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Controlling the interaction of an ultrafast laser pulse with a thin film remains a difficult task, especially
when aiming to confine material modifications to subwavelength scales. We introduce a method to achieve
reproducible submicron ablation of thin films from a dielectric surface, in a back-irradiation geometry.
First, the pulse of 45-fs duration and 800-nm central wavelength nonlinearly interacts with the dielectric
and undergoes strong but reproducible modifications of its intensity profile. Then, the pulse ablates a thin
polymer film [four bilayers of poly(allylamine hydrochloride) and poly(sodium 4-styrene-sulfonate), 8 nm
thick] from the back surface. We measure the hole with atomic force microscopy and study the influence of
laser energy and focal plane position. The radius of the resulting hole is determined by a threshold intensity
for ablation. Therefore, we also demonstrate how measuring the radius as a function of focal plane position
provides a new approach to profiling a tightly focused laser beam under nonlinear propagation conditions.
We compare the beam profile with that predicted by a widely used propagation model and show that the
latter can semiquantitatively be applied to estimate the size of achievable holes.
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I. INTRODUCTION

Ultrafast laser pulse interactions with matter are
key to emerging photonic applications such as micro- and
nanometer-scale dielectric modifications, nanostructure
formation, or 3D photonic devices fabrication [1,2].
Nanofabrication is often concerned with layered structures
and thin films, and there is a significant interest in using short
pulsed lasers to pattern such films using both front and back-
side irradiation [3–6]. However, controlling the deposition of
laser energy in a thin film remains a challenging task [7,8],
not only in terms of spatial resolution but also because of the
natural limitation of energy density achievable in the
material. Because of its multiphoton nature, the interaction
strongly depends on intensity, a property that can be used to
confine absorption to the subwavelength scale. One way to
achieve such small-scale modifications is to tightly focus a
Gaussian beam with an intensity close to the breakdown
threshold for ablation of the film [1]. However, in practical
situations, even small laser energy fluctuations can have
significant effects on energy absorption, so that pulse-to-
pulse reproducibility can be difficult to achieve. One solution
is to apply a burst of pulses; by taking into account the pulse
energy fluctuations, the size of the ablated film is determined
by the most energetic pulse among the total number applied
[7], ensuring reproducibility from one site to another.
Here, we present a method for controlling the ablation of

a thin film from a dielectric substrate with submicron

precision and single-pulse irradiation. It takes advantage of
the nonlinear interactions of the beam with the substrate
prior to film ablation, in rear surface irradiation geometry.
The idea is suggested by the carrotlike shape of the damage
induced after multiple irradiations in wide-band-gap mate-
rials [9]. The beam profile is altered in such a way that high
intensity in the tail is confined in a subwavelength region,
so it is important to test if this “tail” can be used to desorb
or ablate the films.
It is well known that, in solids, the maximum laser

intensity reached is self-limited by the nonlinear inter-
actions with the material [10–12]. This limitation can be
understood in a very simple manner with the “lawnmower”
model [12], in which the intensity above a certain threshold
is absorbed by the material. The intensity leaving the
interaction region is therefore, at maximum, equal to this
threshold. The absorption is due to multiphoton ionization
and electron avalanche. The plasma created defocuses the
self-focusing beam, and a balance takes place, leading to
filamentation [13]. By roughly assuming that the power in
the filament is equal to the critical power for self-focusing
Pcr and the intensity is limited to the breakdown threshold
Ibr [14], the typical radius of the filament will be given by
Rfil ¼ ½Pcr=πIbr�1=2 ≈ 1.5 μm (Pcr ¼ 2.6 MW and Ibr ≈
2 × 1013 Wcm−2 in fused silica). This simple considera-
tion suggests that there may be a regime where the beam
profile becomes independent of the input energy, therefore
increasing the control for the ablation of the films. We show
that a more accurate modeling of the beam propagation
gives the same order of magnitude of the confined radius
after nonlinear interaction with the fused silica bulk.
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We concentrate on ultrathin polymer films on a dielectric
substrate. We choose to work with polyelectrolyte films
because their self-assembly as bilayers on surfaces is well
understood and provides a way of producing uniform films
of known thickness in a simple and reproducible manner
[15]. The thickness is determined by the number of bilayers
and can be controlled incrementally on a nanometer scale
[16]. Polyelectrolyte films also have applications in sensing
[17], and the ability to pattern them on a submicron scale is
important from an applied perspective.
We show that substrate-mediated ablation is achievable

with no substrate surface modification and that the size of
the ablated film holes is almost independent of the laser
energy on a wide processing window, therefore suppressing
the deleterious effects of energy fluctuations. There is a
sharp intensity threshold Ith for the ablation of these films
[7]. Hence, the radius of the holes directly reflects the radius
Rth of the beam at which the intensity is equal to Ith. We
demonstrate how measuring the radius as a function of the
position of the focal plane relative to the surface provides a
new approach to profiling a tightly focused laser beam
under nonlinear propagation conditions. We compare the
profiles we measure with those predicted by a frequently
applied model of nonlinear beam propagation. We show that
the model reproduces well the tail of the beam profile in the
range of laser energy investigated and can be used to
estimate the size of the holes achievable by this technique.

II. EXPERIMENTAL SETUP

We use a Ti:sapphire laser delivering pulses of 45-fs
duration (full width at half maximum, measured by
frequency-resolved optical gating [18]) at 800-nm central
wavelength. The repetition rate is fixed at 50 Hz. The
energy is adjusted with the aid of a half-wave plate and a
polarizing beam-splitter cube, and the pulse-to-pulse
energy fluctuation is approximately 1.5% rms. The
sample consists of a 25 × 25 × 0.22-mm UV-grade fused
silica coverslip, on which are deposited four bilayers
of poly(allylamine hydrochloride) and poly(sodium
4-styrene-sulfonate) according to the layer-by-layer tech-
nique [15]. The 8-nm thickness of this deposit is an intrinsic
property of the polyelectrolyte film, as confirmed by AFM
measurements. The beam is focused by a 0.25-NA objec-
tive lens with a filling factor α ¼ ða=wÞ2 ¼ 1, where a is
the lens aperture radius and w is the beam intensity radius
at 1=e2 entering the objective. Dispersion induced by the
various optical elements is compensated by prechirp-
ing the pulse. Single pulses are selected by an electro-
mechanical shutter, and the sample is translated between
each pulse to illuminate fresh material. We use AFM in
tapping mode to characterize the morphology of the rear
surface containing the film after irradiation.
We carefully measure in situ the beam radius by the

knife-edge technique, as described in Ref. [7]. The results
are presented in Fig. 1. While far from the focus the beam

propagates as a Gaussian beam having a waist radius of
1.3 μm at 1=e2 of the peak intensity, the region near the
focus is better fitted with a Gaussian beam of 1.9-μm waist
radius. We attribute this behavior to the spherical aberra-
tions of the objective lens as well as the lens overfilling that
may induce a deviation from a pure Gaussian propagation
[19]. When using our pulse with 200-nJ energy, the
corresponding on-axis fluence at the focus under
Gaussian beam propagation would be 3.5 J cm−2.

III. RESULTS AND DISCUSSIONS

A. Substrate-mediated ablation

We first present (Fig. 2) AFM images of the polymer film
surface and their corresponding depth cross sections after
single-pulse irradiation with 200-nJ energy at two different
focal positions. In Fig. 2(a), the focus is inside the fused
silica substrate, 23.2 μm away from the rear surface. At this
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FIG. 1. Beam radius measured by the knife-edge technique in
both orthogonal directions, when focused with the 0.25-NA
microscope objective. Inset: Zoom close to the focal plane
position. The dashed curves show the Gaussian radius for
different waists.

(a)

(b) (d)

(c)

FIG. 2. AFM images of desorbed polymer film holes obtained
with 200 nJ and (a) the focus 23.2 μm before the rear surface and
(c) the focus 8.7 μm before the rear surface. The color bar
indicates the height in nanometers. (b),(d) Corresponding cross
sections. The dashed red lines indicate the depth of the film.
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position, the cross section [Fig. 2(b)] reveals a sharp hole of
8-nm depth, with 1-μm diameter size, clearly indicating that
only the film was removed while the substrate surface
remained intact.
In Fig. 2(c), we position the focus only 8.7 μm away

from the rear surface. There, the shape of the hole is
different. It is composed of a central part of approximately
1-μm diameter and 70-nm depth surrounded by a ring of
2-μm outer diameter and 8-nm depth. While the deep center
is caused by fused silica removal, the outer ring is due to the
removal of the film only.
We then measure the radius of the ablated polymer as a

function of the focal plane position for various laser
energies. We move the focal plane with respect to the rear
surface and record single-pulse beam widths with energies
of 150, 200, and 500 nJ. We also apply 10 pulses with 55 nJ
on one irradiation site for a non-self-focusing reference
(diamond symbols in Fig. 3). We fit this last series with the
radius Rth at which the intensity is equal to the threshold
intensity Ith ¼ 1.6 × 1013 cm−2 of a Gaussian beam (black
line) to locate the focus position [7] with a precision better
than 7% of the Rayleigh range (zR ¼ 20.9 μm). In Fig. 3,
the positive (negative) values of the horizontal axis corre-
spond to the focal plane situated inside (outside) the
substrate bulk.
When the focus is in the bulk, more than 26 μm away

from the rear surface, the intensity at the surface is not
sufficient to ablate the films for any pulse we study. As the
focus approaches the surface, the tail of the pulse begins to
interact with the film, and holes such as that in Fig. 2(a) are
observed. With the focus even closer to the surface, the
fused silica substrate is ablated as well, as seen in Fig. 2(c),
until the focus moves out of the sample. In this region, only

film ablation is observed again, but now there are large
fluctuations. Eventually, the beam is fully transmitted when
focused further out.
Figure 3 shows that between 10 and 26 μm, despite the

large variation of energy (a factor of 3.3), the ablated film
radius remains independent of energy, while the radius
strongly depends on energy when the interaction is per-
formed with the front of the pulse (−55 < z < −20 μm).
As the large error bars show, film ablation is less repro-
ducible in this region. This is because the interaction of the
pulse with the bulk is minimized; therefore, intensity
clamping does not occur. The intensity impinging on the
film is close to the threshold, which makes ablation
sensitive to laser energy fluctuations [7]. For 500 nJ,
measurement is possible only away from the focus
(z ≤ −23 μm and z ≥ 0 μm). Any closer, we find that
the debris from fused silica ablation makes the AFM
analysis impossible.
We study in more detail the region where the radius is

independent of energy. In Fig. 4, we present a matrix of
polymer film holes obtained with energies ranging from
150 to 190 nJ. Positioning the focal plane inside the
substrate bulk, 23.2 μm away from the rear surface, leads
to reproducible selective ablation of the film, with no
substrate surface damage. For each energy, the sizes are
randomly distributed about a mean value (the error bars in
Fig. 3 represent the standard deviation over 20 measure-
ments). In addition, increasing the energy by a factor of
more than 3 has no significant influence on the ablation
holes size within the error of measurement, despite the
nonlinear nature of the interaction. This is evidenced in
Fig. 5. For comparison, the radius Rth of a Gaussian beam

FIG. 3. Experimental radii (symbols) of ablated polymer film
holes from the rear surface of a fused silica substrate as a function
of focal plane position. Positive (negative) values of the hori-
zontal axis correspond to the focal plane situated inside (outside)
the substrate bulk. The solid lines show the calculated radius Rth
for which the intensity is equal to the ablation threshold intensity
(Ith ¼ 1.6 × 1013 W cm−2) deduced from Gaussian propagation
(55 nJ) and the model of wave propagation discussed in the text
(150, 200, and 500 nJ).

FIG. 4. AFM image of desorbed polymer holes, obtained by
positioning the focal plane inside the dielectric bulk, 23.2 μm
before the rear surface. For each row, the laser energy is indicated.
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at which the intensity is Ith ¼ 1.6 × 1013 cm−2 at the same
axial position would increase by 45% in this range of
energy.

B. Beam profiling and comparison with model

Here, we make the link between the radius of the ablated
film and the radius of the beam. The depth and the width of
the central hole as seen in Fig. 2(b) fluctuate, while the
outer ring is always 8 nm deep. Laser ablation of fused
silica depends on many parameters, and the shape of the
craters remains difficult to link to the beam profile. In
addition, multiphoton ionization and the subsequent ava-
lanche generation of electrons are highly nonlinear and can
be enhanced in the presence of defects or color centers. In
contrast, the thickness of the deposited films is well
controlled and the films are uniform. The ablation of these
films simply requires the intensity of the laser to be above
the ablation threshold. This ablation threshold is lower than
the threshold for nonlinear absorption in fused silica [7].
Therefore, in the ring-shaped region where only the film is
removed, the fused silica substrate is transparent to the
radiation. The radius of the ring is then equal to the beam
radius Rth for which the intensity is the threshold intensity
Ith, no matter how complex the interaction with fused silica
is near the beam axis. Hence, the measured film hole radii
in Fig. 3 will now be interpreted as the measured beam radii
where the intensity is Ith ¼ 1.6 × 1013 cm−2.
To get a better understanding of the physics of this

substrate-mediated ablation, we now model [20] the propa-
gation of the beam in fused silica by using the well-
developed beam propagation model in a transparent
medium [13,21–30]. The aim of these simulations is
twofold. (i) Is it possible to account for the clamping of
intensity observed in the tail of the pulse? (ii) Is the
experimental beam profiling consistent with the model?
The model takes into account diffraction in the trans-

verse plane, group-velocity dispersion (GVD), the
instantaneous Kerr effect, plasma absorption and defocus-
ing, photoionization using Keldysh’s formalism [31],

electron recombination, self-steepening, and space-time
focusing [32].
We analyze the influence of the different terms and find

that, in our conditions, GVD, self-steepening, and space-
time focusing play negligible roles. Electron recombination
is also not significant, mainly because the recombining
electrons get trapped in an exciton state that is easy to
reionize with the remaining part of the pulse via a four-
photon transition only [33]. The experimental beam being
well characterized, the adjustable parameters left are the
nonlinear index of refraction n2, the electron momentum
transfer collision time τc that controls the balance between
plasma absorption and plasma defocusing, and the gen-
eration of primary free carriers via photoionization.
The value of the nonlinear refractive index n2

directly controls the importance of the Kerr effect in the
model. We test the various values from the literature [34],
looking at their influence on the radius for which
the intensity is the ablation threshold intensity. With
n2 ¼ 3.75 × 10−16 cm2 W−1, the critical power for self-
focusing is Pcr ∼ 1.8 MW, which is reached with an
energy of 85 nJ with our pulse. A lower value of n2 ¼
2.48 × 10−16 cm2W−1 gives Pcr ∼ 2.7 MW and a corres-
ponding energy of 130 nJ. For all following calculations we
use n2 ¼ 2.48 × 10−16 cm2W−1.
The electron momentum transfer collision time τc is

another crucial parameter. It controls the balance between
plasma absorption and plasma defocusing. There is
no agreed-upon value in the literature, so it is usually
adjusted arbitrarily. Arnold, Cartier, and DiMaria [35]
calculate an energy-dependent collision time in the range
10−15–10−16 s, and, more recently, Sun et al. measure a
value of 1.7 fs [36]. We try different values of the damping
term ω0τc and fix it at 12 (τc ¼ 5 fs) to optimize agreement
between modeled and experimental beam radii.
The model outputs intensity, fluence, and electron

density as a function of time and space (see Sup-
plemental Material [20]). From the peak intensity map,
we extract the ablation threshold radius Rth as a function of
focal position. The comparison between the experimental
and the calculated radii is shown in Fig. 3. First, it is
not possible to account for the experimental results with a
non-self-focusing Gaussian propagation, except in the
low-energy case (55 nJ) where the power is below
the critical power for self-focusing and the intensity is
below the ionization threshold. In the tail of the pulse
(0 < z < 25 μm), the radius and the on-axis extent of film
ablation would significantly change between 150 and
500 nJ with Gaussian beams. We measure that the radius
is kept almost constant (Fig. 5) and that the on-axis extent
differs by only 3 μm (Fig. 3), as opposed to 35 μm in the
case of Gaussian beams. However, accepting that we treat
n2 and τc as adjustable parameters, the paraxial ray model
reproduces this wavelength-scale feature quantitatively:
The calculated beam profiles are independent of the input

FIG. 5. When the laser focus is positioned in the fused silica
bulk, 8.7 μm before the rear surface, the radius (half width at half
maximum) of the ablated polymer film is almost independent of
the incident energy (squares). Such is not the case with a
Gaussian beam (cross symbols).
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energy, and the experimental and calculated radii are
relatively close. The model also predicts the on-axis
position of the threshold intensity in the tail very well.
The front of the pulse is more subtle. We observe a

strong dependence of the beam radius on input energy. This
observation is not surprising, since nonlinear effects are
less developed and pulse self-channeling has not yet
started. However, the pulse does not ablate the film where
it is expected, as seen by the large difference between the
experimental and calculated radii. In addition, with a
200-nJ energy pulse, the model predicts a maximum
electron density of approximately 2 × 1020 cm−3 located
30 μm before the focus. One would expect large substrate
ablation with the surface at this position, but we do not even
observe film removal. This deviation between model and
experiment is attributed to the fact that the propagation is
not purely Gaussian in our experiments, which is evidenced
by the ring shape of the adsorbed film obtained at the front
of the pulse for 500 nJ (Fig. 6). We attribute this to the
slight overfilling of the microscope objective aperture in
our experimental setup. The focusing of a truncated
Gaussian beam evidences a dip in the center of the radial
intensity distribution close to the focal plane [19].
Consistent with this explanation, we find that the dip
disappears as the pulse energy is raised above the ablation
threshold. We note that the size after focus is well
reproduced, which means that, no matter the propagation
of the beam before the focus, the nonlinear effects are
dominant and strong enough to modify the propagation of
the beam in the same way.

IV. CONCLUSION

In conclusion, we introduce a method allowing repro-
ducible submicron ablation of thin films from a dielectric
surface with a single femtosecond laser pulse. The method
is robust and almost independent of the pulse energy in the
range studied, providing a wide processing window for
applications. The physics of nonlinear laser-dielectric
interactions is accounted, within its limits, by a beam
propagation model widely used in the field of filamenta-
tion. Applying the model in a semiempirical manner
provides a good estimate of the size of holes achievable.

Figure 3 shows how our approach also allows the
measurement of the spatial profile of a beam with sub-
micron resolution and a high dynamical range. We have
used it under high-intensity and tight-focus conditions
where other techniques such as knife-edge profiling and
array sensors are inapplicable. Even at low intensity, the
technique can reveal more detail than the knife-edge
method, as we have shown in Fig. 6 in the case of our
own laser beam. While we use only one polymer, in future
experiments, it should be possible to choose a series of
polymer films with different ablation thresholds, thereby
tracing out the profile of the self-focusing beam in more
detail.
Therefore, substrate-mediated ablation provides an

experimental method to investigate filamentation dynam-
ics. One could, for instance, use the approach to character-
ize the filamentation of shaped beams or vectorial beams
even where propagation is nonparaxial. While models have
been developed that extend to nonparaxial propagation at
high intensity, there has been no experimental method to
test their assumptions. Using our technique in tighter
focusing conditions to profile the beam should provide
an experimental way to address the validity of these
models.
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