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This work describes the phase transitions occurring at the film-substrate interface of amorphous
germanium films upon nanosecond laser-pulse-induced melting of the surface. Films with thickness
ranging from 50 to 130 nm deposited on glass substrates were studied. Real-time reflectivity
measurements with subnanosecond time resolution performed both at the air-film and film-substrate
interfaces were used to obtain both surface and in-depth information of the process. In the thicker
films sù80 nmd, the enthalpy released upon solidification of a shallow molten surface layer induces
a thin buried liquid layer that self-propagates in-depth towards the film-substrate interface. This
buried liquid layer propagates with a threshold velocity of 16±1 m/s and causes, eventually,
melting at the film-substrate interface. In the thinnest films50 nmd there is no evidence of the
formation of the buried layer. The presence of the self-propagating buried layer for films thicker
than 80 nm at low and intermediate laser fluences is discussed in terms of the thermal gradient in
the primary melt front and the heat released upon solidification. ©2005 American Institute of
Physics. fDOI: 10.1063/1.1900932g

I. INTRODUCTION

Laser-induced melting and rapid solidification phenom-
ena in semiconductor thin films is currently receiving re-
newed attention as a cost-effective method to obtain poly-
crystalline thin films.1–4 In the particular case of germanium,
the interest for studying nanosecond laser melting of amor-
phous Gesa-Ged films relies on their potential for the fabri-
cation of infrared detectors as well as substrates for GaAs
solar cells. Although this technique for producing polycrys-
talline films is in general considered to show a great ability
to preserve abrupt interfaces and junctions, this aspect has to
be considered with care when dealing with high-pulse
fluences5 or films deposited on insulating substrates.

Real-time reflectivitysRTRd measurements at the film
surface have widely been used to monitor the laser-induced
melting and rapid solidification processes in semiconductors.
However, as long as the semiconductor becomes molten, the
metallic nature of the liquid phase reduces the optical pen-
etration depth to a few nanometers, and the reflectivity mea-
surements performed at the film surface provide no further

in-depth information about the process dynamics. Transient
conductance measurements have been combined with reflec-
tivity measurements to overcome this problem.6,7 However,
they require complex patterning of the films to form the me-
tallic contacts. A much simpler alternative when dealing with
films deposited onto transparent substrates is to perform RTR
measurements both at the front and back interfaces of the
film. With this experimental approach, it is possible to obtain
very sensitive time and in-depth information on the structural
state of the film.8,9

In the case ofa-Ge films deposited on low thermal con-
ductivity substrates such as glass or quartz, measurements of
this type have shown that at large laser fluences solidification
can occur throughout the whole molten volumesbulk solidi-
fication processd. In this case, the large amount of solidifica-
tion enthalpy released can substantially reduce the initial su-
percooling, in a process usually referred to asrecalescence,
which can lead eventually to the partial remelting of the ini-
tially solidified material.10 In relatively thick filmss80, l00,
and 130 nmd, RTR measurements at the back film surface
have also allowed the identification of a melting process oc-
curring at the vicinity of the film-substrate interface several
nanoseconds after the solidification of the primary melt front
has already started.10 The origin of thisdelayed melting pro-
cesswas not fully understood even when its occurrence was
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clearly related to the slow transfer ratio of the solidification
heat to the substrate. The limited time resolution of the re-
flectivity measurements earlier performed did not allow us to
measure accurately the time shift between the primarysoc-
curring at the film surfaced and secondarysoccurring at the
film-substrate interfaced melting processes. This limited time
resolution was especially critical for the thinnest films50-nm
thickd studied in Ref. 10, in which the occurrence of the
delayed melting process could not even be established.

The aim of this work is to determine, by means of front
and back RTR measurements with improved time resolution,
the origin of the delayed melting process occurring at the
film-substrate interface upon nanosecond laser-pulse melting
of a-Ge films and whether it also occurs in 50-nm thick
films.

II. EXPERIMENTS AND NUMERICAL SIMULATIONS

The samples were amorphous Gesa-Ged films grown by
dc magnetron sputtering from pures99.999 9%d Ge targets
on glass substrates at room temperature. Their thicknesses
were 50, 80, l00, and 130 nm. The real and imaginary parts
of the refractive index of the films have been reported
elsewhere.11

The experimental setup used to irradiate the films and to
perform the real-time reflectivitysRTRd measurements has
extensively been described elsewhere.10,12A dye laser ampli-
fier ssulforhodamine 6d, pumped with the second harmonic
of a Q-switched Nd:yttrium-aluminum-garnet lasersl
=532 nmd, was seeded with the output of a continuous-wave
scwd dye laser srhodamine 6Gd tuned at l=584 nm and
pumped with an Ar+ laser operating atl=514 nm. The am-
plified output beamfl=584 nm, pulse durationt=6 ns full
width at half maximumsFWHMdg was spatially filtered be-
fore being focused at normal incidence onto the sample sur-
face to a spot size of several hundreds of microns.

The structural transformation dynamics was studied by
measuring in real time the reflectivity changes induced by
the pump pulse by means of a single-mode, low-power, cw
argon-ion lasersl=514.5 nmd at both the air-film and film-
substrate interfaces. They will be referred from now on as
front and back reflectivity transients, respectively. This probe
beam wass-polarized and was focused to a 50-µm-diameter
spot onto the center of the irradiated area, the incidence
angle being of<15°. The specular reflection of this beam
was collected by a single-sweep streak camera,13 which pro-
vides a subnanosecond time resolution of typically 350 ps
over a time window of 50 ns. Each area was irradiated only
once and for a given fluence value, at least one front and one
back RTR transient were recorded.

In order to correlate the time evolution of the reflectivity
at the probe wavelength with the characteristics of the melt-
ing process, optical simulations of the front and back reflec-
tivity changes expected upon film melting have been carried
out for all films. For this purpose, a home-developed com-
puter program based on the theory of the optical reflection of
thin multilayer films has been used.14,15 The program takes
into account both the incidence angle and polarization of the
probe beam and calculates the reflectivity evolution both at

the front and back film interfaces as a film having the optical
constants ofa-Ge transforms layer by layer into a film hav-
ing the optical constants of liquid Gesl-Ged.

III. RESULTS

Figure 1 shows the time evolution of the reflectivity at
the air and substrate interfaces upon irradiation of the 50-nm-
thick film. For each front reflectivity transientsair-film inter-
faced, we have plotted the corresponding back reflectivity
transientsfilm-substrate interfaced obtained at the same flu-
ence. To ease the comparison of these results to those ob-
tained in thicker films, the reflectivity has been normalized to
its initial value at the corresponding interface. All the tran-
sients are plotted in the same vertical scalesbut shifted for
the sake of clarityd, so that the front and back RTR measure-
ments can directly be compared. For the lowest fluence
shown in Fig. 1s88 mJ/cm2d, the front RTR transient exhib-
its a reflectivity increase up to a maximum level related to
the formation of a primary liquid Ge layer at the surface. The
reflectivity remains at this valuesa plateaud during a few
nanoseconds and decreases afterwards due to the solidifica-
tion and cooling processes. The reflectivity at the plateau
sRfmaxd remains constant, while the plateau width increases
as fluence is increased. For the higher fluences
s154–175 mJ/cm2d, a second reflectivity maximumsRf2d is
clearly seen at the cooling tail of the transients. This second
maximum has earlier been observed upon irradiation ofa-Ge
films with both picosecond16 and nanosecond12 pulses, and it
has been related to the recalescence process, i.e., reheating
and remelting produced by the release of the solidification
heat during the bulk solidification of the primary melted
layer.6,12,17 It is worth noting that wheneverRf2 appears in
the front transients, the final reflectivity measured in a longer
time scale once the cooling process has been completed is
lower than the initial reflectivity of the amorphous film. This
result has earlier been reported in Ref. 12 and related to the

FIG. 1. Front and Back RTR transients recorded upon nanosecond laser-
pulse irradiation of a 50-nma-Ge film on glass. The transients have been
vertically shifted for the sake of clarity, but preserving their relative scales.
The laser fluence used for each transient is given in mJ/cm2 on its right. The
zero on theX axis corresponds to the temporal position of the maximum of
the irradiation pulses6-ns FWHMd.
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formation, upon solidification, of a mixture of amorphous
and polycrystalline material.

The back RTR transient recorded at 88 mJ/cm2 is essen-
tially featureless, thus indicating that the primary melt front
is too thin to be detected from the backside. At higher flu-
ences, new features appear in the back RTR transients. For
the transient recorded at 140 mJ/cm2, a decrease in reflec-
tivity is observed at the beginning of the transient and is
followed by a neat maximum occurring at a time comparable
to that of the plateau in the front transient. This maximum
will be referred to from now on asRbmax, and its width in-
creases as fluence is increased. In addition, a second well-
resolved maximum with smaller amplitude is observed at
longer timessthis maximum will be referred to from now on
asRb2d. It is worth noting that the lower temporal resolution
used in Ref. 10 made it impossible to determine the time
separation between the peaks ofRbmax andRb2 in the 50-nm-
thick a-Ge film.

Since the RTR transients recorded in the thicker films
s80, 100, and 130 nmd showed very similar characteristics as
a function of fluence, representative transients obtained in
the 100-nm-thick film have been selected and plotted in Fig.
2. In the case of the front RTR transients, their shape and
evolution as a function of laser fluence are very similar to
that observed in the 50-nm-thick film, although the second
peak in the front transients,Rf2, now becomes more evident.
The final reflectivity of the front transients is always smaller
than the initial value wheneverRf2 is seen. Nevertheless, in
the case of the back transients, only the one obtained at the
highest fluences220 mJ/cm2 in Fig. 2d is similar to those
induced in the 50-nm-thick film for high fluences. In this
transient we can observe a slight decrease in reflectivity that
precedes a first reflectivity maximum in the form of a plateau
sRbmaxd and a second maximum with a weaker intensity. We
have also labeled this second reflectivity maximum appear-
ing in the back transients at high fluences asRb2.

The back RTR transients obtained at low and intermedi-

ate fluences show instead significant differences with respect
to those obtained in the 50-nm-thick film. The back tran-
sients obtained at 130 and 149 mJ/cm2 are featureless for
short times, but exhibit a clear reflectivity maximum at a
time that is delayed in respect to the second reflectivity
maximumRb2 observed in the transient at 220 mJ/cm2. It is
worth noting that this second peak, unlikeRb2 sFig. 1 all
fluences and Fig. 2 highest fluenced, is always preceded by a
minimum with a level which is below that of the nonirradi-
ated film and which shifts to shorter times as fluence is in-
creased. This peak will be referred to from now on asde-
layed peak Rbdely. Although the observation of this delayed
reflectivity peak was already reported in Ref. 10, the low
time resolution of the reflectivity measurements in this ear-
lier work made it impossible to resolve the decrease in re-
flectivity that precedes the delayed peak, and thus to identify
that there were two different kinds of secondary maxima in
the back reflectivity transients, namely,Rb2 andRbdely.

The dependence of the reflectivity of the primary maxi-
mum on fluence in both front and back transients, namely,
Rfmax andRbmax, has been plotted in the left-hand side of Fig.
3 for the case of the 50- and 100-nm-thick films. On the
right-hand side, the front and back reflectivity changes cal-
culated from optical simulations, assuming that melting
starts at the film surface and propagates in depth, have been
plotted as a function of the primary melt depth. The complex
refractive indicessn-ikd used for the simulations werena-Ge

=4.73, ka-Ge=2.21, nl-Ge=2.51, kl-Ge=5.12, andnglass=1.52
ssee Refs. 11, 18, and 19, respectivelyd. The comparison of
the experimental resultssleft-hand sided and the calculated
ones sright-hand sided shows a very good agreement, and
thus confirms that the primary melt front is responsible for
the reflectivity maximasRfmax andRbmaxd in the initial part of
the front and back RTR transients. Actually, the initial de-
crease in reflectivity followed byRbmax in the back transients
can be understood as a consequence of optical interference
effects associated with the layer that remains solid between
the melted liquid layer and the substrate. A more detailed
analysis of the experimental and calculated results shows
that regardless of the film thickness the reflectivity minimum
that precedesRbmax occurs once the primary melt front gets
closer to the substrate than approximately 15 nm.

Figure 3 clearly shows also that while the front reflec-

FIG. 2. Front and Back RTR transients recorded upon nanosecond laser-
pulse irradiation of a 100-nma-Ge film on glass. The transients have been
vertically shifted for the sake of clarity, but preserving their relative scales.
The laser fluence used for each transient is given in mJ/cm2 on its right. The
zero on theX axis corresponds to the temporal position of the maximum of
the irradiation pulses6-ns FWHMd.

FIG. 3. Left: maximumssd front Rfmax andshd backRbmax transient reflec-
tivity as a function of the laser fluence in the 50- and 100-nm-thicka-Ge
films. The lines are included to guide the eye. Right: simulateds-s-s-d
front ands-h-h-d back reflectivity at the probe wavelengthsl=514 nmd as
a function of the melt depth in 50- and 100-nm-thick films.
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tivity measurements are very sensitive at low fluences and
shallow melt depths, the back ones become extremely sensi-
tive to melt depth variations once the primary front melt
depth approaches the substrate. Using both sets of data, the
dependence of melt depth on fluence can be obtained
straightforward from Fig. 3. The corresponding results are
shown in Fig. 4, where it is seen that, as expected, the melt
depth increases as the fluence is increased. Moreover, it is
also seen that for a given fluence, melt depth decreases as
thickness is increased, the 50-nm-thick film being an excep-
tion to this behavior.

Figure 5 shows the reflectivity values at the different
maxima that appear in the representative l00-nm-thick film
as a function of fluence:sad Rfmax andRf2 in the front tran-
sients andsbd Rbmax, Rb2, andRdely in the back transients. To
ease the discussion, the dependence of the melt depth on
fluence has been included inscd. Similar results were ob-
tained for the 80- and 130-nm-thick films. Figure 5sbd shows
that the reflectivity atRbdely peak increases rapidly with flu-
ence up to a saturation value. The comparison of Figs. 5sad
and 5sbd shows thatRbdely appears at fluences slightly below

the threshold to observe the second peakRf2 in the front
transients and much lower than the fluence necessary to ob-
serve the second peakRbmax in the back transients. Compar-
ing Figs. 5sbd and 5scd, it is clearly seen that it is necessary
that the primary melt front reaches a depth around 30–35 nm
to obtain a measurableRbdely peak. In other words,Rbdely in
the back transients appears when the primary melt front is
still too thin sonly 30–35 nmd to be detected from the back-
side.

Finally, when the whole film is melted, theRbdely peak is
no longer observed in the back transientsssee Fig. 2d, and the
secondary reflectivity maximumRb2 appears instead. The
transition between the occurrence ofRbdely andRb2 is seen in
Fig. 5 by a sharp decrease of the reflectivity value atRbdely.
This happens when the primary melt front becomes very
close to the substratesaround 10–15 nm away from itd.

IV. DISCUSSION

The second reflectivity maximaRf2 andRb2 appearing at
the cooling tail of both front and back RTR transients have
earlier been observed upon irradiation ofa-Ge films with
both, picosecond20,21 and nanosecond12 pulses, and it has
been related to the recalescence process, i.e., the reheating
and remelting processes produced by the release of the so-
lidification heat during the bulk solidification of the primary
melted layer.6,12,16 Therefore, the existence ofRf2 and Rb2

can be considered as a direct evidence of the recalescence
processes, as seen from either side of the film. Further sup-
port to this reasoning comes from the fact that recalescence
gives rise to the formation of a crystalline material upon
solidification,20 with optical properties different from those
of the initial amorphous film. The latter is in agreement with
the lower final reflectivity observed in our experiments
wheneverRf2 was present in the front RTR transients.

The results achieved in the thicker filmss80, 100, and
130 nmd clearly evidence the existence of a delayedRbdely

peak with new features. The value of the reflectivity atRbdely

increases with fluencessee Fig. 5d and saturates for a reflec-
tivity change around 0.60 which, according to optical simu-
lations, is consistent with an 8-nm-thick Ge liquid layer lo-
cated at the film-substrate interface. We can thus conclude
that Rbdely is associated with the existence of a thin melted
layer in the neighborhood of the substrate-film interface, this
layer being referred from now on asburied melted layer.

The optical simulations allow us to estimate thatRbdely is
observed for primary melt depths as shallow as 30–35 nm.
Furthermore, the comparison of the times at whichRbdely and
Rfmax occur clearly shows that the buried liquid layer appears
once the primary melted layer at the front surface has already
solidified. This is further supported by two experimental ob-
servations:sid Rbdely appears in back RTR transients that are
essentially “featureless” since a 30–35-nm-thick primary
melted layer at the film surface cannot be detected from the
backsidessee back transients in Fig. 2 obtained at 130 and
149 mJ/cm2d and sii d when Rbdely is observed, the corre-
sponding front transient does not show recalescence since
the melt depth is not enough for bulk solidification to
occur.17,22

FIG. 4. Calculated melt depth as a function of laser fluence insmd 50-, ssd
80-, shd 100-, andsLd 130-nm-thicka-Ge films.

FIG. 5. Reflectivity at the representative peaks labeled in Fig. 2, for the
100-nm-thicka-Ge film as a function of fluence forsad the front transients,
sPd Rfmax andssd Rf2, andsbd the back transients,sjd Rbmax, snd Rbdely, and
shd Rb2 reflectivity, scd Melt depth as a function of fluence deduced from
Fig. 4.
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In order to understand the observed behavior, there are
thus two questions to consider: Which is the origin of this
buried liquid layer located at the film-substrate interface?
Why is it delayed in respect to the primary melt front? To
answer the first question, it must be taken into account that
before the buried liquid layer appears, there must be a pri-
mary liquid layer at the film surface that is at least 30–35-nm
thick. Figure 6 illustrates the sequence that leads to the ap-
pearance of the buried layer:sad the starting film configura-
tion, sbd the film configuration once the primary surface melt
layer has achieved its maximum depth, andscd the film con-
figuration once solidification of the surface melt layer has
started, showing the coexistence of a liquid front moving
backwards to the surface and a buried layer moving towards
the film-substrate interface. Since the buried layer can be
formed with an initial melt depth that is relatively shallow, a
remnant solida-Ge layer must exist between the primary
liquid layer and the glass substrate. This solida-Ge has a
thermal conductivity higher than that of the glass substrate,23

promoting a significant thermal gradient across the depth of
the primary liquid layer and a severe undercooling. Under
these conditions, the resolidification of the primary melted
layer leads to the formation of a polycrystalline material
sp-Ged that has a melting point higher than that of the amor-
phous phase. The latent heat released by the solidification
process would be able to melt a thin layer of the underlying
solid a-Ge. Upon solidification of this buried liquid layer
into the crystalline phase, the process restarts, thus leading to
the self-propagation of a melted layer towards the film-
substrate interface even once the surface melted layer has
completely solidified.24–26 The fact that our front RTR tran-
sients do not show the characteristic interference maxima
and minima27,28 can easily be understood by taking into ac-
count that the buried liquid layer is always located at a depth
for which the front reflectivity probe is saturatedssee Fig. 3d.
Once the primary melt front is solidified the front probe
could detect the buried layer. However, when this happens,
the buried liquid layer is already too deep to be probed from
the front side due to the absorption of the 514-nm light by
the resolidified Ge. The existence of such self-propagating
in-depth buried layer and its relation toRbdely are further
supported by the decrease in reflectivity that always precedes
Rbdely ssee back RTR transients recorded at 130 and

149 mJ/cm2 in Fig. 2d. The optical simulations show that
this decrease is caused by interference effects between the
light reflected at the buried liquid layer/remnanta-Ge inter-
face and the light reflected at the remnanta-Ge/glass sub-
strate interface.

The propagation velocity of the buried liquid layer can
be calculated straightforward as follows. Figure 4 provides
the primary melt depth induced as a function of fluence. The
film thickness minus this primary melt depth gives the dis-
tance that the buried liquid layer must travel across the rem-
nanta-Ge to reach the substrate. This distance is indicated in
Fig. 6sbd as Xa-Ge. The time interval the buried liquid layer
needs to reach the substrate is easily obtained from the back
RTR transients as the temporal separation betweenRbmax sthe
time at which the primary melt front achieves its maximum
depthd and the position of the second maximumseitherRbdely

or Rb2d, that is, the time at which the buried layer reaches the
substrate. This time interval will be referred from now on as
Dta-Ge. Figure 7 shows the dependence ofXa-Ge on Dta-Ge for
the case of the 80-nm-thick film. It is seen that the data
follow a linear trend with a clear slope change at the sub-
strate distance of<10 nm, i.e., when the primary melt front
is very close to the glass substrate. This change of slope
occurs whenRbdely convertsinto Rb2, and thus provides fur-
ther support to our interpretation that the two secondary re-
flectivity peaks in the back transientssRb2 for thick primary
melt depths orRbdely for shallower onesd have a different
origin. The linear evolution of the results plotted forXa-Ge for
distances higher than 10 nm indicates that the buried layer
propagates with a constant velocity of 16±1 m/s. This value
is of the same order of magnitude as those reported earlier
for the propagation of a buried layer in amorphised Si by ion
implantation.24,28

The results obtained in the thinnest 50-nm film show no
evidence of a self-propagating buried liquid layer. Instead,
the results show “symmetric” front and back recalescence
processes above a fluence thresholdsfront and back RTR
transients obtained at fluences higher than 126 mJ/cm2 in
Fig. 1d. To explain this behavior, it has to be considered that
the skin penetration depth ina-Ge at the irradiation wave-
lengthsl=584 nmd is as high as 26 nm.11,12So, the lower the
film thickness, the lower the expected thermal gradient
across the film depth related to the laser absorption. In addi-
tion, the lower effective thermal conductivity of the 50-nm-
thick film-glass substrate system compared to the case of the
thicker films contributes further in reducing the temperature

FIG. 6. Scheme of the melting-solidification process that leads to the for-
mation of the buried liquid layer.sad The solida-Ge film on glass substrate
prior to irradiation,sbd The film upon irradiation with a nanosecond laser
pulse that leads to surface melting while aXa-Ge thick a-Ge layer remains,
scd The film once the primary melt front moves backwards to the surface and
the buried liquid layer self-propagates in depth towards the glass substrate.

FIG. 7. DistanceXa-Ge as a function ofDta-Ge ssee text for definitionsd for
the 80-nm-thicka-Ge film. The horizontal dot line marks the approximate
depth for which the slope change occurs. The solid line is a linear fit of the
experimental data forXa-Ge.10 nm.
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gradient induced upon irradiation at a given fluence.29 Both
conditions favor a solidification scenario, with a reduced
thermal gradient across the film thickness that prevents the
propagation of a buried liquid layer. Therefore, the thermal
response conditions achieved in this work for a film thick-
ness of 80 nm represent the threshold for the buried layer to
occur and the 16±1-m/s velocity determined is thus the
minimum velocity for such a self-propagating buried layer.

In the case of the thicker filmss80, 100, and 130 nmd,
when the laser fluence is increased and the primary melted
layer becomes thicker, the front RTR transients provide evi-
dence for the occurrence of recalescencessee front transients
in Fig. 2 obtained at 149–193 mJ/cm2d. It occurs for large
melt depths and low thermal response as discussed in Refs.
12 and 16, and is consistent with a bulk solidification sce-
nario that occurs once the thermal gradient through the pri-
mary melted layer is significantly reduced. Once the laser
fluence is high enough to induce melting across the whole
film si.e., the primary melted layer reaches the glass sub-
strated the front and back transients become quite similar,
both exhibiting secondary reflectivity peakssRf2 andRb2d in
the cooling tail of the transients due to the recalescence pro-
cess. Under these conditions, there is obviously no chance
for a buried liquid layer to be formed. Further support to this
interpretation comes from the fact that following bothRf2

and Rb2, the reflectivity remains decreasing with a smooth
slope, thus indicating that the solidification process is still in
progress.

V. CONCLUSIONS

We have demonstrated the existence of melting at the
film-substrate interface due to a buried liquid layer that self-
propagates in depth whena-Ge films deposited on low ther-
mal conductivity substrates are irradiated with nanosecond
laser pulses. This buried liquid layer propagates indepen-
dently of the primary liquid layer formed at the film surface
and leads to melting at the film-substrate interface once the
film surface has completely solidified. The existence and
propagation features of this buried liquid layer are laser flu-
ence and film thickness dependent since it is only observed
for the thicker films studieds80, 100, and 130 nmd and for
low and intermediate fluences. Once the surface liquid layer
starts to solidify into a crystalline phase, the solidification
enthalpy released melts the amorphous material underneath,
thus forming a buried liquid layer that self-propagates in
depth towards the film-substrate interface. Such a buried
layer appears once a primary melted layer of at least 30–35
nm is induced, and propagates with a threshold velocity of
16±1 m/s. For the higher fluences studied, the primary melt
front approaches the film-glass interface and bulk solidifica-
tion occurs instead, with a release of solidification enthalpy
sufficient to eventually remelt the primary solidified mate-

rial. For the thinnest film studieds50-nm thickd, the induced
thermal gradient across the film is much lower favoring a
“symmetric” bulk solidification scenario.
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