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Time-resolved reflectivity measurements on silicon and germanium have been made during pulsed
KrF excimer laser irradiation (248 nm). The reflectivity was measured simultaneously with probe-
laser wavelengths of 632.8 and 1152 nm, and the energy density of each laser pulse was recorded.
From these measurements, we were able to determine the reflectivity of the hot solid just before the
onset of melting, the reflectivity of the melt, the melt duration, and the time of the onset of melting.
Melting-model calculations were also performed, with the reflectivity of solid and liquid Si and Ge
treated as parameters for fitting the experimental values of the melt duration and the time of the on-
set of melting. The resulting parameter values are in agreement with those obtained from self-
reflectivity measurements. Near the melting threshold, it was observed that the melt duration was
never less than 20 ns for Si and 25 ns for Ge, while the maximum reflectivity increased from its
value for the hot solid to that for the liquid over a finite energy range. These results, together with a
reinterpretation of time-resolved ellipsometry measurements, indicate that, during the melt-in pro-
cess, the near-surface region does not melt homogeneously, but rather consists of a mixture of solid
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and liquid phases.

I. INTRODUCTION

Pulsed-laser melting of semiconductors has been the
subject of extensive study for the last 7 to 8 years and the
nature of the pulsed-laser annealing process is well estab-
lished: If a light pulse of sufficient energy density E; is
incident upon the surface of a semiconductor, the near-
surface region of the sample will melt.! The time of onset
of melting and the melt duration depend in a complicated
fashion on the materials properties and on the parameters
of the laser pulse, including its wavelength, pulse duration
and shape, and E;. Melting-model calculations® have
been carried out to describe the results of time-resolved re-
flectivity measurements on Si using a ruby laser,>~* and a
Nd:YAG frequency-doubled laser’ (here YAG denotes yt-
trium aluminum garnet), as well as the results of time-
resolved electrical conductivity measurements using a
ruby laser.$

Throughout the study of the pulsed-laser annealing pro-
cess, time-resolved optical measurements have played a
central role. The earliest time-resolved reflectivity (TRR)
measurements were carried out by Sooy et al.,’ where
they found that the reflectivity underwent a large increase
which lasted for several tens of nanoseconds after laser ir-
radiation and was attributed to a phase change to a metal-
lic state. Later TRR experiments by Auston ez al.® attri-
buted the increase in reflectivity to the melting of the
semiconductor surface, since liquid semiconductors gen-
erally are metallic and therefore will have a higher reflec-
tivity than the hot, solid semiconductor at the same probe
wavelength (632.8 nm for the experiments of Auston
et al.). However, the reflectivities measured by Auston
et al. for 632.8-nm light polarized perpendicular and
parallel to the plane of incidence were significantly lower
than those determined from the ellipsometry measure-
ments of Shvarev et al.’

In a later set of experiments Lowndes et al’ and
Lowndes* examined the TRR as well as the time-resolved
transmission (TRT) of silicon irradiated with a ruby laser.
It was found that the transmission through the silicon
sample went to zero at the same time that the reflectivity
increased to the high-reflectivity value, consistent with the
near-surface region undergoing a phase transition to a me-
tallic state. Another result of these experiments was that
the normal-incidence reflectivity of the high-reflectivity
phase was measured to be 72%, in close agreement with
the value of 73% determined from the results of Shvarev
et al.;’ in these experiments, great care was taken to prop-
erly focus the probe-laser beam and to use collection op-
tics in order to collect all the reflected light. The results
of the TRR and TRT measurements compared well with
melting-model calculations. Lowndes et al.’ performed
TRR measurements of silicon during irradiation with a
frequency-doubled Nd:YAG laser. In this set of experi-
ments, the time of the onset of melting was also measured
and by comparison with model calculations, was found to
be very sensitive to the optical and thermal properties of
the hot, solid material just before it melts. It was con-
cluded that the absorption coefficient at the wavelength of
the frequency-doubled Nd:YAG laser (532 nm) must be
intensity dependent.

Recently, Jellison and Lowndes!® performed time-
resolved ellipsometry (TRE) measurements during the
pulsed-laser irradiation of silicon with an excimer (KrF,
wavelength of 248 nm) laser, using a 632.8-nm probe-laser
wavelength. From these measurements, they concluded
that the optical constants of liquid silicon at 632.8 nm
were given by n =3.8 and k =5.2 (resulting in a normal-
incidence reflectivity of 71.5%), in minor disagreement
with the results of Shvarev er al.’ In addition, they were
able to determine the effective surface temperature for
hot, solid silicon before and immediately after the molten
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phase, which indicated that the hot solid reached
~ 1400 °C before undergoing the phase transition.

In this paper, we present the results of TRR measure-
ments during pulsed KrF (248 nm) excimer laser irradia-
tion of both silicon and germanium. The TRR measure-
ments were performed at two different probe-laser wave-
lengths (632.8 and 1152 nm), using cw lasers focused on
the same spot. From these measurements, we are able to
determine the following: (1) duration of the melt as a
function of laser-energy density, (2) time of onset of melt-
ing as a function of laser-energy density, (3) reflectivity of
the hot solid just before the onset of melting for both Si
and Ge at 632.8 and 1152 nm, and (4) reflectivities of Si
and Ge in the liquid phase at 632.8 and 1152 nm.

An excimer laser has several advantages over solid-state
lasers (such as ruby or Nd:YAG) for TRR measurements
and the subsequent interpretation: (1) The energy density
and pulse shape are reasonably constant from pulse-to-
pulse (~5%) and, with care, the energy density of each
laser pulse can be monitored to 2%. (2) Because excimers
are multimode lasers, the transverse homogeneity of the
laser beam is very good (we measure ours to be +5% for
an aperture size of 50 um), without using bent light rods
or diffuser plates. (3) Since the excimer laser radiation is
in the uv, the absorption coefficient for most semiconduc-
tors is very large (> 10%/cm), and is effectively taken out
of the experiment. The one disadvantage of excimer
lasers for TRR measurements is that the reflectivities of
semiconductors in both the hot, solid and liquid states are
large but not precisely known at the excimer wavelengths.
We give the results of melting-model calculations, where
the reflectivities of the solid and liquid states have been
used as fitting parameters to determine the time of the on-
set of melting and the melt duration. Self-reflectivity (the
reflectivity of the pump excimer radiation) measurements
of Si and Ge during pulsed KrF laser irradiation allowed
us to determine the ratios of the reflectivities of the hot
solid to those of the liquid. A comparison of these results
with the reflectivities determined using the melting-model
calculations showed good agreement.

In studying the TRR of Si during pulsed excimer laser
irradiation, Jellison et al.!! found that the maximum re-
flectivity increased monotonically with E; for values just
above the melting threshold. In this work, we present the
details of these measurements on Si, as well as results on
Ge. The interpretation requires that the melt-in process
be considered inhomogeneous; that is, melting does not
occur at a well-defined planar melt front, but rather the
front-surface region consists of a mixture of solid and
liquid, where the fraction of liquid and the thickness are
time dependent. Also, we present a reinterpretation of the
TRE experiments of Jellison and Lowndes,'° which allows
us to quantify the fraction of solid and the depth of the
solid-liquid mixture as a function of time. The implica-
tions of these results for melting-model calculations are
briefly considered.

II. EXPERIMENT

The Lambda-Physik 210 KrF excimer laser (248 nm=35
eV) used for the experiments has a pulse width of ~38 ns
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full width at half maximum and can produce up to 1.3
J/pulse. Energy densities up to 1.8 J/cm?, uniform to
~35% over an area ~3 mm in diameter, were obtained by
focusing the incident laser beam. A typical time profile
of the pulse from this laser is shown in the bottom panel
of Fig. 1, although it was observed that there were slight
differences in the pulse shape depending upon the trans-
verse position in the laser beam. A beam splitter (Suprasil
polished on both sides) was placed in front of the sample
to monitor the energy of each laser pulse with a micro-
joule meter, which was interfaced to a laboratory comput-
er.

The silicon samples used were 5 Qcm n-type float-
zoned silicon wafers cut on the 100 face and polished.
Three germanium samples were used: (1) 0.1 Qcm, p-
type, cut on the (111) face; (2) 0.1 Q cm, p-type, cut on the
100 face; and (3) high-purity (~ 10° electrically active sites
per cm?®), p-type, cut on the (111) face, supplied by OR-
TEC, Oak Ridge, TN. No difference in the TRR was ob-
served among the three different Ge samples.

During the course of these experiments, it was found
that it was necessary to clean all samples with appropriate
solvents to remove any organic surface contaminants just
before the experiment. In addition, it was necessary to re-
move the surface oxide from the Ge samples within a few
hours of the experiment, because Ge tends to oxidize
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FIG. 1. Time-resolved reflectivity of Ge (top panel) and Si
(bottom panel) at 632.8 nm during pulsed KrF excimer laser ir-
radiation. The time profile of the laser pulse is shown in the
bottom panel, for which the y axis is in arbitrary units. The
numbers in the figure refer to the energy density in J/cm? of the
laser pulse.
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quickly, and the Ge oxide (unlike SiO,) is not transparent
to the 248-nm light.!> In addition, excimer laser irradia-
tion of Ge with energy densities large enough to melt the
front surface region results in a significant growth of ox-
ide. (~ 100 shots of excimer radiation on Ge with an en-
ergy density of ~0.4 J/cm? results in ~80 nm of oxide.)
Therefore, we were careful to irradiate each spot on the
sample only once. Although this problem is much less
important for the case of silicon, the same precaution was
taken for the silicon experiments.

The two probe-laser beams of 632.8 and 1152 nm were
coincident on the sample surface (within ~30 pum) and
were focused to a spot size <50 um in diameter. The re-
flected light was collected simultaneously using a polished
Si beam splitter and two Si avalanche photodiodes
(APD’s), connected to two Tektronix 7912A/D waveform
digitizers. The digitized data was transferred to a labora-
tory computer for convenient data acquisition and
analysis. The rise time of the entire system was ~ 1 ns.

The computerization of the experiment greatly facilitat-
ed the data analysis, in that the baseline could be con-
veniently subtracted, and the data properly normalized by
taking an average reflectivity trace on the unirradiated
sample and comparing this with the known value of the
reflectivity of either Si or Ge at 632.8 or 1152 nm. In ad-
dition, it was noted that the 1152-nm probe-laser intensity
was modulated with a 2-ns oscillation (probably due to
longitudinal mode beating), which could be effectively
eliminated by Fourier transforming the TRR, filtering out
the spurious oscillation, and then Fourier transforming
back to get the filtered TRR. In some cases, the comput-
er was used to perform energy-discriminated signal
averaging; each TRR trace was loaded into the computer,
along with the energy density measured with the micro-
joule meter, and the signal averaging performed only for
traces of similar energy density.

Since all the TRR data was stored on a floppy disk, it
was possible to have the computer perform the calcula-
tions necessary for the determination of parameters such
as the melt duration and the time of the onset of melting.
To determine the onset of melting, a linear least-squares
fit was obtained for the reflectivity versus time (1) for
times less than the melt onset and (2) for times just above
the melt onset but before the reflectivity reaches the value
for the high-reflectivity phase. The intercept of these two
lines gives an accurate determination of the time of the
onset of melting and for the reflectivity at this time. The
time of the end of melting was determined in a similar
manner, using the reflectivity versus time after the end of
the high-reflectivity phase. The melt duration was calcu-
lated as the time of the end of the melt minus the time of
the onset of melting.

In order to determine the reflectivity of Si and Ge in
the hot solid and the liquid phases, self-reflectivity mea-
surements were made. For this experiment, a piece of
Supracil quartz was used as a beam splitter. Approxi-
mately 5% of the light reflected from each surface of the
beam splitter was focused through a converging lens
(placed at twice the focal length of the lens from the sam-
ple surface) to a fast-response, uv-enhanced phototube
(also placed at twice the focal length of the lens from the
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lens). The reflected light passed through a 100-um aper-
ture at the photodetector, resulting in a 100-um spot on
the sample surface being imaged onto the photodetector.
A 248-nm narrow bandpass filter was also placed in the
light path to eliminate any spurious light (such as
luminescence from the sample or any of the optical ele-
ments). Simultaneously, the TRR of the sample surface
was recorded, allowing us to know precisely when the
sample surface melted. Because of the small but signifi-
cant transverse inhomogeneities in the laser beam, the
self-reflectivity from different energy densities could not
be compared, but it was possible to compare the time-
resolved ratio of the reflectivities of Si and Ge for the
same energy density. In this way, we were able to deter-
mine the ratio of the reflectivities of the hot solid and the
liquid for both Si and Ge.

III. RESULTS AND DISCUSSION

A. TRR before melting occurs

Figure 1 shows the 632.8-nm reflectivity of both ger-
manium (top) and silicon (bottom) as a function of time
for several different E;’s near the melting threshold.
Similar traces were obtained for the 1152-nm reflectivity,
but are not shown. The reflectivity of Si at both 632.8
and 1152 nm, as well as Ge at 1152 nm, increases mono-
tonically with time during the laser heating until the sur-
face melts, resulting in a large increase of the reflectivity.
The reflectivity of Ge at 632.8 nm first increases and then
decreases with time during laser heating (this is not clear
from Fig. 1, but becomes obvious on an expanded scale)
until the surface becomes molten, when again there is a
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FIG. 2. The reflectivity of Ge and Si as a function of tem-
perature in the solid phase at three different wavelengths (given
in nm). The solid lines refer to interpolations of data in the
literature (see the text for appropriate references), while the dot-
ted lines refer to linear extrapolations to the melting point of the
material. The closed dots refer to the values of the reflectivity
obtained at the transition from solid to liquid from this work
(see text).
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large increase in the reflectivity.

The behavior of the reflectivity of Si and Ge in the
solid phase is due to heating by the laser pulse. Figure 2
shows the reflectivity of Si and Ge in the solid phase at
1152, 632.8, and 248 nm as a function of temperature.
The solid lines represent interpolations of data found in
the literature, while the dotted lines represent linear extra-
polations of this data. The data for Si and Ge at 1152 and
632.8 nm are from Jellison and Burke,'? while the data for
Si at 248 nm are from Francois et al.,'* and the data for
Ge at 248 nm are from Vifia et al.'’> The dots are mea-
surements of the reflectivity just before the onset of the
high-reflectivity phase, and are placed at the melting tem-
perature of the material (Si: 1410°C; Ge: 937 °C).

As can be seen from Fig. 2, the dots representing the re-
flectivity just before the onset of melting lie above the ex-
trapolated values of the reflectivity of the hot solid at the
melting point of both Si and Ge. This can be interpreted
in several different ways, including the following: (1) The
solid is superheated ~200%+150°C for Si and
~300+200°C for Ge before the onset of melting or (2)
the extrapolation of the temperature-dependent reflectivi-
ty is not linear, as assumed. In these experiments, no sig-
nificant dependence of the reflectivity just before the on-
set of melting on energy density was observed.

B. TRR just above the melting threshold

Many of the traces shown in Fig. 1 correspond to ener-
gy densities just above the melting threshold. Two obser-
vations can be made from the data presented in Fig. 1, as
well as many other traces not shown: (1) The maximum
reflectivity increases with increasing energy density from
the value expected for hot solid Si or Ge at the melt
threshold (0.65 J/cm? for Si and 0.32 J/cm? for Ge) to
that expected for the liquid. This transition does not
occur abruptly, but rather over a finite energy density
range; full melting does not occur until E; is ~25%
greater than threshold. (2) The duration of the partial
melt (see Sec. II for the definition of melt duration) under-
goes a discontinuous jump with increasing energy density;
no melt durations less than 20 ns were observed for laser-
irradiated Si, or less than 25 ns for laser-irradiated Ge.
For energy densities just above the melting threshold, the
melt duration is independent of energy density.

This behavior has previously been reported by Jellison
et al.!! for excimer laser-irradiated Si. In Ref. 11, it was
stated that the one-dimensional melting model®? cannot
be used to explain this result, since the melt duration
would be expected to approach zero continuously. In this
paper we show that the same effect is observed for exci-
mer laser-irradiated Ge. In Ref. 11, it was also pointed
out that the discontinuity of the melt duration as a func-
tion of energy density is consistent with a partial melting
analysis, where the near-surface region can be considered
as a mixture of solid and liquid during the melt-in pro-
cess. This is discussed quantitatively in the next subsec-
tion.

C. Time-resolved ellipsometry (TRE)

In Ref. 10, Jellison and Lowndes presented TRE data
for Si irradiated with a KrF excimer laser. From ellip-

sometric measurements, it is possible to determine proper-
ties of the reflected light other than the magnitude; in par-
ticular, the phase difference between r; and 7, (A) and the
magnitude of 7, /r; (tany) can be measured, where 7, and
rp are the Fresnel reflection coefficients perpendicular and
parallel to the plane of incidence, respectively. Likewise,
the polarized reflectivities R; and R, can be determined
from the TRE experiments. The additional parameters
available from a TRE experiment place valuable con-
straints on the interpretative model.

If the melt-in process is assumed to be one-dimensional
with a well-defined and sharp melt front separating the
liquid surface layer and the solid beneath, there is only
one free parameter (the liquid thickness) to use in a calcu-
lation of the reflectivity as a function of time. Since TRE
measurements give two independent parameters (¢ and A),
it is possible to calculate two values of the liquid thickness
for each time. These values are shown in Fig. 3 for Si ir-
radiated with 0.80 J/cm? (just above the melt threshold)
and in Fig. 4 for Si irradiated with 1.4 J/cm? (well above
the melt threshold). Clearly, the liquid thickness calculat-
ed from 1 is significantly less than that calculated from
A, indicating that the simplest model of the melt-in pro-
cess is not adequate.
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FIG. 3. Thickness of a liquid layer on Si as a function of
time during pulsed-laser irradiation at E;=0.8 J/cm? (just
above the melting threshold). Time=0 corresponds to the ini-
tialization of the melt. The dashed-dotted lines refer to the
thicknesses calculated from the ¥ vs time and the A vs time pro-
files obtained from time-resolved ellipsometry experiments. The
solid line, labeled EM, corresponds to the thickness versus time
obtained by the product of the effective medium thickness times
the fraction of liquid (see text).
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FIG. 4. Same as Fig. 3, but for E;=1.4 J/cm?, well above
the melt threshold.

A more realistic model is one in which the near-surface
region is assumed to consist of a layer of liquid and solid
coexisting (slush) just as melting begins. If the near-
surface region is modeled as an effective medium,'® with
liquid and solid coexisting, two free parameters (the thick-
ness of the effective medium layer D and the fraction of
solid in the liquid layer F;) can be determined from the
TRE parameters ¥ and A as functions of time; the results
are shown in Fig. 5(a) for Si irradiated with 0.8 J/cm? and
in Fig. 6(a) for Si irradiated with 1.4 J/cm.? With values
of D and F; determined, the reflectivities R; and R, can
be calculated and compared with experimental values
determined from the TRE experiments. These compar-
isons are shown in Figs. 5(b) and 6(b) and show that this
model is internally consistent. From the product
(1— F;)D, the effective thickness of the liquid can be ob-
tained and is shown here in Figs. 3 and 4 by the solid line
labeled EM.

For Si irradiated with 0.8 J/cm?, Fig. 5(a) shows that
F; decreases continuously to a value of ~0.2 at 12 ns
after the onset of melting, when it starts to increase again
to a value of 1 at 2425 ns after the onset of melting.
During this time the thickness of the effective medium
layer remains relatively constant at ~20 nm. For the case
of Si irradiated with 1.4 J/cm? (Fig. 6), the fraction of
solid decreases continuously to 0, at ~7 ns after the onset
of melting. The effective medium depth increases to ~ 12
nm, stays at this value for ~2 ns, and then continues to
increase with time. Therefore, even for energy densities
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FIG. 5. (a) Effective medium thickness D and fraction of
solid F; calculated from ¢ and A using the effective medium
theory (see text) for Si irradiated with KrF excimer laser pulses
E;=0.8 J/cm?. (b) The reflectivities for light polarized parallel
(R,) and perpendicular (R;) to the plane of incidence; the lines
refer to R, and R, calculated from the effective medium thick-
ness D and the fraction of solid F; given in (a) above, while the
points refer to actual experimental data points. Time=0 corre-
sponds to the initialization of the melt.
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sufficient to create a long-lived melt (~85 ns in this case)
it takes an appreciable amount of time for the near-
surface region accessible to the 632.8-nm probe beam to
melt completely.

The picture suggested by our effective medium model is
one in which the liquefaction of the near-surface region
occurs as a bulk process, with liquid inclusions forming
within the top 20 nm and then growing as more laser en-
ergy is absorbed. Phenomena similar to this have been re-
ported and discussed frequently in the literature!’ for both
cw and pulsed-laser irradiation of Si and Ge. Combescot
et al.'® have emphasized the importance of differences be-
tween the reflectivities and absorption coefficients of the
liquid and the solid in explaining inhomogeneous melting,
where the interaction of the coherent laser radiation with
surface waves is thought to play a role. We note here,
however, that at the 248-nm wavelength of the KrF exci-
mer laser, the absorption coefficient and the reflectivity of
Si change very little on melting and that excimer laser ra-
diation is not highly coherent. We suspect that the inho-
mogeneous melting apparently present in our experiments
is due to one or more of the following: (1) inhomo-
geneities in the spatial distribution of the laser radiation;
(2) microscopic imperfections of the sample surface;
and/or (3) the phase nucleation process itself.

One limit that the model used here places on the
geometry of the liquid inclusions is that they must be
smaller than the wavelength of the probe light used (632.8
nm), since the effective medium approximation assumes
coherent reflections. If they were larger than the wave-
length of light, another model, based on incoherent reflec-
tions would be used. We also attempted to fit the data
with this model, and were unable to obtain convergence,
indicating that the model based on incoherent reflections
was not reasonable. The effective medium model used
here still represents a simplification of the real situation
during laser melt in. A more realistic model would treat
the near-surface region with several layers, each described
by a fraction of solid and a thickness. However, it would
not be possible to determine these extra parameters from
the TRE measurements, since there are only two mea-
sured parameters ¥ and A.

D. The time of the onset of melting and the melt duration

Two parameters that can be determined from TRR
measurements for comparison with melting-model calcu-
lations are the melt duration and the time of onset of
melting. The time of the onset of melting will be sensitive
only to the optical and thermal properties of the solid (in-
cluding the temperature dependence), while the melt dura-
tion, particularly for long melt durations, will be sensitive
primarily to the optical and thermal properties of the
liquid. The resulting values of the melt duration for both
Si and Ge irradiated with a KrF excimer laser are shown
in the top panel of Fig. 7, while the time of the onset of
melting is shown in the bottom panel of Fig. 7. For ener-
gy densities well above the melting threshold, the melt
duration increases monotonically with energy density for
both Si and Ge, with the increase being much larger for
Ge than for Si. The lines give the results of melting-
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FIG. 7. The melt duration (top) and the time of the onset of
melting (bottom) as a function of irradiation laser-energy density
for both Si and Ge. The lines represent the results of melting-
model calculations, while the data points indicate some of the
experimental results.

model calculations described in Sec. IV. There is good
agreement between the measured and calculated melt
durations and times of onset of melting for both Si and
Ge.

E. Optical properties of the liquid

It is possible to obtain the values of the reflectivity in
the liquid from the TRR data; the values are shown in the
bottom panel of Fig. 8 for both Si and Ge by the filled-in
data points. The values of the reflectivity determined
from the data of Shvarev et al.’ for Si and Hodgson' for
Ge are shown in the bottom panel of Fig. 8 by the open
circles (Si) and the open squares (Ge). Values of the re-
flectivity at 248 nm (=5 eV) are also shown by filled-in
data points, determined by comparison of the observed
melt duration and the melt duration obtained from
melting-model calculations (see Sec. IV). For Ge, values
of the reflectivity determined from this work and from
the results of Hodgson agree. For Si, our values disagree
somewhat with the results of Shvarev et al. but the value
of the reflectivity at 632.8 nm does agree with the value
determined from TRE measurements.'® This discrepancy
of our results with those of Shvarev et al. is discussed in
Ref. 10.

The values of the optical-absorption coefficient (a) for
Si and Ge can also be determined from Refs. 9 and 19,
respectively, and are shown in the top panel of Fig. 8. As
can be seen, a increases with increasing photon energy,
and is on the order of 10® cm™! for all photon energies for
both liquid Si and Ge. There is no disagreement between
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FIG. 8. The optical properties of liquid Si (circles) and Ge
(squares) as a function of photon energy. The top panel shows
the absorption coefficient (a), while the bottom panel shows the
reflectivity (R). The open circles are the results of liquid Si, ob-
tained from Ref. 9, while the open squares are the results of
liquid Ge, obtained from Ref. 19. The closed circles and
squares are results from this work.

the values of a at 632.8 nm between Refs. 9 and 10. Since
a is so large at 5 eV, most of the light is absorbed in
the first 200 A of the liquid and the results of heat-flow
calculations will not be strongly dependent on small
changes in a. Since a is also on the order of 10 cm~! in
the solid state at 248 nm for both Si and Ge, it effectively
drops out of the heat-flow calculations.

F. Self-reflectivity measurements

The self-reflectivity measurements allow us to deter-
mine the ratio of the reflectivities of Si and Ge at 248 nm
as a function of time during pulsed excimer laser heating
(Sec. II). Because of the uncertainties in determining ab-
solute reflectivities using this method, only relative
changes in this ratio during a given laser pulse are con-
sidered reliable; the error limits of the ratio are +5%.
The following conclusions can be determined from these
measurements:

(1) The ratio of the reflectivity of crystalline Ge [ R (c-
Ge )] to that of crystalline Si [ R (c-Si)] decreased ~5%
during a 0.30 J/cm? pulse (slightly below the melting
threshold of c-Ge, but well below the melting threshold of
¢-Si). Since it is known that R (c-Ge) decreases ~20% in
going from room temperature to the melting point, this
indicates that R (c-Si) also decreases with increasing tem-
perature.

(2) The ratio of the reflectivity of liquid Ge [ R (/-Ge)]
to R(c-Ge) is 1.17+£0.05, while the ratio
R (1-Si)/R (c-Si) is 1.15+0.05, with the reflectivity of the
crystalline materials measured near their melting points.

These results can be compared with the average reflec-
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tivities of the solid and liquid, determined from compar-
isons of melting-model calculations with time of onset of
melting and melt duration data, discussed in the next sec-
tion.

IV. MELTING-MODEL CALCULATIONS

In the process of pulsed-laser heating of semiconduc-
tors, it is known that the time to convert the energy of
electron-hole pair formation to heat is on the picosecond
time scale (see Chaps. 4 and 6 of Ref. 1). Since the laser
annealing process considered in this paper uses
nanosecond laser pulses, it is appropriate to assume that
all the absorbed excimer laser light is converted immedi-
ately to heat. As a result, the pulse-laser annealing pro-
cess can be treated by the usual heat-diffusion equation
with the laser pulse as a heat source term and with the in-
clusion of phase change capabilities (see Refs. 1 and 2).

The application of the “melting model” to an actual
pulsed-laser annealing experiment is complicated by the
lack of information about the temperature dependence of
the optical and thermal properties of the material under
study. The thermal conductivities of solid Si and Ge have
been measured as a function of temperature by many
groups, but particularly accurately by Glassbrenner and
Slack.?’ However, the thermal conductivities of liquid Si
and Ge have not been accurately measured and, therefore,
we have employed the Wiedemann-Franz law to obtain
the thermal conductivity of both /-Si and /-Ge. Graphs
of the temperature-dependent thermal conductivities used
in our calculations are given in Chap. 4 of Ref. 1. The
temperature-dependent specific heats of solid Si and Ge
were taken from the compilation of Hultgren et al.?' The
specific heat of the liquid has not been accurately mea-
sured, and was assumed to be approximately equal to that
of the solid at the melting temperature. (The melt dura-
tion is not very sensitive to the specific heat of the liquid.)

The optical absorption coefficients of Si and Ge are
also not known accurately at 248 nm, but they are known
to be > 10% cm~! and therefore do not enter significantly
into the results of the melting-model calculations. An ex-
trapolation of the results shown in Fig. 8 allow us to as-
sume that a=1.5x10%/cm for /-Si and @=1.3Xx10%/cm
for I-Ge. In the solid phase, we have chosen
a=1.8X10%/cm for ¢-Si and a=1.6x10%/cm for c-Ge,
taken from the room-temperature results of Aspnes and
Studna.?? Since these values are all greater than 10%/cm,
most of the laser radiation will be absorbed and converted
into heat in the first 200 A of the sample; because a is so
large, uncertainties of a factor of 2 or more have no signi-
ficant effect on melting-model calculations.

The reflectivities of Si and Ge at 248 nm (=5 eV) are
other quantities not known accurately, and unfortunately
they do have a significant effect on melting-model calcu-
lations. The melt duration and the time of the onset of
melting determined from model calculations are particu-
larly sensitive to the reflectivities of the liquid and the
solid, respectively. This is particularly true when the re-
flectivity is large, since the amount of energy coupled into
the material is proportional to (1—R); a one-percentage
point error in R for R =60% results in a 2.5% error in
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the amount of energy coupled into the sample. The opti-
cal functions of solid Si determined by Jellison and
Modine?’ only extend to 4.7 eV and up to 700°C, but the
reflectivity of Si determined by Fancois et al.'* extends to
5.5 eV and up to 700°C and are plotted in Fig. 2 for 248
nm (=5 eV). The optical functions of solid Ge have been
determined by Vifia et al,'® but there is sufficient
discrepancy between their results and the results of
Aspnes and Studna?? at room temperature and at 5 eV to
question the accuracy of one or both sets of measure-
ments.

The melting-model calculations were carried out using
both the HEATINGS computer code’ and a newly
developed code LASERS (described in detail in Ref. 24).
No overheating or undercooling of the solid-liquid inter-
face was assumed. In the calculations described here, the
reflectivities of the solid and liquid were adjusted to ob-
tain a good agreement between the calculated and experi-
mentally determined onset of melting and melt duration
as a function of laser-energy density. The resulting fits
are shown in Fig. 7 and the values of the reflectivities are
listed in Table 1.

The ratios of the reflectivities in Table I can now
be compared with the ratios obtained from the
self-reflectivity =~ measurements. From  Table I
R (I-Ge)/R (c-Ge)=1.08, while the self-reflectivity re-
sults yield 1.17 for this ratio. However, the self-
reflectivity results show the ratio of the reflectivities of
the liquid to the solid at the melting point, while the ratios
obtained from Table I assume average reflectivity in the
solid phase. From Fig. 2, we see that the reflectivity of
¢ -Ge decreases from 65% at room temperature to 55% at
the melting point. This results in an average reflectivity
in the solid phase of 60%, in agreement with the value
shown in Table I, and a self-reflectivity ratio at the melt-
ing point of 1.18, in agreement with the ratio obtained
from the self-reflectivity measurements.

For the case of Si, we get R(/-Si)/R(c-Si)=1.11, in
reasonable agreement with the self-reflectivity result of
1.15. We do not have reflectivity data extending up to the
melting for Si, but for the liquid reflectivity in Table I,
the self-reflectivity ratio gives R =0.61 for solid Si near
melting. From Ref. 14, the reflectivity of c-Si starts at
67% at room temperature, and decreases quickly to 65%
as the temperature is increased to 300°C; therefore, an
average reflectivity of 63% for ¢-Si is quite reasonable.

The use of a one-dimensional melting analysis may be
questioned in view of the inhomogeneous melting dis-

TABLE 1. The reflectivities of solid and liquid silicon and
germanium at 248 nm determined by fitting the calculated
values of the melt duration and the time of the onset of melting
to the experimental values. The values of the reflectivity in the
solid represent an average over the temperature range from
room temperature to the melting point.

Material Solid Liquid Ratio
Si 0.63 0.70 1.11
Ge 0.60 0.65 1.08
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cussed in Sec. III. In principle this is a valid concern,
especially for energy densities near the melting threshold,
when the front surface does not become completely mol-
ten. However, our definition of the onset of melting is
tied to the time the reflectivity just begins the sharp rise
from its hot solid value, whereas inhomogeneous melting
effects the rate of increase from that value to the high-
reflectivity value. Thus the onset of melting is not greatly
influenced by the inhomogeneities. Near threshold, the
melt duration is effected by inhomogeneous melting and
the calculations of this quantity do not agree particularly
well with experiment until E; is ~0.1—0.2 J/cm? above
threshold. For Si at E;=1.4 J/cm?, the calculated posi-
tion of the melt front agrees very well with the effective
medium curve on Fig. 4 and, as Fig. 7 shows, the calcu-
lated and measured melt durations are in excellent agree-
ment. Thus there seems little doubt that a one-
dimensional calculation is appropriate for most of the E,
range considered here.

V. SUMMARY

Time-resolved reflectivity and ellipsometry measure-
ments have been made during pulsed excimer laser irradi-
ation of Si and Ge. From these measurements, we have
been able to determine values for the time of onset of
melting and melt duration as functions of irradiation en-
ergy density. These values were compared with the results
of melting-modeling calculations, in which the optical re-
flectivity of the solid and the liquid were the only adjust-
able parameters. The values of the reflectivities thus es-
tablished are in good agreement with the results of self-
reflectivity measurements and are given in Table I.

It is possible to obtain the values of the reflectivities of
the liquid and the hot solid just before melting at the two
probe wavelengths used (632.8 and 1152 nm) from the
time-resolved reflectivity measurements. The reflectivities
of liquid Si and Ge shown in Fig. 8 are in good agreement
with previously reported results for Ge. The minor
disagreement with previous results for liquid Si may be
due to small errors in the measurements of Shvarev
et al.’ as discussed in Ref. 10. The values of the reflec-
tivities of the hot solid determined from the time-resolved
reflectivity measurements are slightly above the values
one would expect from an extrapolation of constant tem-
perature measurements, perhaps indicating either a small
superheating effect or a nonlinear temperature dependence
of the reflectivity.

Near the melt threshold, it has been observed that the
melt duration never gets below 20 ns for Si or 25 ns for
Ge; furthermore, the maximum reflectivity increases
monotonically with energy density over a finite energy
density range from threshold (0.32 J/cm? for Ge and 0.65
J/cm? for Si) to approximately 25% above the threshold.
This observation cannot be explained by a simple melt-in
model, where the melt front is assumed to start at the
front surface and proceed into the material parallel to the
front surface. A reinterpretation of time-resolved ellip-
sometry results indicates that the front surface melts in-
homogeneously, where the front surface region consists of
a mixture of solid and liquid phases coexisting for some



time. For energy densities just above the melt threshold,
the front surface region never becomes fully molten, while
for energy densities well above the melt threshold, the
melting of the near surface region can take a significant
amount of time (7 ns for the case of 1.4 J/cm?).
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