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ehavior of GeSbTeBi phase-change optical
ecording media under subnanosecond pulsed
aser irradiation

azuo Watabe, Pavel Polynkin, and Masud Mansuripur

We investigated the variations in reflectivity during the phase transition between amorphous and
crystalline states of a Bi-doped GeTe–Sb2Te3 pseudobinary compound film with subnanosecond laser
pulses, using a pump-and-probe technique. We also used a two-laser static tester to estimate the onset
time of crystallization under 2.0-�s pulse excitation. Experimental results indicate that the formation
of a melt-quenched amorphous mark is completed in �1 ns, but that crystalline mark formation on an
as-deposited amorphous region requires several hundred nanoseconds. Simple arguments based on
heat diffusion are used to explain the time scale of amorphization and the threshold for creation of a
burned-out hole in the phase-change film. © 2004 Optical Society of America

OCIS codes: 210.0210, 210.4810, 210.4770.
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. Introduction

n rewritable optical data storage, phase-change ma-
erials have become mainstream in the marketplace,
s they are used for rewritable DVDs such as DVD
AM and DVD RW. In a phase-change medium
ne, writes and erases data bits by controlling the
ower of irradiating laser pulses focused onto the
ecording layer of the medium.1–5 Writing is carried
ut by creation of amorphous marks on an initialized,
.e., crystallized, region of the phase-change medium.
uch amorphization is induced by melting followed
y rapid cooling of the material. A short, relatively
igh-power pulse focused on the phase-change film
auses the film’s local temperature to reach beyond
he melting temperature Tm of the film, thus causing
ocal melting. Once the pulse has been terminated,
he molten pool cools rapidly to form a solid, melt-
uenched amorphous mark. The recorded bits are
rased by recrystallizing of the amorphous marks.
rystallization is induced by localized annealing. A
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ocused laser beam of moderate power raises the local
emperature of the film to its glass-transition point
g but keeps the temperature below Tm. Maintain-

ng the temperature between Tg and Tm for a suffi-
ient period of time causes the amorphous mark to
evert to its crystalline state. Optical readout of the
nformation bits thus recorded requires evaluating
he change in reflectivity caused by an array of amor-
hous marks on a crystalline background. Usually,
he amorphous state has lower reflectivity than the
rystalline state. A focused cw laser beam at suffi-
iently low power does not change the local state of
he film but reproduces the recorded marks by the
hange in reflectivity, which is ultimately picked up
y a photodetector.
In optical data storage the demand for large capac-

ty and high data transfer rates continues to grow.
o achieve a high data rate, one must write data bits

i.e., marks and spaces� in a short time interval,
hich means that amorphous marks must be formed
y short laser pulses. Moreover, direct overwrite of
reviously recorded marks requires rapid recrystal-
ization as well. Modern optical data storage relies
n laser pulses of the order of 10-ns duration, ob-
ained by direct modulation of semiconductor diode
asers. It thus seems natural to investigate pulses
f the order of nanosecond or subnanosecond dura-
ion to achieve high data transfer rates in future
ptical storage devices.
The experimental studies of Afonso et al.6 and Sie-

el et al.7 highlighted reversible amorphization and
10 July 2004 � Vol. 43, No. 20 � APPLIED OPTICS 4033
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rystallization of phase-change materials under fem-
osecond and picosecond laser pulses, thus affirming
he great potential of this class of material for high-
peed rewritable optical data storage applications.
t this point, however, there are practical obstacles

o implementing femtosecond or picosecond lasers in
practical commercial storage unit. Nevertheless,
e remain interested in phase-change phenomena
rought about with subnanosecond �i.e., of the order
f 0.1 ns� laser pulses, which may be practical for the
ext generation of rewritable optical data storage
roducts.
In this paper we investigate the transition between

morphous and crystalline phases of a phase-change
aterial induced by a 0.5-ns pulsed laser. A pump-

nd-probe technique is used to monitor the variation
n reflectivity in phase-change events,8,9 starting just
efore the onset of the 0.5-ns pulse and continuing
hroughout and after the end of the pulse. We used
uadrilayer samples that contained phase-change
lms of a GeTe–Sb2Te3 pseudobinary composition in
hich a few percent of Sb was replaced with Bi.10

. Experimental Setup

he experimental setup is shown schematically in
ig. 1. The details of the construction and function-

ng of the tester are given elsewhere.8,9 A
-switched solid-state laser �� � 532 nm� is used as

he light source. The laser emits a train of pulses
hose duration is 0.5 ns and whose repetition rate is
.7 kHz. We pick a single pulse out of this train with
n acousto-optic modulator, which acts as an optical
ate. A single pulse is then divided into a pump
eam and a probe beam. The probe beam is set to
ave much weaker intensity, approximately a factor
f 40 less than the pump beam, such that it will not

ig. 1. Schematic of the pump-and-probe tester: Det. 1 and Det.
plitter.
034 APPLIED OPTICS � Vol. 43, No. 20 � 10 July 2004
ffect the phase transition of the sample. We adjust
he time delay between the pump and the probe
ulses by changing the optical path length of the
ump beam, which we do simply by adjusting the
osition of a retroreflector in its path. The pump
nd the probe beams are recombined at the second
olarizing beam splitter and irradiated onto the sam-
le through a microscope objective. In this research
e used a 0.4-N.A. objective lens. The probe coin-

ides at the sample with the pump beam; thus the
robe picks up its signal from the central portion of
he mark formed by the pump beam, though the re-
ected signal will be affected by the surroundings of
he mark because of the spatial distribution of the
ocused probe beam at the sample. The signal from
he probe is averaged over 20 runs; each run is per-
ormed on a fresh point of the sample. �The position
f the sample is shifted by 2.5 �m for each run.�
The samples used in this study had a typical quad-

ilayer structure for front-surface access in which the
.6-mm-thick substrate is directly beneath the metal
reflective� layer. Figure 2 shows a cross-sectional
iew of the sample. The stack consists of a 10-nm-
hick ZnS–SiO2 upper dielectric layer, a 13-nm-thick
eSbTeBi phase-change recording layer, a 10-nm-

hick �20-nm-thick� ZnS–SiO2 lower dielectric layer,
nd a 100-nm-thick silver alloy reflective layer. We
ereafter call the sample with the 10-nm-thick lower
ielectric layer disk A and the sample with the 20-
m-thick lower dielectric layer disk B. The silver
lloy layer acts as a reflector and also as a heat sink,
hich removes the heat from the phase-change layer
eposited there by the laser. Thus we use two kinds
f sample that have different thicknesses of the lower
ielectric layer and compare their thermal character-
stics. We focused the pulsed laser beam through

tector 1 and detector 2; PBSs, polarizing beam splitters; BS, beam
2, de
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he upper dielectric layer, and not through the sub-
trate, to eliminate the influence of the birefringence
f the substrate, which can cause coherent pump-
nd-probe cross talk at the signal detector.9
The phase-change film in our samples had a GeTe–

b2Te3 pseudobinary composition, with a few percent
f Sb replaced by Bi to help the crystallization process
y reducing the threshold temperature for crystalli-
ation.10 �This material will be referred to as GSTB
lm hereafter.� As a result, the recording layer has

our elements, namely, Ge, Sb, Te, and Bi. It is be-
ieved that crystallization in this type of phase-
hange film is dominated by growth of nuclei.

We measured the reflectivity for three different
tates of the phase-change sample, i.e., the as-
eposited �amorphous� state, the crystalline state,
nd the melt-quenched amorphous state. The crys-
alline state is obtained by annealing of a fairly large
s-deposited region of the sample at a moderate tem-
erature. Here, we use a static tester11,12 to anneal
he sample in the as-deposited state by scanning the
ample with a focused cw laser beam at a few milli-
atts of power. The melt-quenched amorphous

tate is obtained by irradiation of a previously initial-
zed, i.e., crystallized, area of the sample with a 0.5-ns
ulse. We wrote an array of closely spaced melt-
uenched amorphous marks upon a crystalline re-
ion of the samples by 0.5-ns pulses at 0.25 nJ per
ulse. It is conventionally believed that writing
morphous marks so close to one another does not
ecessarily create a pure melt-quenched amorphous
egion on phase-change samples. This is so because
riting amorphous marks typically creates a crystal-

ine ring about the circular amorphous mark during
ooldown where the ring region spends sufficient time
n the temperature range between Tg and Tm. In
ur experiment, however, because of the short dura-
ion of the pulse the melt-quenched amorphous
arks do not have this crystalline ring about them.
e thus create a fairly large melt-quenched amor-

hous region in our phase-change samples.
The measured reflectivities of the various states for

ur two samples are listed in Table 1. The reflectiv-

ig. 2. Structure of the quadrilayer phase-change optical storage
edium used in this research.
ty of the melt-quenched amorphous state was found
o be slightly higher than that of the as-deposited
tate for both disks, in agreement with results re-
orted in the literature.13,14 Melting and subse-
uent cooling of a phase-change material can create
mall crystallites, or crystalline embryos, as the tem-
erature of the film passes through the range be-
ween Tg and Tm.15,16 These embryos raise the
eflectivity of the melt-quenched amorphous state
lightly above that of the as-deposited state, which
resumably does not have any such crystalline em-
ryos.

. Experiments with Crystalline Film

ocalized amorphization of the crystalline state of the
torage layer corresponds to writing marks on a
hase-change optical disk, which is usually initial-
zed to the crystalline state in advance. Figure 3
hows the measured change in reflectivity during the
rystalline-to-amorphous phase change of the GSTB
lm of disk A. After writing on this sample by short
ulses, we bring it to a static tester11,12 and try to
rase �i.e., recrystalize� the marks by using a focused
w laser beam to confirm the state of the marks.
igure 4 shows microscope images of the written
arks; the pictures on the right-hand side �Fig. 4�b��

how the marks after erasure. This observation
onfirms that the bottom curve �corresponding to 0.53
J� in Fig. 3 represents the formation of a permanent
ole in the film rather than a melt-quenched amor-

ig. 3. Variations in reflectivity during amorphization of the crys-
alline state of Bi-doped pseudobinary GeSbTe film �disk A�.
ach curve corresponds to a specific value of the pulse energy. All

he pulses have durations of 0.5 ns. The rightmost point of each
urve represents the final reflectivity of the recorded mark �after
everal minutes�.

Table 1. Reflectivities of the Three States of the Phase-Change
Samples at � � 532 nm

Area Disk A Disk B

Crystalline area 35.4% 30.8%
As-deposited amorphous area 8.09% 14.51%
Melt-quenched amorphous area 9.26% 14.86%
10 July 2004 � Vol. 43, No. 20 � APPLIED OPTICS 4035
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hous mark �Fig. 4, bottom�. Marks written at 0.16
J are hardly discernible from the crystalline back-
round under an optical microscope, even though at
east a tiny mark is expected to have formed as ex-
ected from the information in Fig. 3 by the slight
rop in the reflectivity of the sample. The two
urves in the middle of Fig. 3 illustrate the formation
f distinguishable melt-quenched amorphous marks.
n these cases, the reflectivity drops immediately af-
er the beginning of the pulse �t � 0.0 ns� and reaches
ts lowest value at the end of the pulse �t � 0.5 ns�.
fter reaching minimum, the reflectivity goes up ever
o slightly for several hundred picoseconds before
eaching its final value; this corresponds to the
ooling–solidification process. If we suppose that
hermal conductivity K and specific heat C of the
STB film and dielectric layers are nearly the same
s inferred from other sources �K � 0.005 J�cm�s�°C,

� 1.5 J�cm3�°C�,15 we can estimate how far the
eat flows during laser exposure. In a time t, heat
iffuses a typical distance L � �Kt�C�1�2, which, for
� 0.5 ns, yields a value for L of �13 nm.17 Thus

mmediately after the 0.5-ns duration of the pulse the
eat can reach the heat-sinking layer �i.e., the Ag
lloy�, which, because of its high thermal conductiv-
ty, diffuses heat rapidly. Consequently, one can
afely say that the melt-quenched amorphous mark
orms in �1 ns.

Besides the melt-quenched amorphous marks, it is
nteresting to note that a permanent hole is also
ormed in the time interval of 1 ns. We expect this
ole to be within the recording layer and not a
hrough hole �i.e., all the way to the plastic sub-
trate�, as there is not enough energy in the pulse to
elt the fairly thick metal layer.

. Experiments with As-Deposited Amorphous Film

. Disk A: 10-nm Lower Dielectric Layer

igure 5 shows reflectivity traces obtained during
aser irradiation of the as-deposited GSTB film of
isk A. The energy content of the pulse is varied
rom 0.05 to 0.40 nJ. We can crystallize the as-
eposited region by maintaining its temperature long
nough between glass transition temperature Tg and
elting temperature T .16,17 Investigation of the fi-

ig. 4. �a� Optical microscope images of amorphous marks writ-
en on a crystalline GSTB film �disk A�. �b� The marks in the
entral region of the imaged frames were erased by a focused cw
aser beam �mark spacing, 2.5 �m in the horizontal direction�.
m

036 APPLIED OPTICS � Vol. 43, No. 20 � 10 July 2004
al reflectivities in Fig. 5 reveals that none of the
urves corresponds to crystalline mark formation,
nd inspection under the static tester shows that
riting with 0.20-nJ or higher-energy pulses pro-
uces unerasable marks �i.e., hole opening�. Figure
shows optical microscope images of the written
arks. These amorphous marks can be seen to have

lightly higher reflectivity than the as-deposited
morphous background. It is clear that marks writ-
en with 0.31 nJ of energy contain a dark burned-out
ole at the center. With careful inspection, one can
ven see the small burned-out holes formed during
riting by 0.20-nJ pulses.
The inset of Fig. 5 shows a plot of final reflectivity

ersus pulse energy. Here, reflectivity is a maxi-
um at 0.15 nJ and drops after this point with the

ncreasing pulse energy �owing to the formation of

ig. 5. Variations in reflectivity during short-pulse laser irradi-
tion of the as-deposited GSTB film �disk A�. Each curve corre-
ponds to a specific value of pulse energy. All pulses have
uration 	 � 0.5 ns. The rightmost data point for each curve
epresents the final reflectivity after several minutes. The depen-
ence of this final reflectivity on pulse energy is shown in the inset.
he background reflectivity of 8.09% represents the value at zero

nput energy.

ig. 6. �a� Optical microscope images of amorphous marks writ-
en on the as-deposited amorphous GSTB film �disk A�. The
arks in the central region of imaged frames were erased by a

ocused cw laser beam. The vertical dark lines in the images of �b�
epresent holes burned out not during short-pulse writing but
uring erasure by raster scanning �mark spacing, 2.5 �m in the
orizontal direction�.
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urned-out holes�. The peak reflectivity is compara-
le to the value measured for the melt-quenched
morphous state of the sample; see Table 1. We
ould not record polycrystalline marks on this sample
ven though we decreased the energy of the short
ulse to very low values, e.g., 0.05 nJ, to prevent
elting. This result, of course, is expected because

he GSTB film does not have enough time to generate
ucleation sites throughout the illuminated region
ith these short pulses.
Next, we conducted experiments on the static

ester with relatively long pulses on the as-deposited
morphous region of disk A to estimate the approxi-
ate onset time of crystallization for this medium.
igure 7 shows variations in reflectivity during the

ormation of crystalline marks on the as-deposited
egion of disk A on application of a 2.0-�s pulse �pulse
uration, 0–2.0 �s in the figure�. The reflectivity is
ormalized by its value for the crystalline state of the
ample. The experiments are conducted on a static
ester,11,12 which has two semiconductor lasers oper-
ting at �1 � 680 nm �laser 1� and �2 � 643 nm �laser
�. We used laser 1 as a pump beam for writing and
aser 2 as a probe beam for reading. A 0.6-N.A. mi-
roscope objective was used to focus both beams onto
he same spot at the sample.

This type of transition from the as-deposited amor-
hous state to the crystalline state has been well
nvestigated in the literature.15,18 In Fig. 7 the re-
ectivity for all the curves starts from its value for the

ig. 7. Variations in reflectivity during long-pulse laser irradia-
ion of the as-deposited GSTB film �disk A�. Each curve corre-
ponds to a specific value of the pulse power. All pulses have
.0-�s duration. Reflectivity is normalized by its value for the
rystalline state of the sample. Each curve is averaged over 20
dentical trials at different locations on the sample. A close-up of
ariations in reflectivity is shown in �b�.
s-deposited state and reaches its final value near
–4 �s. Subsequent erasure experiments show that
arks written at 16 mW have burned-out holes at the

enter. We see no indication of mark formation on
rradiation with 2.0-mW pulses. Otherwise crystal-
ine marks were formed with pulses from 4.0 to 14.0

W, and they were found to be erasable. The dif-
erence in the final reflectivity observed for different
rite powers is caused by differences in the final sizes
f the recorded marks. The highest reflectivity, and
onsequently the largest mark, was obtained at
2.0-mW write power.
To permit these transition processes to be in-

pected in detail, we provide in Fig. 7�b� a close-up
iew of some of the curves in Fig. 7�a�. In the time
ange between 0 and 0.2 �s we find that the reflec-
ivity takes off immediately after t � 0, especially for
ulse powers greater than 4 mW. This is likely
aused by the change in the optical constants of the
ample with rising temperature.15,18 Taking this ef-
ect into account, we can estimate the onset time of
rystallization as �200 ns, except for the lower two
urves �3 and 2 mW�; one of them shows a longer
nset time, and the other may have no crystallization
nset at all. The curve that corresponds to 14.0 mW
f pulse power shows a lower crystallization rate than
hat of the 12.0-mW curve, presumably because at
igher power the temperature at the center of the
eam spot exceeds the melting point, which creates a
mall amorphous region at the center of the spot that
epresses the reflectivity.
From Fig. 5, the pulse duration of 0.5 ns turns out

o be too short for this film to enable crystallization of
he as-deposited amorphous state to take place. It is
hus possible, with 0.5-ns laser pulses, to form melt-
uenched amorphous marks without forming crystal-
ine rings around them. Thus the melt-quenched
rea formed by an array of closely spaced melt-
uenched marks discussed in Section 2 �in conjunc-
ion with Table 1� should be a pure melt-quenched
morphous state without any recrystallized areas.
The results of the crystalline-to-amorphous and

morphous-to-crystalline transitions discussed so far
ead to the following conclusion: Even though a
hase-change medium may exhibit an amorphous-to-
rystalline transition in hundred-nanosecond or
onger time frames, it can nevertheless form melt-
uenched amorphous marks in 1 ns or less, induced
y a subnanosecond laser pulse.

. Disk B: 20-nm Lower Dielectric Layer

igure 8 shows measured variations in reflectivity
hat resulted from a 0.5-ns pulse irradiation on the
s-deposited region of the GSTB film of disk B. Ex-
erimental conditions for this measurement were the
ame as those used in our previous experiments with
isk A �Fig. 5�. The energy per pulse varied from
.08 to 0.33 nJ.
The minimum reflectivity was attained near 0.6 or

.7 ns for all the curves except that with an energy of

.33 nJ. This result suggests the formation of a dif-
erent structure by the 0.33-nJ pulse, as we discuss
10 July 2004 � Vol. 43, No. 20 � APPLIED OPTICS 4037
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elow. Considering the final reflectivities, whose
alues are comparable to the initial value for the
s-deposited amorphous film, the final state of the
ark in none of these experiments must be crystal-

ine, similar to the results obtained for disk A. The
arks written with 0.20 nJ of energy or more were

ound to contain permanent burned-out regions after
rasure on the static tester. This energy threshold
s nearly the same as that for disk A, despite the
isks’ having different lower dielectric layer thick-
esses, though the thicker dielectric layer should give
isk B a relatively slow cooling rate and a correspond-
ngly low threshold energy for burn-out. Using heat
iffusion arguments, we can understand this phe-
omenon as follows: Within 0.5 ns the heat applied
o the GSTB film does not have enough time to diffuse
o the heat-sinking layer because the combined thick-
ess of the lower dielectric layer and the GSTB film is
reater than the diffusion length on this time scale.
hus all the energy input to the medium is absorbed

n the GSTB film during the pulse, irrespective of the
hickness of the lower dielectric layer. Therefore,
imply determined by the input energy, the threshold
f permanent burn-out is the same for disks A and B.
The inset of Fig. 8 shows the final reflectivities ob-

ained a few minutes after pulse irradiation. The fi-
al reflectivity increases ever so slightly as the energy
er pulse increases at first. This increase is caused by
he formation of melt-quenched amorphous marks
hat have slightly higher reflectivity than the as-
eposited film; see Table 1. We inspected the written
arks under an optical microscope and observed that

he marks written with 0.20–0.27 nJ of energy have
urned-out holes surrounded by melt-quenched amor-
hous rings. Therefore at 0.20 nJ the increase in re-
ectivity appears to slow down with the creation of

ig. 8. Variations in reflectivity during short-pulse laser irradi-
tion of the as-deposited GSTB film �disk B�. Each curve corre-
ponds to a specific value of the pulse energy. All pulses have
.5-ns duration. The rightmost point of each curve represents the
nal reflectivity of the corresponding mark after several minutes.
he dependence of this final reflectivity on pulse energy during
hort-pulse irradiation is shown in the inset. The background
eflectivity of 14.51% represents the value at zero input energy.
038 APPLIED OPTICS � Vol. 43, No. 20 � 10 July 2004
ark, burned-out holes. However, the increase in the
rea of the melt-quenched amorphous ring surround-
ng the hole keeps the reflectivity on a rising path.
he final reflectivity obtained with a 0.33-nJ pulse
hows by far the lowest value in Fig. 8. For the marks
ritten with 0.33 nJ, we found a structure different

rom those written at lower energy. Those marks
ave a dark annular region surrounding a bright spot

n the center, probably as a result of a permanent
tructural change in the reflective metal layer as well
s in the GSTB layer, whereas the previously noted
urned-outs at lower energies are structural changes
n the GSTB film alone.

Next, writing experiments with disk B were per-
ormed on a static tester with a 2.0-�s rectangular
ulse similar to that used for disk A. Figure 9 shows
ariations in reflectivity on irradiation of the as-
eposited area of disk B. With 12.0 and 14.0 mW,
arks were found to have burned-out holes, whereas
arks formed with lower powers could be fully erased

n the static tester. The curves in Fig. 9 share char-
cteristics similar to those of Fig. 7, which was ob-
ained for disk A. Focusing on the differences
etween the results with disks A and B, we found the
hreshold power for burn-out to be lower for disk B,
nlike in the short-pulse experiment. This result is
ot surprising, considering that heat diffusion now
ccurs over time intervals much shorter than the
ulse duration of 2.0 �s. The different thicknesses

ig. 9. Variations in reflectivity during long-pulse irradiation of
he as-deposited GSTB film �disk B�. Each curve corresponds to a
pecific value of the pulse power. All pulses have 2.0-�s duration.
eflectivity is normalized by its value for the crystalline state of

he sample. Each plot is averaged over 20 identical trials at dif-
erent locations on the sample. A close-up of variations in reflec-
ivity is shown in �b�.
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f the lower dielectric layer thus matter under long-
ulse irradiation. Disk A, which has a thin upper
ayer, cools faster during the pulse, thus pushing the
hreshold power higher than that for disk B.

Finally, the close-up view of the reflectivity curves
f Fig. 9�a� that is shown in Fig. 9�b� indicates that for
isk B reflectivities do not rise significantly until
200 ns. Apparently, the change in the optical con-

tants of this sample with rising temperature does
ot cause much change in the reflectivity of the stack.
t is thus easier to determine the onset time of crys-
allization for the GSTB film of disk B than it was for
isk A. These times should coincide, as the two
isks have identical GSTB films and, not surpris-
ngly, we found the same value for the onset time of
rystallization, namely, �200 ns.

. Discussion of the Change in Reflectivity with Rising
emperature

omparing the results of Figs. 5 �for disk A� and 8 �for
isk B�, we noticed a basic difference in the curves.
nlike the results for disk A, every curve in Fig. 8
ecreases in reflectivity on irradiation by the pulse.
his may be due to the change in optical constants
ith temperature combined with the effect of coherent

ptical interference among various layers of each disk.
igure 10 shows the calculated variations in reflectiv-

ty of the two disks during heating. The results for
he wavelength of 532 nm are shown in Fig. 10�a�.
he optical constants used for both disks are listed in
able 2. The refractive indices of the dielectric layer
nd the phase-change recording layer are believed to
ecrease with rising temperature, whereas the absorp-
ion coefficient of the phase-change film is expected to
ncrease with rising temperature. Thus we changed
he constants, as given in Table 2, for calculating the
eflectivity variations of our media. We did not
hange the indices of the metal reflective layer because
hat layer should not be heated much compared with to
he other layers. In Fig. 10, all parameters were
hanged simultaneously, although the x axis of the
gure shows only absorption coefficient k of the GSTB

ayer. The change in the optical constants of disk A
avors an increase in reflectivity, whereas for disk B it
esults in a decrease in reflectivity, in good agreement
ith the experimental results shown in Figs. 5 and 8.
ven though the two disks differ �by 10 nm� only in the

hickness of the lower dielectric layer, this difference
ppears to be sufficient to cause the observed changes
n reflectivity on multiple reflections within the mul-
ilayer stack.17

Figure 10�b� shows the calculated reflectivity vari-
tion for � � 643 nm to simulate the results obtained
ith the static tester. The optical constants for this

alculation are also given in Table 2. The changing
he optical constants of disk A caused an increase in
eflectivity with rising temperature, whereas for disk

they resulted in only a slight change. This result
gain agrees well with the experimental results
hown above in Figs. 7 and 9.

. Conclusions

ariations in reflectivity during phase transition be-
ween the amorphous and crystalline states of two
uadrilayer phase-change samples have been inves-
igated with subnanosecond laser pulses by use of a
ump-and-probe technique. We created a melt-
uenched amorphous mark on the precrystallized
ig. 10. Calculated variations in reflectivity of disks A and B
uring heating ��a� � � 532 nm, �b� � � 643 nm�. The temperature
ependences of the optical constants of each layer are listed in
able 2. All the parameters are changed simultaneously, though
nly the absorption coefficient k of the GSTB layer is shown in the
Table 2. Optical Constants of the Quadric-Layer Stacks at Room
Temperature and at an Elevated Temperature

Layer
Refractive
Index �n�

Absorption
Coefficient �k� n �heated� k �heated�

� 532 nm
ZnS–SiO2 2.099 0.052 2.000 0.052
GeSbTeBi 3.672 2.008 3.000 2.300
Ag alloy 0.120 3.330 — —
� 643 nm
ZnS–SiO2 2.099 0.040 2.000 0.040
GeSbTeBi 4.092 1.678 3.500 2.000
Ag alloy 0.128 4.281 — —
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4

rea of a Bi-doped GeTe–Sb2Te3 pseudobinary phase-
hange sample with a 0.5-ns laser pulse. This
rystalline-to-amorphous transition was found to
omplete its course within �1 ns. Crystalline for-
ation on the as-deposited amorphous state of this
edium did not start on application of a 0.5-ns pulse

ut required at least 200 ns under 2.0-�s laser pulse
rradiation. Simple arguments based on heat diffu-
ion were used to explain qualitatively the time scale
f amorphization and the threshold energy for cre-
tion of burned-out holes within the phase-change
lm.

The authors are grateful to H. Satoh, H. Ohsawa,
. Nakamura, N. Oomachi, and S. Ashida of the
oshiba Corporation of Japan for providing the
hase-change samples for this study.
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