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ABSTRACT

The congruent melting point, or T curve, of crystalline Si-As alloys has been measured in the
range of 1.6 to 18.1 at. % arsenic by line source electron beam annealing. Alloys were created by
ion implantation of As into 0.1mm Si-on-sapphire and crystallized by pulsed laser melting. To
temperatures decrease from 1673+10K at 2.0 at.% As to 1516+30K at 18.1 at.% As, The results
_of these measurements are significantly higher than the previous results of studies using pulsed
laser melting techniques. Advantages of the e-beam technique ‘over previous techniques are

discussed. mical free energy functions of the solid and liquid phases were calculated from

existing thermodynamic data. ated Tg curve agrees with the measured values only in low
concentration region (less than 8 at.%). SRR :

INTRODUCTION

A quantitative experimental test of theories for nonequilibrium interface kinetics during alloy
. solidification {1] requires, as input, reliable thermodynamic functions for the liquid and solid
phases. The Si-As system is a promising one for such a test because of the ease with which the
solidification velocity and the nonequilibrium partition coefficient can be measured in Si alloys, and
because of the high solubility of As in Si [2] and the large supersaturations that can be obtained in
this system by rapid solidification [3]. Although As is one of the important dopants of Si,
however, thermodynamic data in this system are insufficient and often inconsistent [4-9]. One
example is the To curve, the temperature at which solid and liquid phases of equal composition
have equal Gibbs free energies. Recently, pulsed laser melting experiments have been used to
determine the T, temperatures of supersaturated Si-As alloys [;g] The T, temperatures
in these experiments differ from each other by more than 200 degrees. Solid solubility data also
contradict each other [4]. o P }
In order to obtain a useful thermodynamic constraint on the free encrﬁy functions, we re-
measured the To temperatures. Supersatorated Si-As alloy films on sapphire substrates were
prepared by rapid melting and solidification with a pulsed excimer laser. Line source e-beam
annealing (LEBA) was used for melting the alloy films [10-12]. The heating rate by e-beam
irradiation is fast enough to suppress melting when partitioning is required, such as the solidus
temperature is surpassed. Rather, melting initiates when the T, temperature is reached and

partitionless melting becomes possible. The LEBA experiment has several advantages over pulsed -

laser experiments. First, electrons are not reflected from the specimen surface, so accurate data on

the reflectivity and on the reﬂecﬁvi%echanse upon melting are not required for a reliable calculation
of the energy deposition. Second, t

of 100ps. The deposited energy can spread to greater depths in this amount of time. Therefore,
the absorption depth is not im!;})onant; Furthermore, the alloy films used in this work are thin
enough (100nm) that their effect on the ¢-beam energy deposition and thermal diffusion is
negligible. For example, heat flow calculations indicate that the temperature difference across the
alloy layer is less than 1 degree. Hence the temperature of the Si-As film can safely be assumed to
equal that of sapphire substrate at the boundary. Consequently, the temperature history can be
calculated by using enly the physical data of sapphire, which are well known [10,11], and the e-
beam parameters. These advantages make it possible to obtain more reliable T, temperatures than
in laser melting experiments [8,9]. L

EXPERIMENTAL RESULTS

Silicon films of 100 nm thickness on sapphire substrates were implanted with 60keV 75As*
ions at various doses from 1x1016t0 8:‘(10‘6})(::112.‘ Samples were covered by a mask during the
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time scale of the e-beam heating experiment is on the order

T



implantation to make alternating stripes of Si~ ,
As alloy and pure Si, as shown in Fig.1. This- .~
sample geometry embedded a standard (pure
Si) into each sample for e-beam . power
calibration,  The implanted regions in these
samplés were all amorphous and had non-
uniform As depth profiles. XeCl excimer laser
pulses (40ns pulse duration, 308nm
wavelength) were used to homogenize and
crystallize the samples. The samples were
melied from S to 15 times depending on the
ir‘x:rlant dose. The energy density of the laser
pulse was selected to melt barely to the back of
the film in order to avoid possible damage due
to liquid overheating or long melt duration.
Transient conductance and - reflectance
measurements were performed to record the
melt history on a companion set of TCM-.
patltcergeld. ,othem;iée-idet;ticaAl samples. “After '
pulsed ‘laser melting, the As concentration :
grofile_s were measured by Rutherford f;;uze.légfngcstefags z}c;;’po n;h;

ackscattering Spectrometry (R%S)in grazing- pe. < Sip '

it i 'of one In. region (hatched area) and pure Si were made
ex - The microstructure of one laser uszni: mask during implantation. E-beam

. melted sample was observed in - cross- , , :
sectionalTEM to confirm. thdt the resulting Si?::ctiann ;ﬁﬁ;ﬁ:ﬁe) swept ‘he‘ sample in

material is crysalline single phase, and to .
examine the density of cr; fects. o

- Low dose samples (1x1016 and 2x1016/cm) were crystallized and homogenized by melting
and regrowth during the laser irradiation. It was observed that after the laser irradiation, the
electric conductance increases and the color of the sample surface changes due to crystallization.
However, high dose samples (7x1016/cm? and 8x1016/cm2) regrew as amorphous after full
melting. These samples were homogenized by a number of melting and regrowth cycles, and then
explosively crystatlized at low cnergy densities.  Cross-sectional TEM of one explosively

stallized sample (dose: 6x1016/cm?) revealed single phase material with fine grains of about
50nm diameter, as seen in previous studies on explosive crystallization in pure 8i [13). Samples
with the intermediate dose of 4x1016/cm?2 seemed to solidify lpartly crystalline and partly
amorphous -as judged by optical insgectiah.j We subsequently used the same explosive
crystallization technique as in high dose samples to fully crystallize these samples. The
compositions of As in the homogenized samples are shown in Table 1, The final composition-
deptg“;;oﬁlea never displayed nonuniformities greater than 12 at.%.

N\"

Dose (x10%/cm®) Conc;(at.%) T X)

1 20405 1673110
2 4.010.5 - 166010
4 8.140.6 159330
7 14.542.0 1545430
8 181410 1516430

“Table 1. Specimen compositions and measured T, temperatures.



~ Aline source e-beam (20mm long x Imm wide) was used to heat these samples rapidly to a
known peak t ature. The e-beam source and #nnealing system are described in detail
elsewhere [10-125. Since the thermal properties of sapphire and the e-beam parameters are
accurately known or messured, the temperature profile along the e-beam sweep could be calculated
to within 10 degrees. The e-beam was swept along the implantation stripe as shown in Fi%hl.
Hence, the e-beam could s Si-As alloy stripes and pure 5i stripes simultaneously, The
. microstructure of the e-beam melted region is distinctly different from that of the unmielted regions.
The e-beamn power used in the temperature profile calculation was calibrated using the melt width in
the pure Si stripes. The T temperature was then determined by comparing the melt width of the
alloy stripe with the calcul te‘t;pmmmpmﬁk, :

Measured T, temperatures su{:emmmed Si-As alloys are shown in column 3 of Table 1..
Low dose samples (1x1016 and 2x1016/cm?) were erystallized directly by regrowth from the melt.
These samgles are thus expected to have large grains - even though they contain some defects. The
measured Ty values are thus highly reliable in the low As concentration region. However, since
the high dose samples (2 4x1016/cm?) were crystallized by explosive crystallization resulting in a
fine polycrystalline microstructure, gll_w T, values from these samples mmir;grelinﬁnary until the
effect of the microstructure on the Ty value is investigated. We have found that, depending on
laser conditions, the 2x1016/cm? samples can be either solidified in the crystalline state or solidified

in the amorphous state and subsequently explosively crystallized. The T, temperatures of these
alloys willtge compared to each other {u order to. mine whether thgre is any effect on the

apparent T, values due to the fine-grained miicrostructure that results from explosive crystallization

~ DISCUSSION

: The T, temperatures measured in this work are summarized in Fig.2 as a function of As
concentration. Results from the pulsed laser me!ﬁngexpeﬂments are also shown in Fig.2, Baeri
et al. {8] found much lower T, temperatures than this work. They measured the threshold energy

densitics for melting by a pulsed ruby laser and then calculated the specimen surface temperature.

This calculation mop&cal and thermal parametérs such as reflectivity, absorption coefficient,

heat capacity, and diffusivity. For laser melting in the nanosecond time regime, the details

of laser energy deposition and temperature gradients in the surface alloy layer are very important
for calculations of the temperature profile.. However, in the absence of thermophysical data,
assumptions had to be made about the dependencies of these parameters on temperature and solute
concentration.. In the other pulsed laser experiment, Peercy ez al estimated the T, temperature from
the retardation of solidification near the As peak in As-implanted Si on sapphire samples [9]; they
also found To temperatures lower than, but much closer to, ours. Although the laser energy
deposition did not affect their results, assumptions had to be made about the composition
dependence of thermal pu?enics of the alloy in their calculation. The uncertainties in the thermal
and optical 0groperties of Si-As alloys should be considered the main reason for the inaccurate
To values in both previous studies, - ‘

estimation
This measurement of the Ty curve can be used as a constraint on thermodynamic modeling of
the solid and liquid phases in these alloys. We derived the free energy functions of each phase
from existing thermodynamic data. The validity of the thermodynamic model will be tested by
* comparing calculated T curves with the measured values. We assumed a quasi-regular solution-
model (the interaction parameter was allowed to depend linearly on temperature but not on
composition) for both the solid and liquid phases. With thie diamond cubic phases of pure Si and
pure As chosen as the reference states, the molar Gibbs free energy for cach phase can then be
written ' : .

G, = RT [(I1-x5) In (i-x;) +xsin (xk,)")‘+ xs (1-x5) Qg v m

G',,, = (1-x1) AG °sigd~ty + %1 AG °Ag(d-s1)

+ RT [(1-xp) In (1-x}) + xiin (x;)] +.x1 (1-x1) Q @)



L L L I LA ¥ I L AL L I i T L ‘ 'l' LEBLEAL! " LIS N B
b -

1800 |- g O This measurément_
- \ A Baeri et al. [8] -
: ¢ Peercy et al. [8] -

. 1600 -

Liquidus 3

o} - ; y

g 1400 |- ‘ , : -

0} S .
E~

1200

Solidus
1 1 1 1 l ) 1 1 Il l L 1 1 i l s '} \l 1 I L 1 1

0.00 005 0.10 0.15 0.20 0.25 0.30
As mole fraction

1000

Figure 2. Measured T, temperasures and calculated phase boundaries and T, curve
in 8i-As alloys. Solid curves are calculated phase boundaries and T, curve when
TmiAs.dy=0K, and broken curves are those when Tm(As.dy=-5000K.

Here, x; is the mole fraction of As in phase’i, R the gas constant, and T the temperature in K.
The "lattice stability” of pure Si, AG®°Si(d-si), is known [14]. The unknown "lattice stability” of
pure diamond cubic As, AG®As(d—1), was estimated by assuming that the melting temperature of
pure diamond cubic As would be in the range from OK to -S000K, and that the entropy of fusion is -
the same as for pure Si. The thermodynamic calculations ed here were done using both OK
and -5000K for the melting temperature of diamond cubic As to provide reasonable estimates of
upper and lower limits on the calculated T, values. The interaction parameters of each phase, Qs

and Q, were obtained by fitting to the activity coefficients of As in Si-As solid solutions [15,16}
and to the experimental liquidus data [4,17), respectively. . The thermodynamic parameters
obtained as linear functions of temperature are listed in Table 2. :

The solid and broken lines in Fig.2 are the calculated phase boundaries and Tg curves when
_ 0K and -5000K, respectively, are used as the melting temperature of diamond cubic As. The
calculated phase boundaries and To curve in the low contentration region are not sensitive to the
uncertainty in the As lattice stability. However, the To curves become more sensitive to such
uncertainty at higher As concentrations. The calculated T, curve agrees with our measurements for
As concentrations less than 8 at.%. Beyond this composition, the calculated T, temperature
decreases faster than the measured T, temperatures. Although the measured values in the high
concentration region are preliminary, it is anticipated that any "microstructure correction” would
only raise these data points to higher values, so it is unlikely that agreement with the model will
result, One possible reason for the deviation in the high As concentration region is that the
available thermodynamic data are insufficient. For example, the activity coefficient of As in Si-As
solid solutions was measured only at low concentrations (maximum 3 at. % As) [15,16].

\
\



B =O0K | Tuug=-5000K
AG°sid-) | s0626 - 30T 50626 - 30T
AG° Astd-ri) 30T -149257 - 30T

Q 34572 - 34T -98116 - SOT
Q 124793 - 100T |_124793 - 1007

Table 2. Calculated t}'zermadyna)nic, parameters of Si-As alloy in Jimole.
(T'is the temperature in K)

Extrapolation of this data into the high concentration range may cause large errors, Another
possible reason is that the thermodynamic model used in this work is too simple to consider the
thermodynamic behavior in the high concentration regime. However, a el with more free
parameters also requires more thermodynamic data to determine them. ‘ ‘

CONCLUSIONS : .

The combination of rapid quenching bgfulsed laser melting and sufficiently rapid heating by

clectron-beam irradiation provide a useful technique to measure the To temperature of

supersaturated alloys. The use of the e-beam melting technique with thin alloy film samples has

the important advantage that the thermophysical F’qxﬁes of the alloy layer and the e-beam
ulation

Faramcteu are not impc for the temperature cal . 'We observe higher T, temperatures
or the 8i-As system than do previous experiments (8,9]. :

The To curve was calculated using available tﬁcmodynamic data for dilute alloys. This
calculation agrees with the measured data in the low As concentration region. However, the
calculations predict lower T, temperatures than are measured for high As concentrations, Further
studics are in progress to obtain a thermodynamic model valid over the entire composition range.
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