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The selective laser structuring of thin molybdenum films from the glass substrate side using ul-
tra-short laser pulses displays a by up to a factor of 10 higher ablation efficiency compared to the di-
rect laser ablation from the film side. Moreover, holes can be created without burrs, melt formations 
or micro cracks. A recent simulation of the glass side ablation process, also known as confined laser 
ablation, suggests that the laser-matter interaction in the molybdenum leads to a confined ultrafast 
thermal expansion during heating and melting, which generates a pressure wave that causes the 
metal film to bulge. However, this model disagrees with the general understanding that the con-
finement of an expanding gas is the driving ablation mechanism. In order to verify this new model, 
a pump-probe microscopy setup is utilized to investigate the propagation of a pressure wave in the 
glass substrate. The results show that pressure waves can be detected already at fluences that are not 
sufficient for evaporation and that they are generated during heating and melting. These observa-
tions support the model of ultrafast thermal expansion during heating and melting generating a pres-
sure wave that causes the metal film to bulge. 

Keywords: Selective laser structuring, laser ablation, confined laser ablation, thin film, pump-probe, 
molybdenum, pressure wave, induced laser ablation 

1. Introduction 
In recent years, several applications for the selective la-

ser structuring by laser ablation of thin metal films by irra-
diation from the film or substrate side have been discov-
ered, such as direct laser ablation [1; 2], the laser induced 
forward transfer (LIFT) [3], the launch of a laser-driven 
flyer plate [4], the laser lift-off [5], or laser shock pro-
cessing [6]. In the case of selective laser structuring of 
about 430 nm thin molybdenum films, e.g. for scribing the 
p-contact of a CIS (Copper-Indium-Diselenide) thin film 
solar cells, the irradiation of the metal film from the sub-
strate side (Fig. 1 (c)) with ultra-short laser pulses, displays 
a by up to a factor of 10 higher ablation efficiency com-
pared to the direct laser ablation from the film side (Fig. 1 
(a)) [7]. Moreover, holes can be created without burrs, melt 
formations, or micro cracks. In reference [7] the substrate 
side laser structuring with 10 ps pulses was referred to as 
“direct induced laser ablation”, which belongs to the group 
of “confined laser ablation” effects. 

The driving mechanisms of the efficient and precise ab-
lation process, is usually adapted from the models for the 
LIFT [8] and laser shock processing [6]. In both cases, the 
laser irradiation of the metal film from the glass substrate 
side generates a confined gas or plasma at the metal-glass 
interface. It is also assumed for the glass side ablation of 
thin molybdenum films that the expansion of the gas or 
plasma causes the metal film to bulge [9–11]. However, 
this model is not compatible to line scribing with overlap-

ping pulses, because the gas could escape at the sides. In 
fact, structures with arbitrary shape, sharp edges and any 
pulse to pulse overlap can be produced [12]. 

 

 
Fig. 1 Ablation effects after laser irradiation of an absorbing 
layer (grey, abs.) from the film side (a) and from the glass sub-
strate side (b) and (c). Case (a) is called direct laser ablation. In 
case (b) and (c), the laser pulse transmits through the transparent 
substrate (blue, trans.), the pulse is then absorbed at interface, and 
causes a confined laser ablation (also known as “direct induced 
laser ablation” [7]). The threshold fluence for the bulging of the 
film in case (b) is called bulging threshold Fb, and for the metal 
disk lift-off in case (c) it is called punching threshold fluence Fp. 
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In order to explain these observations, a numerical sim-
ulation was performed by Sotrop et al. [13]. The simulation 
suggests that an ultrafast thermal expansion during heating 
and melting—and not a gas expansion—generate a pres-
sure wave, which causes the metal film to bulge. However, 
this model disagrees completely with the general under-
standing of the glass substrate side ablation of thin metal 
films. For this reason, the aim of this study is to verify this 
model and to better understand the role of pressure waves 
in confined laser ablation of 430 nm thin molybdenum 
films. Time-resolved microscopy is chosen as method to 
investigate the propagation of the laser-induced pressure 
waves. 

2. Material and Methods 

2.1 Pump-Probe Microscopy Setup 
An ultrafast laser source (Spectra-Physics, Spirit), 

which emits 660 fs (FWHM) pulses at a centre wavelength 
of 1053 nm, is divided into pump and probe pulse by beam 
splitter 1 behind the laser exit. The pump-pulse, which is 
used for initiating the ablation, is focused by a f = 150 mm 
lens on the sample to a spot with a diameter of about 40 µm 
at the 1/e² intensity level. All given fluence values corre-
spond to the peak fluence of a Gaussian fluence profile 
without reflectivity correction. The probe-pulse, used for 
illuminating the sample, is frequency doubled (SHG) to a 
wavelength of 527 nm with a pulse duration of about 510 fs 
(FWHM). Subsequently, a linear translation stage optically 
delays the probe-pulse up to 4 ns. The sample is coaxially 
illuminated and imaged by a 20x microscope objective to a 
CCD camera. The relative reflectivity change 

0 0/ ( ) /tR R R R R∆ = −  is measured in the centre of the 
irradiated spot, where R0 is the reflectivity of the original 
sample and Rt is the reflectivity at the pump-probe delay 
time t. The relative reflectivity change is averaged over an 
area of 5x5 pixels which corresponds to a region of 1.6x1.6 
µm². A more detailed description of the pump-probe mi-
croscopy setup is given in [14]. A simple diagram of the 
setup is presented in Fig. 2.  

The samples were provided by Plansee. A 430 nm thin 
molybdenum film was sputtered on a 1 mm thick soda-lime 
glass substrate. 

 
Fig. 2 Pump-probe microscopy setup. The 660 fs pump-pulse 
(red branch) is focused through the glass substrate on the Mo 
layer to initiate the ablation. The probe-pulse (green branch) is 
frequency doubled and delayed on a linear stage to illuminate the 
sample, which is imaged by a microscope and CCD camera, at 
different delay times. 

2.2 Model function of the reflectivity signal for the 
propagation of a laser-induced pressure wave in glass 

According to the simulation in [13], the glass side irra-
diation of a molybdenum film leads to a temporal and spa-
tial confinement of the laser pulse energy within a few pi-
coseconds and a few tens of nanometers, causing ultrafast 
thermal expansion of the laser-matter interaction zone. A 
pressure wave is thus induced in the metal film and in the 
glass substrate. The pressure wave in the glass substrate 
can be considered as an infinitely thin layer with increased 
density. The increased refractive index then leads to Fresnel 
reflection at the pressure wave front. The reflectivity of the 
sample from the glass side Rt is than influenced by interfer-
ence of the reflected light from the laser-matter interaction 
zone with the reflected light from the moving pressure 
wave front with the reflectivities R1 and R2, respectively, as 
sketched in Fig. 3. The phase shift between both reflected 
wave fronts depends on the distance d of the pressure wave 
and the refractive index of the glass substrate of ng = 1.5. 
Since the pressure wave moves with a velocity v, the dis-
tance d vt= increases with time, and oscillations appear in 
the reflectivity signal. Destructive interference can be ob-
served, if the pressure wave has traveled the distance 

  / 4gd n λ= . The transient reflectivity calculates to 
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where λ = 527 nm is the vacuum wavelength of the probe 
pulse. 

 
Fig. 3 The laser-induced ultrafast thermal expansion at the mo-
lybdenum-glass interface generates pressure waves in the trans-
parent and in the absorbing layers. The pressure wave can be re-
garded as a moving interface with the reflectivity R2 that propa-
gates towards the probe-pulse with the velocity v. The distance of 
this interface determines the phase shift between the reflected 
wave fronts from the pressure wave (R2) and the laser-matter 
interaction zone (R1). The interference of both reflections lead to 
an oscillation in the time-resolved reflectivity signal.  
 

Since the reflectivity of the laser-matter interaction 
zone R1 changes with time [11], it is described by a time-
dependent model function given in equation (2). The quasi-
instantaneous excitation of the electrons is described by the 
error function [15]. The excitation time te = 840 fs is gov-
erned by the cross correlation time of the pump- and probe-
pulse [14]. The time constant t0 then describes delay time 
zero—the time of maximum intensity of the laser pulse. 
The relaxation of the electrons [16] and the generation of 
the liquid-gas mixture [17] lead to a reflectivity decrease 
which can be described as a falling exponential function 
with the relaxation time tr and the initial value Rr. The con-
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finement leads to a suppression of the expansion of the 
liquid-gas mixture, and the subsequent thermal diffusion 
and condensation is expressed by summing a second expo-
nential function with the time constant td and the initial 
value Rd. Melting and damaging of the interface leads to a 
permanent reflectivity change, which is described by the 
final value R∞. The transient reflectivity of the laser-matter 
interaction zone is thus written as 
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The pressure wave in the glass causes the second inter-
face with the reflection R2 in the interference equation (1). 
The model by Sotrop et al. suggests that the pressure wave 
is generated already during the excitation of the electrons 
[13]. This process is therefore described also by the error 
function. The reflectivity at the pressure wave Rpw is ap-
proximated to be constant. The transient reflectivity of the 
pressure wave is thus written as 
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2

1 1 erf
2pw

e

t t
R R

t
  −

= +     
  (3) 

Finally, the velocity of the pressure wave determines 
the period of the oscillation. The velocity of a pressure 
wave in quartz glass is—in contrast to air—constant up to a 
pressure of about 20 GPa [18] and in soda-lime glass it is 
constant at least up to 6 GPa [19]. The released pressure in 
the glass substrate for a confined laser ablation can be es-
timated as follows. The spallation strength of Mo is about 
3 GPa [20] and should approximately correspond to the 
pressure in the molybdenum at the ablation threshold flu-
ence. The comparison of the acoustic impedances of Mo 
and soda-lime glass suggests that only about 25% of the 
pressure is transmitted into the glass. The velocity of the 
pressure wave can thus be assumed to remain constant in 
the glass, even at fluences well above the ablation threshold. 

3. Results and Discussion 

3.1 Pressure waves below the bulging threshold 
The transient reflectivity change of a molybdenum film, 

which is observed from the substrate side and irradiated 
with a fluence below the bulging threshold of about 
Fb < 0.3 J/cm² from the same side, is shown in Fig. 4. In 
this fluence regime, the irradiation does not cause any me-
chanical deformation in the molybdenum film. At a fluence 
of F0 = 0.08 J/cm², the relative reflectivity increases by 5 % 
within 1 ps around t = 0 ps and then decreases to 0 % after 
50 ps. However, pressure-wave-induced oscillations cannot 
be distinguished from the noise level in the reflectivity sig-
nal. If the fluence is increased to F0 = 0.13 J/cm², the re-
flectivity increases by 8 % within 1 ps and then decreases 
to 0 % after 100 ps. Now, an oscillation can be clearly iden-
tified in the signal, especially in the time frame between 
100 ps and 200 ps. If the fluence is increased further to 
F0 = 0.23 J/cm², the steep reflectivity increase around 
t = 0 ps remains at the same level. However, the amplitude 
of the oscillation increases further with the fluence, but the 
phase and period remain constant. The period of the oscil-
lation is about 30 ps, with maxima at about 30 ps, 60 ps, 

and 90 ps. It was found that this period remains also con-
stant, if the film or substrate thickness, the type of metal 
film, or the pulse duration is changed. 

The observation of oscillations in the reflectivity signal 
in the fluence regime below the bulging threshold F0 < Fb 
indicates that a pressure wave is already induced in the 
glass substrate, even though the film has not been set into 
motion. Moreover, these low fluences are not sufficient for 
material ablation, if molybdenum is irradiated directly from 
the film side (Fig. 1 case (a)) [11]. If the different reflec-
tivities for film and glass side irradiation are taken into 
account, the applied fluences in this regime are even insuf-
ficient to generate a spatially confined partial evaporation 
of the Mo film by glass side irradiation. The state of matter 
of the laser-matter interaction zone can be also estimated 
from the reflectivity transients. It has been shown in several 
time-resolved reflectivity measurements that the formation 
of a liquid-gas mixture leads to scattering and absorption of 
the probe pulse, and thus to a steep negative reflectivity 
change [17]. This is also observed at higher fluences in Fig. 
5. However, the reflectivity change in Fig. 4 remains posi-
tive for all fluences in the whole time frame. These obser-
vations indicate that the measured pressure wave cannot be 
induced by the expansion of a confined gas. These findings 
are in good agreement with the simulations and the model 
of Sotrop et al. [13]. The results of the simulation suggest 
that the ultrafast thermal expansion of the laser-matter in-
teraction zone during heating and melting already initiates 
pressure waves in the film and substrate. Moreover, it was 
calculated that evaporation does not take place in the flu-
ence regime below the measured bulging threshold. Anoth-
er finding of the simulation is the temporal sequence of 
melting and evaporation; melting occurs at about 1 ps to 
5 ps and evaporation at about 50 ps. The measurements 
clearly show that the pressure wave starts around or a few 
ps after delay time zero—which is the temporal start of 
melting according to the simulations of Sotrop et al. [13]. 

 

 
Fig. 4 Transient reflectivity change ∆R/R of a molybdenum film, 
which is irradiated with fluences below the bulging threshold of 
Fb < 0.3 J/cm² and was also measured from the glass substrate 
side. The observation of oscillations and their temporal start at 
sub-threshold conditions indicate that a pressure wave is already 
generated by ultrafast expansion during heating and melting of the 
confined laser-matter interaction zone. 
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3.2 Pressure waves above the bulging threshold 
Now, the transient relative reflectivity change is con-

sidered at fluences above the bulging threshold fluence (Fig. 
1 (b)) for F0 = 0.3 J/cm² and F0 = 0.45 J/cm² and above the 
punching threshold fluence (Fig. 1 (c)) for F0 = 0.63 J/cm² 
in Fig. 5. The transient behavior is comparable for all flu-
ences, however, on a temporal average the amplitudes of 
the relative reflectivity change decrease with the fluence. 
For all fluences, the reflectivity increases to a first maxi-
mum within a few ps after delay time zero, and then drops 
to a minimum at about 10 ps. The relative reflectivity 
change at the minimum has values of -1 %, -12 %, and  
-23 % for 0.30 J/cm², 0.45 J/cm², and 0.63 J/cm², respec-
tively. Subsequently, an oscillation with a constant period 
of about 30 ps can be observed for all fluences, with maxi-
ma at about 30 ps, 60 ps, and 90 ps, while the average re-
flectivity change increases slightly with time. For compari-
son, Fig. 5 also shows the relative reflectivity change for 
the film side (FS) irradiation of molybdenum at a fluence 
of 0.6 J/cm² in green. It can be seen that the reflectivity 
increases up to 7 % shortly after t = 0 ps, then decreases 
exponentially to about -80 % (See inset in Fig. 5). However, 
the slope of the relative reflectivity change is not as steep 
as for glass substrate side irradiation. 

Fig. 5 also contains the fit of the interference equation 
(1) to the measured data points for glass side irradiation. 
The velocity, with which the pressure wave propagates 
through the glass, was determined to be v = 5910(34) m/s 
at F0 = 0.33 J/cm², v = 5903(38) m/s at F0 = 0.45 J/cm², and 
v = 5984(36) m/s at F0 = 0.63 J/cm². These velocities agree 
very well to the sound velocity of soda-lime glass of about 
5840 m/s [19]. The amplitude of the measured data points 
with respect to the fit curve is higher below and lower 
above 100 ps. This deviation could be explained by a 
damping of the pressure wave, which was not taken into 
account in equation (3) in order to keep the parameter 
space as small as possible. The decay times are determined 
to be 𝜏r = 2 - 3 ps (0.33 J/cm², 0.45 J/cm² and 0.63 J/cm²) 
and τd = 50 - 60 ps (0.33 J/cm² and 0.63 J/cm²). For 
0.45 J/cm², the decay time τd is about 500 ps. The decay 
time 𝜏r describes the steep reflectivity decrease from posi-
tive to negative values between 0 ps and 10 ps, and the 
decay time τd describes the subsequent slight reflectivity 
increase up to 200 ps. The strong variation of the fit values 
for τd can be explained as follows. The model function only 
describes the signal up to a delay time of 

2 / 150ds s st d c= ≈  ps. During this time frame, the pressure 
wave propagates through the film with the thickness 
ds = 430 nm at the sound velocity of about 6000 m/s, it is 
being reflected at the free surface, and finally returns to the 
molybdenum-glass interface. Then, the superposition of 
two pressure waves [21] or the delamination of the film 
[13] can suddenly change the reflectivity trend. This can 
influence the second decay time, as observed for 0.45 J/cm². 
A more complex model is thus necessary to describe the 
reflectivity at longer delay times.  

The comparison of the reflectivity signal of film and 
substrate side irradiation at fluences of 0.6 J/cm² (Fig. 5, 
blue squares) and 0.63 J/cm² (Fig. 5, green triangles), re-
spectively, shows interesting features during the formation 

of a gas-liquid mixture occurring at twice the bulging 
threshold fluence, namely a steep drop of reflection by 
scattering and absorption of the probe pulse [17]. The rela-
tive reflectivity change for glass substrate side irradiation 
decreases faster, it reaches a minimum of about -23% at 
about 10 ps, and afterwards it increases with time. The ap-
pearance of a reflectivity minimum at 10 ps can be ex-
plained by the confinement of the laser-matter interaction 
zone, which inhibits the expansion of a liquid-gas mixture. 
The decay time 𝜏r, which is about 2-3 ps, agrees here very 
well to the typical melting time of metals such as e.g. alu-
minum [22]. The pressure wave thus should be generated 
within this time frame, when melting and not evaporation is 
expected. This is in good agreement with the simulation, 
which shows that the melting takes about 5 ps and the 
evaporation about 10 - 20 ps [13]. The subsequent reflec-
tivity increase for delay times of 50 ps and higher could be 
caused by heat diffusion and condensation of the confined 
liquid-gas mixture. In contrary, the film side reflectivity 
change starting from about 10 - 20 ps continues to drop to a 
value of /R R∆ = -75% within the observation time, indi-
cating a strongly scattering and absorbing gas-liquid mix-
ture expanding from the film side into the half space [17]. 

 

 
Fig. 5 Transient reflectivity change ∆R/R of a molybdenum film, 
which is irradiated with fluences above the bulging threshold of 
Fb > 0.3 J/cm², and is also measured from the glass substrate side. 
The solid lines represent the fit of equation (1) to the data points. 
The green triangles represent the transient reflectivity change for 
film side (FS) irradiation. The inset shows the data points in the 
same time frame but with an enhanced y-axis. The steeper de-
crease of reflectivity during substrate side irradiation in compari-
son to film side irradiation indicates that a pressure wave must be 
already generated by the ultrafast expansion during heating and 
melting of the confined laser-matter interaction zone. 

 
The comparison of the reflectivity signal at fluences be-

low and above the bulging threshold should now reveal the 
influence of the formation of a gas-liquid mixture at the 
interface on the pressure wave propagation in glass. This 
comparison indicates that the period and the phase of the 
oscillation for below and above threshold displays the same 
properties (the amplitude increases only slightly with the 
fluence, the signal is shifted downwards on the y - axis 
with increasing fluence, but the signal trend shows no 
anomalous behavior). Consequently, there is no indication 
for a fundamental change to the pressure wave, originated 
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from the expansion of gas at fluences above the bulging 
and punching threshold. Thus, the pressure wave in the 
glass is initiated during heating and melting at fluences 
below as well as above the bulging threshold. These find-
ings further suggest that the delamination of the film is 
rather caused if the pressure of the pressure wave exceeds 
the adhesion force of the film, then by the adiabatic expan-
sion of confined gas. 

4. Conclusion 

The general understanding of the glass substrate side 
ablation of thin molybdenum films with ultrashort pulse 
lasers is based on the assumption that a confined gas is 
generated during the laser-matter interaction at the molyb-
denum-glass interface, and that the expansion of the gas 
causes the film to bulge. However, a recent simulation sug-
gests that the ultrafast thermal expansion during heating 
and melting initiates a pressure wave, which causes the 
metal film to bulge.  

In order to verify this new model, the pressure wave 
generation and propagation in the glass substrate was in-
vestigated using pump-probe microscopy. The interference 
of the probe light reflections from the pressure wave front 
and from the molybdenum/glass interface enable an inter-
ferometric measurement of the pressure wave propagation 
in the glass substrate. 

Pressure waves were detected already at fluences below 
the bulging threshold. Since the fluence in this regime is 
not sufficient for evaporation, these findings suggest that 
the observed pressure wave was generated by the ultrafast 
thermal expansion during heating and melting. At fluences 
above the bulging and punching threshold, the simulation 
by Sotrop et al. suggested that heating and melting takes 
place within 5 ps and evaporation after 10 ps to 20 ps. 
However, the measurements show that the temporal start 
point of the pressure wave remains at higher fluences also 
around delay time zero. That is the time frame, when only 
heating and ultrafast melting occurs. Moreover the oscilla-
tions are not changed in the time frame when evaporation is 
expected by the simulation of Sotrop et al. Those observa-
tions suggest that the ultrafast thermal expansion during 
heating and melting generates a pressure wave, which 
causes the metal film to bulge. However, the expansion of a 
confined gas seems to have no contribution to the bulging 
of the film, as suggested by the simulation of Sotrop et al. 
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