VOLUME 81, NUMBER 1 PHYSICAL REVIEW LETTERS 6 ULy 1998

Transient States of Matter during Short Pulse Laser Ablation
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Short pulse laser ablation of semiconductors and metals is studied by means of ultrafast time-
resolved microscopy. The characteristic stages of the conversion of solid material into hot fluid matter
undergoing ablation are identified. Initially metallic material transforms during the expansion into a
transparent state with a high index of refraction. [S0031-9007(98)06502-8]

PACS numbers: 79.20.Ds

Removal of material from the surface of a solid [5]. A pump pulse excites a surface layer and initiates
after laser irradiation is commonly called laser ablationthe ablation. The excited surface area is illuminated with
This process plays an important role for structuring anda weak, time-delayed probe pulse and observed with a
processing of materials in many areas of technology [1]high resolution optical microscope. Picture frames with
Laser ablation is also of great interest from a basic physica spatial resolution of a few micrometers and a temporal
point of view. To be removed from the surface a changeesolution of about0~ ' s (determined by the duration of
of the fundamental state of aggregation of the materialhe probe pulses) can be recorded at arbitrary instants af-
must take place. Transitions between aggregation statésr the excitation pulse. Thus, all stages of the evolution
are often accompanied by other changes of the physicalf the surface morphology can be recorded. In most cases
and chemical character of the material, e.g., a change afe used laser pulses of 120 fs duration at a wavelength of
chemical bonding or a metal-insulator transition [2]. 620 nm, both for pump and probe.

The particular nature of the ablation process may Examples of characteristic stages of single pulse laser
be strongly dependent on the type of material and omblation of Si are shown in Fig. 1. These pictures
laser intensity, wavelength, duration, and number ofepresent time-resolved optical micrographs of the surface
pulses. Recent experimental work has indicated thatiewed in normal direction. The pump pulses were
the use of pico- or femtosecond laser pulses may offeincident from the left at an angle of about 45 degrees.
some advantages over pulses of longer duration [3]. An the upper left corner (0.2 ps) the pump pulse has swept
distinctive feature of short pulse ablation is that laser-about halfway across the surface. The large increase of
material interaction is separated in time from the actual
removal of material. Ultrashort pulses also provide a way
of creating much higher energy densities in condensed
matter. However, the fundamental physical mechanisms
of laser ablation have not been clearly identified as yet,
and conflicting views can be found in the literature [4].

We have studied laser ablation in metals and semicon-
ductors using single, well-defined short laser pulses. We
are able to identify the fundamental physical mechanisms
of short pulse laser ablation for energies relatively close
to the threshold, before the onset of plasma formation. In
brief, after thermalization of the laser energy the material
is left in a fluid state of approximately solid density and
high temperature. The hot fluid is subsequently carried
away by hydrodynamic flow. The expanding material ex-
hibits interesting thermodynamic, hydrodynamic, and op-
tical properties which will be described in this paper. FIG. 1. Surface of a Si wafer after irradiation with a 120 fs

In our experiments the structural changes of the mateser pulse 00.47 J/cm?. Frame size220 X 300 wm. Expo-
rial are recorded using time-resolved optical microscopysure time: 120 fs.
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the optical reflectivity (bright area) is due to the electron-a glass substrate), and bulk Si. The data demonstrate
hole plasma excited by the pump pulse [6]. The verythat in all these materials a system of dark rings has
bright, oval-shaped area at slightly later time (1 ps)developed after a few nanoseconds. Comparison of the
represents liquid metallic Si (top right). Melting is final surface morphology of the Al film (bottom, left)
brought about in less than a picosecond [7] by very strongvith the corresponding time-resolved pictures shows that
electronic excitation of the semiconductor [8]. Ata mucha thin dark line is left at the circumference of the
later time (900 ps) a system of distinct dark rings appeardark ring area. An independently measured interference
in the center of the molten area. The final picture at 75 nsnicrograph of the same surface area is superimposed on
of the resolidified Si surface shows a bright ring at thethe final morphology for comparison. Note the shift of
periphery and a dark ring inside. It can be shown thathe interference fringes across the thin line. This shift
these features represent, respectively, amorphous Si [8presents clear evidence that the thin line feature marks
and the boundary of the ablated area. the boundary of the ablated area. Measurements of the

The striking feature in Fig. 1 is the system of dark ringsablation depth in other materials gave similar results.
observed at about 1 ns. It is the purpose of this paper tdhus, we have shown that the surface area covered by the
show that these rings represent a distinct signature of thengs represents the ablated area. In the particular case
ablation process and reveal useful information about thef Fig. 2 the ablated Al layer was approximately 50 nm
physical mechanisms. near the boundary, and somewhat larger in the center.

At the outset it may be useful to point out two important The bottom picture on the right is the spatial profile of
general observations: (i) The surface area covered by thibe optical reflectivity of the Si example. These data
dark rings coincides precisely with the ablated surfacelemonstrate the high contrast of the dark rings.
area. The measured threshold energy [10] for the onset Let us now discuss the origin of the dark rings. Diffrac-
of the ring pattern is identical with the threshold energytion effects due to apertures of the imaging systems could
of ablation, which can be determined independently fronbe ruled out by a careful analysis of the spatial frequency
measurements of the size of final ablated area [lllspectrum. An actual transient surface structure of molten
(i) We have observed similar phenomena in a widematerial could also be excluded, because the feature sizes
variety of materials (Si, GaAs, Au, Ti, Al, Hg, Mg). are dependent on the observation wavelength. In fact,
Thus, it appears that the formation of dark rings and laseby changing the wavelength of the probe pulses it can
ablation are closely related and that the underlying physicbe clearly shown that the observed ring features repre-
is of rather general nature. sent high contrastptical interference patternéNewton

Figure 2 illustrates these two points by examples ofrings). If the dark rings are interpreted as Newton rings
time-resolved micrographs of Ti, Au, Al (metal films on one can immediately determine the optical thickness of
the layer between the interfering interfaces. By measur-
ing the changes of the interference patterns as a function
of time the relative velocity of the interfering fronts is
obtained. If our data are processed correspondingly, we
obtain velocities up to aboud00 m/s (Si), depending on
the pump pulse energy.

Two basic requirements must be satisfied to explain
the observed interference patterns and the high contrast in
terms of an expanding layer of ablating material: (1) The
ablation process must lead to the formation of a pair of
optically flat, sharp interfaces. In particular, the opti-
cal density must drop sharply across the interfaces over
a distance much smaller than the wavelength; (2) the
ablating material must be optically transparent and pos-
sess a large index of refraction. To produce the measured
fringe contrast in Si, a refractive index> 2 and an ab-
sorption coefficienk < 0.1 are required.

In the following we show that the observed phenomena
follow directly from the changes of the physical properties
of initially strongly heated, pressurized matter during free
expansion into vacuum. To be specific, we consider the
case of Al. Figure 3 shows pressure versus density from
FIG. 2. Top and center row: ring patterns on Ti, Au, Al, and tabulated equation-of-state (EOS) data [12]. Let us pursue

Si. Bottom left: final surface structure of the Al film. Inset; the path of the material during heating, cooling, and
interferogram. Bottom right: reflectivity profile for Si. expansion. The thermalization of the laser energy takes
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102 : : develops a sharp front satisfying condition (1). The flow
, velocity at the vacuum boundary is approximately given
- 10 Aluminum ] by u =~ coIn(p1/po), wherep, and p; are, respectively,
a the solid density and the liquid density near the binodal
Q 10° - boundary [marker (B)]. Detailed computer simulations of
% the hydrodynamic expansion corroborate this conclusion.
2 10 . A schematic representation of the early stage of the
L > _ ablation process is given in Fig. 4. The top panel shows
& 07— -7 i ] the situation just after energy relaxation, before significant
I P 7. ] - —— E expansion has occurred. The two areas in different shades
e b of gray represent a layer of material of thicknekbsn

above-threshold condition, corresponding to marker (A)
0.01 0.1 1 in the EOS diagram, and subthreshold material, which
Density (g/cm 3) will not undergo ablation. The dashed curve in the center
FIG. 3. Pressure vs density from EOS data of Al. Thin lines:Panel indicates the profile of the rarefact_ion_ wave. The
isotherms. Gray area: two-phase regime. Thin dashed verticdiead of the wave travels towards the inside with the
line: solid density. Dashed and dotted curves: isentropes fosound velocityc, of the unperturbed material. The area
initial temperatures of 7000 and 5000 K, respectively. in light gray represents two-phase material [marker (C)].
As explained above, there is a sharp drop of the density
towards vacuum. Thus, the tail of the wave forms a steep
about 1 ps [13]. This time is too short for significant moving front, the first density discontinuity.
expansion to occur. Thus, the starting point is solid A second density discontinuity develops after=
density material with an initial temperature determinedd/c,, when the head of the rarefaction wave reaches the
by the amount of deposited energy. We estimate 5000oundary of the subthreshold, nonablating material. Now
to 10000 K near the ablation threshold. The pressur¢he self-similar character of the rarefaction process is lost.
corresponds to several tens of GPa. The initial condition¥he subsequent evolution can be qualitatively described
are indicated by marker (A) in Fig. 3. by regarding the boundary as a rigid wall where the flow

The subsequent evolution of the material may bevelocity vanishes. The reflection of the rarefaction wave
considered as an isentropic expansion into vacuum. Thegroduces a drop of the density at the boundary, the second
dashed and the dotted lines in Fig. 3 show two isentropedensity discontinuity.
of Al corresponding to initial temperatures of 7000 and The layer thicknessd can be estimated from the
5000 K, respectively. The isentropes cross the binodaneasured ablation depth, typically 50 to 100 nm. A
boundary of the two-phase regime (gray area) in theharacteristic value of the sound velocity 2500 m/s.
neighborhood of marker (B). Nucleation of gas bubblesThus, the time for the formation of a pair of interfaces
sets in, and a heterogeneous phase of liquid and gas estimated to b& = 20-40 ps.
develops. There is the interesting possibility that strongly
superheated conditions occur and that the material is
pushed into the spinodal regime [14], where homogeneous
matter is thermodynamically unstable [15]. I

Leaving the possibility of spinodal decomposition as Po t=0
an open question, it can, nevertheless, be concluded d—»
that the further evolution of the system is governed ~— surface
by the properties of a heterogeneous liquid-gas mixture.
Concerning the dynamics of hydrodynamic expansion, the
most significant change of properties in the two-phase
regime is a drastidecrease of the velocity of soynd
cZua = (9p/3p)s [16]. This is quite apparent from the
change of slope of the isentrope at the boundary of the
two-phase regime. The regime of low sound velocity is t>dlco
indicated by marker (C).

The change of sound speed is of great significance here.
The initial phase of the expansion can be described by a
simple one dimensional self-similar rarefaction wave [16]'FIG 4 Dark arav: nonablating material. Grav: expandin
It follows from Egs. 92.5 and _92'6 of [,16] that, when the homogeneous f?uid){ Dotted Iine?rarefaction wavé/. Ligpht gra?:
decrease of the sound speed is taken into account, the pagierogeneous phase ghiguid. po: solid density. p;: liquid
of the rarefaction wave traveling towards vacuum (tail)density.

<_ t<dlco

Density

inhomogeneous phase Z
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