong correlation between the As concentration and
the critical velocity has also been found. All our data are
consistent with the hypothesis that the difference between
the crystal and amorphous melting points decreases with
increasing As concentration. This temperature difference

is, in turn, the minimum amount of undercoohng with
respect to the crystal-liquid equilibrium temperature
needed to nucleate the amorphous phase from the liquid.
At the moving solid-liquid interface the undercooling is
driven by the solidification velocity; thus the critical ve-
locity will decrease with increasing As concentration. By
thermodynamically modeling the Si-As solution, we have
shown that the heat of solution in the crystal phase is im-
portant and considerably depresses the melting enthalpy
and the melting point with respect to pure silicon. Since
the heat of solution in the amorphous phase must be
lower than in the crystalline phase, the reduction of the
melting point as a function of the As concentration is less
pronounced for the amorphous than for the crystalline
phase.

In order to make this explanation plausible, a series of
assumptions has been made all through the text which is
now summarized for the sake of clarity.

First, it was assumed that the liquid undercooling at
the critical velocity for amorphous-phase nucleation is
nearly equal to the difference between the crystal and
amorphous melting points. This assumption was justified
when we discussed Refs. 9 and 10.

The second assumption is that the velocity response
functions for the Si-As solution and pure Si are the same.
These are the more critical assumptions for our explana-
tion. If one or both are not true, kinetical aspects of the
amorphization process will become more relevant than
the pure thermodynamical analysis given here. The ther-
modynamic analysis is based on a crude extrapolation to
our As concentration of the thermodynamic parameters
measured in a different concentration range. This as-
sumption is not so crucial as the first two. The exact
evaluation of the To curve of the Si-As system is unessen-
tial since it is the difference between the crystal and
amorphous melting points that allows the amorphization
at lower velocity and not their absolute values. The sub-
stantial agreement between the only available datum on
the Si-As solution melting point and the result of our
calculations is sufficient for the purposes of this work.

Finally, we have modeled the amorphous Si-As solu-
tion as a phase with thermodynamical properties in be-
tween those of the crystalline and a glassy phase by as-
suming its heat of solution to be a nonzero fraction of
that of the corresponding crystalline solution. If the first
two assumptions are valid, the latter is demonstrated by
our experimental data, while a better modeling of the
crystalline solution (if more precise thermodynamic pa-
rameters should become available) will only affect the
best-fit value of the parameter P.

The picture presented is self-consistent and strongly in-
dicates that at high As concentrations () 15%) the amor-
phous phase becomes more stable than the crystalline one
at the solidification temperature. At these concentra-
tions, provided that the quenching rate is high enough to
prevent dissociation of different phases (such as, i.e., As
precipitates), the amorphous phase should solidify at any
liquid-solid interface velocity.

Moreover, we note that the simple rule given for many
metal-silicon systems, for which the amorphous phase
can be laser quenched only at concentrations close to eu-
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tectic points, does not apply in the Si-As system; in this
case, in fact, the eutectic point is at about 40-at. % con-
centration, very far from the investigated concentration
range. The reason is probably related to the low As
diffusivity compared with that of the transition metals,
which prevents long-range motion. In this latter case, in
fact, segregation effects, resulting mainly in cellular struc-
tures, have been evidenced.

Finally, we may give the following thermodynamic cri-
terion to determine the upper limit of solute concentra-
tion in a supersaturated substitutional solid solution ob-
tainable by fast solidification: it is the concentration at
which the melting curve (i.e., the so-called TD curve) of
the crystalline solution reaches the value of the melting
point of the amorphous solution [see Fig. 10(a)]. Above
this concentration and at this temperature the amor-

phous phase is a more stable phase than the crystalline
one. This criterion is more restrictive than the one pro-
posed by Cahn, which indicates as limiting concentra-
tion the one at which the To curve reaches 0 K. In this
case, in fact, the supersaturated solid solution should be
unstable with respect to the liquid solution at every tem-
perature.
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