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Abstract The ejection dynamics of nanometer-thin fluid 
isopropanol and solid C02 films are investigated. The films 
are deposited on a silicon substrate, which is rapidly heated 
by a nanosecond laser pulse (Nd:YAG, 532 nm). A small 
fraction of material at the interface evaporates and the film 
on top is ejected as an intact layer. The kinetic energies of 
the two different films with thicknesses between 100 nm and 
I IJm give an insight into the dynamics of a flying lamella. 

1 Introduction 

The dynamics of the film ablation are of substantial inter­
est for a wide variety of applications, such as laser cleaning 
of nanoparticles from sensitive surfaces [I, 2], laser desorp­
tion mass spectroscopy [3], or laser surgery [4]. The existing 
investigations deal mostly with the phase transition at inter­
faces [5-8], nucleation on the nanoscale, and massive abla­
tion of materials [4]. Studies on the mechanisms of steam 
laser cleaning and matrix laser cleaning [9] have shown that 
films ablated by that means can be observed during some 
hundred nanoseconds [10, 11]. The investigation of the dy­
namics of the film ejection at interfaces is a new component 
in the overall picture for ablation processes involving liquid 
or solid films. 

The basic idea of the experiments is the examination 
of the ablation dynamics of a transparent micro lamella by 
means of the desorption of a thin film condensed on a flat 
substrate with a short (10 ns) and intense laser pulse [6, 11]. 
The first few monolayers of the film in contact with the sub­
strate overheat and evaporate rapidly. As the vapor expands, 
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the remaining film is accelerated away from the surface 
(see Fig. 1). Monitoring the film velocities with nanosecond 
time-resolved reflectometry gives an insight into the overall 
energy balance of the thin-film ablation. 

2 Experimental setup 

In the following, two experimental setups are presented. 
They do not differ substantially except for the used adsorbed 
medium. The substrate is in both cases a silicon wafer, 
which is cleaned in advance by standard methods to pro­
vide a smooth and uncontaminated surface. More detailed 
descriptions can be found in Refs. [6] and [9]. 

To produce a liquid film, isopropanol (C3H70H) vapor at 
slightly elevated temperature (approx. 30°C) is blown over 
the substrate. As isopropanol wets the silicon completely it 
condenses homogeneously. The thickness of the layer is de­
termined with the reflectometry by comparing the relative 
intensity to values calculated using Fresnel's formula. The 
accuracy is better than 10 nm. An example for the signal of 
a growing layer is shown in Fig. 2. 

To produce a solid film, C02 vapor is condensed onto 
a silicon substrate in a vacuum chamber at I mbar cooled 
down to 77 K. The films on the substrate are quench­
condensed polycristalline and microporous films [12]. The 
thickness measurements are done the same way as for the 
liquid films. By comparing the absolute values of the am­
plitude of the reflectrometry measurements to the Maxwell­
Garnett theory [13] a filling factor of over 70% is deduced. 
The size of the pores is estimated to be below 50 nm due to 
the fact that no scattered light is observed. 

An intense laser pulse (Nd:YAG, le = 532 nm, FWHM = 
10 ns) then hits the prepared site. Since the adsorbed layer 
is transparent, the laser pulse is absorbed in the silicon and 
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Fig. 1 Evaluation of the vapor 
cavity. The intense light pulse 
heats the substrate. A small 
portion of the adsorbed medium 
evaporates and accelerates the 
remaining layer, which stays at 
lower temperatures 
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Fig. 2 Reflectometry signal of 
a growing isopropanol layer on 
silicon. The laser shot takes 
place at 0 s 
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the heat is subsequently transferred to the first few monolay­
ers of the film medium. The diffusion length in a silicon is 
around 800 nm on a timescale of 10 ns, in isopropanol and 
solid C02 the value is three orders of magnitude smaller. As 
the heating rates are in the order of 10 10, K/s, the medium is 
likely to overheat and the subsequent phase transition gener­
ates a vapor cavity at high pressure, which gives rise to the 
ejection of the film. 

A fast reflectometer with temporal resolution below 1 ns 
monitors the motion of the film due to the interference of the 
reflections at the substrate surface and the two interfaces of 
the desorbed film as outlined in Fig. 3 . The interferometer 
has high temporal « 1 ns) and spatial accuracy « 10 nm) 
regarding the movement in z-direction. Typical signals of 
moving films are shown in Figs. 4 and 6. 

3 Results 

3.1 Fluid films 

The signal of the flying liquid film in Fig. 4 shows four dif­
ferent stages: 

Immediately after the laser pulse, the reflectivity changes 
significantly and this change is periodical with an increas­
ing period (A). At approximately 180 ns, the signal is nearly 
constant (B) . Afterwards the oscillations in intensity reap­
pear but the period decreases mirror-image-like to the first 
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Fig. 3 Sketch of the experimental setup. The Nd:YAG laser pulse 
(A = 532 nm, FWHM = 10 ns) heats the substrate. The monitor­
ing system is made up of two reflectometers, the first consisting 
of Laser l-either a laser diode (A = 655 nm) or an Ar+ laser 
(A = 488 nm)-and the fast photodiode I with sub-ns resolution for the 
fast dynamics. The second system for the film thickness measurements 
consists of a small CW laser diode and a relatively slow photo diode 
(LO 2 and PO 2). The vacuum chamber for C02 films is omitted 

stage (C) . After approximately 350 ns, the signal drops back 
to the initial value (D). The signal does not show any sig­
nificant features on a longer timescale. The change of the 
reflected intensity depends on the particular layer thickness. 
In the presented case, it rises. The signal originates from 
the expansion and collapse of the vapor cavity between the 
substrate and the moving film. Calculations for the system 
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Fig. 4 Reflected signal of a 620-nm thick isopropanol film after the 
laser pulse that is released at 0 ns, with approximately 30 m] / pulse. 
The signal shows the desorption and the return of the film 
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Fig. 5 Calcu lated distance of the fi lm in Fig. 4 to the surface of the 
substrate. The film trajectory is nearly parabolic. The data from the 
first 50 ns are used to determine the starting velocity of the fi lm 

Fig. 6 Signal of a desorbing 
so lid C02 film. Due to the low 
ambient pressure, the film does 
not return , but flies with 
constant velocity 
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consisting of an isopropanol layer of 620 nm in thickness, 
a varying thickness of the vapor cavity and the substrate us­
ing Fresnel's formula allow to allocate the peaks in the mea­
sured signal (Fig, 4), giving a nearly parabolic trajectory as 
shown in Fig, 5, The initial slope allows to determine the 
starting velocity of the films, from which the information 
about the energetics of the ejection process can be obtained. 

3.2 Solid films 

In Fig. 6, the signal showing the change of reflectivity upon 
a laser shot is depicted for the case of a solid C02 film. The 
reflectivity rises after the onset of the laser pulse and oscil­
lates with nearly constant period. 

The starting velocities of the liquid and solid films (see 
Fig. 7) for film thicknesses between 100 and 1000 nm and 
lOO to 500 nm, respectively, show a similar behavior: they 
are decreasing for thicker layers. A more detailed compari­
son, however, reveals differences which are discussed later 
in the text. 

4 Discussion 

As already pointed out, the local explosive evaporation re­
sults in a small gas cavity between the film and the substrate 
with a pressure in the MPa regime [6, Il l . The subsequent 
expansion of this vapor cavity causes the acceleration of the 
film. The expansion of this cavity leads to an oscillating in­
terference between the reflected light of the surface of the 
substrate and the two surfaces of the film. In the liquid case, 
the pressure in the cavity diminishes during the flight, the 
film slows down and eventually the direction of motion is 
reversed and the film returns to the substrate. This behav­
ior is due to the ambient pressure pushing from above. For 
solid films, on the other hand, the experiments are carried 
out under vacuum conditions, hence there is no ambient gas 
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Fig. 7 Velocity of the detached films right after desorption of the 
substrate depending of the initial thickness of the film. Black: fluid 
films-isopropanol on silicon; red: solid films-C02 on silicon 
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Fig. 8 Normalized velocities of the films presented in Fig. 7 on a dou­
ble logarithmic scale, which reveals a clear difference between solid 
(red) and fluid (black) films. The fitting function is of the form: v ex dill. 
Dashed line: III = - I. Dotted lille: III = - 0.5 

pressure from above, and the film moves away from the sub­
strate at constant velocity. In order to compare the ejection 
of solid and liquid films in more details, we plot the data 
of Fig. 7 on a double logarithmic scale (Fig. 8), with values 
normalized to the velocities of the fastest, i.e., thinnest films. 
The behavior of both films is well presented by a power law: 
the velocity v is proportional to the thickness of the layer d 
to the power rn, which corresponds to the slope of the fit­
ting lines. The values are rn = - 0.9 for the solid films and 
rn = - 0.6 for liquid films. 

The energy deposited in the substrate with the laser pulse 
is kept constant for each of the two cases within the experi­
mental limits. The potential energy Epressure of the gas layer 
directly after its formation on a subnanosecond timescale [6] 

determines the maximal kinetic energy Ekin of the films af­
ter the acceleration. The different dissipation mechanisms 
during this process are summarized to the losses, some of 
which are dependent on the layer thickness d, EJoss(d), and 
some of which are not, Eloss (other), i.e., 

The loss of the energy during the acceleration of the film oc­
curs through various channels. These can be vibrational or 
acoustic excitations in the film or in the bulk of the under­
lying substrate, and a reduction of the pressure at the edges 
of the ablated region which is imaginable even if the ob­
served parts are in the middle of a much bigger irradiated 
spot. The different dependencies of the starting velocity v 
(and hence of Ekin) on the film thickness reveal different 
dissipation mechanisms in solid and liquid films . If the dis­
sipation is due to effects, which are layer-thickness indepen­
dent, the energy of the film should not depend on the layer 
thickness . Thus: 

I 2 I 
E = 2: . Adp· v + Eloss = constant => v 0:: ..jd 

The liquid films follow this behavior quite closely. The 
dissipation during the transition of the kinetic energy of the 
vapor molecules to the isopropanol film is only weakly de­
pendent on the thickness of the layer. 

In the case of the solid films, a different scenario occurs. 
In spite of the similarities in the ablation kinetics, the dissi­
pation strongly depends on the layer thickness . It is conceiv­
able that the solid, microporous C02 is a strong absorber of 
acoustic excitations, which occur at the interface and might 
carry more energy when the film thickness increases. How­
ever, a detailed model is so far missing. 

5 Conclusion 

We presented studies of the ablation dynamics of liquid and 
solid films, which are ejected from a rapidly heated surface. 
The films remain intact during the time of flight. The ob­
servation of the flight trajectory by means of reflectometry 
gives the access to the velocity and thus the kinetic energy 
directly after the acceleration by the expanding gas cushion 
formed at the laser heated substrate. Despite all the exper­
imental similarities the energetical comparison of the two 
systems reveals a significant difference between solid and 
liquid films concerning the dependence of energy dissipa­
tion on the layer thickness. The energy dissipation in liquid 
films is nearly independent of the thickness, whereas the dis­
sipation in solid films strongly depend on it. The origin of 
this difference might be due to the different film morpholo­
gies resulting in a different acoustic damping but further in­
vestigations are necessary to clarify this point. 
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