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The dynamics of silicon solidification from the melt during pulsed-ruby-laser annealing

have been investigated with the use of time-resolved electrical-conductance and optical-

reflectance measurements. Melt duration was found to increase with laser-energy density to

over 450 nsec at the highest energy used {3.1 J/cm ). Resolidification velocity was found to

vary with time and laser-energy density over a range of 2 to 3 m/sec. The melt threshold

was observed to be 0.8 J/cm . Measurements of the laser energy absorbed in the sample

were made to determine energy coupling parameters for use in numerical calculations. The

numerical calculations, based on a thermal model for laser melting, are found to be in good

agreement with the experimental results.

I. INTRODUCTION

In pulsed-laser annealing of semiconductors, the
absorbed laser energy has been shown to melt a thin
layer ((0.8 pm) of the near-surface region of the ir-
radiated solid. ' ' Melting is initiated at the surface
and the melt front then propagates into the solid.
The molten layer then resolidifies as the heat pro-
duced by the absorbed energy is conducted into the
substrate. The velocity of the solidification front, as
the liquid-solid interface moves back toward the sur-
face, is of central importance from both theoretical
and applied viewpoints. From a theoretical
viewpoint, precise knowledge of this resolidification
velocity is required for detailed examination of ei-
ther thermal ' or nonthermal ' models of laser an-
nealing and for investigations of solidification
dynamics at very high resolidification rates () 1

m/sec). From an applied viewpoint, the resolidifica-
tion velocity is the primary parameter in segrega-
tion, trapping, and phase separation of impurities in
semiconductors' '" and in the defect structure of
the annealed material. '

A variety of experiments have been performed to
study the laser-annealing process. Such experiments
can be divided into two categories:

(1) Experiments performed on samples during the
annealing. Such experiments can yield information

on the real-time behavior of the pulsed-laser-

annealing process. For example, optical-reflectance

or -transmission measurements can be used to deter-

mine the melt duration. However, such measure-

ments are insensitive to the melt depth and the
dynamics of the melting and resolidification pro-
cesses.

(2) Post-annealing experiments, such as ion-

channeling and electron microscopy. These experi-
ments can give information on the melt depth but
cannot yield direct information on the dynamics of
the melting and resolidification processes. For these
experiments such dynamics must be inferred from
theoretical calculations.

We have recently shown' ' that direct experi-
mental observations of annealing dynamics can be
obtained by measurement of the electrical conduc-

tance of a Si sample during laser annealing. Si be-

comes metallic upon melting, resulting in greatly in-

creased electrical conductance and optical reflec-
tance over that of the solid phase. Consequently,
the electrical conductance of the sample during irra-
diation provides a measure of the volume of molten
material as a function of time. From this informa-

tion, one can obtain the melt-front velocity, the
maximum melt depth, the resolidification velocity,
and the melt duration. Transient electrical-
conductance measurements during pulsed-laser an-

nealing were previously used to determine the melt

depth and solidification-front velocity in Au-doped
single-crystal Si (Ref. 13) and both the melt- and
solidification-front velocity of silicon on sap-
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phire. '4 "
This paper reports the use of simultaneous

optical-reflectance and electrical-conductance mea-
surements to examine the dynamics of pulsed-laser
annealing. In addition, energy-absorption measure-
ments' are used to provide the energy coupling
parameters, specific to an individual sample, to be
used in computer calculations of the temperature
profiles and melt depths. Simultaneous measure-
ment of reflectance and conductance allows corro-
boration of melt duration between the two methods.
Melt depths and solidification-front velocities are
calculated from the conductance measurements and
compared with numerical calculations based on a
simple thermal-melting model.

II. EXPERIMENTAL DETAILS
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Wafers of Si(111)with 2000 A of Au evaporated
on them were sealed in a quartz tube and annealed
for 15 min at 1250'C. The wafers were then etched
in aqua regia and repolished. This procedure intro-
duced —10' atomsAucm into the Si and re-
duced the carrier lifetime so that the photoconduc-
tive response would not mask the entire melt con-
ductance. ' Sample lengths of 5.8 mm were used.
The sample widths were 0.25 mm, yielding a
length-to-width (Ilm) ratio of 23. Al was evaporat-
ed onto the Au-doped Si, and the Al was photolitho-
graphically etched to farm contacts at either end of
the bar.

Irradiation was provided by a Q-switched ruby
laser [pulse length 30 nsec FWHM (full width at
half maximum)]. A diagram of the experimental
setup is shown in Fig. 1(a). The quartz-beam homo-
genizer' provides uniform (+5%) illumination over
the entire sample including at least part of all con-
tacts. Incident laser energy was varied by neutral
density filters to ensure that the laser pulse shape
was independent of energy. This method was used
since the pulse shape can influence the melting
behavior. ' Energy calibration was obtained using a
calorimeter, and the calibration was checked period- .

ically during the experiments. Energy for each laser
pulse was measured from a split-off portion of the
beam monitored by a fast and an integrating photo-
diode. Another photodiode provided the trigger sig-
nal for all oscilloscopes used in the measurements to
ensure consistent timing.

A bias voltage V~, typically 40 V, was applied
across the end contacts of the sample. Fast capaci-
tors were mounted near the contacts to keep tran-
sients on the bias voltage to less than 3 V. The
current through the sample was measured by the:
voltage across the 50-0 (RL, ) scope input. Figure
1(b) shows a schematic illustration of the experi-

Pulsed Ruby laser

3&os Ruby laser

HeNe
probe laser

b z

~Beam homogenizer

R(t)

= v(t)
RL

ment.
Data in the form of the voltage across the load

RL were fed directly into a transient digital analyzer
system consisting of Tektronics 7912ADs tied to a
minicomputer and floppy disk storage. This data-
acquisition system allowed analysis of the data im-
mediately after each laser shot.

A HeNe laser was used to probe the surface re-
flectivity R(t) during irradiation with the ruby laser.
The Hewe laser beam was placed at a grazing angle
to the sample surface because of the geometry re-
strictions imposed by the beam homogenizer. Be-
cause the reflectance measurements were made at
grazing angles, no attempt was made to determine
absolute reflectivities from the reflectance. Rather,
the reflectance measurements were used to confirm
that melting had occurred, to determine the time

molten Si ~
FIG. 1. (a) Experimental setup for simultaneous mea-

surement of electrical conductance and optical reflectance.
(b) Schematic diagram of the experiment.
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during the laser pulse at which the melt started, and
to measure the melt duration. The reflectance data
was also fed directly into the transient digital
analyzer system.

The fraction of the laser energy absorbed in both
the liquid and solid phases was measured using a
calorimetric technique. ' Since different surface con-
ditions can alter the reflectivity, and hence the ab-
sorbed energy, these measurements were. made on
the same samples as were used for the conductance
measurements.

III. EXPERIMENTAL RESULTS

A. Electrical conductance

The time-dependent voltage V(t) is measured
across a 50-0 scope load, using the experimental
configuration shown in Fig. 1(a). Figure 2(b) shows
V(t) data for a variety of incident laser energy den-
sities. These data were taken on a single-crystal
Au-doped Si bar 5.8-mm long and 0.25-mm wide
(1/w=23) with a 40-V bias voltage. This relatively

(a)
0.57 J/cd

high bias voltage was used to overcome any non-
Ohmic features in the contact resistance. Similar
measurements were made on samples having l/w
ranging from 5.8 up to 50 with qualitatively similar
results. A large 1/w ratio results in the resistance of
the sample, even at maximum melt depth, being
much larger than the contact resistance. Conse-
quently, uncertainty in the value of the contact resis-
tance is at most a 2% error in the data (for a
1/w =23). Four-point-probe measurements were
also made to verify that the contact resistance was
indeed on the order of 2—3 Q.

The signal observed for energy densities below the
melt-threshold energy density, E~-0.8 J/cm, is
produced by photoconductivity in the Si. Although
the photoconductive response is greatly reduced
compared to that of Si without the Au doping, it
still obscures the first 80 nsec of the molten-Si con-
ductance. Lower lifetime material such as silicon on
sapphire can be used to overcome this limitation. '

Above 0.8 J/cm the transient voltage curves show
the conductance increasing in magnitude and dura-
tion after the photoresponse. The value of the con-
ductance can be calculated from the voltage data as
discussed in Sec. IV A.

B. Comparison of electrical and optical
measurements

O
O
O
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Changes in the optical reflectivity, which occur
upon melting due to the metallic nature of molten
Si, were correlated with the transient electrical con-
ductance. This correlation was accomplished by
simultaneous measurement of the optical reflec-
tance, using a HeNe probe laser, and the electrical
conductance. The results are shown in Fig. 2 for
various incident laser energy densities. The refiec-
tance measurements directly yield the time during
the laser pulse at which melting occurred and the
duration of the melt. Because of the large pho-
toresponse which obscures the conductance signal
from liquid Si for melt durations less than 80 nsec,
reflectance measurements are more sensitive to the
melt threshold than are the conductance measure-
ments.

50 l50 250
Time (nsec)

FIG. 2. (a) Signal from the reflected HeNe probe laser
as a function of time for three incident laser energy densi-
ties. The 0.57-J/cm~ case is below the melt threshold and
the other two data, 1.65 and 2.00 J/cm', are above the
melt threshold. (b) Electrical conductance, as measured

by the voltage across the scope-load resistor, as a function
of time obtained simultaneously with the reflectance data
in (a).

C. Energy absorption

Precise numerical calculations of the temperature
profiles and melt dynamics require accurate values
of the optical coupling to the sample in both the
liquid and solid phases. Although reasonable agree-
ment between theoretical calculations and experi-
mental measurements was previously obtained' us-

ing energy absorption measured on different samples
than those used for the transient conductance mea-
surements, the optical coupling can vary from sam-
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pie to sample depending on surface preparation and
treatment. We therefore measured the absorbed en-

ergy on the same sample as was used for the conduc-
tance measurements.

These energy-absorption measurements were
made by attaching the sample to a thermocouple
and measuring the temperature rise at the back sur-
face of the sample as a function of incident laser en-

ergy. ' This technique provides the melt-threshold
energy and the fraction of the incident energy ab-
sorbed in both the solid and liquid phases. Figure 3
shows the temperature rise versus time for the Si
sample prior to performing transient conductance
measurements. The break in the curve at 0.82 J/cm
is the melt-threshold energy. From the slope of the
curve prior to and after the threshold, the energy ab-
sorption in the solid and liquid phases, respectively,
can be obtained by

ATmCp

where m is the mass of the sample, a is the area of
the sample, Cz is the heat capacity, and hT is the
slope of the b, T vs Ecurve-. -

IV. DISCUSSION

A. Melt depths

Vb=R(t) =RL, —1 —R, ,
rr(t) V(t)

where Vb is the bias voltage, RL is the scope-load
resistance (50 0), and R, is the contact resistance.
This observed conductance is composed of three
parallel contributions: o~(t) due to photoconduc-
tion, arm(t) due to the molten-Si layer, and o, (t) due
to thermally generated carriers in the solid Si, as
shown in the equivalent circuit in Fig. 4(a). Figure
4(b) shows the voltage transient V(t) and observed
conductance a(t) for an incident energy density of
1.96 Jicm . For energy densities below the melt
threshold, the only contribution to the conductance
is the photoconductance, the duration of which is
indicated by the dashed line in Fig. 4(b). During the
photoresponse the sample resistance is essentially
zero, allowing the contact resistance to be calculated
from the peak photoresponse voltage. This peak
voltage saturates starting at energies well below the
melt threshold, indicating that 0~ does indeed ap-
proach infinity. However, to accurately calculate
the contact resistance, the transient drop in the bias
voltage (measured to be 2—3 V) must also be includ-
ed. These calculations result in a contact resistance
of the order of 2—3 Q. As mentioned in Sec. IIIA,

Analysis of the transient conductance data, Fig. 2,
requires converting the observed voltage trace to a
conductance, and then to a melt depth. The conduc-
tance cr(t) in 0 ', is related to the voltage transient

V(t) by
y

Rphotoreeponae

Rmeit
'W—
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Rc
'W= — ~ y(t)
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FIG. 3. Temperature rise at the back surface of the
sample as a function of incident laser energy density for
single-crystal Au-doped Si.

FIG. 4. (a) Equivalent circuit showing the three contri-
butions to the observed conductance signal. (b) Current
through the sample and conductance of the sample as a
function of time for an incident laser energy density of
1.96 J/cm. Dashed line indicates the duration of the
photoconductance.
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d(t) =o (t)pl/w, (4)

where p is the resistivity of molten Si (80pQ cm), '

and l/w is the length-to-width ratio of the molten
region. A family of melt-depth —versus —time
curves for various incident laser energy densities is
shown in Fig. 5.

B. Numerical calculations

Detailed numerical calculations similar to those
of Baeri et al. and Wood and Giles were per-
formed to obtain melt depths and solidification-
front velocities to compare with the experimental re-
sults. The calculations were performed using a cen-
tral difference algorithm to compute the tempera-
ture profiles as a function of depth and time in the
Si. A simple heat-flow model for the solification is
used in which the latent heat of fusion liberated at
the advancing liquid-solid interface is balanced by
the heat conduction into the substrate. The heat
conduction is determined by the temperature gra-
dients in the solid. For the case of pulsed-laser an-

this resistance is small compared to the sample resis-
tance during melt, and hence it does not substantial-
ly affect the melt-depth calculations.

The time at which solidification is complete can
be determined from the reflectance data. The con-
ductance which still exists upon termination of the
resolidification is 0„ the conductance due to ther-
mally generated carriers.

The equivalent circuit of Fig. 4(a) can be solved
for the conductance due to the molten Si alone,

cr (t)=o(t) otp(t) —cr, (t), —

where each conductance on the right-hand side is
obtained from the appropriate voltage data using
Eq. (2).

The melt depth d(t) can be calculated directly
from the conductance of the molten layer,

nealing, the temperature gradients are initially estab-
lished by the energy-absorption profile of the in-
cident laser energy in the substrate. Included in the
numerical calculations were temperature-dependent
values of the thermal conductivity, heat capacity,
and electrical conductivity. Specific values of the
parameters used in the calculations are listed in
Table I. Free-carrier-absorption effects in solid Si
have been included in the numerical calculations by
adjusting the optical-absorption length to reproduce
the measured melt-threshold energy density.

Figure 5 shows both experimental melt-
depth —versus —time data and the melt depths calcu-
lated numerically. As is evident from the figure, the
agreement between calculations and experiment is
excellent. Consequently, the thermal model for
melting and resolidification during pulsed-laser an-
nealing completely describes the behavior observed
experimentally in the time regirries we have studied.

C. Solidification velocity

The solidification-front velocity v is determined

by the rate at which heat released at the advancing
liquid-solid interface U~ is conducted into the sub-

strate by thermal diffusion a."dT/Bz, as shown by

K BT
b,H Bz

where sc is the thermal conductivity, AH is the latent
heat of fusion, and BT!dz is the thermal gradient
normal to the solidification front. This model as-
sumes the liquid-solid interface to be planar and
stable. The good agreement between the experimen-
tal results and the calculations (Fig. 5) justifies these
assumptions. Figure 6 shows the solidification-front
velocity as a function of time for various incident
laser energy densities. The velocity is obtained by
numerically differentiating the melt-depth—

TABLE I. Parameters used in numerical calculations, where T is the temperature in K.

~, thermal conductivity'

p, electrical resistivity"

C~, heat capacity'
EH, enthalpy of fusion'

T, melting temperature'
R, optical reflectivity
a, optical-absorption length

'Reference 25.
Reference 26.

'Reference 27.

1585T ' W/cm K, T & 1370 K
0.221 W/cm K, T & 1370 K
2528exp[000479 (1685-T)] pQcm (solid)
80 pQ cm (liquid)
(1.978+ 3.54)&10 T)—(3.68)&10 T ) J/cm K
4206 J/cm3
1685 K
38% (solid), 71.8% (liquid)
0.91 pm (solid), 0.025 LMni (liquid)
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FIQ. 5. Experimental (heavy solid line) and computer-

calculated (light solid line) melt depths as a function of
time for several incident laser energy densities above the

melt threshold. Dashed line indicates the duration of the

photoresponse which obscures the melt-depth information

in the experimental data.

versus —time data of Fig. 5. Equation (5) shows that
the velocity is determined by the thermal gradient.
In the case of pulsed-laser irradiation, the initial
thermal gradient is established by the absorption
profile of the laser irradiation in the solid. Conse-
quently, for short times near the end of the laser
pulse, thermal diffusion does not influence the
thermal gradients. At times which are long com-
pared to the irradiation time (t &150 nsec in the
work presented here), thermal diffusion determines
the thermal gradients.

Detailed calculations of the regrowth dynamics
require numerical methods to solve the nonlinear
differential equations involved as presented in Sec.
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FIG. 6. Experimental (symbols) solidification-front
velocity as a function of time obtained by numerical dif-

ferentiation of the data in Fig. 5. Solid line shows the U

~ t ' calculated velocities from Eq. (7). Arrows indi-

cate the time at which resolidification is complete.

IVB. These calculations were shown to be in excel-
lent agreement with experimental results (Fig. 5). It
is also possible to make approximations which lead
to very simple equations for the resolidification
velocity in the thermal-diffusion regime (i.e., at long
times). These equations again show the applicability
of the thermal model and allow the experimenter a
first-order check on the data without resorting to
numerical calculations. An expression for the
solidification-front velocity in the thermal-
diffusion-limited regime can be obtained by neglect-

ing the temperature dependence of the thermal con-
ductivity and by making a linear approximation to
the temperature profile in the solid using a gradient

T —298

Bz 2V Dt

determined by the thermal-diffusion length, where D
is the thermal diffusivity (D=a/C~=0. 1 cm2/sec

using values for a and Cz from Table I at tempera-
tures near Tm) and t is time. The thermal gradient
[Eq. (6)] is used in Eq. (5) to obtain the following ex-
pression for the solidification-front velocity, in units
of m/sec,

1.15Xlo '
U=

bH 2VDt V t
(7)

The velocity obtained from Eq. (7) is plotted in Fig.
6 for comparison with the experimental results. Nu-
merical differentiation of the melt-depth data to ob-
tain velocity data enhances differences between ex-
periment and theory. Nevertheless, the predictions
of Eq. (7) agree well with both experiment, Fig. 6,
and with the detailed numerical calculations.

Although the solidification-front velocity is not
constant in time [Eq. (7)], it is desirable for the pur-
poses of discussion and comparison to have a single
value for the velocity. An approximate velocity
such as this can be obtained by making a straight-
line fit to the melt-depth —versus —time data. Figure
7 shows the approximate solidification-front veloci-
ties v obtained using straight-line fits to the data in
Fig. 5.

Equation (3) shows that the photoconductance
and the conductance due to thermal carriers contri-
bute linearly to the observed conductance. Conse-
quently, the photoconductance, obtained from data
at incident laser energy densities below the melt
threshold, could be subtracted from the observed
conductance. However, in practice the numerical
inaccuracies introduced by subtracting two digitized
curves are unacceptably large. Therefore, the exper-
imental results presented in this paper are all for
times (& 115 nsec) by which the photoconductance
has decayed to a negligibly small value. A simple
calculation of the conductance due to thermal car-
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riers o, in the hot substrate behind the solidification
front can be made using the approximate thermal
gradient from Eq. (6). Equation (6) is used to obtain
an approximate equation for the temperature as a
function of distance z into the substrate,

The largest conductance by thermal carriers will oc-
cur immediately upon termination of the melt. Con-
sequently, the following calculations will be for
t'=400 nsec as an example of the largest effect o',
can have on the melt depth. The expression for elec-
trical resistivity from Table I, using Eq. (8) for the
temperature, is integrated over the thermal-diffusion
length to obtain the total thermal-carrier contribu-
tion to the conductance in units of 0 ' at time t',

LdZ
cr,(t')= f =A f e 'dz

0 p 0

—BL=—(e —1)=0.024,B (9)

where L =2&Dr'=4X 10 cm, 2=395.6
0 'cm ', and 8=16609 cm '. The effo:t of the
thermal contribution can be considered by express-
ing the conductance [Eq. (9)] as an effective melt in
units of pm at time t',

d,g —Ro,p—=0.014,l
(10)
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FIG. 7. Solidification-front velocity u as a function of
incident laser energy density obtained from straight-line
fits to the experimental melt-depth data in Fig. 5 (solid
circles) and to the calculated melt-depth data (open cir-
cles).

energies, thermal diffusion reduces the thermal gra-
dients and the velocity decreases with increasing
laser energy density. Figure 7 shows that the solidi-
fication velocity is approximately inversely propor-
tional to laser energy density for energy densities
greater than 2.3 J/cm . Consequently, the melt
duration (Fig. 8) should increase approximately as
the square of the laser energy density for energy

where R is the ratio of the conductance in the liquid
phase to the conductance in the solid phase at T~
(8= », ), p is resistivity of molten Si, and I/w is the
length-to-width ratio of the sample. Equation (10)
shows the conductance due to thermal carriers has a
small affect on the melt-depth results.

500

400—

~ experiment
o calculations

D. Melt duration and threshold energy

For short melt durations, i.e., at low energies,
there is insufficient time for thermal diffusion to
substantially alter the thermal gradients established
by the absorption of the laser energy. As it is the
thermal gradients which determine the
solidification-front velocity, the velocity is relatively
independent of laser energy in this short-melt-
duration regime. Figure 7 shows that the velocity is
indeed constant (2.85 m/sec) for incident laser
energy densities less than 2.3 J/cm . Since the max-
imum melt depth increases linearly with increasing
laser energy above the melt threshold (Fig. 5), the
melt duration should increase linearly with energy in
the low-energy regime (E&2.3 J/cm ) where the
velocity is constant. Figure 8 shows the melt dura-
tion as obtained from optical-reflectance data as a
function of incident laser energy density. At higher
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FIG. 8. Melt duration as a function of incident laser
energy density obtained from optical-reflectance data
(solid circles) and from computer calculations (open cir-
cles).
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densities greater than 2.3 J/cm . Similar results
have been reported by Auston and co-workers. '

The threshold energy density for melting can also
be obtained from optical-reflectance measurements
and is found to be -0.8 J/cm, in agreement with
the energy-absorption data of Sec. III C.

V. CONCLUSIONS

Interaction of high-energy pulsed-laser irradiation
and single-crystal Si results in an ultrarapid melt-

quench process. The rate of this quenching, as
characterized by the velocity of the resolidification
front, is of considerable practical and theoretical im-

portance. In this paper we have used in situ con-
ductance measurements to measure this
resolidification- (liquid-solid interface) front velocity
and found the results to be in agreement with calcu-
lations based on a thermal model. The
solidification-front velocity is controlled by the rate
at which heat is removed from the liquid-solid inter-
face by thermal conduction. Thermal conduction is
in turn controlled by the thermal gradient normal to
the interface. Consequently, control of the
solidification-front velocity is obtained by control of
the thermal gradient. In pulsed-laser irradiation,
where the pulse duration is short compared to the
time required for appreciable thermal diffusion, the
thermal gradients are initially established by the ab-
sorption of the laser energy in the solid. Hence, the
optical properties of the irradiated material, in addi-
tion to the thermal properties, play an important
role in the annealing dynamics. Consequently, the
solidification velocity can be affected by varying the
laser-pulse length, wavelength, and energy. The
velocity can be further affected by varing the ther-
mal properties of the sample material and by vary-
ing the ambient temperature of the sample.

Control of the solidification-front velocity allows
experimental observation of the effects of the veloci-
ty on segregation and trapping of impurities. Furth-
ermore, studies can be made of the dynamic
behavior of the liquid-solid interface. At sufficient-
ly high velocities, silicon is found to resolidify in the
amorphous state since the interface moves more rap-

idly than the atoms can move to crystalline sites.
The transient techniques, electrical conductance

and optical reflectance, allow experimental measure-
ment of the melting and resolidification dynamics.
Time-resolved measurement of the electrical con-
ductance allows direct calculation of the
solidification-front velocity. If the carrier lifetime is
sufficiently short, as in silicon on sapphire, this
measurement can also provide the melt-front veloci-
ty. Simultaneous measurement of the conductance
and the reflectance provides both complementary in-
formation (e.g. , melt depth from conductance and
melt start time from reflectance) and corroboration
(e.g., melt duration from both techniques).

The absorbed-energy measurements provide neces-
sary data on the energy coupling between the laser
and the sample. Not only is this information neces-
sary for accurate numerical simulations of laser
melting and solidification dynamics, it also enables
many interesting experiments on the physics of the
energy coupling.

This paper has presented the application of these
measurements to Au-doped single-crystal silicon.
The electrical-conductance technique uniquely pro-
vided measurement of the melt depth and
solidification-front velocity. For the experimental
regime studied, i.e., 30-nsec ruby laser operating
over the range of (0.8—3.1)-J/cm incident energy
densities, melt durations were found to be up to 450
nsec and solidification velocities were observed over
the range of 2—3 m/sec. All of these results were
found to be in excellent agreement with a thermal
melting model.
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