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Rewritable phase-change optical recording in Ge  ,Sb,Te; films induced
by picosecond laser pulses
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The phase transformation dynamics induced inS&kgTe; films by picosecond laser pulses were
studied using real-time reflectivity measurements with subnanosecond resolution. Evidence was
found that the thermal diffusivity of the substrate plays a crucial role in determining the ability of
the films to crystallize and amorphize. A film/substrate configuration with optimized heat flow
conditions for ultrafast phase cycling with picosecond laser pulses was designed and produced. In
this system, we achieved reversible phase transformations with large optical cort?@86] using

single laser pulses with a duration of 30 ps within well-defined fluence windows. The amorphization
(writing) process is completed within less than 1 ns, whereas crystallizétiasing needs
approximately 13 ns to be completed. ZD04 American Institute of Physics.

[DOI: 10.1063/1.1689756

Phase change optical recording is an attractive and mdaser pulse§.The goal of this letter is to achieve phase re-
ture technology due to the compact storage format, noncornversibility in Ge,Sh,Te; upon ps laser pulse irradiation and
tact recording process, and long-term stability. These promthus increase the data transfer rates of both processes, data
ising features have triggered intensive resetrtto further  storage and data overwriting. In the present work we have
improve the performance of optical discs based on GeSbT®llowed an approach different from that used eatfidor
and AginSbTe compound filnis? Ge,Sh,Tes is referred to  Ge,;Shesto address the latent heat issue. Instead of reducing
as a fast phase change material since both amorphization aggk film thickness—and thus sacrificing a potential high op-
crystallization can be triggered with laser pulses as short agcal contrast—we have modified in a controlled way the heat
10 ns?3 However, only a limited number of works have extraction toward the substrate.
studied the possibility of cycling with ultrashort — Thjn Ge,Sh,Te; films were deposited by dc-magnetron
pulses;*!°~*in spite of their potential to increase data gputtering in a vacuum chamber held in an Ar atmosphere of
transfer rates beyond current limits. This might be related img-1 pa ysing a stoichiometric target. Films were deposited
part to the fact that the induced phase transformations mayy, 5 range of different substrates, including glass slides and

last longer than the pulse duration. Surprisingly, this fact Sy, ilayer substrates consisting of a glass slide onto which a
mostly neglected in the relevant literature and—apart from 4 00-nm-thick aluminum layer was deposited, followed by a

few works that measure the actual transformation timeg; octric layer of ZnS—SiQof varying thicknessd, with

(Refs. 1’|4’ 13—113—most W.Orl:js tonly getermme .the m'?]" d=15, 25 and 50 nm. On top of these substrates, the optical
mum puise curation required 1o induce a given p ase?ecording layer (G£Sh, Tes) with a constant thickness of 50

transformatiorf:®> Transformation times usually reported . ; s -

nm was deposited. Details of the deposition conditions and
range between tens and hundreds of nanoseconds and ma i . :

composition analysis can be found in Ref. 2. In order to

impose the limiting factor on data transfer rates in applica—initialize the as-deposited amorphous samples. a row of 0 5-
tions where rapid overwriting of existing data is required. P P Pies, '

The only work we are aware of reporting subnanosecon@]m'd'am spots were precrystallized by exposureﬁﬁo
transformation times is a study on G8hes films on glass consacutwe ps laser pu'lses generated by an ampln‘l.ed dye
substrates exposed to single picosecusl laser pulses? laser (30 ps pulse duration, 583 nm wayelerjmlpenergles
In that work, reversible phase cycling with transforma’[ionwe!I beIOW the m.e!t.th.reshold, thus inducing §0I|d-.state crys-
times of 400 ps for both amorphization and crystallizationt"’_‘"'zat'on' The |n|t|aI|z_ed spots were_ thgn irradiated .Wlth.
has been obtained. Such ultrashort transformation times wefingle laser pulses to induce amorphization. Once an irradi-
possible through a reduction of the film thickness, which@t€d spot was successfully amorphized, the same spot was
effectively suppressed the recalescence effects caused by tigdiated with another single laser pulse to induce crystalli-
release of latent heat during solidification. In the case of th&ation. In each case, the dynamics of the phase transforma-
GeSbTe system used in current compact discs, only amotions were followed in real time by measuring the evolution
phization has been achieved upon irradiation with ultrashor®f the reflectivity. A detailed description of the setup for

transient reflectivity measurements with subnanosecond

2 N . . resolution can be found elsewhéfeEssentially, it consisted
Electronic mail: j.siegel@io.cfmac.csic.es .

YPermanent affiliation: |. Physikalisches Institut A, RWTH Aachen, of a continuous YV&V? probe beimHeNe laser ?‘t 632.8 nm
52056 Aachen, Germany. for the results in Figs. 8 and 1b) and a single-mode
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FIG. 2. (a) Reflectivity evolution during single ps laser pulse induced amor-

G630, T, phization and (b) crystallization in 50 nm GgShbTe; on 15 nm

Zn3-810, ZnS-SiQ/100 nm Al/glass, as measured with a fast photodi¢dieted
100nm A curves and a Streak Cametaolid curve. (c) Amorphization attempts and
W glass (d) crystallization attempts with nonoptimized fluence values in the same
X =15 nm sample as measured with the Streak Camera. The dashed line corresponds to
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the reflectivity level of the crystalline phase, the solid line to the level of the
amorphous phase, and the dotted line to the level of liquid pRagg . The
arrows indicate the temporal position of the laser pulse.
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FIG. 1. The inset in@ shows the principle of real-time reflectivity mea- tallization) of the reflectivity level.
surements in 50 nm G8hb,Te; films on glass substratéa) Reflectivity . - . . .
evolution during single ps laser pulse induced amorphizatimnReflectiv- Th_e mabl_“ty _Of this sample to crystallize upon smgl_e
ity evolution during gradual crystallization by repetitive ps pulse irradiation Pulse irradiation is related to the short laser pulse duration
of the same spot amorphized(@® (pulses 1-10 are showr(c) Reflectivity ~ and the heat flow conditions. The use of ps laser pulses leads
evolution during single ps laser pulse induced amorphization attempts in 5@0 a situation in which the pulse energy is deposited within a

nm GeSh,Te; films on ZnS—SiQ/Al/glass [see the inset ir(c)]. Each . . . . .
transient corresponds to a different thickness of the heat buffer Iaye}/ery short time in a thin surface |ayer’ |ead'ng to heatlng or

ZnS-SiQ. The fluences used to obtain the transients @90 mJ/crd, ~ Melting. The so-generated steep temperature gradient is sub-
(b) 23 mJ/end, (c) 31 mJ/end for x=50 nm, 47 mJ/cthfor x=25nm, and  sequently smoothed by heat diffusion towards the substrate.
53 mJ/Cd”% for x=15 ”?‘- g”t“iﬂgemﬁ Wt‘?f_f acgi’ri]fed W“th IT? faStr?hOtOE’ri;] The characteristic diffusion lengthy, during the pulse dura-
grrivssnin;‘{g;ferlﬁrenlgggora?positirsn%Cf lt\r/:eylgser gulcsne/_s aline phase- Mion Tdepends on the thermal d|ﬁu5|v_|t|és of both the film

and the underlying substrate accordinglLtg~(D7)'2 Es-

sentially, the diffusion length during the ps pulse is negli-
Ar*-ion laser at 514.5 nm for the results in Figcland gible (Ly~4 nm for =30 ps andD(Ge,Sh,Te;) =0.0045
Figs. 2a)—2(d)] incident at the sample surface wistpolar-  cn?/s—Refs. 6 and 15 whereas it would exceed the film
ization at an angle of-18° and focused down to a spot size thickness when using ns laser pulses as commonly done in
of 30 um at the center of the area irradiated with the psphase change optical recording.
pump bean(240 um diametey. Two detection systems were In order to achieve single pulse crystallization by ps la-
used in parallel to ensure both a large time window and higlser pulses we have selected the thermal diffusivity of the
temporal resolution. We used a fast photodiode and a fastubstrate to be lower than that of glass
oscilloscope providing a variable time window with a tem- (D =0.008 cni/s—Ref. 6. This leads to an increase of the
poral resolution of a few nanosecon@s). A streak camera film temperature and a reduction of the temperature gradient.
in single-sweep mode was used providing a time window ofWe have used a layered substrate composed of a layer of
about 50 ns and a temporal resolution of 350 ps. high thermal diffusivity(Al, D=0.88 cnf/s—Ref. § used as

Figure Xa) shows the dynamics of the amorphization a heat sink and an intermediate layer of very low thermal

process of a precrystallized area of a film on glass, inducedonductivity acting as a heat buffer (ZnS—$iOD
by a single ps pulse. Within the time resolution used, the=0.0032 crd/s—Refs. 6 and 15 By varying the thickness
reflectivity decreases from its high initial levéhe reflectiv-  of the ZnS-SiQ layer, the effective thermal diffusivity of
ity values are normalized to the reflectivity of the precrystal-the layered substrate can be adjusted between the values of
lized spo} down to a value below 0.8, yielding a reflectivity the heat sink and the heat buffer.
contrast>20%. This process is generally understood to oc-  Figure Xc) shows reflectivity transients corresponding to
cur through complete melting and rapid solidification of theamorphization attempts in films with ZnS—Si6uffer layers
film, at quenching rates that are sufficiently fast to prevenof different thicknesses. We have selected for each thickness
the formation of the crystalline phadédowever, the inverse x the transient that has been obtained at a fluence that came
transformation, i.e., recrystallization of the amorphized spotclosest to amorphization. Fer=50 nm, one can appreciate
cannot be triggered by a single laser pulse in this sample rapid reflectivity decrease related to melting that is imme-
Figure 1b) shows a sequence of transients obtained by rediately followed by a rapid complete recovery due to recrys-
petitive irradiation of the previously amorphized region attallization. We attribute the inability of these films to amor-
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phize to a too low effective thermal diffusivity of the phaseR;q,q. Approximately the same reflectivity value is
multilayer substrate system, which prevents the molten filnbbtained in the transients in Figd@ at the initial reflectivity
from achieving an undercooling sufficiently large for amor-rise after the laser pulse. Since the transients in Fid) 2
phization. Forx=25-nm, recrystallization occurred some- correspond to fluences below and above the optimum crys-
what later but again it was not possible to amorphize theallization fluencgFig. 2(b)], we conclude that surface melt-
films. However, forx=15-nm, we have been able to induce ing should also occur in the latter case. Unfortunately, the
amorphization of a precrystallized spot with a single ps laseoccurrence of melting cannot be resolved in Figh)2lue to
pulse, confirming that the reduction of the buffer layer thick-the fluctuations of the probe laser begnoise.
ness increases the heat flow to the substrate. In conclusion, we have been able to achieve reversible
Figure 2a) shows again, on a shorter time scale, theand stable phase transformations with an optical contrast
successful amorphization in the sample with a buffer layer>20% in GeSh,Te; films upon irradiation with single laser
thickness of 15 nm. By exposing the so-amorphized spot to pulses of 30 ps. The use of laser pulses of 30 ps combined
single ps laser pulse of lower energy, we have also been ablgith the achievement of fast transformation times1( ns for
to induce complete recrystallizatidiffig. 2(b)]. Both trans- amorphization and 13 ns for crystallizatjoclearly demon-
formations have been shown to be stable, reversible and ratrates the potential increase in the data transfer rates for both
peatable, exhibiting an optical contrast20%. The amor- processes, data storage-% Gbit/s) and data overwriting
phization and crystallization process is completed within lesg>11 Mbit/s). Phase cycling and high transformation speeds
than 1 and 13 ns, respectivelfFigs. 2a) and 2b)]. It is  have been achieved through careful adjustment of the heat
worth pointing out that it is indeed necessary to make use oéxtraction toward the substrate. The best performance was
a Streak Camera for determining the transformation timespbtained for the 50 nm G8b,Tes/15 nm ZnS—-Si@/100 nm
since the amorphization time would appear longer wherAl/glass system. Recently developed compact diode lasers
measured with a detection system with lower resolufam® emitting pulses of 60 ps at high repetition rateg to
shown by the dashed curve in Figag. 40 MHz) and short wavelength&down to 375 nm have
The results shown in Figs(@ and 2b) clearly demon- already found widespread applications in fluorescence
strate that the 15-nm-thick buffer layer in combination with aspectroscop and could provide an ideal laser source for
thick Al layer provides a good compromise in terms of heathigh data transfer optical recording.
flow for ps laser induced phase cycling in &S&Tes films. , ,
The heat extraction upon complete melting is sufficiently fast - Dieker and S. Ziegle(RWTH Aachen are thanked
to achieve the undercooling necessary for amorphization t&r Producing the samples. This work has been partially sup-
take place, but it is also sufficiently slow at low fluences toPOrted by the EU in the frame of the TMR Project XPOSE
promote complete crystallization. The fluence windows to{Grant No. HPRN-CT-2000-00160
obtain phase cycling with short transformation times are nar-
row as demonstrated in Figs(c2 and 2d), ShOWing' respec- 1 Carriere, R. Narayan, W.-H. Yeh, C. Peng, P. Khulbe, L. Li, R. Ander-
tively, unsuccessful amorphization and crystallization at- son, J. Choi, and M. MansuriptPrinciples of Optical Disk Data Storage
tempts at different fluences. For attempted amorphization of in Progress in Optics Vol. 41, edited by E. WeklIsevier Science, New
the crystaline phase at low fluenceSig. 20) the under- 200 b 2 e elreness e L
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