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Phase transformations at the Si—H,O interface, induced by nanosecond pulsed laser
irradiation, were studied in real time. Si samples were irradiated using a 4 ns pulse from a
Q-switched frequency-doubled Nd: YAG laser while immersed in the transparent liquid. Using
time-resolved conductivity and reflectivity techniques, in combination with modeling of
optical parameters and heat flow, transient processes in the Si, the H,O, and at the interface
have been unraveled. In the liquid, local rapid heating occurs as a result of heat flow across
the interface, and formation of a low-density steam phase occurs on a nanosecond timescale.
Expansion of this phase is followed by a collapse after 200 ns. These rapid phase
transformations in the water initiate a shock wave with a pressure of 0.4+ 0.3 kbar.
Transient phase transformations and the heat flow into the water during the laser pulse
influence the energy coupling into the sample, resulting in an effective laser pulse shortening.
The pulse shortening and the additional heat flow into the water during solidification result in
a 30% enhancement of the solidification velocity for 270 nm deep melts. Cross-section
transmission electron microscopy data reveal that the Si surface is planar after irradiation and
is inert to chemical reactions during irradiation. Recent experiments described in the literature

concerning pulsed-laser induced synthesis at the solid-liquid interface are reviewed and
discussed in the context of the fundamental phenomena presently observed.

I. INTRODUCTION

Pulsed-laser irradiation provides a convenient means
to induce rapid and often nonequilibrium phase transforma-
tions in solids. During the last ten years especially pulsed-
laser irradiation of semiconductors has been extensively
investigated and the nature of the various processes occur-
ring is now well established': during irradiation with a
nanosecond laser pulse, energy is absorbed in a shallow
surface layer with subsequent melting of the surface and
penetration into the solid. Following the laser pulse, the
molten layer solidifies as heat is conducted into the sub-
strate. Depending on the experimental conditions the sur-
face layer solidifies to an amorphous, polycrystalline, or
epitaxial monocrystalline phase. Various melting and so-
lidification scenarios including segregation and trapping of
impurities,”” *internal’ melt nucleation," surface solidifi-
cation," and ‘explosive’ crystallization'>" have been de-
veloped. These experiments have given insight into several
fundamental materials properties and nonequilibrium pro-
cess parameters.'*

Most investigations have been devoted to laser irradia-
tion at the solid-vacuum or solid-air interface. In those
cases, the heat-flow processes can be modeled with a one-
dimensional calculation’*> under the constraint of no ther-
mal or chemical interaction between the sample and the
ambient medium. The main focus of these experiments
was on the phase transformations of the solid.
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For the past five years, the solid-gas and solid-vapor
reactive systems have become a topic of research for
pulsed-laser processing, mainly for technological reasons.
Using pulsed-laser irradiation it is possible to induce
chemical reactions at these interfaces. Under these condi-
tions the gas or vapor itself does not usually influence the
thermal transport phenomena in the solid. A variety of ex-
periments have been performed, concerning melting of a
surface layer of the substrate followed by incorporation of
species from the gas. Stable and metastable compound
films with submicron thickness,”*® as well as shallow
doped surface layers,” >’ can be synthesized using these
techniques.

Recently, laser irradiation at the solid-liquid interface
has become an important new alternative also. In this case,
a shallow surface layer of the solid is melted using a
pulsed-laser incident through a surrounding liquid ambient.
From an applied point of view, this technique offers in-
teresting possibilities similar to those of the solid-gas or
solid-vapor reactions: reactive species from the liquid can
be incorporated in the locally molten solid.™*" However,
because of the high density in the liquid the reaction ef-
ficiency is much higher. In addition, the close thermal
coupling between the two media causes the heat flow char-
acteristics in the solid material to be modified by the pres-
ence of the liquid medium. Hence, the quench rate to the
solid phase can be enhanced by this technique.*' This is
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important since the quench rate is the primary parameter
controlling the segregation and trapping of impurities'®®
and the structural phases of the material following solidifi-
cation.”**** Until today, results concerning laser irradia-
tion at the liquid-solid interface have been reported for the
Si—, Fe—, Ti—, Ta—, and Be-H,O systems, the Ti—, Zr—,
Hf-, V-, Nb—-, Be—, and Ta-liquid N, systems, and the
Ti-NH,, Si-SbCl,, Si-C,,H,;0,P, and W-C,H, sys-
tems.”*' However, many questions concerning the fun-
damental transient processes at the solid-liquid interface
remain unanswered.

Apart from the technological need to elucidate the
interface reactions, there is a fundamental interest in laser
irradiation at the liquid-solid interface. Using nanosecond
pulses the liquid near the liquid-solid interface will be
heated far from equilibrium and it is interesting to follow
the processes in the liquid in real time. Additionally, the
quench rate enhancement in the solid is interesting from a
theoretical viewpoint as this rate is central to the study of
nonequilibrium liquid-solid interface dynamics.

In the present experiments, phase transformations
were studied during pulsed-laser irradiation at the Si—H,O
interface. This system is chosen as a model system be-
cause the optical and thermal properties of the two media
are well known. Furthermore, in this system the Si does
not react with the H,O. These properties enabled us to un-
ravel the distinct transformations in the liquid from those
in the solid. Using transient reflectance techniques and
modeling of heat flow and optical parameters, we studied
local ultra-rapid heating effects in the water. Transient
vapor formation, -expansion, -collapse, and subsequent
shock wave formation effects have been investigated. In
addition, the influence of phase transformations in the
water on the laser energy coupling into the sample was
studied. Time-resolved conductivity measurements were
used to study the influence of the presence of the water
layer on the quench rate in the molten solid. The observed
phenomena are analyzed in terms of standard heat flow.
The results are applied to other experiments described
in the literature concerning laser-induced synthesis at the
liquid-solid interface.

Il. EXPERIMENTAL

Both bulk Si (100) and 500 nm Silicon On Sapphire
(SOS) samples were used in these experiments. The SOS
samples were patterned photolithographically to yield sam-
ples for transient conductance measurements. The transient
conductance technique,* utilizing the 30-fold increase in
conductivity of Si upon transformation to the liquid phase,*
monitors the molten Si thickness in real time. Samples
were positioned in a transparent reservoir which was filled
with de-ionized water at room temperature. A schematic
diagram of the setup is shown in Fig. 1.

Samples were irradiated with a single pulse from a Q-
switched frequency-doubled Nd:YAG laser operating at
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FIG. 1. Schematic drawing of the experimental setup.

A = 532 nm and a pulse width of 4 ns Full Width at Half-
Maximum (FWHM). Laser energy was coupled into the
sample through a quartz guide diffusor.* All conductance
measurements were performed at a sample-to-lightguide dis-
tance of 0.6 mm with an estimated nonuniformity of 5%
over the 6 mm diameter of the spot. No chemical etch
treatment was applied to the samples before irradiation.

During irradiation, the optical properties of the Si-
water interface were probed at a glancing angle of 79° rela-
tive to the surface normal by transient optical reflectance®’
using a continuous wave semiconductor laser operating at
A = 780 nm. Both the s (perpendicular) and p (parallel)
polarizations were monitored. The reflected intensities
were monitored through narrow-band transmission filters
using a fast photo-diode. Although the conductance mea-
surements were performed on SOS samples, reflectivity
measurements had to be performed on bulk single crystal
samples to avoid unwanted interference effects of reflec-
tions from the three interfaces of SOS samples. To study
acoustical effects in the water, the sample-to-lightguide
distance was varied in the range 0.6-5.0 mm. For these
distances a nonuniformity of =5% was estimated for the
center | mm diameter area in the spot on which reflectance
measurements were actually employed. Both conductance
and reflectance data were acquired with >500 MHz band-
width, Reference samples were irradiated in air in the
same configuration prior to the introduction of water.

The relative laser energy incident on the lightguide
was measured within 5% using calorimetry. It should be
noted that the energy at the output end of the lightguide in
air is different from that in water, as different conditions
for internal reflection in the lightguide hold for the two
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situations. Determination of the absolute value of incident
energy under water was not possible, and hence a direct
comparison of the energy densities incident in water and
air could not be made.

Cross-sectional Transmission Electron Microscopy
(TEM) was employed to study microstructural changes in
the samples following irradiation.

lll. RESULTS
A. Phase transformations in the Si
1. Transient conductivity

Comparisons of the melt and solidification dynamics
for SOS samples irradiated in air and in water are shown in
Fig. 2. The two transients shown in Fig. 2(a) were selected
to show comparable maximum melt depth. The inset in the
figure shows an enlarged view of the melt turn-around
points. Figure 2(b) shows the corresponding liquid-solid
interface velocities during solidification obtained by nu-
merical differentiation of the curves in Fig. 2(a). The fig-
ure shows that the melting and resolidification behavior for
irradiation under water is qualitatively similar to that in air:
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FIG. 2. (a) Melt depth transients for samples irradiated in air (dashed)
and under water (solid). The hatched region indicates the relative timing
of the laser pulse. (b) Liquid-solid interface velocities calculated from the
curves in (a).

rapid melt-in followed by a slower solidification transient.
However, for this peak melt depth of 270 nm the regrowth
behavior differs in the two experimental situations. Firstly,
the maximum quench velocity is enhanced from 5.2 m/s
to 6.8 m/s. As a consequence, the total duration of the
melt, obtained by extrapolating the slope in the straight
part of the transients in Fig. 2(a) to zero thickness, is re-
duced by 25%. Tails observed in Fig. 2(a) for + > 60 ns
are attributed to slight inhomogeneities in the irradiation
energy density and finite conduction in the underlying hot
solid Si. Secondly, a small but significant difference in
melt-in behavior is observed: the peak melt depth occurs
earlier in time for irradiation under water. This can be seen
in both the inset in Fig. 2(a) and the intercept with the ab-
scissa of the transients in Fig. 2(b). This phenomenon was
found to occur reproducibly over a large energy range.

The melting and solidification behavior was studied
for an extended range of energy densities. Figure 3 shows
the peak melt depth, determined from conductance mea-
surements, for samples irradiated under water and in air as
a function of the energy incident on the lightguide. The be-
havior of melt depth versus energy for samples irradiated
in air is similar to that in earlier work: above a threshold
energy necessary to induce surface melting, the melt depth
increases linearly with laser energy.” For samples irradi-
ated under water the behavior is qualitatively the same. As
previously noted, absolute values in laser energy cannot be
compared because of differences in energy coupling in the
two configurations.

Figure 4 shows the maximum regrowth velocity as a
function of peak melt depth for a series of samples irradi-
ated in air and water. The use of peak melt depth as the
abscissa minimizes the effect of differences in the energy
coupling in the two configurations. The behavior of sam-
ples irradiated in air is again similar to earlier work.* For
shallow (<150 nm) melts, the effect of the water is in-
significant compared to the scatter of the data. For deep
melts, however, the regrowth velocities under water are
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FIG. 3. Maximum melt depth as a function of laser energy incident at the
lightguide entrance (see text). Results for irradiation in air (open circles)
and water (closed circles) are compared.

J. Mater. Res., Vol. 4, No. 4, Jul/Aug 1989 845



A. Polman et al.: Pulsed-laser induced transient phase transformations

L10 ——

E [

- =

2 °F

o B ~

S 6 7

T 6 =] 06’. H - -1
> F ofe A
S 4_'_0{ Qo © —-—_—-—.ﬁ_:
s T AR ]
o | ]
o 2 -
14 - .
x’ i 1 1 'l 1 I 1 1 L i | I L i | 1 L I L L Il ]
S % 100 200 300 400

Maximum Meltdepth (nm)

FIG. 4. Maximum regrowth velocities as a function of maximum corre-
sponding melt depth for a series of samples processed at various energy
densities either in air (open circles, dashed line) or in water (closed cir-
cles, solid line).

substantially enhanced above those for the same melt depth
in air, increasing to approximately 30% for 300 nm melts.

2. Heat flow calculations

First order one-dimensional heat flow estimates were
made to model the heat transport at the Si—H,O interface
and the influence on the melting and solidification pro-
cesses in the Si.

a. Heat flow during the laser pulse: melt-in. A char-
acteristic limit of the heat flow from Si to water during the
laser pulse can be estimated from the thermal conductivity
in water and the heat diffusion length on the laser pulse
timescale. When we assume a temperature gradient of
2000 K (a characteristic temperature rise for the Si surface
for irradiation in air') over the thermal diffusion length
after 10 ns we find, using thermal data for water at the boil-
ing temperature, a heat flow of 3 X 10° W/cm’ into the
water. At an energy density of 1 J/cm’ the peak laser in-
tensity is / = 9 x 10" W/cm’. Hence heat flow into the
water can have an influence on the energy coupling into
the sample near the tail of the laser pulse.

b. Heat flow after the laser pulse: solidification. For
laser irradiation of Si immersed in water the solidification
velocity v is given to first approximation by

v-AH = k- (dT/dz) + O, (1)

where (dT/0dz) is the temperature gradient in the solid just
behind the moving Si liquid-solid interface, AH is the en-
thalpy of melting, and « is the thermal conductivity of the
solid. Q represents the heat flow to the water. For a given
experimental configuration, the thermal gradient is deter-
mined by ‘intrinsic’ parameters such as the laser absorp-
tion depth, pulse length, and thermal properties of the
substrate as well as by the thermal history of the material
during the experiment. For a shorter laser pulse, which re-

sults in a larger thermal gradient after melt-in, the solidifi-
cation velocity is larger.

An upper estimate of the heat flow into the water
through the liquid Si top layer can be evaluated from the
observed enhancement in solidification velocity if it is
assumed that this enhancement is completely due to the
Q term in Eq. (1). For the peak melt depth of 270 nm
(Fig. 2) the difference in quench rate Av between the two
cases studied is 1.6 m/s. According to Eq. (1) this corre-
sponds to an energy release from the Si into the water
during solidification of Av -+ AH = 6 X 10° W/cm’. Thus
for the integral solidification duration of 40 ns (see Fig. 2)
0.02 J/cm® (approximately 10% of the coupled laser
power) is transported to the water. This value is equal to
the amount of energy necessary to heat a water layer with
a thickness of 80 nm to 100 °C and vaporize it.* The ther-
mal diffusion length in water below the boiling point after
40 ns is 100 nm. Therefore indeed it seems reasonable to
assume that a water layer with this thickness can be heated
and vaporized. This will be discussed later.

The heat flow from the Si into the water after the
laser pulse calculated in this section is lower than the esti-
mated initial heat flow during the pulse (previous section).
This can be understood from the fact that (1) heat diffusion
decreases as a function of time as temperature gradients in
the water become smaller, (2) a formed steam layer at the
Si-water interface reduces the thermal coupling between
the two media.

c. Liquid undercooling. It is interesting to estimate
the liquid Si surface temperature during melting under
water. This can be evaluated from the heat flow across the
Si-water interface calculated above. Assuming a Si liquid
thermal conductivity of 1.4 W/cm - K,* it follows that for
the calculated heat flow of Av - AH = 6 x 10° W/cm’
(for 270 nm deep melts) the Si surface is undercooled less
than 10 K with respect to the Si liquid-solid interface. This
interface itself is undercooled since the liquid-solid inter-
face moves in response to this undercooling with respect to
the crystalline Si melting temperature. Using the known
undercooling-velocity relation of 17 K/(m/s),”* the ob-
served solidification velocity under water of 6.8 m/s can be
related to an interface undercooling of 115 K. The total sur-
face undercooling is then 125 K. This will be discussed later.

B. Phase transformations in the water
1. Transient reflectivity

To study the phase transformations in the water near
the Si-water interface in real time, transient reflectance
measurements were employed. Optical properties near the
interface depend on pressure, temperature, and phases of
these media and thus measurement of the reflectance, in
combination with proper modeling, enables one to monitor
these quantities in real time. Figure 5 shows typical reflec-
tivity transients of the Si-water interface at an energy den-
sity above the melt threshold. Figure 6 shows the transient
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FIG. 5. Transient reflectivity traces for s and p polarizations of the cw
laser measured on crystalline Si (100) upon irradiation under water (solid
and dashed) and in air (dotted) are shown for short (a) and for long (b)
times. Uncertainty in absolute reflectivity levels is =4% and —4/+17%
for s and p, respectively. The hatched regions indicate the relative timing
of the laser pulse.

conductance trace measured on an SOS sample irradiated
at a corresponding energy density. Comparable energy
densities between SOS and bulk samples were obtained by
comparison of melt and reflectivity behavior in air and un-
der water of SOS and bulk samples. The peak melt depth
is =65 nm and the total melt duration =15 ns.

Figure 5(a) shows the short-time (0-50 ns) reflectivity
behavior. The reflectance of p polarized light on a sample
irradiated in air under comparable conditions is also shown
for comparison. The well-known high reflectivity plateau,
corresponding to the duration of the Si surface melt, is ob-
served in air. Under water, however, the reflectance shows
considerably different structure. For p polarized light, the
reflectance increases near the end of the laser pulse and
remains near 100% for a time much longer than the surface
melt duration. The s polarized reflectance changes only
slightly during the laser pulse and also remains near 100%.
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FIG. 6. Transient conductance measurement recorded at the same energy
density as used in the reflectance measurements of Fig. 5. The hatched
region indicates the relative timing of the laser pulse. The off-scale signal
left of the vertical dotted line mainly represents the photocarrier contribu-
tion to the conductivity and does not signify real melting.

The long-term (0—1000 ns) reflectivity behavior under
water is shown in Fig. 5(b). After 200 ns, both s and p re-
flectances decrease; however, a variety of small changes
in the reflectance are observed later in time. The precise
structure of these oscillations was found to change with the
distance between light diffusor and sample, which will be
discussed further later. The reflectivity returns to its initial
value after several microseconds.

Additional optical measurements were performed on a
microsecond timescale (Fig. 7). The figure shows an initial
decrease in s reflectivity as was observed in Fig. 5(b) at
t = 200 ns. The energy density for this figure was slightly
below the surface melt threshold. At this energy density,
800 ns is required for the reflectivity level to return to the
initial level. After a delay time of 2.1 us, however, the dip
in s reflectivity “echos”™ back and after another 2.1 us a
second “echo” is observed. This delay time was found to
be dependent on the sample-diffusor distance. Delay times
were determined for a number of measurements performed
at several sample-diffusor distances and are presented in
Fig. 8. The round trip distances from sample to diffusor
were divided by the corresponding delay times, resulting
in an average apparent propagation velocity of 1540 =
40 m/s. This value is close to the velocity of sound in
water" and will be discussed later on.

2. Optical modeling

Analysis of the reflectivity measurements was done
using optical modeling techniques. It was assumed that
transient transformations such as changes in pressure, tem-
perature, and phase occur in the water at or near the Si-
water interface. These transformations correspond to changes
in optical parameters (i.e., refractive index). For analysis
such variations are assumed to occur in a thin layer at the
interface with a uniform composition. In reality the physi-
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FIG. 7. Transient reflectivity traces for the s polarization of the probe
laser. Distance sample-diffusor was 1.6 mm. The peak of the laser pulse
ocecurs at t = 0 ns,

cal system might be more complicated, but these calcu-
lations allow the trends in the reflectivity behavior to be
understood. The geometry used is given schematically in
Fig. 9. Standard calculations for optical reflectivity of an
ambient/thin film/substrate system™ were used to calculate
the reflectivity for a probe laser beam, reflected at this
interface structure. Here the thin film represents the region
in the water where the transient transformations are ex-
pected. In the simulations the s and p reflectivity are calcu-
lated as a function of refractive index and thickness of the
thin film.

a. Reflectivity simulations. Figure 10 shows simula-
tions of reflectivity as a function of refractive index in the
thin film for a film thickness much thicker than the probe
laser wavelength in the film. The reflectivity is very sensi-
tive to small changes in film thickness due to interference
effects in the film. In reality the interfaces will not be per-
fectly planar and coherence will be lost. Hence an average
behavior is expected which is obtained in the simulation by
averaging over a properly chosen thickness range. Com-
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FIG. 8. Delay times for several diffusor-sample distances (see Fig. 7).
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FIG. 9. Geometry used for the optical model calculations.

n(Si) = 3.66 + 0.006 i o

plex refractive indices for water and crystalline Si at room
temperature were taken: 1.33 and 3.66 + 0.006i, respec-
tively.”** The variation of Si optical properties with tem-
perature has a minor influence on the simulated curves. No
absorption in the thin film was assumed. The calculated
initial reflectivity values before irradiation (index film =
index water = 1.33) are indicated by arrows and the
dashed line in the figure. It is important to notice that the p
reflectance is especially sensitive to a decrease in refrac-
tive index relative to the initial value, whereas the s reflec-
tance is also sensitive to an increase in index. As can be
seen from the simulations, for a refractive index of the thin
film well below 1.30 total reflection of the probe laser
beams is expected. Under these conditions the probe laser is
fully reflected at the water/thin film interface and does not
monitor the Si surface. This is true only for film thicknesses
larger than several probe laser wavelengths in the film.
An additional simulation was performed to calculate
the influence of film thickness on the reflectivity. Fig-
ure 11 shows the calculated p reflectivity as a function of
layer thickness for film indices in the range 1.1 to 1.33. As
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FIG. 10. Calculated reflectivity for an ambient/thin film/Si system as a
function of the refractive index of the thin film (see text) for s and p
polarized light.
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can be seen, total reflection (taken as reflectivity > 95%)
occurs at the water/thin film interface for a minimum film
thickness depending on index: 300 nm for an index of 1.1
and 1800 nm for an index of 1.30.

b. Relation between state and optical properties for
water. Using the above simulations, absolute reflectance
measurements can be correlated to the effective refractive
index and thickness of the simulated thin film at the inter-
face. The relation between index and the physical state of
the thin film will be discussed now. There are four differ-
ent water states deviating from that at room temperature:
(1) (super)heated liquid water, (2) steam, (3) high pressure
water, and (4) ionized water (plasma phase). For tempera-

p————— 100 nm

-+

Si

tures and pressures above those at the critical point*
(374 °C, 218 bar), (super)heated water and steam cannot
be distinguished. The temperature dependence of the re-
fractive index is weak, whereas density (pressure) fluctua-
tions largely influence the index. In first order the index is
related to the density by the theoretical Lorentz-Lorenz
relation™:

(n> = 1)/(n* + 2)p = constant, (2)

where p is the density of the medium.

(1) The index for water at 1 bar is 1.33 at room tem-
perature and 1.31 at 100 °C.* A minimum index for liquid
(super)heated water occurs at the critical point and is 1.1.

(2) The index for saturated steam at 100 °C and 1 bar
is 1.0. A maximum index for saturated steam is 1.1, at the
critical point. For super-critical conditions, temperature
and pressure determine the index, the value being larger
than 1.0.

(3) The index for liquid water at room temperature is
known to increase with applied pressure.®*” Given the
pressure-density relation, the index can be calculated from
formula (1). Extrapolation of data obtained from shock
wave experiments’ suggests that the index increases from
1.33 at 1 bar to 1.5 at 30 kbar.

(4) For water ionized to the plasma state the index is
less than 1.33, the precise value depending on the degree
of ionization.*®

C. Transmission electron microscopy

A cross-section TEM micrograph of a sample irradi-
ated under water is shown in Fig. 12 as a bright-field im-
age with the corresponding diffraction pattern from the Si

«+— surface

<+— peak meltdepth

FIG. 12. Bright-field cross-sectional TEM
image of an SOS sample irradiated under
water. The inset shows a diffraction pattern
from the Si surface region.

sapphire
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surface region. The large density of microtwins is normal
in the highly strained silicon-on-sapphire heteroepitaxy.
The maximum melt depth in this sample was determined
from a transient conductance measurement to be 110 nm.
From the diffraction pattern it can be concluded that the
molten layer has solidified epitaxially and no surface nu-
cleation has occurred. Within the microscope resolution of
=40 A, no surface oxide is observed on the sample irradi-
ated under water. Furthermore, the Si surface appears to
remain planar following solidification.

IV. DISCUSSION

Figure 13 gives a schematic overview of the sequence
of phase transformations occurring in both Si and water
upon irradiation. It is meant to illustrate the detailed dis-
cussion of the distinct processes in the following sections.

A. Quenching mechanism in the solid

The conductance measurements provide the following
picture for the Si melt and solidification behavior under
water. During irradiation, the Si absorbs laser energy and
is rapidly heated and melted [Fig. 13(b)]. The molten layer
is quenched as heat from the melt is conducted both into
the solid Si and into the water and as a result it solidifies
[Figs. 13(c) and (d)]. Under water the peak melt depth is
obtained earlier in time than in air, which suggests that the
absorbed energy pulse is shortened. This can be under-
stood from two arguments. (1) A laser beam shielding
mechanism occurs in the water at the interface near the end
of the laser pulse. This is indeed the case, as will be dis-
cussed in the next section. (2) Heat flow from the Si to the
water during the laser pulse reduces the amount of energy
available for melting and shortens the duration of the ef-
fectively absorbed energy pulse which contributes to melt-

0-10 ns
Si: melt-in
Water: heating

Si: peak melt depth
Water: vaporization

f

g

10-60 ns

Si: solidification

FIG. 13. Schematic of the sequence of
phase transformations at the Si-H,O inter-
face upon pulsed laser irradiation.
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ing. This is in agreement with the thermal modeling in
Sec. III.A.2.a.

The effective pulse shortening results in enhancement
of the quench rate due to the enhanced thermal gradient in
the solid [(d7/dz) term in (1)]. However, computer simula-
tions show that a quench rate enhancement from 5.2 to
6.8 m/s for 270 nm deep melts cannot be understood from
such an effect only: even a pulse shortening from 4 to 1 ns
FWHM results in an enhancement of the average quench
rate of only 0.7 m/s. This implies that heat flow into the
water during solidification [Q term in (1)] is an additional
and important term in the heat flow balance, resulting in a
further enhancement of the solidification velocity.

This result has important implications for other work.
Earlier, it has been shown that impurity redistribution in
the Si liquid phase is reduced when the sample is irradiated
under water,” which is now supported by the reduction in
integral melt duration as is directly observed in this work.
Such quenching mechanisms also clearly explain results of
Ogale and co-workers™: using 30 ns FWHM pulses they
synthesized new metastable solid solutions of the Fe—Al
system as well as novel amorphous Fe—B phases by pro-
cessing samples in liquid ambient. It should be noted that
the absolute value of quench rate enhancement found in
our present work using short laser pulses (4 ns FWHM) is
relatively small. The effect might depend on laser pulse
length, and the data in Ref. 59 suggest that the relative
quench rate enhancement will be larger when longer pulses
are used.

B. Transient phase transformation in the water

Variations in the reflectance present a real time probe
of the modified properties and hence the phase changes in
the water. The distinct high- and low-reflectivity regions in
the reflectivity measurements will be discussed hereafter
with the aid of the modeling introduced in Sec. I11.B.2.

1. 0-50 ns time regime

The measured high s and p reflectivity plateaus
[Fig. 5(a)] correspond to one unique region in the reflec-
tivity simulations presented in Fig. 10. These calculations
of the reflectance of the water/thin-film/Si layer structure
show that both reflectivities are high if the effective index
of the thin film (formed at the Si-water interface) is lower
than that of water at room temperature. The data indicate
that total reflection occurs at the water/thin-film interface
which, according to the calculations, corresponds to a de-
crease in index to below 1.30. There are three possible
phases which correspond to such an index: (1) (super)
heated water, (2) steam, or (3) a plasma phase. Once total
reflection occurs, the probe beam does not monitor the Si
surface. This explains why the Si surface liquid-solid
transformation is not observed. Slight nonplanarity of the
reflecting interfaces and inaccuracy in the absolute re-

flectivity levels would explain the deviation from exactly
100%. From the timing of the leading edge of the p reflec-
tance we see that the total reflection condition is satisfied
=10 ns after the peak of the laser pulse.

The simulations of reflectivity as a function of film
thickness give further insight into the nature of the phase
transformations at the interface. First the possibility of
(super)heated water to be formed will be discussed. A
minimum index for (super)heated water is the index at the
critical point, which is 1.1. From Fig. 11 it follows that for
total reflection to occur at a phase with index 1.1, at least
a layer thickness of 300 nm has to be formed. However,
the thermal diffusion length in (heated) water after the
heating time of =10 ns is in the order of only 40 nm. Al-
though this layer will expand by thermal expansion, it is
too thin to account for total reflection. Therefore, if con-
vective motions in the liquid at the interface (which could
enhance the heat coupling efficiency) are assumed not to
occur, the possibility of superheated water to be the expla-
nation of the high reflectivity plateaus can be excluded.

Steam formation is in good agreement with the ob-
served reflectance transients. Initially, a high pressure
steam phase can be formed from the thin heated water
film. This steam will rapidly expand to a larger thickness,
resulting in a decrease in density and thus index. The com-
bined conditions of low index and large layer thickness can
account for total reflection. During the laser pulse, forma-
tion of a transient steam phase near the Si-water interface
can influence the pulsed-laser energy coupling into the
sample as different conditions for reflection of the incident
laser beam apply. We performed a simulation of reflectiv-
ity for the normal-incidence Nd: YAG laser beam, using
the layer structure as in Fig. 9. Initially, when no steam
has formed, the liquid-Si/water interface reflectivity is
66%. When a thin steam film has formed in the water at
the Si surface, the total reflectivity is enhanced to at most
72%. This would imply that the fraction of the incident
laser power absorbed would decrease from 34% to 28%, a
decrease of 18% in power. This can result in the effective
pulse shortening effect, as described in Sec. IV.A.

It should be noted that the above arguments for steam
formation also hold for formation of a low-density phase
above the critical temperature, which strictly may not be
referred to as steam. For convenience, hereafter we shall
denote this super-critical phase as steam.

Also, formation of a thin transient plasma film can ac-
count for the observed high reflectivity values. A prelimi-
nary observation by Ogale ez al.” suggests that for pulsed
laser irradiation of Fe under water, plasma emission from
Fe or water is observed at the Fe-water interface for a time
in the order of the Fe surface melt duration. Also, Ursu
et al.* have found indications for plasma formation to
occur at the Ti- and Zr-liquid N, interfaces. Although in
our experiments we were not able to study possible plasma
formation in detail, for completeness we will show here-
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after on the basis of theoretical arguments, that indeed
such transient plasma formation could occur in the water.
It has been shown that highly focused (GW/cm?) pulsed
laser beams can instantly ionize water by a breakdown
mechanism when the AC electric field strength is in the
order of several MV /cm.®” Multiphoton ionization, field
ionization, or laser coupling to dust particles or low ioniza-
tion potential impurities would initiate the process, i.e.,
supply sufficient free electrons. In the AC electric field
these electrons can cause impact ionization followed by
avalanche multiplication which would result in breakdown,
i.e., transient plasma formation.* * Indeed, in our experi-
ments multi-photon ionization of water molecules could
play a role at the laser peak intensity of 7 = 9 x 10’
W/em®.® To study the possibility of field ionization as a
triggering process for breakdown, we calculate the AC
electric field strength in the bulk liquid in our experiments,
given by

E= (21 nfe +c)? (3)

where / is the laser intensity (9 X 10" W/cm?®), ¢ the ve-
locity of light, n the water refractive index (1.33), and
&, the relative dielectric constant of water (80).* Using
Eq. (3) we find E = 3 X 10° V/cm, which is too low to
result directly in field ionization. However, once the pro-
cess is triggered such a field strength can result in impact
ionization and subsequent breakdown. This will become
more pronounced at or near the Si-water interface where
vapor has formed with a lower dielectric constant and con-
sequently a higher electric field strength. Steam formation
would then be essential for breakdown to occur. Such ef-
fects have been found earlier by Krasucki.®® We expect the
lifetime of a laser-induced plasma phase to be in the order
of the laser pulse duration due to the strong plasma cooling
by the water. During the laser pulse, formation of a tran-
sient plasma phase near the Si-water interface can strongly
influence the energy coupling into the sample by “plasma
shielding™; i.e., as soon as it has formed the plasma re-
flects the laser light, which causes an effective shortening
of the laser pulse. This mechanism has recently been pro-
posed by Schoeffmann er al.® for focused irradiation in a
bulk liquid.

From the above, we conclude that steam formation
can explain the reflectance data in the 0-50 ns regime
[Figs. 13(c) and (d)]. Formation of this phase occurs in the
second half of the laser pulse and possibly initiates a short
plasma phase in the water. The observation of steam or
plasma phases supports the laser pulse shielding argument
made in Sec. IV.A to explain the effective laser pulse
shortening.

2. 200-1000 ns time-regime

Both s and p reflectivity decrease discontinuously,
200 ns after the laser pulse [Fig. 5(b)]. Apparently, sud-
denly the total reflection condition is then lost, indicating

that the steam layer has collapsed, probably by instant con-
densation. Felix and Ellis* have earlier proposed ‘vapor
collapse’ effects induced by laser irradiation in bulk lig-
uids, and indeed our data give experimental evidence for
such effects to occur at the solid-liquid interface. After
this collapse, especially the s reflectivity continues to devi-
ate substantially from the initial level before irradiation,
whereas the p reflectance returns to the starting level.
These measured reflectivity levels correspond to one unique
region in the reflectivity simulations presented in Fig. 10:
the effective index of the thin film (formed at the Si-water
interface) must be higher than that of water at room tem-
perature. This implies that a high-pressure phase of water
has formed near the Si surface [Fig. 13(e)].

3. 1.0-5.0 us time-regime

To study the pressure effects in more detail, micro-
second timescale measurements were performed (Fig. 7).
The first dip in s reflectivity in Fig. 7 corresponds to the dip
starting at + = 200 ns in Fig. 5, but is less pronounced due
to the fact that a lower irradiation energy density is used.
The dip duration consequently is shorter: =800 ns. The
echo effects in the pressure dip suggest that an acoustic
wave is propagating through the fluid and is reflected by
the lightguide end [Figs. 13(f) through (h)]. This is corrob-
orated by the fact that the obtained apparent propagation
velocity is nearly the sound velocity in (liquid) water.
These observations also explain the small oscillations
being superimposed on the signal in the experiments de-
scribed in Fig. 5(b). There the sample-diffusor distance
was only 0.6 mm and the round trip time is less than the
total duration of the low reflectivity phase, resulting in
superposition of acoustical reflections on the signal.

We suggest that the high pressure effects are initiated
by the ultra-rapid phase transformations in the water near
the Si surface. Thermal expansion, steam formation and
expansion, as well as dielectric breakdown processes can
result in formation of a compressive shock. Shock wave
and related effects have been described in the literature for
beams focused in bulk liquids®*" and at liquid gas” and
solid-gas interfaces’™ (laser-ablation experiments). To
our knowledge transient shock processes at the liquid-solid
interface have never been studied.

The acousto-optical measurements give an indication
of the absolute shock pressures in our experiments. Feiock
and Goodwin™ have performed numerical simulations of
the laser-induced stresses in water and showed that shock
effects in water comprise two combined pressure waves: a

-precursor wave due to a thermal expansion wave followed

by a larger pulse with a pressure in the kbar range due
to vaporization. Other authors have found substantially
higher shock pressures in water, up to 200 kbar.*® From
the apparent shock propagation velocity in our experiments
the shock pressure can be estimated using the equation by
Walsh and Rice”
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U — Uy = 25306 - log(1 + U,/5190) (4)
and the conservation equation
P|:P0+PU'U.c'Up (5)

where P, is the pressure directly behind the leading edge
of the shockfront, P, and p, are pressure and density ahead
of the shock, U, is sound velocity at 1 atm and room
temperature, i.e., 1483 m/s, and U, and U, are shock ve-
locities and particle velocity in m/s, respectively. Using
Eqgs. (4) and (5) the shock velocity obtained from Fig. 8
can be converted to pressure: P, = 0.4 = 0.3 kbar. As the
shock velocity could not be obtained accurately, the ob-
tained pressure value has large error bars. The calculated
pressure is the steady state pressure in the shock. During
initiation of the shock transient higher pressures can be
obtained.”

C. Surface structure and interface reactivity
1. Surface structure

The cross-section TEM results reveal that during so-
lidification under water no surface nucleation has occurred
in the liquid Si layer. Heat flow arguments (Sec. III.A.2.¢c)
show that in this case the surface is undercooled 125 K
with respect to the crystalline Si melting temperature.
Thermodynamically, such undercooling could result in nu-
cleation of (poly-) crystalline Si. Under the present experi-
mental conditions of short surface melt duration apparently
the kinetic conditions for nucleation are not favored. This
has also been observed in experiments in air, where similar
undercoolings did not result in surface nucleation for the
same melt duration.*®"

2. Interface reactivity

The cross-section TEM results reveal that no significant
oxygen incorporation has occurred in the samples which
have been irradiated under water. Rutherford Backscatter-
ing Spectrometry (RBS) data for samples irradiated under
water similarly have shown that indeed the integral oxygen
amount in the samples was 4 X 10" at/cm’® for both sam-
ples irradiated in air and in water.” This corresponds to a
few monolayers and is consequently invisible for TEM as
performed here. Also, using channeling-RBS it is found
that perfect epitaxy of the molten layers is obtained after
solidification under water,”” again in agreement with the
present TEM results. In addition, these TEM data show
that the surface morphology is not disturbed during irradia-
tion under water.

These arguments give evidence that pulsed-laser irra-
diation under water induces no net chemical reactions at
the Si-water interface. This observation is in contrast with
many experiments for other combinations of solid sub-
strates and liquids where a significant amount of reaction
is known to occur.”* Two arguments can explain the
inertness of the present reaction system: (1) oxygen

has a low solubility in liquid Si and (2) a native surface
Si0, layer acts as a diffusion barrier for atomic or molecu-
lar oxygen to penetrate into the bare Si and form chem-
ical bonds.”’® This oxide has a higher melting tempera-
ture than crystalline Si[7,,(SiO,) = 1976 K.* T, (Si) =
1683 K*] and can remain solid at laser intensities just
above the Si melt threshold.”” The validity of argument (2)
could be tested by performing experiments on samples
with different SiO, layer thicknesses. This has not yet
been done.

Several interesting results have been obtained for
pulsed-laser irradiation of Si in gaseous oxygen ambient at
energy densities above the Si melt threshold,”*"*™* and
can be applied to our situation. In these experiments the
presence of the native oxide on the substrate was of critical
importance for interface reactions to occur or not. Only for
extended, multiple-pulse irradiation (integral irradiation
time in the order of minutes) oxygen diffusion through a
surface oxide becomes significant. In contrast, on samples
where the native oxide was etched off prior to irradiation a
surface layer can be oxidized in oxygen ambient with one
laser pulse.” Liu ef al.”® and Berti et al. ™’ have reported
that large amounts of oxygen from the gas phase can be in-
corporated in Si covered by an oxide only when the irra-
diation energy density is well above the Si melt threshold.
Under these conditions the native oxide is evaporated
during irradiation.”™ After significant evaporation (hence
at temperatures far above the melting point) an interface
reaction between Si and oxygen can start whereupon trans-
port to deeper regions takes place by convective motions.
The driving force for these motions would be surface-
tension gradients induced by evaporation of the oxide. In
our present experiments such convective motions have not
occurred as appears from the observed microstructure;
these would have resulted in large surface roughness after
solidification. This implies that the oxide is not evaporated
in our experiments. This can be understood from the
arguments that (1) evaporation conditions for a surface
oxide in contact with a liquid medium are different, (2) the
energy density used is relatively low, and (3) the water
layer has a cooling effect at the interface which reduces the
evaporation rate.

Several experiments have been performed in which
laser irradiation at the solid-gas, solid-liquid, or solid-solid
interface was performed for dopant incorporation. Reactive
gaseous and liquid environments studied until now are hy-
dride, chloride, or organic compounds containing the dop-
ant species.”’****¥"¥ I these experiments generally
decomposition of gas molecules by pyrolysis or photolysis
is suggested for reactive dopant atoms to be formed. Then
diffusion limited transport accounts for the observed deep
penetration into the molten solid, which upon solidification
is followed by substitutional incorporation of the dopants.
Also, thin mono-atomic solid films of P, B, Al, Sb, Ga,
Bi, and In deposited or absorbed on Si substrates have
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been irradiated.” ** Here also it has been shown that atoms
from the deposited mono-atomic solid film diffuse into a
shallow molten surface region of the Si substrate. It is
interesting to compare the general observation in these
doping experiments to those presently observed for the Si-
water system. Although in many of the above-mentioned
solid-gas, solid-liquid, and solid-solid experiments the Si
surface native oxide was etched off prior to the experi-
ments, in several other experiments this was not the case.
Still, a significant interface reaction occurred for these
cases. Apparently for these types of reactions the native
Si0, layer is not crucial for a reaction to occur or not, in
contrast to the effect observed for irradiation under water.
We suggest that this can be understood from the difference
in reactivity of the heated gas, liquid, or solid media near
the Si surface. Reactive environments can enhance dissolu-
tion of the surface oxide whereupon a reaction at the bare
liquid Si surface can take place.

V. CONCLUSIONS

In conclusion, we have been able to unravel the tran-
sient processes in both media at the Si—H,O interface upon
nanosecond pulsed laser irradiation. During irradiation the
Si absorbs laser energy and is rapidly heated and melted.
Heat from the melt is transported to the water. Optical
measurements suggest that this results in formation of a
steam or a low-density super-critical phase at the interface.
The typical formation time is 10 ns. During formation this
phase rapidly expands, whereupon it suddenly collapses
after 200 ns. A more detailed investigation, e.g., using
different wavelengths or a different probe laser geometry,
is required to characterize the nature of this phase in more
detail. Rapid phase transformations in the water initiate a
high pressure shock wave in the water. The steady state
shock pressure is 0.4 = 0.3 kbar.

Transient phase transformations which influence the
energy coupling into the sample, as well as heat flow into
the water during the laser pulse, result in an effective laser
pulse shortening. This is directly observed from the Si
melt-in behavior. Pulse shortening as well as heat flow into
the water during solidification result in an enhancement of
the solidification velocity by up to 30% for deep melts. All
these observations are corroborated by standard heat flow
estimates. These quench rate enhancement effects, which
have been suggested by several workers, are now for the
first time directly observed.

After irradiation the Si-water interface has remained
planar. No surface nucleation has occurred during solidifi-
cation and no significant chemical reactions have occurred
at the interface. The Si surface native oxide could play a
crucial role in the kinetics of the interface reactions: it is
suggested that, for the irradiation intensity studied, no
evaporation of the oxide occurs and it therefore acts as a
reaction barrier,

The presently observed fundamental phenomena give
insight into the mechanisms behind various results on
laser-induced synthesis at solid-liquid interfaces reported
recently in the literature. It is now for the first time di-
rectly observed that in such reactions high temperature
vapor phases of the liquid may be responsible for the reac-
tion with the solid and that pressure-induced effects can
play a role.
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