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morphization induced by subnanosecond laser
ulses in phase-change optical recording media

hubing Peng and Masud Mansuripur

We have investigated the dynamics of amorphization induced in phase-change optical recording media by
focused laser pulses of subnanosecond duration. We initiated localized amorphism by using a focused
laser beam to melt the phase-change material and completed the change by rapid cooling by means of
thermal diffusion. These studies were conducted by use of real-time reflectivity measurements with a
pump-and-probe technique in which both pump and probe pulses had a duration of �510 ps. Our
transient-reflectivity measurements indicate that the process that leads to amorphism has three distinct
stages, namely, rapid melting, solidification, and slow relaxation. © 2004 Optical Society of America

OCIS codes: 210.0210, 210.4810.
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. Introduction

n erasable phase-change �PC� optical disk data stor-
ge, one writes a bit of information by applying a
hort pulse of a focused laser beam to a crystallized
rea of the disk.1–5 This pulse increases the local
emperature of the storage layer above its melting
oint. When the pulse ends, the molten spot cools
apidly and subsequently amorphizes. The re-
orded mark can later be identified by use of the same
ocused laser beam �at a much lower incident power�
o measure the reflection of the spot relative to its
rystalline surroundings. Erasure is achieved by
xposure of the film to intermediate levels of laser
ower for a sufficient length of time, raising the local
emperature of the storage layer above its glass tran-
ition point �but below its melting temperature�.
he amorphous mark thus recrystallizes while the
urrounding crystalline matrix remains largely unaf-
ected; optical contrast between the mark and its sur-
oundings is thereby eliminated.

The data-transfer rate that is achievable with re-
ritable PC media is determined primarily by the
uration of time needed to recrystallize an amor-
hous mark. To achieve high data rates, one would
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refer storage materials that have fast crystallization
echanisms. If the storage layer is embedded in a
ultilayer stack with a relatively slow cooling rate

to aid recrystallization�, then amorphism will be-
ome critical because of the possibility of partial crys-
allization during quenching from the melt. Such
artial crystallization decreases the optical contrast
etween amorphous marks and their crystalline sur-
oundings. It also produces relatively large, irregu-
ar crystallites about the periphery of amorphous

arks. These undesirable crystallites scatter light
nd produce high levels of noise and jitter during
eadout.6

A conventional rewritable PC optical disk typically
onsists of a substrate, two dielectric layers sur-
ounding a PC layer, and a heat-sinking metallic
ayer to cap off the stack. The thickness of each
ayer in this quadrilayer is generally optimized for
ood optical contrast during readout, but it is also
esigned to produce a reasonable cooling rate for
morphization. To increase the cooling rate, one can
educe the thickness of the dielectric film between the
torage layer and the heat-sinking layer, increase the
hickness of the heat-sinking layer, or use a thinner
torage layer. Under such circumstances, because
he heat generated within the storage layer is rapidly
iffused away and is absorbed by the heat-sinking
ayer, a large amount of optical energy is needed for
he sample to reach the high temperatures required
or melting.

An effective way to deliver laser energy to rapidly
ooling media is by means of short pulses. If the
ulse duration happens to be shorter than the char-
cteristic diffusion time within the storage layer, the
1 August 2004 � Vol. 43, No. 22 � APPLIED OPTICS 4367
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ntire energy content of the pulse will be absorbed
ocally, thus raising the temperature of the medium
o its highest possible value for the given amount of
ptical energy. Moreover, the large thermal gradi-
nts thus established quickly remove the heat from
he hot spot, giving rise to cooling rates above and
eyond what is possible with longer pulses.
It has been shown that reversible amorphization

nd crystallization can be induced with femtosecond
nd picosecond laser pulses in fast-crystallizing ma-
erials such as GeSb films.7,8 The application of
emtosecond and picosecond laser pulses in optical
torage is limited by the nature of the lasers them-
elves, which, in general, not only have been large,
nefficient, and expensive but also have required a
igh level of care to maintain their performance.
In this paper we investigate the application of sub-

anosecond laser pulses to induce phase transitions
n the media of phase-change optical recording.
ubnanosecond laser pulses can be obtained by com-
ression of pulses of a few-nanosecond’s duration or
y use of a diode-pumped, passively Q-switched solid-
tate laser, the so-called nanolaser. Commercially
vailable nanolasers produce high-intensity, linearly
olarized laser light with good beam quality in a
ange of wavelengths from the infrared to the ultra-
iolet and can be obtained at reasonable prices these
ays. The readily available pulse duration from

ig. 1. Schematic diagram of the pump-and-probe tester used in o
ump and probe beams by beam splitter BS 1. After being delaye
robe beams are combined at polarizing beam splitter PBS 1 and
ength of the probe beam can be changed in multiples of 3.2 m in the
3-m range �round trip� with the resolution of the translation sta

ample is detected by Detector 2 �3�. The parallel probe is blocke
ts rear side �as opposed to the front side, which is the side illumina
f the sample is monitored by Detector 3. Other abbreviations a
368 APPLIED OPTICS � Vol. 43, No. 22 � 1 August 2004
hese lasers is typically a few hundred picoseconds,
btained at a repetition rate of several kilohertz.
sing a pump-and-probe technique in which both the
ump and the probe pulses are �0.5 ns long, we have
nvestigated the time-resolved dynamics of amor-
hization in a few samples of phase-change recording
edia.

. Time-Resolved Pump-and-Probe Tester

o explore the dynamics of amorphization induced by
ubnanosecond laser pulses we measure the reflec-
ivity or transmissivity transients or both of a sam-
le, using a pump-and-probe tester. Figure 1 is a
chematic diagram of our tester. A nanolaser oper-
ting at � � 532 nm is used as a light source; it has
ulse duration � � 510 ps at a repetition rate of 5.7
Hz, and the energy contained in each pulse is E �
.7 �J. The laser beam is first attenuated �by a
eutral-density filter� and then collimated. Be-
ween the attenuator and the collimator, a half-wave
��2� plate is inserted to rotate the polarization vector
f the beam to the p direction, which is the preferred
olarization for the acousto-optic �AO� modulator.
he beam is subsequently focused onto an AO crystal
nd recollimated afterward. The first-order dif-
racted beam out of the AO modulator is used in our
xperiments, whereas the zero-order beam is blocked.
he modulator thus isolates single pulses from the

periments. A laser beam, gated by an AO modulator, is split into
going through variable-length paths�, the pump and the parallel
focused onto the sample by an objective lens. The optical path

D unit. The path length of the pump beam can be adjusted within
The parallel probe beam reflected from �transmitted through� the
enever the antiparallel probe is used to examine the sample from
y the pump beam�. The antiparallel probe reflected from the rear
fined in text.
ur ex
d �by
then
LOP
ge.
d wh
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eriodic train of pulses by diverting them, on com-
and, into the main optical path of the pump-and-

robe tester; it also controls the intensity of the first-
rder diffracted beam.
After reflection from a turning mirror and a prism,

he beam is divided at the first beam splitter �BS 1�
nto a pump beam and a probe beam. The probe
eam is sent through a long-optical-path delay
LOPD� unit that is capable of variable delay. This
evice is essentially a system of conjugate foci con-
isting of three concave spherical mirrors �A, A�, and

in Fig. 1�, all of which have the same radius of
urvature.9 The centers of curvature of mirrors A
nd A� are on the front surface of mirror B, and the
enter of curvature of mirror B is halfway between A
nd A�. The light leaving mirror A �A�� is brought to
ocus by mirror B at a conjugate point on mirror A�
A�. Similarly, the light that leaves mirror B is fo-
used back onto B at a new location that is somewhat
ffset from its point of origin. The number of times
hat the light travels back and forth in the unit is
etermined by the ratio of the diameter of mirror B to
he distance between the curvature centers of mirrors

and A�; one can change the latter simply by tilting
irror A�. In our system the probe beam’s optical

ath length can be made to vary from 3.2 to 22.4 m in
teps of 3.2 m by use of this LOPD unit.
The optical path length of the pump beam is also

djustable with a corner-cube mirror mounted upon a
ranslation stage, which serves to fine tune the rela-
ive delay between the pump and the probe beams.
n our experiments the probe beam’s path length is
xed, and the translation of the retroreflector is used
o adjust the delay of the probe pulse relative to the
ump pulse. A stage motion of 1.5 m �3-m round
rip� produces a 10-ns delay, with a resolution deter-
ined solely by the fine translation steps taken by

he retroreflector.
On exiting the LOPD unit, the probe is expanded

y Beam Expander 2 �Fig. 1�. A pinhole at the com-
on focal plane of the expander performs spatial fil-

ering on the probe beam. The combination of
xpander 2 and Iris 2 minimizes the effects of beam
isplacement caused by air turbulence, mechanical
ibrations of the LOPD mirrors, etc. The probe
eam then goes through another ��2 plate and is
ivided into two parts by another beam splitter, BS 2.
he ��2 plate is mounted upon a rotary stage driven
y a stepper motor, thus facilitating control of the
robe beam’s intensity. �To minimize the thermal
ffects of the probe on the sample, we typically set the
robe’s power to a small fraction of the pump power.�
Splitting the probe at BS 2 yields two probe pulses

or monitoring both sides of the sample. The sample
an thus be probed either from its film side or through
ts substrate, although the two measurements cannot
e made simultaneously. In what follows, parallel
robing will refer to the situation when the pump and
he probe illuminate the same side of the sample,
hereas antiparallel probing will signify that the
ump and the probe arrive from opposite sides of the
ample. Each probe beam passes through a polar-
zer �Polarizers 2 and 3 in Fig. 1�, which sets the
irection of polarization of the probe perpendicular to
he plane of the diagram. Because the pump beam
s linearly polarized in the plane of the diagram, po-
arizers 2 and 3 help to reduce the amount of scat-
ered pump light that reaches the detectors
Detectors 2 and 3 in Fig. 1�.

After reflection from the corner-cube retroreflector,
he pump beam is expanded and spatially filtered by
eam Expander 1. This expander reduces the pos-
ibility of varying overlap between pump and probe
t the sample as a result of the motion of the corner
ube. Ideally, the pump beam directed toward the
orner cube is parallel to the direction of translation
f the stage. If perfect alignment is achieved, the
eam returning from the corner cube will not shift
aterally, nor will it change its propagation direction,
ith any translation of the stage. Misalignment,
owever, can cause lateral beam displacement as a
unction of the corner-cube’s position. Moreover, if
he mount is somehow warped, the orientation of the
etroreflector can change as the corner cube is moved;
his will also change the direction of the pump beam.
he combination of Beam Expander 1 and Iris 1 mit-

gates the lateral shift of the focused pump beam at
he sample. Diffraction, misalignment, or both
ause the beam intensity exiting Iris 1 to vary as the
orner cube is translated; a 5% change in the pump
ower has been observed experimentally. To keep
he pump power constant at the sample, we place
olarizer 1 in the beam’s path �after Iris 1�. Rotat-

ng this polarizer keeps the power of the pump beam
t the sample at a constant value.
The pump and the parallel probe are combined at a

olarizing beam splitter �PBS 1� and then focused by
0.4-N.A. microscope objective onto the sample,

hich is mounted onto an XYZ positioner. For cal-
bration purposes, a flat glass plate mounted at 45° to
he optical axis is used to direct a fraction of the light
o Detector 1. The probe beam reflected from �trans-
itted through� the sample is captured by Detector 2

3�.
In antiparallel probing, the back-side probe is di-

ected by a beam splitter, BS3, and a polarizing beam
plitter, PBS 2, toward the sample, and then focused
nto the sample by a 0.6-NA microscope objective.
he reflected probe from the back side of the sample

s detected at Detector 3. Both Detectors 2 and 3
ave bandwidths of �200 MHz, and their output sig-
als are sampled by a digital oscilloscope at the rate
f 1 GHz.
During measurements, the peak value of a detec-

or’s signal is recorded for a fixed delay between the
ump and the probe. To improve the signal-to-noise
atio, these measurements are averaged over 20 re-
eats of the experiment for each selected value of
elay. Before each measurement, the sample must
e moved to a fresh location by use of the XYZ posi-
ioner. �To reconstruct the optical transient process
n a 10-ns time interval requires a fresh area of the
ample of approximately 100 �m 	 300 �m.� To
aintain a tight focus on the sample, a module con-
1 August 2004 � Vol. 43, No. 22 � APPLIED OPTICS 4369
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isting of an astigmatic lens and a four-quadrant de-
ector is used to generate a focus-error signal, which
s then fed back to the sample’s Z positioner for focus
djustment.
In addition to the pump-and-probe function, our

ester is designed to allow in situ observation of re-
orded marks. A white-light source, brought to the
ench by a fiber bundle, is used for illumination.
he sample’s image is picked up by a CCD camera

hrough the microscope objective, beam splitter BS 4,
nd a focusing lens. �No lens is attached to the cam-
ra.�

. Results and Discussion

eal-time reflectivity and transmissivity measure-
ents were conducted with the pump-and-probe

ester on three phase-change samples. Sample 1
as a 25 nm-thick PC layer of Ge2Sb2.3Te5 �GST�

oated onto a fused-silica substrate and protected
ith a 50 nm-thick SiO2 layer. Trilayer Sample 2

ontained a 75-nm-thick GST layer sandwiched be-
ween two ZnS–SiO2 dielectric layers on a glass sub-
trate. The dielectric layer in contact with the
ubstrate was 120 nm thick, and that coated onto the
ST layer was 110 nm thick. Sample 3 was a quad-

ilayer stack similar to conventional PC recording
edia; it had a 100-nm Al-alloy layer, a 25-nm ZnS–
iO2 layer, a 20-nm GST layer, and a 95-nm ZnS–
iO2 layer coated onto a polycarbonate substrate.
hese samples were deliberately chosen in experi-
ents for their considerable difference in cooling

ates. Before our experiments, the GST layer in all
he samples was in the as-deposited amorphous
tate. We used a static tester to crystallize a 1
m 	 1 mm area of each sample by slow scanning of
focused laser beam.10

In all the experiments reported here the pump
eam �as well as the parallel probe beam� was focused
nto the PC stack through the sample’s substrate; see
ig. 2. To create a large mark, we limited the pump
eam at the entrance pupil of the objective by Iris 1 to
3-mm diameter �see Fig. 1�, whereas the probe
eam overfilled the lens. �Both objectives had a
lear aperture diameter of �7 mm.� In what follows,
center probe is one that is aligned to coincide with

he center of the focused pump spot at the sample,
hereas an edge probe falls on the boundary of the
olten pool produced by the pump pulse. The

hreshold pulse power for writing an amorphous
ark in the crystallized region was experimentally

etermined for each sample. During measure-
ents, we set the pump power to be 30–70% greater

han the threshold value; no ablation was observed at
he pump powers used. The quenched amorphous
arks thus recorded had diameters in the range 1.0–

.5 �m. The probe is generally much weaker than
he pump, thus preventing complications that might
rise from its own thermal effects. Also, the state of
olarization of the probe beam is normal to that of
ump beam, which mitigates the interference be-
ween the two beams, allowing us to have a time
esolution better than 510 ps.
370 APPLIED OPTICS � Vol. 43, No. 22 � 1 August 2004
. Amorphization and Recrystallization in a 25-nm-Thick
hase-Change Layer

igure 3 shows measured transient reflectivity R and
ransmissivity T as functions of time after irradiation
f Sample 1 by a � � 510 ps, E � 310 pJ pump pulse.
The threshold pump energy for forming a visible
ark in the PC layer is �240 pJ.� These measure-
ents were conducted on a precrystallized area of the

ample whose R and T values �before exposure to the
ump� are given in Fig. 3 at time t � 0. Those values
f R and T measured in the as-deposited amorphous
egion are R � 37% and T � 16% in a parallel probe.
n an antiparallel probe, R � 34% in the as-deposited
morphous region. Under illumination of a focused
eam of light, the local temperature in the sample
ises. According to our previous studies, reflectivity
hanges only slightly with temperature ��1%� unless
he PC layer is melted.11 Because of the similarity
n structure between the amorphous state and the

olten state, we expect that reflectivity in the molten
egion will be close to that in the as-deposited re-
ion.12

We obtained the results shown in Fig. 3�a� by using
parallel, 7-pJ probe pulse. It can be seen that,

nder irradiation by the pump pulse, R drops rapidly
o below 40% while T increases to �12%; both phe-
omena are attributed to the melting of the PC layer

n the region of the hot spot. Once the pump is
urned off, R increases gradually, reaching a maxi-
um after �5 ns, and then decreases slowly; not

urprisingly, the variations of T are in the opposite

ig. 2. Pump focused on the PC stack through the sample sub-
trate. The probe may be focused through the same objective, in
hich case it is referred to as a parallel probe, or through a dif-

erent objective located on the opposite side of the sample, in which
ase it is an antiparallel probe. In both cases the probe beam
verfills the aperture of the lens, yielding a small focused spot. In
ontrast, the pump beam may be confined to a small aperture
efore entering the lens, which results in a larger focused spot at
he PC layer. A center probe is one that is aligned to coincide with
he center of the focused pump at the sample, whereas an edge
robe falls onto the boundary of the molten pool produced by the
ump pulse.
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irection. Solidification of the molten pool followed
y slow relaxation is the likely cause of the observed
ehavior.
Figure 3�b� shows transient reflectivity curves ob-

ained with an antiparallel, 6-pJ probe pulse shining
n the back side of Sample 1; all other experimental
onditions are the same as those in Fig. 3�a�. The
ottom curve in Fig. 3�b� is obtained when the focused
robe is centered on the written amorphous mark
center probe�, and the top curve represents the case
hen the probe’s focused spot is displaced from the

enter of the mark, falling on the mark’s boundary
edge probe�. With the center probe, one can observe
hat R drops rapidly to a minimum immediately after
he pump pulse and then rises gradually. Except for
shallow dip near t � 9 ns, no decline in R can be

bserved during the 10.5-ns interval examined. For
he edge probe in Fig. 3�b�, R drops initially, but the
rop is delayed relative to the center probe. Because
f the delay, the melting in the edge region is par-
ially due to heat flow from the hottest central region.
fter this initial drop, the reflectivity measured near

ig. 3. Transient reflectivity and transmissivity as functions of
ime, measured on the crystallized area of Sample 1 after irradi-
tion by a � � 510 ps, E � 310 pJ pump pulse arriving at t � 0. �a�
oth the pump and the �parallel� probe impinge upon the sample

hrough the sample’s substrate. �b� The antiparallel probe ar-
ives on the PC layer from the opposite side of the sample. Tran-
ient reflectivity curves are shown both for a center probe and for
n edge probe.
he edge of the molten pool increases with a few os-
illations and, beyond t � 3 ns, exhibits only small
ariations. After t � 6 ns, the edge region’s R begins
o decline, albeit slowly. Comparing the results of
he edge probe with those of the center probe depicted
n Fig. 3�b�, one can conclude that the PC layer cools
rom the edge of the molten pool toward the center
nd that amorphization is likely to proceed in the
ame direction.
The reflectivity transient measured in Sample 1

hrough the substrate and shown in Fig. 3�a� differs
onsiderably from that measured from the film side of
he same sample and shown in Fig. 3�b�, center probe.
he latter rises steadily after the pump pulse,
hereas the former increases slowly at first, reaches
peak, and then begins to decline. The PC layer in

his sample is coated onto a 1.6-mm-thick fused-silica
ubstrate and protected by a 50-nm-thick layer of
iO2. Because the thermal conductivity of the sub-
trate, 0.014 �W�cm��K,13 is more than twice that of
he silica cover layer, 0.006 �W�cm�K,14 it is conceiv-
ble that the PC film’s interface with the substrate
ight have cooled faster than its interface with the

over layer.

. Amorphization and Recrystallization in a 75-nm-Thick
hase-Change Layer

efore irradiation of the pump pulse, Sample 2 has
eflectivity R � 63% in a crystallized region and 40%
n the as-deposited amorphous region for the inci-
ence of light through the substrate �parallel probe�.
n the antiparallel configuration, R � 62% in the
rystallized region and R � 43% in the as-deposited
morphous region. Figure 4 shows the reflectivity
ransients obtained in a precrystallized area of Sam-
le 2 after irradiation of a pump pulse of energy E �
20 pJ. Note that in Fig. 4�a� the scale is different
or the two curves. The threshold pump power for
riting an amorphous mark on this sample is �230
J.
In Fig. 4�a� pump irradiation causes a rapid initial

rop in reflectivity, followed by a brief rise and then
subsequent decline of R. The increase of R imme-
iately after melting indicates the onset of a liquid-
o-solid phase transition. After �2 ns, the solid is
radually relaxed to an amorphous phase. A com-
arison of the reflectivity transients between the cen-
er probe and the edge probe in Fig. 4�a� reveals that
elting in the edge region begins �125 ps later than

t does in the central region and that the minimum of
he R curve is also delayed by �250 ps. This indi-
ates that the PC layer is initially melted at the cen-
er of the focused spot and that the molten pool
xpands subsequently, in agreement with our obser-
ations for Sample 1; see Fig. 3�b�. Once irradiation
s turned off, the molten pool at the boundary solid-
fies faster than it does at the center.

The transient reflectance observed from an antipa-
allel probe, shown in Fig. 4�b�, differs substantially
rom that observed at the substrate interface, where
he pump beam is strongly absorbed. Here reflec-
ivity R monitored by the center probe decreases
1 August 2004 � Vol. 43, No. 22 � APPLIED OPTICS 4371
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4

ather slowly, reaching a minimum after �5 ns. Be-
ond t � 8 ns, R begins to rise gradually. In con-
rast, R monitored near the edge of the pump beam
pproaches a steady-state value �with slight oscilla-
ions� after t � 3 ns.

Sample 2 is a trilayer stack consisting of a 75-nm
ST layer sandwiched between two dielectric lay-

rs. The optical penetration depth into the crys-
allized PC layer is estimated to be �22 nm. To
nderstand the different behavior of the reflectance
ransient in parallel and in antiparallel probes, we
alculate the temperature distribution in the sam-
le, using full-vector diffraction theory to compute
ptical absorption and solving the heat diffusion-
quation in three-dimensional space and in time.5
n the simulation it is assumed that the refractive
ndices and thermal coefficients of substrate, PC
ayer, and dielectric layers are temperature inde-
endent. Neither the latent heat of the solid-to-
iquid phase transition nor the exothermic heat
eleased during solidification is taken into account.
igure 5 shows the computed plots of temperature

ig. 4. Transient reflectivity versus time, measured on the crys-
allized area of Sample 2 after irradiation by a � � 510 ps, E � 320
J pump pulse. �a� The pump and the probe are parallel, both
rriving on the PC film through the sample’s substrate. �b� The
ntiparallel probe monitors the sample from the surface side. In
oth cases the edge probe reveals higher levels of reflectivity �and
ess variation during the transient period� than the center probe.
372 APPLIED OPTICS � Vol. 43, No. 22 � 1 August 2004
ersus time at the front facet of the PC layer near-
st the substrate �solid curve�, at the middle plane
f the PC layer �dotted curve�, and at the rear facet
f the PC layer, i.e., at the interface with the pro-
ective dielectric layer �dashed–dotted curve�.
he simulation parameters are listed in the figure’s
aption.11 It can be observed that only a thin layer
f the PC film, �25 nm, on the substrate side can
ctually reach the melting point.
Figure 6 shows the reflectivity transients obtained
ith a parallel probe on an as-deposited amorphous

egion of Sample 2. The two curves in this figure
orrespond to two different pump energies: E � 240
J for the upper curve and E � 130 pJ for the lower
urve. These pulse energies are chosen on the basis
f the results shown in Fig. 4, accounting for the
ifferent absorption coefficients of the amorphous
nd crystalline phases of the sample. For the lower
urve in Fig. 6 the pump is so weak as to preclude any
elting of the PC layer. As for the upper curve, the
igh-energy pump causes a sudden rise in R, from
0% to �46%. After a few weak oscillations in the
icinity of t � 0.5 ns, R decreases with time and
radually approaches a final steady-state value.
his steady-state value is �1% greater than the ini-
ial reflectivity of the sample, indicating perhaps a

ig. 5. Computed plots of temperature versus time at the center
f the hot spot at various depths through the 75 nm-thick GST film
f Sample 2. The solid curve is obtained at the interface of the
ST film with the dielectric layer directly deposited onto the sub-

trate, the dotted curve represents the middle plane of the GST
lm, and the dashed–dotted curve corresponds to the interface
etween the GST film and the dielectric overcoat. From t � 
255
s to t � �255 ps the sample is irradiated �through its substrate�
ith a focused pump beam with � � 532 nm, FWHM diameter 1.25
m, P � 627 mW, and � � 510 ps. The large thickness of the GST
lm �compared to the skin depth for this material� as well as the
ifferent thermal conductivities of the substrate and the dielectric
oating layer is responsible for the vastly different temperature
rofiles through the film thickness. The parameter values as-
umed in this simulation are as follows: For the glass substrate,
he refractive index is n � 1.5; the specific heat is C � 2.0 J�cm3�K,
nd the thermal conductivity is K � 0.011 �W�cm��K. For the
nS–SiO2 dielectric layers, n � 2.14, C � 2.0, and K � 0.006. For
he GST phase-change layer, n � ik � 3.2 � i3.8, C � 1.285, and

� 0.018.
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light difference between the melt-quenched and the
s-deposited amorphous states. In a comparison of
he upper curve of Fig. 6 with the lower curve of Fig.
�a�, it is interesting to note that amorphization takes
omewhat longer when one starts from a crystallized
egion than when the initial state of the sample is
morphous.

. Amorphization and Recrystallization in a
apid-Cooling Structure

efore exposure of the pump pulse, Sample 3 has
eflectivity R � 40% in the crystallized region and
0.6% in the as-deposited amorphous region. Fig-
re 7 shows the reflectivity transients obtained from
precrystallized region of Sample 3 by use of a par-

ig. 6. Transient reflectivity versus time, measured on the as-
eposited amorphous region of Sample 2, pumped by � � 510 ps
ulses of different powers. Energy E � P� contained in the pump
ulses is 240 and 130 pJ. A centered parallel probe monitors the
ample in both cases.

ig. 7. Transient reflectivity versus time, measured on the crys-
allized area of Sample 3 after irradiation by a � � 510 ps, E � 260
J pump pulse. Both the pump and the probe arrive on the PC
lm through the sample’s substrate. The edge probe reveals
igher reflectance �and less variation during the transient period�
han the center probe.
llel probe. The lower curve corresponds to a center
robe, and the upper curve represents an edge probe.
ump pulse energy E � 260 pJ is �73% greater than
he threshold pulse energy of �150 pJ required for
morphization in this case.
Once again, the pump irradiation melts the PC

ayer and causes R to drop from 40% to 23%. Inter-
stingly, following the drop, R suddenly increases
nd then decreases again. This change of R by as
uch as 4% can be seen in the lower curve in Fig. 7.
he same phenomenon was also observed in Samples
and 2, although the change in R in those instances
as not so pronounced. To our knowledge, such an
ltrafast phenomenon has never been reported in the

iterature.
Sample 3 is a quadrilayer stack that has an Al-

lloy layer as a reflector as well as a heat sink. The
hermoelastic property of the Al alloy is quite differ-
nt from that of the dielectric layer. During irradi-
tion by a subnanosecond focused beam, the absorbed
ight in the PC layer causes submicrometer-sized lo-
al heating and causes transient thermal expansion
nd high elastic stress in the film.14 The fast solid-
o-liquid phase transition causes a sudden decrease
n the volume of the PC layer. The thermoelastic

echanism is suppressed by homogeneous melting
cross the PC layer. The time interval between the
wo minima of the spike in Fig. 7 is related to the time
eeded for complete melting of the PC layer through
hermal diffusion. That diffusion time is estimated
o be �250 ps, which is close to the �340-ps interval
etween the two minima.
Once the laser pulse is turned off, the molten pool

ools and solidifies. The structural phase transition
rom liquid to solid results in a rapid increase of R.
ollowing solidification, the molten spot relaxes
lowly to the amorphous state and R decreases, sim-
larly to what was observed for Samples 1 and 2; see
igs. 3�a� and 4�a�. In particular, the reflectivity of

he liquid phase is significantly higher than that of
he amorphous phase at room temperature.

A comparison of the R transients of Sample 3
btained with the center probe and with the edge
robe indicates that cooling of the molten pool pro-
eeds from the boundary to the center, which is also
he way in which amorphization proceeds in this
ample. Amorphization is frustrated by growth of
he crystalline phase from the boundary, which is
ndicated by the rise in R from the edge probe after
� 5 ns.
Figure 8 shows the R transients observed in an

s-deposited amorphous region of Sample 3 on irra-
iation by a pump pulse. The pulse energy for the
op curve, which shows the effects of localized melting
f the PC layer, is E � 180 pJ, and that for the bottom
urve, which is intended not to melt the PC layer at
ll, is E � 90 pJ. When the pump fluence is low, R
ncreases initially by �1.5% and subsequently
eaches a steady state after �1 ns. At high fluence,
owever, R jumps abruptly from 10.6% to 18.2% and
ubsequently declines to a stable final value that is
1 August 2004 � Vol. 43, No. 22 � APPLIED OPTICS 4373
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2% greater than the initial reflectivity of the sam-
le. Under the microscope there appears a faint
ontrast between the exposed area and its surround-
ngs, confirming perhaps the partial crystallization of
he molten pool during cooldown. Weak oscillations
an be observed in the R transient right immediately
fter irradiation with the high-power pump pulse.
onsistent with our observation for Sample 2, the
elaxation time for amorphization starting from the
ample in its crystalline state is somewhat longer
han that from the sample in its amorphous state
compare the lower curve in Fig. 7 with the upper
urve in Fig. 8�.

A comparison of Figs. 6 and 8 reveals that, owing to
he high thermal conductivity of the Al-alloy layer,
ample 3 cools faster than Sample 2; nonetheless,
artial crystallization during cooldown from the melt
s observed in both samples.

One consequence of short-pulse recording, which
as also noted previously,6 is the formation of a

harp, clean boundary between the recorded amor-
hous mark and its surrounding crystalline environ-
ent. Figure 9 shows transmission electron
icroscope images of amorphous marks written on
ample 3. In Fig. 9�a� the mark was written with a
� 510 ps pulse; in Fig. 9�b� the mark was written
ith a fairly long �� � 500 ns� laser pulse. Note the
ppearance in Fig. 9�b� of a ring containing relatively
arge crystallites, which are formed during slow cool-
ng at the edge of the molten pool; rapid cooling �Fig.
�a� prevents the formation of the ring.

. Concluding Remarks

sing transient reflectivity measurements with a
ump-and-probe technique, we investigated the
morphization dynamics of several phase-change
amples of different layer structures. Amorphiza-
374 APPLIED OPTICS � Vol. 43, No. 22 � 1 August 2004
ion triggered by subnanosecond laser pulses was
chieved in all the samples. This study indicates
hat amorphization involves rapid melting, liquid-
o-solid phase transition, and subsequent struc-
ural relaxation. Partial crystallization during
morphization was also observed in these samples.

The authors are grateful to J. Kevin Erwin, Warren
letscher, and Xiaodong Xun of the Optical Sciences
enter, University of Arizona, for their technical sup-
ort. Sample 1 was prepared by Lynda Busse of the
.S. Naval Research Laboratory, and Samples 2 and
were fabricated at Matsushita Electric Industries of
apan by Kenichi Nagata and Takeo Ohta. The
ransmission electron micrographs in Fig. 5 were
upplied by Byung-ki Cheong of the Korea Institute
f Science and Technology. This research has been
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niversity of Arizona.
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