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Pressure-induced transient structural change of liquid germanium induced
by high-energy picosecond laser pulses

N. Chaoui,? J. Siegel, S. M. Wiggins, and J. Solis”
Laser Processing Group, Instituto de Optica, Consejo Superior de Investigaciones Cientificas, Serrano, 121,
28006, Madrid, Spain

(Received 1 February 2005; accepted 19 April 2005; published online 24 May 2005

The temporal evolution of the reflectivity of germanium at 514 nm upon irradiation with single
high-energy picosecond laser pulses has been measured using a streak camera. It is found that, for
a well-defined high fluence range, the reflectivity of the laser-induced molten phase attains a value
of 0.85, considerably above the value reported for liquid Ge in thermal equilib{@u#b. This

behavior is consistent with a strong densification of the liquid phase remaining after the explosive
vaporization of a thin surface layer. Within the specified fluence interval, this anomalously high
reflectivity state is independent of the fluence and lasts tens of nanoseconds. Both characteristics
point to the presence of a pressure-induced transient structural change in liquid germar066 ©
American Institute of PhysicgDOI: 10.1063/1.1940117

The interaction of ultrashort laser pulses with semicon-the experimental setup used to carry out the transient reflec-
ductor materials has been a subject of increasing interesivity measurements with sub-ns resolution can be found
over the last decades. Ultrafast phase transitions have beetsewheré. Essentially, it consists of a ps-pulsed pump laser
observed in several materials like '§iGaAs and G& using (584 nm, 30 ps a us-pulsed single-mode probe lagéi4
pump-and-probe experiments aimed at analyzing the strugm, 1 us) and a light detection system used to monitor the
tural transformation dynamics for laser pulse durations in theime evolution of the sample reflectivity. The probe beam,
fs and ps ranges. Along with ultrafast phase transitions, théncident at an angle of 15°, is focused at the center of the
appearance of solid or liquid phase overheating phenomersrea irradiated by the pump beam. The intensity of the re-
have received considerable attention. For instance, the reflefiected probe beam is then measured simultaneously by a
tivity of overheated liquid Si was reported to remain belowsingle sweep streak camera with sub-ns resolut850 ps
that of the equilibrium phase over a time lapse~0f0 ps, in a time window of 40 ns and by a fast photodiode con-
comparable to the pulse duration udeSince the liquid nected to a transient digitizer with ns resolution over a longer
phase of covalent semiconductors is metallic, the decrease @gine window (200 n3. In all cases, an unexposed region of
reflectivity was attributed to an increase of the electron colthe sample is irradiated by a single laser pulse. The absolute
lision frequency with temperature. reflectivity values quoted in this work have been obtained by

The relaxation behavior of these and other types of lasemuitiplying the experimentally measured relative changes of
induced metastable phases over longer time windows hagflectivity by the reflectivity ofc-Ge at 514 nm at room
been much less investigated, the studies being restricted {mperature. The linearity of the detection system and the
most cases to time windows of the order of hundreds of psaccuracy of the normalization procedure used for obtaining
In this work we have explored the existence of long-lastingapsolute reflectivity values have been demonstrated in a pre-
metastable phenomena during laser-induced phase transitiog,ys work in which the known reflectivity values of the
in Ge. For this purpose, we have measured the time evolynoten phases of Ge and Si were routinely reproduced upon
tion of the reflectivity of crystalline Géc-Ge) over a time ns laser pulse irradiation.
interval of about 40 ns after excitation with high-energy ps  Figures 1a)-1(c) show several representative reflectivity
laser pulses using a streak camera. Since the duration @fnsients recorded with the streak camera upon ps laser ir-

laser-induced transformations can extend over tens of ns, Fhrﬁdiation of the sample at fluences above the melting thresh-
use of a streak camera provides an excellent compromis§q of c-Ge (F,,=30 mJ/cm). For a fluence of 5.8 F,,

between time resolution and available time window for per-[Fig_ 1(a)], the sample reflectivity is observed to increase

fo.r.ming r.eal time reflectivity(RTR) measuremens? I.n ad- after the laser pulse within approximately 600 ps, up to a

d't'on’.th's _appro_ach provides the complete evolut_|on of theconstant reflectivity leve(plateau that lasts a few ns. Sub-

;f:idr'ggé Ir?1SaZSrgelrigﬁtpsosvvrr]?crr:]rejsljji:gmmeglii Tgllgk)? g:lrjr:g'sequently, the reflectivity decreases and reaches a final value,
P o qut P! P §Iightly lower than the initial one. Similar features have been
The sample studied was an optically polishe0)

0.020 cm p-type Ge wafer. Before iradiation, the sample widely described in previous studies on laser-induced melt-

. . . ing of semiconductors:® The rapid reflectivity increase cor-
was cleaned to remove organic contaminants using a conven- . : . .
: : . : - esponds to the formation of an optically thick, highly reflec-
tional chemical cleaning procedure. A detailed description of, .

ive (metallig molten layer at the surface. Upon

solidification, the reflectivity decreases as the solidification
3 aboratoire de Chimie et Applications, Institut Universitaire de Technolo-front approaches the surface. Therefore’ to a good approxi_

gA'Veol‘éeF'\r":;zé Département Chimie, Rue Victor Demange, 57500 Saintyatinn the time duration of the reflectivity plateau corre-

BAuthor to  whom correspondence  should  be addressed,SpondS to the duration of the melting proce(gge“). The
j.solis@io.cfmac.csic.es reflectivity value reached at the plate&®0.75, is in excel-
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] = ,'”, — m conventional heating procedures. They can be described in
08 L oM. " e img® the frame of the Drude model that assumes a fully ionized
I’goe i liquid with a complex dielectric function given By
8 tooao :
> Toaf 2 w2
PRIEER (o) =1-— B,
ks 02 ¢ 8%, wlw i)
o gol© alls where the plasma frequenay, (w}=n.e?/ggme, with n, be-
Z sl ing the electron density, the permitti\'/it'y constant, anoh,
2 oL 28 the electron magsind the electron collision frequenay, are
= gA vv! the dominant parameters that control the reflectivity. Under
20p ., 4 w A thermal equilibrium conditions,w, and w, have been
Olppw 1 iy determined to be w,=3.9x 10" s™ (2.56 eV} and w,=2.5
~ Time (ns) ° 1OFIu1esnce2(oxF 2)5 % X105 (16.5 eV).

According to this simple model, a temperature increase
FIG. 1. [(a—(c)] Time evolution of the reflectivity at 514 nm atGe upon  Of the melt should lead to a decrease of the liquid-phase
30 ps, 584 nm laser exposure at three fluences normalized to the meltingeflectivity due to the increase af, with temperature. Such
itp“t*;hn‘;'i‘lingg?t?;/ Tﬁe;";;\”:‘:ér?gﬂnéésgﬁamxﬁ%% of t(rg) rae;"]fﬁ::‘é' behavior has been observed experimentally in liquid &id
tizn of laser ﬂuence(F:e) Melt durationt,e (A))/and periodmgf timegr-re.ce Ge! upon ns laser pulse irradiation. ,In C(,)nt,raSt to this we
over whichR> R, (V) as function of fluence. The horizontal dashed lines Observe that, under ps pulsed laser irradiation over a well-
in (a)-(d) indicate the thermal equilibrium reflectivity level 6fGe,R.qe  determined fluence interval, the reflectivity of the molten
=0.75. The vertical dashe_d lines {al)-(e) divide the fluence _scale into phase shows values clearly exceeding the one corresponding
E‘;%')TE ')(<11>< Fr). Regime Il (11X Fy-25XFy) and Regime 11 5 the equilibrium molten phase of Ge. This indicates a shift
m of w, to higher values caused by an increase of the electron
population and/or the density of the melt. However, such an
lent agreement with the one expected from the optical conincrease in electron density, whatever its origin, would have
stants of liquid germanium¢-Ge) (n=2.51k=5.12 re- to compensate not only for the increasesgfwith tempera-
ported by Hodgso“h and Jellisoft at 514.5 nm. In the ture but also for the density decrease of molten Ge. In the
following we will refer to this value af,.¢. as indicated in  temperature range between 1210 and 1873 K, the density of
the plot by a horizontal dashed line. When the pump fluencenolten Ge scales linearly ag(T)[g/cn?]=5.51-0.498
is increased furthdi22.6x F,,,, Fig. 1(b)] the evolution of the ~ x 1073 (T-T,),*? yielding an electron density reduction of
reflectivity shows several features that differ strongly from~16% when extrapolated to the boiling point. In this con-
the behavior observed at lower fluences. First, the reflectivityext, our experimental observation of an anomalously high
increase is preceded by a minimum, indicative of the presreflectivity state in Regime 1l is a clear indication of the
ence of surface ablation. Subsequently, the reflectivity inpresence of a mechanism that compensates for the thermal
creases, reaching a plateau value after several ns. Most inaxpansion of the liquid.
portantly, this value(~0.85 is anomalously high(15% It is worth noting that experimental evidence has been
aboveR,_¢). For even higher fluencg88.2x F,, Fig. 1(¢)], ~ found for strong structural transformations to occur in both
the plateau value decreases backR{as. and occurs even liquid Ge and Si under pressures exceedity) GPa, result-
later. ing in structures substantially denser than those correspond-
The evolution of the most characteristic reflectivity val- ing to the liquid phase at atmospheric pressdie. addition,
ues of the RTR transients is plotted as a function of fluenceight-binding molecular dynamics simulations show that in
in Fig. 1(d): the maximum reflectivity levelR.,,,) reached at liquid Ge, the molten phase bonding can be considered as a
the plateau and the reflectivity level at the minimdRy,;,).  mixture of covalent and metallic bonds with a fraction of
Figure Ie) shows the fluence dependence of the melt duracovalent bonds that decreases with presstirdoth
tioN te and Of the timeir= e ce that the reflectivity remains  works'>** indicate that the local structure of liquid Ge
aboveR,.g. The evolution of these quantities can be dividedchanges from a distorted beta-tin structure to the denser

into three distinct fluence regimes; RegiméF<11xF,), “pure” beta-tin structure in the high-pressure region
Regime Il (11X F,<F<25XF,) and Regime IlI(F>25 =10 Gpa. We can expect that this denser and more metal-
X Fy). Within Regime 1I,R,,, iS constant and equal ®,.g.,  like (less-covalent structure should show a reflectivity

wheread,.; increases linearly with fluence, reaching valueshigher than the one observed at much lower pressures, which
up to ~30 ns. This is consistent with the widely reported is in agreement with our experimental observations.
behavior of molten Ge upon ns laser irradiatfomVithin The open question still remaining is whether the pres-
Regime Il,Rya jumps up to the high-reflectivity state that is sures involved in the ablation of the surface are sufficient to
fluence independent, accompanied by a linear decrease #fgger a structural change in the liquid phase. The features
Rumin With fluence. Simultaneouslyx- r,.ce Shows a smooth of the reflectivity transients in Regime Il provide hints for
increase antl,; continues its linear increase. Finally, within the occurrence of an ablation process accompanied by a
Regime IIl,R,,, decreases back ®y.g,, being constant with  strong recoil pressure. The high-reflectivity state is in all
fluence, and,; sShows a nearly saturated value of about 80cases preceded by a reflectivity minimum. The combination
ns. of a very short laser pulse, a very shallow optical penetration
Jellison and Lownd&shave shown that the optical prop- depth(~26 nm), a shallow thermal diffusion length during
erties of Ge melts obtained by ns pulsed laser irradiation ofhe pulse absorptiofr~65 nm), and the high fluences used
c-Ge are the same as those of liquid Ge obtained by morwithin Regime Il, lead to the formation of a thin molten layer
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ture similar to that described in Refs. 13 and 14 for similar
pressures(10-20 GPa This denser and more metal-like
structure is responsible for the anomalous reflectivity level
observed in Regime Il and the duration of the anomalously
high-reflectivity state corresponds to the time required for
the high-density state to relax to the low-pressure structure
In summary, we have experimentally shown the exis-
tence of an anomalously high reflectivity state of molten Ge
after high-energy ps laser irradiation. This reflectivity in-
crease is consistent with a higher electron density in the lig-
FIG. 2. Phase contrast optical micrograph of the area ablated by a single psid phase, which we attribute to a pressure-induced densifi-
pulse at 22.& Fp, cation following the explosive vaporization of a thin surface
layer. The fact that the anomalously high-reflectivity state is
at the surface whose temperature rapidly rises beyond théuence independent, long livetens of ng, and occurs over
boiling point. The subsequent explosive vaporization and aba well-defined fluence intervéal1-25 times the melt thresh-
lation of this thin surface layer is likely to be the origin of the old) strongly points to the formation of a pressure induced,
observed reflectivity minimum. A similar drop of reflectivity transient, high-density structural statefGe.
has been observed during ps and fs laser irradiation ot Si, _
GaAs and other materia]r% and could be identified as the ~ The authors thank Dr. P. Fernand&CM, Madrid) for
onset of ablation, occurring tens or hundreds of ps after th@er help with the microscopy observations, Dr N. Jakse and
solid-liquid phase transition has taken place. As a conseDr J. F. Wax(LPLI, University of Met2 for helpful discus-
quence of the explosive evaporation of the surface layer, afion. This work has been partially supported by the EU in the
intense shock wave leads to the compression of the liquiffame of the TMR Projects XPOSEPRN-CT-2000-00160
layer underneath, thus increasing its density and its reflectiand FLASH(MRTN-CT-2003-503641L One of the authors
ity in a transient manner. However, such a transient reflectS. M. Wigging acknowledges funding by the same XPOSE
tivity increase can only be detected if the compressed liquidProject.
layer is optically flat. Figure 2 shows an optical micrograph )
of the ablated area at 226, The almost perfect flatness ,C- V- Shank, R. Yen, and C. Hirlimann, Phys. Rev. L&i0, 454 (1983.
of the ablation crater is evident when considering that we *é‘lsfz‘l’goggggg'me”' J. Bialkowski, and D. von der Linde, Phys. Rev. B
used pha;e contrast microsco_py_ to record the micro_graphal M. Liu, A. M.'Mawezzi’ and N. Bloembergen, Appl. Phys. Let9,
Von der Linde and Sokolowski-Tinten have reported inter- 622 (1986.
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Si and other materials, using pulse durations of 120 fs and’S: R. Stiffler, M. O. Thompson, and P. S. Percy, Appl. Phys. L8,
much lower fluence¥’ By means of fs-resolved photogra- 61025?1990'. L and . N. Afonso. Rev. Sai. | 150502
phy, the authors were able to resolve Newton fringes after7,J\l"S(:°h'§(’)ji" ?egizé;? J.Cs.oli-s, ey N?\;&fif\;o?it.rf:él.?vgrgé;.gggé
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