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Time-resolved optical studies of silicon during nanosecond pulsed-laser irradiation
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The time-resolved optical transmission (at 1152-nm wavelength) and reflectivity (at both
633 and 1152 nm) of crystalline silicon have been measured with ~nsec resolution during
and immediately after pulsed-ruby-laser irradiation (694 nm, full width at half maximum
pulse duration 14 nsec), over a range of pulsed-laser energy densities E;. For E;>0.8
J/cm? the transmission is found to go to zero and to remain at zero for a time proportional
to E; (during which time the reflectivity is also at a maximum value), and then to recover
(in ~500 nsec) to its initial value. The zero-transmission result during the high-reflectivity
phase contradicts reports of other similar experiments. Measured reflectivities during the
high-reflectivity phase agree with reflectivities calculated from the known optical constants
of molten silicon, at both the 633- and 1152-nm probe wavelengths. Intense near-band-gap
photoluminescence is also observed from our silicon samples, for E; both above and below
the threshold for the high-reflectivity phase. The results of detailed calculations using the
thermal-melting model are presented. Good quantitative agreement is found between the
results of these calculations and the measured melting threshold of 0.8 J/cm?, and with the
reflectivity and transmission of crystalline silicon, as functions of time and E;. The small
(<10%) absorption due to long-lived laser-induced free carriers is also calculated and
found to be in satisfactory agreement with the measured transmission for long (> 100 nsec)
times after pulsed-laser irradiation. The results are discussed in relation to other recent

time-resolved measurements during pulsed-laser irradiation of silicon.

I. INTRODUCTION

During the past several years, pulsed lasers have
been used to remove lattice damage, to recrystallize
amorphous near-surface regions, and to electrically
activate implanted dopant ions in ion-implanted
samples of both elemental and compound semicon-
ductors.!~* The experiments used to assess the re-
sults of pulsed-laser irradiation and to test theoreti-
cal understanding of the physical phenomena in-
volved fall into two categories: (1) conventional
post-annealing measurements such as Rutherford
backscattering, secondary-ion mass spectroscopy,
transmission electron microscopy, and scanning
electron microscopy, and (2) time-resolved measure-
ments, such as time-resolved optical reflectivity and
transmission, using visible and near-ir probe
beams,’ 1% as well as time-resolved measurements
of electrical conductivity,!! time-resolved Raman
temperature measurements,'>!3 and time-resolved
x-ray diffraction.!*

Time-resolved measurements of physical proper-
ties during and immediately after pulsed-laser irra-
diation are useful in revealing changes in the time
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scale for annealing and recrystallization as a func-
tion of changes in the initial state of amorphization
and/or chemical composition of the near-surface re-
gion. They also provide a stringent test of theoreti-
cal models for the laser-annealing process, which
incorporate a number of optical and thermal
parameters of the target material. Time-resolved
measurements allow the model calculations to be
calibrated and “fine tuned” to the effect of sys-
tematic changes in any one parameter (e.g., the
near-surface optical-absorption coefficient). Time-
resolved measurements are also capable, in princi-
ple, of determining the time scale for energy
transfer from the excited electron-hole pairs, creat-
ed by absorption of pulsed-laser radiation, to the
lattice. However, measurements with nsec resolu-
tion only indirectly address this question, because,
at the high carrier densities (< 10*! cm~?) produced
by pulsed lasers, carrier-phonon relaxation occurs
very rapidly’® (<107'? sec). The rapid energy
transfer to the lattice is greatly enhanced by Auger
recombination and subsequent thermalization of hot
Auger carriers by way of phonon emission.'®
Because of their sensitivity to processes occurring
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during and immediately after laser irradiation,
time-resolved measurements have recently become
the focal point of a theoretical controversy regard-
ing the physical mechanism for pulsed-laser anneal-
ing, in connection with “thermal” versus “nonther-
mal” models for the annealing process. The
thermal-melting model'”!® of pulsed-laser anneal-
ing (PLA) assumes that the laser energy absorbed
by the sample is transferred to the lattice in a time
less than the laser-pulse duration (~ 10 nsec) and
that thereafter normal heat transfer and melting oc-
cur. This model is now supported by an impressive
array of experimental and theoretical re-
sults, 69101722

Recently, however, Compaan and co-workers
published results of a series of experiments which
they claim provide proof that the thermal-melting
model for PLA cannot be correct.””®!%1323 In two
separate series of time-resolved experiments, using
slightly different wavelengths and pulse durations
for excitation and probe-laser pulses, these authors
used the ratio of Stokes to anti-Stokes Raman inten-
sities to measure the lattice temperature of crystal-
line silicon (c-Si) shortly after the end of the high-
reflectivity phase (HRP) induced by pulsed-laser ir-
radiation.'>!%?*  They concluded that the lattice
temperature is so low [~300°C (Ref. 12) or
~400°C (Ref. 23), within 10 or 30 nsec after the
end of the HRP, respectively] that “this enhanced
reflectivity phase cannot be the usual 1400°C mol-
ten phase of silicon unless unrealistically large cool-
ing rates are assumed.”??

Compaan and co-workers have also carried out a
series of time-resolved transmission and reflectivity
measurements using both ¢-Si and silicon-on-
sapphire (SOS) samples.”®?* Their initial transmis-
sion measurements’ at A=1.15 um were reported to
show large, finite transmission through a ~0.4-mm
thick ¢-Si sample during the HRP. Following our
initial reports®!? of the experiments described in de-
tail in this paper, it was established that the
transmission reported in Refs. 7, 8, and 23 was an
experimental artifact resulting from use of a Ge
p-i-n diode with a spatially varying detector
response time.”> However, further time-resolved
optical experiments by Compaan and co-workers
using both ¢-Si and SOS have led them to conclude
that a laser pulse with E; sufficient to produce the
HRP induces only a very thin (~70-nm thick),
highly absorbing layer at the sample surface, within
which the absorption coefficient is ~7X10° cm™".
They conclude®® that either (1) the HRP is not the
normal 1400 °C phase of molten silicon, but possibly

the cooler high-density “plasma annealing” phase
suggested by Van Vechten et al.,?* or (2) there is a
large amount of undercooling present in the fluid
(molten) silicon at the recrystallizing fluid-solid in-
terface.

The time-resolved transmission and reflectivity
measurements summarized here were undertaken to
provide an experimental check on the results initial-
ly reported by Compaan et al., as well as to provide
more extensive data for detailed testing of thermal-
melting model calculations. Our experiments also
required testing a number of diode detectors with
~nsec response time and resulted in the discovery
of one detector capable of faithfully following both
rising and falling transient light signals (a problem
which has now been investigated in more detail else-
where?®). The model calculations reported below,
together with new measurements of the high-
temperature optical properties of ¢-Si,2® provide the
first detailed test of the ability of thermal-melting
model calculations to simultaneously describe both
transmission and reflectivity measurements, with no
free parameters. As is shown below, the measure-
ments and calculations are in good agreement with
each other, as well as with known optical properties
of molten silicon.

II. EXPERIMENTAL

Experiments were carried out using a pulsed ruby
laser (A=694 nm) operated in the TEMy, mode
with 14+1 nsec [full width at half maximum
(FWHM)] pulse duration. The samples were pol-
ished, ~400-um thick, c¢-Si wafers (phosphorus-
doped, 2—7 Q cm); for transmission measurements
the samples were polished on both sides to eliminate
scattering of the 1152-nm probe laser beam. The
samples were located 9.8 m beyond the second am-
plifier stage of the pulsed ruby laser and 75 cm
beyond an f; =1.0 m converging lens; this arrange-
ment resulted in only a slow variation of energy
density over the 4-mm-diam central part of the
laser beam. However, the irradiated sample area
was limited to a 2- or 3-mm-diam region by a thin
mask placed directly over the sample. Calorimetric
measurements of E; in the region sampled by the
probe laser beam were carried out through a care-
fully centered 1-mm-diam aperture.

Measurements were carried out using a wide
range of experimental conditions. Initial transmis-
sion measurements were made with an unfocused

2-mW cw He-Ne probe laser beam (A=1152 nm,
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1/e* diam=0.97 mm) incident at 14° to the sample
normal, and detected without the use of collection
optics. An extensive series of experiments were car-
ried out later with this beam incident at 4.7°,
focused to a ~230-um, 1/e%-diam spot on the sam-
ple, and refocused onto the detector with various
image-object distances and collection optics. Our
observation of a period of zero transmission was
found to be entirely independent of probe beam
focusing and/or the use of collection optics. Thus,
the results we obtained are not experimental ar-
tifacts resulting from scattering, deflection, and/or
self-defocusing of the probe beam off the detector
due, for example, to a change in index of refraction
during the HRP.?’

A Si avalanche photodiode (APD; active region
1.5-mm diam, 2-nsec rise and fall times), a Ge p-i-n
photodiode, a Ge APD, and an InAs photodiode
were all tested for use in the transmission experi-
ments. The latter two detectors were quickly elim-
inated because of low sensitivity at the low bias
voltage necessary (InAs) and changes in detector
response time with bias voltage (Ge APD). The Ge
p-i-n diode was also eliminated because its respon-
sivity is a factor of 10 less than that of the Si APD
at 1152 nm, and because it exhibited both zero base-
line overshoot (on a falling light signal) and a long
recovery time (~600 nsec time constant). Similar
detector response problems, on falling light signals,
have now also been investigated by others.”>* A
1152-nm bandpass filter (10-nm bandwidth and
~40% transmission) was necessary directly in front
of the Si APD detector, in order to prevent intense
near-band-gap photoluminescence emitted by the
sample from swamping the detector when it was
close (~9 mm) to the sample.

A 34-mW cw HeNe laser (A=633 nm), un-
focused and incident at 12° to the sample normal, or
focused to 140 um (1/e? diam) and incident at 4.7°,
and the Si APD were used for the reflectivity mea-
surements. The APD’s high red sensitivity made it
necessary to use three 633-nm 1% bandwidth
(FWHM) filters in front of it, to block the ruby-
light pulse. The 1152-nm probe laser was also used
for reflectivity measurements, as described above.

Three separate storage oscilloscope recordings (on
successive ruby-laser shots) with (a) both probe
beam and ruby beam present, (b) probe beam
blocked, and (c) both beams blocked, allowed a
clean separation of the transmission or reflectivity
signal from near-band-gap photoluminescence and
radiated electromagnetic noise (associated with fir-
ing the pulsed laser). The measured quantities are

ratios of transmission or reflectivity during the
HRP to the initial transmission (T) or reflectivity
(Ry); these ratios were converted to absolute
transmission or reflectivity values using separate
measurements of Ty and Ry. For our ¢-Si, the mea-
sured T,=0.518 at 1152 nm and 4.7° is in excellent
agreement with the value T,=0.514 calculated
from room-temperature optical constants for Si
(Refs. 28 and 29) (including multiple internal reflec-
tions and a 2% absorption loss). The specular com-
ponent of Ry was 0.391 (using the same unfocused
beam geometry as in the time-resolved measure-
ments), somewhat smaller than the calculated value
of 0.465. Thus, about 7% of the reflected light at
1152 nm is diffuse. At 633 nm the measured and
calculated R equaled 0.347.

III. RESULTS AND DISCUSSION
A. Transmission

Figure 1 shows typical results of a series of
transmission measurements, with E; both below and
above the threshold (E;~0.8 J/cm? for the HRP.
The transmission of the focused 1152-nm probe
beam drops to zero, and remains at zero, for a
period of time 7,, that increases with increasing E;.
A background signal, primarily near-band-gap pho-
toluminescence transmitted through the 1%
bandpass filter, was subtracted from the measured
signal (using successive laser shots, as described
above) to obtain the data of Fig. 1.
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FIG. 1. Time-dependent transmission of the 1152-nm
focused probe-laser beam through ¢-Si during and after
pulsed ruby-laser irradiation. Lines: experimental data.
Discrete points: model calculations  (see text).
Ty=0.518 is also shown.
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The subtraction procedure for eliminating the
background signal was found to give highly repro-
ducible results on successive laser shots, as illustrat-
ed by Fig. 2. The presence of weak near-band-gap
photoluminescence during part of the zero
transmission period verifies that the detector is
responding during this time. The linearity of the
detector was also checked over a wide dynamic
range. The minimum transmission observed was in-
distinguishable from zero, while the maximum that
could be present and remain undetected was es-
timated to be less than 1%. We note that our result
of zero transmission during the HRP contradicts
the results reported by Lee et al.”

Figure 1 also shows results of calculations of the
time-dependent transmission through c-Si at several
E; values. The melting-model calculations were
carried out using the macroscopic diffusion equa-
tion, cast into finite difference form for numerical
solution on a closely spaced mesh of points in space
and time, to describe the heat flow. The basic com-
puter program and procedures used have been
described elsewhere in detail.!””!° However, it was
necessary to revise the program in order to include
the temperature-dependent optical properties. A
description of the revisions and illustrations of the
importance of the temperature-dependent optical
properties in melting-model calculations is given by
Wood et al.® The values used for the various ther-
mal and optical parameters in the present calcula-
tions are shown in Table I. The temperature depen-
dence of the optical-absorption coefficient was tak-
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FIG. 2. Time-dependent T signals on successive
pulsed ruby-laser shots (®) with and (O) without the
1152-nm probe-laser beam, illustrating the reproducibili-
ty of the procedure for subtracting residual near-band
gap photoluminescence and radiated electromagnetic
noise from the T signal.

en from the recent work of Jellison and Modine?
while that of the reflectivity (at A=693 nm) for ¢-Si
was estimated from the literature. The primary
theoretical results of these melting-model calcula-
tions are plots of (a) melt depth versus time (Fig. 3)
and (b) time-dependent profiles of temperature vs
depth in the solid below the molten layer and after
the molten layer has recrystallized (Fig. 4). These
were used as input data for the calculations of
transmission as a function of time. Published
values for the optical constants for molten Si (Ref.
26) were used to calculate the attenuation due to the
molten layer, while new measurements®! of the opti-
cal properties of ¢-Si at 1152 nm as a function of
temperature were used for the hot ¢-Si. Thus no
free parameters are involved in the time-dependent
transmission calculations. The optical properties
measurements®>>! show that when the melt front is
many skin depths from the silicon surface, virtually
no light can penetrate the molten Si. As the melt
front reaches ~4 skin depths, some of the 1152-nm
radiation is able to penetrate the molten region, as
well as the rest of the sample; as the recrystalliza-
tion front approaches the sample surface, more and
more light is able to penetrate the molten layer, and
hence to be detected. This transmission has been
calculated, and is shown in Fig. 1 by the calculated
points near zero transmission. When the melt front
has reached the surface, the recrystallized near-
surface region is still hot (see Fig. 4), and the ab-
sorption coefficient is still substantially above the
room-temperature value (see Ref. 31); this leads to
enhanced absorption, with the calculated transmis-
sion shown in Fig. 1 by the points approaching the
zero transmission line. As Fig. 1 shows, both the
detailed shape of the calculated return to finite
transmission (following the zero-transmission
period) and the E; dependence of the transmission
are in good agreement with the experimental results.

Careful comparison of the experimental and cal-
culated results in Fig. 1, for times well after the
zero-transmission period, reveals that the experi-
mental transmission is <0.05 lower than that calcu-
lated. This suggests the presence of <10% addi-
tional free-carrier absorption (not included in the
melting calculations).

In order to estimate the magnitude of free-carrier
absorption that is likely to be present, due to car-
riers remaining in the near-surface region for times
> 100 nsec, we make use of the fact that any initial
high (laser melting induced) carrier concentration
will be rapidly reduced by Auger recombination.
The known Auger recombination rate for-electrons
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TABLE I. Input data for crystalline silicon melting model calculations.

Quantity

Value used and comments

Thermal conductivity

Specific heat
Density

Reflectivity
solid (694 nm)
liquid

Absorption coefficient (694 nm)
Latent heat of melting

Melting temperatures

Substrate temperature

Laser pulse
duration
energy density

Temperature dependent; see text and
Fig. 1 of Ref. 17

As above

2.3 g/cm® (~10% change on melting
ignored)

0.34 4 0.000054T (°C)
0.70 (see text)

2540 exp(T/427°C) (see text)
430 cal/g

1410°C

20°C

Triangular; see Ref. 17
15 nsec (FWHM)
Varied

(holes) in silicon,? 7, '=C,n? (r;'=C,p? with
p P.

C,=2.8Xx107* (C,=1x107%') cm®sec™!, can be
used to estimate a self-consistent average carrier
density at =100 nsec. (We use rate constants mea-
sured for a nondegenerate carrier system, since
these are the only values currently available.) Thus
T}lzr,,_ 1+Tp_ ' with 7,>100 nsec requires
n=p<5x10"® cm™*. [C, and C, are nearly in-
dependent of temperature over the (0—400)-K
range.’?] Taking the diffusion coefficient for car-
riers to be D~3.5 cm’sec”! (mobility ~45
cm?/volt sec) at high carrier densities,>® we find that

04 I T T T

? 0.8 J/ecm?  PULSE WIDTH = 15 ns

L 1.0 J/em? R, =0.34 + 0.000054 T

£ -====12J/m? R_ =070

So03 [ —-—14Jem? K, = 2540 exp (T/427) _|

E 7\

] /' \,

2 7NN

im 02 = H AN N\, N

E’ ;II \\\ \‘\

= }/ \\ N

€ 01 | AN . —

r I N N\

5 [ N AN

0 i | | N | >
0 20 40 60 80 100

TIME (nsec)

FIG. 3. Profiles of melt front penetration vs time for
¢-Si, generated using the thermal-melting model with the
parameter values given in Table I.
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in Table I.
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this carrier density could be present to a depth of
order L~(Dt)!”?~6 pum at t=100 nsec. The
weighted average temperature over this depth, at
t=100 nsec, is T ~700 K (Fig. 4), and the tempera-
ture gradients are not large enough to produce
significant  carrier-confinement effects.  The
temperature-dependent total free-carrier absorption
cross section found by Svantesson and Nilsson* at
A=1062 nm is 0,=1.7X10~2T (K) cm?; scaling
this by a factor proportional to A> we obtain o,
(1152 nm)=2.0x 10~*T (K) cm*~1.4 X 10~"7 cm?.
Thus ag=(0,n +0,p)~0,n=70 cm~'. This re-
sults in a total absorption in the depth L of order
|AI/I | =Lag=0.042, i.e., ~5%. This estimate is
in reasonably good agreement (considering the
roughness of the calculation) with the experimental-
ly observed ‘“‘extra” absorption <10% for ¢ >100
nsec (Fig. 1).

In contrast, the additional free-carrier absorption
calculated assuming only a thermally generated “in-
trinsic” carrier population corresponding to the
t=100 nsec temperature profile of Fig. 4 is less
than 0.5%. Thus, the “extra” absorption appears to
be due to relatively long-lived carriers that are the
remnant of those carriers generated initially by ab-
sorption of the ruby-laser pulse. The presence of
these long-lived carriers is directly confirmed in
these same experiments, through observation of
their long-lived near-band-gap photoluminescence
(see Sec. III C).

B. Reflectivity

Reflectivity measurements were made using both
the 633- and 1152-nm probe lasers, under both
focused- and unfocused-beam conditions (see
above). The spatial averaging effect of a large
(<1-mm diam) probe spot size results in some
lengthening of observed rise and fall times for tran-
sitions to and from the HRP. However, measured
rise times to the HRP using focused (<200-um
diam) probe beams were <2 nsec, the rise time of
our Si APD detector. On the other hand, measure-
ments of the magnitude of the reflectivity during
the HRP were found to be more precise with the
unfocused probe beam. This was especially true at
1152 nm, for which the probable presence of a
small, but experimentally signficant, diffuse com-
ponent (see above) made absolute reflectivity deter-
mination (via post-irradiation bench calibrations)
less certain with the focused-beam geometry.

The transient reflectivity signals observed were

similar in shape to those reported elsewhere,”$ and
consisted of a flat-topped maximum (duration 7,,)
followed by a decaying tail (duration 7). However,
we found that the reflectivity in the HRP at 633 nm
with both focused and unfocused probe beams (1152
nm with unfocused probe beam) was 2.05 (2.1)
times its initial value, corresponding to reflectivities
of 71+1.5% (82+5%). Both values are in good
agreement with values calculated from the
wavelength-dependent optical properties®® of molten
Si, i.e., 72% and 78% at 633 and 1152 nm, respec-
tively. However, experiments with the focused
1152-nm beam showed an increase of the reflectivi-
ty by a factor of only 1.6, corresponding to a value
of 62+4% in the HRP, assuming Ry=39%. How-
ever, if Ry=46% initially under focused-beam con-
ditions (no diffuse reflection loss; see above), then
the reflectivity in the HRP is 74+5%, again in
agreement with the value for molten Si. Some ear-
lier experiments>”-® did not demonstrate that the re-
flectivity rises in the HRP to the values expected
for molten Si; this has been cited as evidence for the
inapplicability of a thermal-melting model. The re-
sults reported here remove this objection.

Transient reflectivity signals at 1152 nm also dif-
fered from those at 633 nm in exhibiting a drop in
reflectivity, to <0.7R, during the first 15 nsec of
the ruby-laser pulse, followed by the sudden transi-
tion to the HRP (see Fig. 5). A similar but smaller
drop below R, also occurred following the transi-
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FIG. 5. Initial R drop, followed by transition to the
HRP, observed with the 1152-nm probe beam. No
background (baseline) corrections have been made to the
vertical scale; the temporal position of the ruby-laser
pulse is known within <5 nsec.
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FIG. 6. E; dependence of characteristic times in tran-
sient T and R measurements. (1) Duration of the HRP
at the sample surface: - - -, theory; O, experiment (R,
using focused 633-nm probe laser). (2) 7,,, measured us-
ing focused (®) 633-nm probe beam, and focused (M)
and unfocused (00) 1152-nm probe beam. (3) Duration
of zero T using focused 1152-nm probe beam (A).

tion out of the HRP. The drop during the laser
pulse is clear evidence for lattice heating prior to
the transition to the HRP in that the increased
solid-phase optical absorption (resulting from the
temperature increase) eliminates multiple internal
reflections; the initial reflectivity at 1152 nm then
drops to the lower value (>29%) associated with
reflection at a single hot silicon-air interface.

Comparison of the duration of the HRP for a
variety of probe conditions, and with the results of
thermal-melting-model calculations, is made in Fig.
6. The values of 7,, measured at 1152 and 633 nm
are in good agreement with each other. Further-
more, measured values of 7., =7, 47y, where 77 is
the time required for the signal to fall to the break
in the tail of the reflectivity curve (thought to
represent the transition from molten to solid Si at
the sample’s surface’), are in excellent agreement
with surface melt durations calculated using the
thermal-melting model with the parameters given in
Table I.

The threshold E; to produce the HRP was found
to be 0.86+0.05 (0.80+0.05) J/cm? using the un-

focused (focused) 633-nm probe beam. Both values
are in good agreement with the calculated thermal-
melting threshold of 0.75 J/cm? for ¢-Si and a 15-
nsec (FWHM) ruby-laser pulse.

Within the context of a thermal-melting model,
7r is a measure of the velocity at which the recrys-
tallizing interface approaches the sample surface.’
Model calculations show that this velocity is expect-
ed to be a function both of the distance of the inter-
face from the surface (slowing as it approaches the
surface) and of E; (decreasing as E; increases).!’
We have measured the fall time corresponding to
the interval between the 10% and 90% reflectivity
points during the fall from the HRP. This fall time
corresponds roughly to the time required for the in-
terface to move a distance of 2.2 optical skin depths
(~21.1 nm at A=633 nm) (Ref. 26) and gives a re-
crystallization velocity v=3.4+0.3 m/sec for
E;=0.9—1.1 J/cm?. We have also carried out a
calculation of the reflectivity of a molten-Si layer,
of variable thickness, on a solid hot Si substrate,
which permits a more accurate estimate of the melt
depths corresponding to various values of the reflec-
tivity during the transition. This results in an aver-
age velocity between points 17.5 nm below the sur-
face and 5 nm below the surface of 3.34+0.3 m/sec
for E;=0.9—1.1 J/cm? This is in reasonable
agreement with the melting-model calculation that
the average velocity at a mean depth of 11 nm is
4.1+0.2 (5.2+0.5) m/sec for E;=1.2 (1.0) J/cm?,
when it is recognized that the experiment probably
underestimates v due to the effect of finite probe
spot size. (It is known, from our measurements of
apparent fall time versus spot size, that the recrys-
tallizing front returns to the surface at slightly dif-
ferent times at different locations, thus increasing
the apparent fall time and decreasing the experi-
mental value for the velocity, as spot size increases.)

C. Photoluminescence

Experiments were also carried out without cw
probe beams or bandpass filters, with the Si sample
mounted directly on the Si APD enclosure, ~9 mm
from the detector chip. Figure 7 shows the time
dependence of the intense near-band-gap photo-
luminescence (PL) that was detected. The radiation
can be separated into two components, a sharp ini-
tial peak and a slowly decaying tail. The initial PL
peak occurs <4 nsec after the ruby-laser pulse peak
and is comparable in width to the ruby-laser pulse.
The PL peak is easily distinguished from any leak-
age of the ruby pulse to the detector, since the PL
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FIG. 7. Time-dependent intensity of the near-band-
gap photoluminescence emitted by pulsed-laser-
irradiated c-Si. The vertical arrow marks the position of
the peak of the ruby-laser pulse. Inset: Long-time
behavior of the slowly decaying tail.

peak increases less than linearly with the ruby-laser
pulse intensity, and eventually saturates (Fig. 7).
This initial PL peak is clearly not associated with
the transition to the HRP, since it is prominent
even at E;=0.2 J/cm? a factor of 4 below the
threshold for the HRP. The PL intensity also falls
off rapidly with increasing sample-detector separa-
tion, as expected from solid angle considerations. A
semilog plot of the slowly decaying PL tail reveals
that several decay processes are involved, with time
constants ranging from less than 100 to ~ 1000
nsec. Similar intense recombination radiation emit-
ted by pulsed laser-excited Si was reported by Svan-
tesson et al. and by Nilsson, who ascribed the ini-
tial very rapid recombination to a third-order
(Auger) band-to-band recombination process.*’
Note that the 2-mW, 1152-nm probe-laser intensity
corresponds to just seven intensity units in Fig. 6,
i.e., it would be completely swamped by the near-
band-gap PL signal until nearly 1 usec after the
ruby-laser pulse, unless the bandpass filter is in
place. We also note that no PL was detected from
the silicon samples used by Compaan et al.?’

IV. CONCLUSIONS

As we have shown here, thermal-melting-model
calculations of the threshold for melting and of sur-

face melt durations are in excellent agreement with
measurements of the onset and duration of the
high-reflectivity, zero-transmission phase in c-Si,
using both visible and near-infrared cw probe lasers.
Similarly, we have used melting-model profiles of
temperature versus depth, at various times after
pulsed-laser irradiation, together with new measure-
ments of the high-temperature optical-absorption
coefficient of ¢-Si at 1152 nm, to calculate the re-
turn of finite transmission after the HRP and have
obtained good agreement between measured and
calculated results, with no free parameters. This
agreement becomes even better when the additional
effect of a small amount (~5%) of free-carrier ab-
sorption is taken into account. Finally, the mea-
sured reflectivity in the HRP is in good agreement
with the values expected for ordinary molten silicon
at both 633 and 1152 nm. Thus, we find that there
is no experimental evidence whatsoever that re-
quires invoking the high-density plasma-annealing
phase suggested by Van Vechten?* and by Com-
paan.2> The good agreement between all of our
measurements and melting-model calculations also
at least indirectly implies that there is probably no
significant, large undercooling of molten silicon
present at the recrystallizing interface, contrary to
the most recent conclusion reached by Compaan,?
since the melting-model calculations of melt-solid
interface motion are carried out assuming the usual
1685-K melting point for ¢-Si. This point is further
supported by an independent measurement of a re-
crystallization front velocity of 2.8 m/sec, using
time-resolved electrical conductivity measurements
following pulsed-laser irradiation of ¢-Si,!' under
conditions for which the melting model with the
1685-K melting temperature predicts a velocity of
2.7 m/sec.
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