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Dynamics of ultrafast reversible phase transitions in GeSb films
triggered by picosecond laser pulses

J. Siegel,¥ C. N. Afonso, and J. Solis
Instituto de Optica, CSIC, C/Serrano 121, 28006 Madrid, Spain

(Received 22 December 1998; accepted for publication 20 September 1999

The dynamics and the reversibility conditions of crystaliremorphous transitions induced in thin
Ge) o Shy g3 films upon picosecond laser pulse melting were studiedrdgl-time reflectivity
measurements with nanosecond and picosecond resolution. The full transformation time could be
resolved in a single exposure experiment using a novel setup based on a streak camera. It is shown
that under optimum conditions both crystallization and amorphization are completed within 400 ps.
The fundamental requirement for the occurrence of such ultrafast phase transformations is to reduce
the latent heat released upon solidification. Amorphization is then achieved via bulk solidification of
the fully molten film at a very large supercooling. €999 American Institute of Physics.
[S0003-695(199)00946-9

Amorphous GeSb films with a high Sb content have exreflectivity (RTR) measurements with-5 resolution or a
perimentally been demonstrated to fast crystallizing me-  streak camera for RTR measurements in the ps time scale.
dia with potential interest for phase change opticalDetails can be found elsewhete.
recording™* Sb provides the rapidly crystallizing The RTR measurements can provide a direct measure of
characteristicswhile the addition of Ge enables the forma- the structural state of a material provided that its optical con-
tion and stability of the amorphous ph&siéhas been shown stants depend on the pha8éZin particular, the reflectivities
that reversiblephase changes can be induced in GeSb film®f the liquid and the crystalline phases of Sh-rich GeSb films
by ultrashort(ps and f$ laser pulses.A dynamic study of in the visible have been shown to be significantly higher than
these reversible phase changes induced by ps laser pulsestiat of the amorphous phaé&igure 1 shows several RTR
GeSb films on carbon coated mica substrates and based tnansients recorded in 50-nm-thick films. Those transients
real-time reflectivity measurements with ns resolution haghat start at a low reflectivity valueamorphous GeSlxcor-
recently been reportetiThe full transformation time of both  respond to irradiations which attempted to induce crystalli-
processesamorphization/crystallizationwas found to be zation, whereas those that start at a high vajuecrystal-
~30 ns which was most likely overestimated due to limita-lized GeSh attempted to achieve amorphization.
tions in the time response of the detection system. Similar  The irradiation of amorphous regions of the film on glass
tens of ns transformation times have usually been reportedauses an initial reflectivity increase which is followed by a
upon ns laser pulse phase transformafibr decrease to a minimum and a subsequent increase. The latter

The purpose of this letter is twofold. First, to show thatleads to a stable final reflectivity value well above the initial
ultrafast phase reversibility can be achieved by controllingone, consistent with crystallizaticnSimilar RTR transients
the heat flow conditions imposed by the film configurationhave previously been observed upon 250 ns laser pulse irra-
(thickness and substratand the laser fluence. Second, to
demonstrate that both crystallization and amorphization in
such a case occur with a full transformation time of hundreds
of ps. The latter has been possible by means of a novel . gesp
experimental setup based on a streak camera which allows us
to monitor in real time the transformation dynamics in the ps
time scale induced by a single ps pulse.

The samples used in this work are 25 and 50 nm thick
amorphous GgyShy g3 films grown by dc sputtering on
glass and Si substrates. The specimens were irradiated by
single 30 ps laser pulses at 583 nm. The transformation dy-
namics has been followed by measuring the reflectivity

. a-Ge
changes by means of a probe laser bdeither a He—Ne VSV S EPREPEE P ——]
laser (633 nm) or a single mode Af laser(514 nm], inci- 0 %0 fime (ns1)°° 150 Smin.
dent at a small angl€7°) and focused at the center of the
irradiated area. The detection system used was either a fasis. 1. RTR transients recorded at 633 nm in 50-nm-thick G&h, o5 films

photodetector connected to a transient digitizer for real-timen glass(solid curve$ and Si substrate@ashed curvgsupon picosecond
laser pulse irradiation of amorphous regidiasGeSh and precrystallized
regions(c-GeSh. the static reflectivity levels recorded 5 min after irradia-
¥Electronic mail: jan@pinarl.csic.es/j.siegel@ic.ac.uk tion in films on Si substrates are included and separated by a vertical line.

laser pulse
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diation and the initial increase was related to solid-state . .
crystallization? However, recent results obtained upon 100 ' ﬂ (@) pre-crystallized
fs laser pulse irradiation have evidenced that upon ultrashort B ] _
pulse irradiation the final crystalline state is reached after a
melting process occurring in the ps time schleis impor- . H‘ﬂ (b)+ single pulse % £

» | at2xFe Wood

tant to emphasize that neither the melting procesthin the 7
pulse duration for ps pulsgsnor the initial part of the so-

lidification process can actually be resolved with the ns reso- : (c) + two pulses -*~

lution measurements shown in Fig. 1. The reflectivity de- |
crease after the maximum in the case of picosecond IaserE atfe o
pulses has thus to be related to the initial solidification pro-

cess into an amorphous state. This amorphization process is

frustrated by the release of the solidification enth&ipy
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which lowers the supercooling and promotes the nucleation o : LV :
and growth of the crystalline phase, as evidenced by the 0.0 O OB 12
subsequent increase of the reflectivity. This recalescence- dimension (mm)

frustrated amorph!z_athn process has' been reported.to. OCCHfG. 2. Left-hand sideconsecutiveptical images of the sanfe) precrys-
upon bulk solidification of Ge films under similar tallized region of a 25-nm-thick Gg;Shy ¢ film on a glass substrate after
conditions? Bulk solidification requires the homogeniza- (b)—(d) irradiation by subsequent picosecond laser pulses of a certain flu-
; P ; TS ence.F. denominates the fluence required for partial crystallization and is
tIOI’.I Of.the temperature of the liquid _p_rlor to solidification equal to 15 mJ/ch Right-hand sidehorizontal intensity profiles through
which is favored by the low conductivity of the substrate. yhe center of the images on the left-hand side.

Upon ps laser pulse induced melting of the crystallized re-

gions on glass sub§t_r§(e-GeSb in Fig. 1 the reflect.|V|ty Ge) o Shy g3 films on glass substrates that were initialized,
undergoes a slow initial decrease followed by an increasgg "oy stallized by means of several laser pulses at low flu-
until the initial reflectivity value is almost recovered, consis- oo |n order to visualizia situ the transformed regions, a
tently with the formation of crystalline material. The similar- \ijeo camera was installed at a small angle with respect to
ity of the reflectivity minimum with the one observed upon ¢ specimen normal and connected to a frame grabber. Fig-
irradiation of an amorphous region indicates that amorphizag,e 2 shows images aB) a precrystallized sample region,
tion is prevented by the occurrence of recalescence. which has subsequently been irradiated with a single

~ One method to reduce the recalescence effects upon sgy|se at a high fluence leading to reamorphization of the
lidification which slow down the transformation process andgentral region, then witkc) two pulses at low fluence which

substrate. For that purpose we have used 50-nm-thick GeSfingle pulse at very high fluence inducing the reamorphiza-
films on Si substrates having a thermal conductivity two Or-jon of a larger region and partial ablation at its center. The
ders of magnitude higher than that of glass. Figure 1 showgjgh contrast between the amorphous and crystalline regions
representative RTR transients recorded on such a film on Sind the sharp spatial transition between them can better be
Upon irradiation of an amorphous region, the reflectivity agppreciated in the image intensity cross sections shown in
shows a sharp increase which is again consistent with melfzjg. 2. The intensities of the reamorphized regiongpfand
ing but is now followed by a rapid decay to a reflectivity (d) are slightly higher than the intensity of the surrounding
level close to that of the initial one consistently with reamor-gs-grown material, thus evidencing the formation of an
phization. Nevertheless, this amorphous is not stable angmorphous phase with a different degree of relaxatiom.
converts to crystalline via an extremely slow solid-statefact, that the reamorphized area(d is relatively large and
transformation as evidenced by the reflectivity increase ocof constant intensity although it has been exposed to a spa-
curring within a much longer time scale=5 min). The at-  tially Gaussian intensity distributiotf,indicates that the flu-
tempt to amorphize a crystalline region in these films on Siisence range for amorphization is relatively largex(2.—3
also shown in Fig. 1. Upon melting, the rapid decay of thex F). This reversible phase transformation induced by
reflectivity indicates amorphization of the film although the varying the pulse fluence was found to be highly reproduc-
initial reflectivity level and the crystalline phase are recov-ible. Several cycles could be performed on the same region
ered within several minutes. although an upper limit to the number of cycles could not be
The comparison of the results of films on glass and Sdetermined because the large energy fluctuations of the ps
substrates allows us to conclude that recalescence effects crier system outpu20%).
effectively be prevented by the use of substrates with high  The dynamics of the amorphization and crystallization
thermal conductivity. Nevertheless, the amorphous phase olprocesses in this 25-nm-thick GeSb film has been followed
tained under these conditions is unstable. It is thus clear thddy measuring the RTR transients with the Streak Caresa
another approach to prevent recalescence effects has to hesolution and the results are shown in Fig. 3. The
found in order to promote ultrafast and stable reversiblecrystalline-to-amorphous transformation is shown in Fig.
phase transitions. This has been done by reducing the filrB(a) and reveals that the actual transformation time is much
thickness, since the amount of latent heat released upon sshorter than the one measured with ns resolugfég. 1 and
lidification is related to the amount of melted matefithe  Ref. 3. The simultaneous measurement of the process with
most promising results have been obtained in 25-nm-thicks resolution as well as static reflectivity measurements 5
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state crystallization process. The present results are very
similar to those reported by Sameshirial. for ultrathin
(6—36 nm Si films on glass substrates upon excimer laser
irradiation (\=308 nm, =30 n9.*® The authors have dem-
onstrated that complete melting of crystalline films was re-
quired for amorphization through a bulk solidification pro-
cess, and that melting of only a thin surface layer of
amorphous films leads to partial crystallization through an
interfacial solidification process. The authors also reported
that the amorphization threshold for 24-nm-thick Si films
(b) was 1.6 times higher than the crystallization threshold and
that complete amorphization of films thicker than 36 nm was
prevented due to the release of the latent Ketalescenge
These results support that in the case of our 25-nm-thick
] GeSb film on glass, amorphization is achieved by melting
3xF, the whole film thickness becaud@: Interfacial solidification

(3]

AR at 514.5 nm (%)
5 & o
; ; {g
. p
F =
%;

N (a)

L
o
(=)

2 4 6 8 10
time (ns)

o

o

AR at 514.5 nm (%)
o &

-18 - is prevented since no solid film material is in contact with the
3 melt, thus enabling large supercoolings prior to solidifica-
10 tion. (ii) The amount of latent heat released during the bulk
f; st ] solidification process is not enough to promote the nucle-
% (c) ation of the crystalline material due to the small film thick-
B OP ness. The striking agreement of our results with those of Ref.
x F’ﬂk 13 in spite of the completely different film material suggests

55 200 200 600 800 1000 that in ultrathin films the phase change scenario taking place
time (ps) is mainly defined by the heat flow conditions, i.e., the film

thickness and the substrate.

FIG. 3. RTR transients recorded with the streak camera at 514.5 nm of both, .
(a) and(b) the crystalline-to-amorphous transition at a fluenceR3 , and In summary, ultrafast reversible and stable phase trans

(c) the amorphous-to-crystalline transition at a flueficeinduced in a 25-  formations triggered by ps laser pulses in GeSb films could
nm-thick Gg ¢;Shy e3 film on glass substrate upon picosecond laser pulsebe achieved by a proper control of the heat flow conditions
?rradiatior). The pi(_:osecond puls_ao p9 measured_t_)y the Streak Camera is imposed by the film thickness and the substrate through its
included in each figure to mark its temporal position. thermal conductivity. The transformation times required to
) ) o complete both the amorphization and crystallization pro-
min a_tfter the pulse showed that thg final refle(_:t|V|ty level cesses are approximately the same and close to 400 ps. Melt-
remains stable. An even better time resolution can bgng of the whole film thickness was found to be essential for
achieved by selecting a shorter time windéns of the  achieving amorphization and thus the threshold for amor-
streak camergFig. 3b)], the RTR transient showing a full - phization is 2—3 times higher than that for crystallization.
transformation time as short as 400 ps. Figui® 8hows the
inverse transformation as measured in the same time win- This work has partially been supported by CICYT
dow. It is evident that it is also completed within 400 ps, (Spain under Project No. TIC93-0125. J. Siegel acknowl-
although the reflectivity contrast is lowddue to partial edges the funding by the European Community through
crystallization than that for the amorphization process. To Grant No.(ERB40001GT954352within the TMR Program.
our knowledge, such an ultrafast completion of reversible
and stable phase transformations has never been reported 1@. N. Afonso, J. Solis, F. Catalina, and C. Kalpouzos, Appl. Phys. Lett.
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