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Selective Delamination upon Femtosecond Laser Ablation of Ceramic Surfaces
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We report on the experimental observation of selective delamination of semitransparent materials on
the example of yttria-stabilized zirconia ceramics upon femtosecond laser processing of its surface with
a low numerical aperture lens. The delamination of a ceramic layer of dozens of micrometers takes place
as a side effect of surface processing and is observed above the surface ablation threshold. The onset
of delamination (delamination threshold) depends on the degree of overlap of the irradiation spots from
consecutive laser pulses upon beam scanning over material surface. Analysis of the delaminated layer
indicates that the material undergoes melting on both of its surfaces. The mechanism of delamination is
identified as a complex interplay between the optical response of laser-generated free-electron plasma and
nonlinear effects upon laser beam propagation in semitransparent ceramics. The discovered effect enables
controllable laser microslicing of brittle ceramic materials.
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I. INTRODUCTION

Ultrashort-pulse laser micromachining of materials is
attracting growing interest due to the possibility of achiev-
ing much higher quality of the laser-processed surfaces as
compared to longer laser pulses [1]. The enhanced pro-
cessing quality is largely conditioned by the difference in
the laser ablation mechanisms for ultrashort (at the range
from femtoseconds to dozens of picoseconds) laser pulses
as compared to longer pulses. The difference results from
strong thermal and stress confinements inherent for ultra-
short laser pulses [2]. Although generally the conditions
of stress confinement can be achieved at different pulse
durations [2], at ultrashort laser pulses this effect is more
distinct, so that the ablation can occur in the form of
mechanical fracture and ejection of a layer of the irradi-
ated material (referred to as spallation) as a result of the
development of tensile stresses [3,4].

Spallation of laser-irradiated materials from the front
target surface and from the rear surface in the case of
films/foils has been extensively studied both experimen-
tally [5–12] and theoretically [3,4,7,13]. In all experiments
on the rear surface spallation of metals, the irradiation spot
size was considerably larger than the metal film thickness
[5–7,9]. It has been proven that the rear-side spallation
effect is conditioned by the reflection of the laser-induced
shock wave from the rear surface with the formation of
a region with a high strain rate sufficient for the creation
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of voids/cracks. For the case of front surface spallation,
which can also manifest itself as swelling, the spalled lay-
ers were found to be of a submicrometer thickness with the
size dependent on the materials’ properties [10–12].

In this paper, we report on front-side delamination of
a layer from yttria-stabilized zirconia (YSZ) foil upon
femtosecond laser processing of its surface with a low
numerical aperture lens. Here, we call this effect “delam-
ination” to underline the difference from the spallation
mechanism mentioned above. In our case, delamination
takes place from the front side of the target irradiated
with multiple laser pulses at fluences F exceeding the sur-
face ablation threshold. The delaminated layer thickness is
from ten to several dozens of micrometers. This thickness
depends on the irradiation conditions. It must be under-
lined that the irradiation spot size on the material surface
is much smaller as compared to the thickness of the YSZ
samples. We discuss the physical mechanisms of this effect
and demonstrate that delamination happens due to a com-
plex interplay of the two major phenomena, self-focusing
of the laser beam transmitted toward the material bulk and
its defocusing by the free-electron plasma generated in the
surface layer of the sample.

It is noteworthy that recently Kim et al. [14] have
reported on using femtosecond laser pulses for slicing
4H-SiC wafers by tight beam focusing (NA = 0.8) to a
desired depth inside the sample. By using this method,
exfoliation of an approximately 260-μm 4H-SiC layer was
achieved with smaller roughness and material losses as
compared to conventional slicing techniques. The laser
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irradiation conditions used in the present study differ con-
siderably from those of Ref. [14]: the beam was focused
on the sample surface with a low numerical aperture lens.
However, because of the highly nonlinear properties of
YSZ ceramic, the observed delamination effect that is ana-
lyzed below can have some analogy with that reported in
Ref. [14].

II. EXPERIMENTAL SETUP

Our experiments are performed with the diode-pumped
fiber laser Tangerine produced by Amplitude Systems,
emitting in TEM00 mode at a wavelength of 1030 nm and
a pulse duration of 290 fs [full width at half maximum
(FWHM)]. The repetition rate is scalable up to 2 MHz.
The laser beam quality factor M 2 is about 1.15 and the
beam diameter DFWHM is about 1.25 mm at the laser out-
put. The downstream beam expander by Thorlabs expands
the beam diameter by a factor of 3 to 3.75 mm. The beam
is directed by a set of mirrors to the Galvo-scanner SCAN-
cube 7 by SCANLAB. At the scanner output, an F-theta
lens with a focal length of f = 63 mm (numerical aperture
0.06) by SCANLAB focuses the beam on the sample sur-
face located on the XYZ stage with the z axis parallel to
the laser beam. Processed areas are either 0.5 × 0.5 mm2

or 5 × 5 mm2. The beam waist in the focal plane is w0 ≈
7.5 μm and the Rayleigh-length zR ≈ 149 μm is close to
the thickness of the irradiated sample.

The yttria-stabilized zirconia (or 8YSZ) used in these
studies is zirconium dioxide with 8% of yttrium oxide
molar percentage, which is added to stabilize the cubic
lattice. We notice, however, that recent publications indi-
cate that a complete stabilization at room temperature is
not achieved and there are inclusions of the tetragonal
phase, the so-called t” [15]. The melting point of 8YSZ
is about 2700◦C. Further material data are given in Table I.
The samples are provided by Forschungszentrum Jülich
GmbH, IEK1 purchased from KERAFOL. Dimensions of
the samples are 25 × 25 × 0.2 mm3.

III. RESULTS AND DISCUSSION

A. General features of 8YSZ processing

Depending on the processing parameters (laser fluence
and overlap of the irradiation spots upon scanning) differ-
ent modes of sample modification/ablation are observed.
We define the ablation threshold as the highest fluence at
which no visible modification is seen in white-light inter-
ferometry (WLI). Additionally, we introduce a threshold
fluence for the onset of delamination, Fdelam

th . This thresh-
old is determined as the lowest investigated fluence at
which a layer of delaminated material can be found on the
top of the laser-processed area, though this layer can cover
the processed area only partially. These two thresholds are
slightly varying from one to another set of the experiments
that can be conditioned by the initial sample defects. They
depend on the scanning speed and the pulse repetition rate.
As shown below, varying the scanning speed can compen-
sate, to a certain extent, for the change in the repetition rate
to ensure a similar overlap (OL). However, the delamina-
tion threshold and the delaminated layer thicknesses can
be slightly different for the same overlaps at different repe-
tition rates that can be referred to as the heat accumulation
effect. Below, we give the thresholds as the ranges of flu-
ence in which either ablation or delamination (ablation or
delamination threshold, respectively) start to be observed
in all of our experiments.

Figure 1 demonstrates typical scanning electron micro-
scope (SEM) images of laser-processed surfaces when
delamination is either not observed or partially seen.
Between the two above-defined thresholds, the processed
area does not contain microparticulates and is relatively
smooth as demonstrated in Fig. 1(a). At fluences just above
the delamination threshold for a particular overlap, the
delaminated layer covers the processed surface only par-
tially as shown in Figs. 1(b) and 1(c). It is always attached
to the side of the processed area where laser scanning is
started. That can be an indication of an accumulation effect,
which leads to destroying the delaminated layer upon
continued scanning. The roughness of the unprocessed

TABLE I. Physical properties of 8YSZ.

Characteristics Formula symbol Value Unit

Crystal lattice [16] . . . cubic . . .

Band gap [17] Eg 5.3 eV
Densitya ρ 5950 kg m−3

Absorbtion depth at 1030 nmb la 53 μm
Reflection coefficient at 1030 nmb R 0.52
Heat capacity [18] (20◦C) cp 500 J kg−1 K−1

Heat capacity [18] (1200◦C) cp 670 J kg−1 K−1

Thermal conductivity [18] λth 2.2 W m−1 K−1

Thermal diffusivity (20◦C) κ 7.4 × 10−7 m2 s−1

aManufacturer specification.
bObtained for virgin samples by measuring transmission and reflectance using UV-3600plus by SHIMADZU.
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(a) (b) (c)

FIG. 1. SEM images of the laser-processed areas. (a) OL = 22% and F = 20.1 J cm−2. No delamination features are observed. (b)
OL = 75% and F = 24.9 J cm−2. The greater part is clean of any particulates (outlined by the white frame), while the delaminated
layer can be seen in the black-framed region. (c) OL = 83% and F = 8.8 J cm−2. The delaminated layer covers a substantial part of
the processed surface (bottom part of the image) and its boundary in the form of flakes is clearly seen at the top part of the image.

YSZ surfaces is 0.15 μm. The roughness of the processed
areas in Figs. 1(a) and 1(b) (in the white-framed area) is
0.5 μm and 2 μm, respectively.

With further increasing fluence or overlap, the area
becomes fully covered by the delaminated layer and the
thickness of the layer increases as clearly seen in Fig. 2(a)
(areas marked by the numbers 20, 19, and 18). The figure
presents the cross-sectional image of the processed area
with the delaminated layers. To obtain this image, the sam-
ple is cut across the processed areas. It should be noted
that, in these cases of delamination, all three surfaces are
modified with clear signs of melting, on both the top and
bottom of the delaminated layer, as well as the surface from
which delamination occurred. Also, it can be noticed that

the delaminated layer rises up somewhat from the initial
sample surface. Figure 2(b) presents the magnified view of
the contact between the delaminated layer and the under-
lying sample, as well as the edge where the processed
and virgin sample areas are in contact. The SEM image in
Fig. 2(c) shows a freestanding delaminated layer obtained
due to a particular breakout at the cutting edge. The per-
spective is 30◦ tilted from the upright position. Fig. 2(d)
shows that the bottom surface of this delaminated layer is
modified.

Here, we hypothesize that, below the delamination
threshold, the observed ablation of ceramics also proceeds
via delamination but the delaminated layer is too thin. As
a result, it is destroyed, most probably mechanically, via

(a)

(b) (c) (d)

FIG. 2. SEM images of laser-processed areas with different fluences. Overlap (83.1%) and repetition rate (100 kHz) are constant for
all cases shown. (a) Cross-sectional view of the laser-processed sample (30◦-tilted view). The laser fluences are 7.2, 7.9, and 8.6 J cm−2

(marked as 20, 19, and 18, respectively). (b) Magnified view of the edge of the processed area (a) 18 in contact with the virgin sample
area. Melting and ablation features can be recognized. (c) The 30◦-tilted view of the delaminated layer at a laser fluence of 17.2 J cm−2.
(d) Magnified view of (c), showing the contact between the delaminated layer and the underlying sample.
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(a) (b) (c)

(d) (e) (f)

FIG. 3. (a)–(c) Images of the laser-processed area at a fluence of 1.6 J cm−2 obtained by optical microscopy. (a) partly destroyed
delaminated layer, (b) corresponding glass substrates with the deposit of the ablation products in bright field and (c) in dark field. The
delaminated layer is partially destroyed and its large fragments are clearly seen on the substrates. (d)–(f) The same for a laser fluence
of 5.7 J cm−2 when the whole delaminated layer remains attached to the sample. Only small rare particulates can be recognized on the
substrate. OL = 92% for all images.

cracking and ejection from the processed sample. With
increasing thickness, the delamination layer withstands
cracking and remains attached to the sample. This assump-
tion can be verified by the inspection of the deposit of the
ablation products on a collecting substrate. To do this, a
microscope glass substrate is placed slightly to the side
of the laser beam, still assuring the laser plume deposi-
tion. The results are shown in Fig. 3 for the irradiation spot
overlap of 92%. The upper row presents images of the pro-
cessed area (a) and glass substrate in bright (b) and dark
(c) fields for a laser fluence of 1.6 J cm−2. The delam-
inated layer is partially destroyed and, consequently, its
large fragments are abundantly deposited on the substrates.
At the same time, at a laser fluence of 5.7 J cm−2 when the
delaminated layer remains completely attached to the sam-
ple (d), only small rare particulates can be recognized on
the glass substrate.

Below, we address this assumption in more detail and
provide the most probable physical mechanism of the
observed delamination phenomenon.

B. Ablation depth and delaminated layer thickness

Based on the above assumption that the visible ablation
naturally transfers to delamination with increasing laser
fluence (note that the delaminated layer remaining on
the sample after processing can be mechanically removed
from the processed area), we introduce here a unified
ablation depth as the difference between the levels of
virgin surface and the bottom of either the ablated (with-
out delamination signs) or delaminated area. The unified
ablation depth is determined by white-light interferome-
try, using the Polytec TMS 1200 with Mirau objectives.
According to the device specification, the uncertainty in
the step measurement varies between 0.18 and 0.1 μm
depending on the step size. The reproducibility of the
method is tested by measuring 15 different areas made on
different YSZ samples with the same processing param-
eters. The standard deviation of the measurements is
approximately 0.8 μm, which reveals a certain deviation
in the studied YSZ samples. For areas that are not fully
covered by the delaminated layer, it is measured in the
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TABLE II. Fluence and peak power ranges, starting from which delamination is observed. The data are presented for several overlaps
and the two repetition rates, 200 and 100 kHz. The corresponding unified ablation depths as well as pulse-to-pulse and line-to-line
shifts, �x and �y, respectively, are also given.

Overlap �x �y Fdelam
th Peak power Unified ablation depth Repetition rate

(%) (μm) (μm) (J cm−2) (MW) (μm) (kHz)

92 1 1 2.2–2.6 13–15 11.2 200
83 2 2 4.3–4.9 26–30 15.7 200
75 3 3 9.6–10.4 59–63 18.4 200
75 3 3 12.7–13.5 78–82 22.8 100
67 4 4 22.9–23.9 140–146 23.1 100

regions free of delamination features. For the processed
areas completely covered by the delamination layer, the
corresponding cross-sectional images are analyzed.

Table II outlines the tendencies of the unified abla-
tion depth evolution as a function of overlap between
irradiation spots. The ablation depths are given at the
delamination thresholds indicated as the fluence ranges
(see comment above) for two repetition rates, 100 and 200
kHz. The overlaps in the x and y directions are always the
same as indicated in the table by sample shifts �x and �y
between two subsequent pulses along the scanning line and
between subsequent scanning lines, respectively. All pro-
cessed areas here are the same, 0.5 × 0.5 mm2. Decreasing
overlap requires a higher fluence to observe the delami-
nated layer. Similarly, when decreasing the repetition rate
while preserving the overlap, higher fluences have to be
applied to obtain the delaminated layer attached to the pro-
cessed surface. We note here that Fdelam

th is typically several
times higher than the ablation threshold. Thus, for 75%
overlap and 200 kHz, the ablation threshold is found to
be in the range of 2.2–2.6 J cm−2, four times smaller than
Fdelam

th at this regime of processing; see Table II.
Figure 4 presents the unified ablation depth (see the

definition above) as a function of (a) fluence and (b)
energy density dose �, which is defined as the product

of single-pulse energy and the total number of pulses per
area divided by the processed area size. All the results
presented are obtained with two repetition rates of 100
and 200 kHz and three overlaps between pulses and lines,
67%, 75%, and 83%. The symbols outlined in Fig. 4(a) as
circles refer to the processing regimes above the delami-
nation thresholds. Based on Fig. 4, several features of the
ablation/delamination process can be highlighted:

(a) The depth increases monotonically for increasing
fluence [Fig. 4(a)] and increasing energy density dose
[Fig. 4(b)]. There are no visible peculiarities that would
indicate a transition from “pure” ablation to delamination.

(b) Increasing overlap at a constant single-pulse fluence
considerably increases the unified ablation depth.

(c) Twice increasing the repetition rate has a tendency
to slightly increase the unified ablation depth.

(d) The energy density dose defines the unified ablation
depths as clearly seen from Fig. 4(b).

(e) A similar unified ablation depth can be achieved by
different parameter sets of overlap and fluence that cor-
respond to the same energy density dose. As shown in
Sec. III D, the fraction of the delaminated layer, which
remains attached to the processed sample, depends on the
overlap and the number of scans.

(a) (b)

FIG. 4. (a) Unified ablation depth as a function of laser-pulse fluence for different overlaps and repetition rates. Circled data points
correspond to fluences for which a delaminated layer could be observed. (b) Unified ablation depth as a function of the energy density
dose. No significant difference in the ablation depth can be observed for similar energy doses when varying the parameter set of OL
and fluence.
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(f) Interestingly, in all cases, the delaminated layer sur-
vives on the processed area when the ablation reaches
approximately 20 μm (somewhat smaller for higher over-
lap and slightly larger for smaller overlap).

The last feature indicates that the delaminated layer thin-
ner than approximately 20 μm experiences cracking, frac-
tures, and is ejected from the processed surface as proven
in Fig. 3, where large fragments of ceramics deposited
on a collecting substrate are demonstrated for the pro-
cessing regimes below Fdelam

th . Upon reaching a certain
depth, the layer becomes able to withstand against crack-
ing and remains attached to the sample. As a whole, the
outlined features count in favor of delamination/fracturing
of an essentially mechanical nature whose mechanism is
addressed in Sec. III E.

C. Structure of the delaminated layer

Figure 5 presents the typical SEM images of the top sur-
face of the delaminated layer and of the sample beneath it.
It is apparent that ablation/modification of material occurs
both on the top of the delaminated layer and at its contact
with the remaining sample. The inset shows an unirradi-
ated area with the grain sizes significantly larger than the
particles seen on the irradiated surfaces. Remarkable is that
the signs of the initial grained structure can be recognized
in the ablation relief; see Fig. 5(a). The reason is a high
concentration of defects in grain boundaries that provokes
a preferred ablation at the boundary sites [19]. Hence, this
image supports considerable ablation from the external
surface of the delamination layer that must be mediated
by the laser-induced breakdown and free-electron plasma
formation at the sample surface [20].

X-ray diffraction (XRD) measurements are carried out
with the X`Pert Pro by PANalytical, used in Bragg-
Brentano geometry. XRD characterizations of unprocessed
and processed areas, the latter in the regimes with and
without delamination, show no differences, indicating that

the processed surfaces, including the delaminated layer,
have the same polycrystalline structure as the unprocessed
material.

D. Repetition rate and heat accumulation

As already indicated in Table II and Fig. 4, a lower
repetition rate results in a higher Fdelam

th . This result can
also be seen in Fig. 6. For all four processed areas in
the middle grayscale image, pulse fluence (11 J cm−2) and
overlap (83%) are the same and only repetition rate is
changed in this series of laser processing from the upper
left image to the lower right one from 100 to 50, 25, and 10
kHz, respectively. The ablation depths for these processed
areas are 40.3, 38.3, 35.9, and 34.8 μm, respectively. The
noticeable decrease in the ablation depth with decreasing
repetition rate can be attributed to the heat accumulation
effect. The heat accumulation at the surface layer of the
sample should lead to the thermal expansion of the layer
and correspondingly to a somewhat lower refractive index
in the heat-affected zone. This process should consequently
result in some defocusing of the laser-beam part penetrat-
ing toward the sample bulk. According to the mechanism
of delamination proposed below in Sec. III E, beam refo-
cusing deep in the sample produces the delamination cut.
The surface layer expanding due to the heat accumulation
effect can shift the cut deeper to the bulk at the higher rep-
etition rates. Although heat accumulation can also cause
thermal lensing, the absorbed heat is mostly confined in the
delaminated layer and its gradient across the beam radius
can be insufficient to counterbalance the thermal expansion
effect. We suppose here that the ejection of the material due
to a self-focusing cut in its depth does not occur at each
laser pulse but happens periodically as a result of stress
accumulation from several pulses; see Sec. III E.

The delaminated layer is clearly seen as a lighter region
within the processed square-shaped area in the images.
It is almost completely preserved on the sample without
destruction at the highest repetition rate of f = 100 kHz,

(a) (b)

FIG. 5. (a) Typical view of the ablation features on the top of the delaminated layer. (b) Morphology of the sample surface beneath
the delaminated layer. The inset shows an unirradiated sample surface with observable grain boundaries. Images are obtained by
scanning electron microscopy. The overlap between the irradiation spots is 75%; laser fluence is 17.2 J cm−2.
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FIG. 6. 5 × 5-mm2 processed areas irradiated with F = 11 J cm−2 (photograph in the middle). The repetition rates are 100 kHz (in
the upper left panel, the maximum depth of processing, H , is 40.3 m); 50 kHz (upper right, H = 38.3 m); 25 kHz (lower left, H = 35.9
m); and 10 kHz (lower right, H = 34.8 m). The decrease in the repetition rate is compensated by the scanning velocity to keep the
same overlap of 83%. The delaminated layers appear as lighter regions within the process areas. Note that processing is performed
horizontally with gradual shifting of the scanning lines from the bottom to the top in each processed area. Magnified views represent
the WLI images. The scale and color map are applicable to all four WLI images.

while for lower repetition rates the remaining delaminated
layer considerably decreases in size (Fig. 6). It is worth
mentioning that the light shadows beneath the bottom parts
of the processed areas for 50, 25, and 10 kHz originate
from the redeposition of particulates from the ablation
plume, while, at 100 kHz, when the delaminated layer
is almost completely preserved on the processed area, no
visible signs of particulate redeposition are observed. The
most plausible explanation is seen again in the heat accu-
mulation effect emerging at higher repetition rates. Indeed,
it is known that ceramics usually become less brittle at
enhanced temperatures [21]. Hence, the higher the repe-
tition rate, the higher the temperature in the delaminated
layer and the longer this layer can withstand fracturing
upon laser scanning. Note that the delamination of the irra-
diated layer from the sample confines the absorbed energy
within the layer, thus enhancing the heat accumulation
effect.

The important role of heat accumulation has also been
confirmed in the following series of experiments. In this
series, the number of pulses per each processed area of
0.5 × 0.5 mm2 and the single pulse fluence (and hence,
the energy density dose) are kept constant. For the first
two processed areas, all pulses are applied in one scanning
run with high overlaps between the irradiation spots, 83%
(0.97-s scanning time) and 75% (0.52-s scanning time),
which correspond to 62 500 and 27 777 pulses per area,
respectively. Two other areas are processed in four scan-
ning runs but with smaller overlaps of the irradiation spots
within each scan (67%, 0.33-s time per scan and 51%,
0.18-s time per scan). As a result, the total numbers of
pulses per area are the same as for the first two areas,
62 500 and 27 777, respectively. However, in the case of
fourfold scanning with smaller OL, the energy density dose
is four times smaller in each scan as compared to a single
scan with high overlap. Additionally, to lower the heating

in each scan, the heat accumulated during one scan has
time to partially dissipate by the time of the next scan. As
a result, fourfold scanning provides colder conditions of
material processing.

Figure 7 shows the WLI images of the processed areas
of 0.5 × 0.5 mm2 with 62 500 pulses. The applied single
pulse fluence is 15.4 J cm−2 and the energy density dose
is 760 J cm−2 for the processed area, resulting in the abla-
tion depth of approximately 61.4 μm in both single and
fourfold scanning. However, in the single run, almost the
whole delaminated layer survives on the sample and only a
very small region in the upper part of the processed area is
evidently destroyed and ejected from the sample as seen in
Fig. 7(a) (note that laser processing is started at the bottom
edge of the image). On the contrary, at fourfold scanning
with smaller overlap and time delays between subsequent
scanning runs that should ensure better heat dissipation,
only a small part of the delaminated layer survives on the
sample [Fig. 7(b)]. These experiments demonstrate that
heat accumulation plays an important role in preventing
destruction of the delaminated layer.

Figure 8 shows the WLI images of the processed areas
of 0.5 × 0.5 mm2 with 27 777 pulses at a laser fluence
of one pulse of 20.1 J cm−2, resulting in an energy den-
sity dose � = 440 J cm−2 for the processed area. On the
surface processed by a single scanning run with an over-
lap of 75%, the delaminated layer is partially preserved,
being attached to the edge from which scanning is started
[Fig. 8(a)]. The ablation depth is 36.1 μm in this case.
In the area processed four times with 51% overlap, the
ablation depth is somewhat smaller than at 75% overlap,
34.6 μm [but comparable in regard to the standard devi-
ation of 0.8 μm of measurements (see Sec. III B)], while
no signs of the delamination layer are visible [Fig. 8(b)].
Also, it can be noticed that the delamination layer is rising
up from the sample surface by about 40 μm. It looks like
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(a) (b)

FIG. 7. The areas of 0.5 × 0.5 mm2 processed with the same
number of pulses, 62 500. (a) Overlap of 83%, single scanning
run. (b) Overlap of 67%, four scanning runs. In both cases,
the applied fluence is F = 15.4 J cm−2, and the energy density
dose � = 760 J cm−2. Laser processing is started from the bot-
tom edge of the image with scanning lines along the x direction.
Images are obtained by WLI.

a flake, being attached to the sample at the starting edge
of processing and lifted off at the rest area, that is plausi-
ble due to pushing forces upon the delamination cut/crack
formation [Fig. 8(a)].

Figures 7 and 8 clearly indicate the dominating role of
the energy density dose in regard to the ablation depth and
the heat accumulation effect in regard to the delaminated
layer stability. Although the laser fluence is higher for a
smaller number of pulses applied to the same area, the
ablation depth and, hence, the delamination layer thickness
are considerably smaller. To explain this and other features
of the delamination effect, below we consider the processes
taking place upon laser beam coupling to band-gap mate-
rials and discuss possible mechanisms and scenarios of the
delamination effect.

E. Possible mechanism of observed delamination:
Counterbalancing between self-focusing and electron

plasma antiwaveguiding

Ceramic delamination can be explained by laser beam
self-focusing upon propagation in the nonlinear opti-
cal medium. In nonlinear media, the refractive index n
depends not only on the frequency of the electromagnetic
field but also on the local field intensity of the laser beam
I(r, z, t) as n = n0 + n2I(r, z, t), where n0 and n2 are the
linear and nonlinear (Kerr) refractive indexes and r and z
are, respectively, radial and axial coordinates. For transpar-
ent crystals and glasses, the value of n2 is typically positive
and in the range of 10−16 to 10−14 cm2 W−1 [22]. The wave
front of powerful laser beams with the intensity increasing
toward the axis (e.g., Gaussian as in our case) is distorted
during beam propagation in such a nonlinear medium, as
schematically shown in Fig. 9(a), due to decreasing phase
velocity in higher refractive index regions [23]. As a result,
initially parallel optical rays are converging toward the

(a) (b)

FIG. 8. Same as in Fig. 7 for 27 777 pulses per 0.5 × 0.5 mm2

area. (a) Overlap of 75%, single scanning run. (b) Overlap of
51%, four scanning runs. The applied fluence is F = 20.1 J cm−2,
and the energy density dose � = 440 J cm−2. Laser processing
is started from the bottom edge of the image with scanning lines
along the x direction. Images are obtained by WLI.

beam axis, culminating in catastrophic collapse at a dis-
tance zSF1 after the laser beam enters into the medium.
The critical laser power for self-focusing, which is derived
from the balance between the angles of self-focusing θSF
and beam diffraction θdf, θSF = θdf, can be evaluated as
Pcr ≈ 3.72λ2

0/(8πn0n2), where λ0 is the laser wavelength
[24,25].

For yttria-stabilized zirconia at a laser wavelength of
1030 nm, n0 = 2.1236 and n2 = 1.184 × 10−15 cm2 W−1.
Using these data, the critical power for self-focusing can be
evaluated as approximately 0.63 MW, which is more than
an order of magnitude smaller than the smallest thresh-
old value of beam power for delamination; see Table II.
For transparent (low-absorbing) media, the propagation
depth of the beam till its collapse can be estimated by the
empirical expression [24,25]

Lc = 0.367zR√
[(Pin/Pcr)0.5 − 0.852]2 − 0.0219

. (1)

Here, Pin is the power of the incident laser beam. We sup-
pose that in our experiments the layer is delaminated at the
depth of self-focusing Lc. Assuming as the first approxi-
mation that material absorption is insignificant before the
beam collapses, one can evaluate Lc ≈ 11 μm at a fluence
of 2.5 J cm−2. Interestingly, this pair of values coincides
with the threshold of delamination at high overlap [92%
(see Table II)]. We can presume that, at such low laser
fluences, only a small fraction of light is absorbed before
beam collapsing and, hence, the depth of beam collapse
is reasonably described by Eq. (1). Indeed, for the intrin-
sic (linear) absorption depth of 53μm of YSZ ceramics
(assuming the absence of nonlinear absorption), less than
20% of the beam energy is absorbed at the distance of
11 μm and the Kerr focus is shifted insignificantly.

However, as follows from Eq. (1), the self-focusing
distance has to move closer to the sample surface with
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(a)

(c) (d) (e) (f)

(b)

FIG. 9. (a) Illustration of laser beam self-focusing in a transparent nonlinear solid with a high ionization threshold. The beam is
focused on the sample surface. Instead of diverging after the geometrical focus (dashed-dotted lines), the beam experiences self-
focusing governed by the Kerr effect until its collapse at the distance zSF1, which culminates with the generation of free-electron
plasma. The scheme has been adapted from Ref. [23]. (b) For semitransparent materials like ceramics considered in this paper, free-
electron plasma is already generated at the surface layer (pink surface region) that can lead to melting and ablation of the surface
layer. The free-electron population counteracts the Kerr effect by adding a negative contribution to the refractive index; see Eq.
(2). This “antiwaveguiding” effect [23] is stronger for higher energy of the beam. As a result, self-focusing is delayed in space and
the self-focusing distance zSF2 is increasing with laser beam power. (c)–(f) Schematics of the ablation/delamination mechanism. At
relatively low laser power (but above the self-focusing threshold), the beam collapse happens close to the surface [as in (a)], resulting
in fracturing the region between the collapse spot and the surface (c). In such regimes with scanning (the scanning direction is shown
by the black arrow), mechanical fracturing with ejection of ceramic fragments is the main mechanism of ablation (d). At high laser
power, generation of a dense electron plasma in a thin surface layer leads to partial reflecting of laser light and in the antiwaveguiding
effect [23]. As a result, the laser beam fraction, which is transmitted through the electron plasma layer, collapses deep in the target and
provides the material melting, ablation, and fracturing inside the bulk that is seen during the layer delamination (e). At intermediate
beam powers, the layer delamination can transform to layer fracturing upon scanning (f) as seen in Figs. 6, 7, and 8.

increasing beam power. Thus, for the fluence of 7 J cm−2,
Lc ≈ 7.4 μm, which is more than 3 times smaller as com-
pared to the unified ablation depth for the overlap of 83%
(Fig. 4, 200-kHz repetition rate). Below we show that there
is no contradiction as, for semi-transparent materials irra-
diated with loose beam focusing on the surface and at high
repetition rates, other effects can contribute to the position
of the self-focus.

The transient and permanent changes of the refractive
index in laser-irradiated materials can be caused by several
factors, which include the Kerr effect (�nKerr), generation
of conduction-band electrons (�nCB), heat accumulation
(�nth), accumulation of defects (�ndef), density change
in the heat-affected zone (�nρ), and local stress (�nP)
[26–28]:

�n = �nKerr + �nCB + �nth + �ndef + �nρ + �nP.
(2)

The contribution of the Kerr effect is positive, result-
ing in narrowing and, finally, collapsing the laser beam
[Fig. 9(a)]. Upon beam collapsing, a high local intensity
is achieved, which is enough to create free electrons. A
free-electron population is produced via photo-ionization,
which can trigger collisional ionization starting from a

certain level of free electrons [20]:

dNe

dt
= (σkI k + αcolNeI)

(N0 − Ne)

N0
. (3)

Here, Ne is the density of free electrons, N0 is the atomic
density of unexcited material, σk and k are the coefficient
and the order of multiphoton ionization respectively, and
αcol is the coefficient of collisional ionization. The factor
(N0 − Ne)/N0 is added to account for the available ion-
ization centers at high ionization rates [29]. It should be
underlined that, at ultrashort laser pulses, the avalanche
ionization can considerably contribute to the generation
of free electrons in band-gap materials. Thus, Lenzner et
al. [30] have shown that, in fused silica, the avalanche
process is developing already at laser pulses of 120-fs
duration, which leads to a strong decrease in the process-
ing quality compared to shorter laser pulses. Furthermore,
numerical simulations [31] have demonstrated that, for
fused silica at 300-fs laser pulses, the avalanche process
contributes noticeably to material ionization already start-
ing from approximately 2 × 1013 W/cm2 and Eq. (3) is
applicable at intensities � 4 × 1013 W/cm2 (see Fig. 3 in
Ref. [31]). Note that such intensities are typical for our
experiments, while the smaller band gap of YSZ ceram-
ics (Eg = 5.3 eV against 9 eV for fused silica) should
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result even at lower intensities in free carrier generation,
subsequently triggering the avalanche process.

As soon as free-electron plasma is produced in the
conduction band, it counteracts the Kerr self-focusing
(�nCB < 0) and can even lead to the antiwaveguiding
effect [23]. In our case, when the laser beam is loosely
focused on the sample surface with generation of free
electrons in the surface layer according to Eq. (3), the free-
electron plasma can considerably alter the beam coupling
to the material via increasing reflectivity, light defocus-
ing/scattering, and attenuating the beam along its propaga-
tion toward the material bulk after a partial reflection from
the electron plasma at the surface layer. Within a surface
layer where the laser beam is not yet strongly distorted by
self-focusing and defocusing, attenuation of laser intensity
can be roughly described in a one-dimensional form as

dI
dz

= −αinI − σkI k (N0 − Ne)

N0
k�ω − αfeI . (4)

Here, αin = 1/la is the intrinsic absorption coefficient and
αfe is the absorption coefficient of free electrons produced
by the laser light. The optical response of the dynami-
cally ionized dielectric target (both dynamic change of
the reflection coefficient and the spatiotemporal behavior
of αfe) can be calculated through the complex dielectric
function ε(Ne) by involving the Drude theory [29].

A dynamically evolving reflectivity of the beam from
the sample surface and attenuation of its part penetrating
toward the sample bulk have to strongly affect the posi-
tion of the Kerr focus under the condition that the beam
power remains in excess of Pcr after the beam passes
through the excited surface region. It can be stated that
the Kerr focus is dynamic under such excitation condi-
tions and its position depends on the fraction of the beam
energy (power) that has passed through the free-electron-
plasma “shield” generated in the surface layer. Generally,
the transient plasma “mirror/attenuator” created in the sur-
face layer of the sample should move the Kerr focus
deeper to the material bulk as schematically shown in
Fig. 9(b). We recall that, at 7 J cm−2, Pin/Pcr ≈ 68, yield-
ing Lc ≈ 7.4 μm as estimated by Eq. (1). It is possible
to roughly evaluate that, to move the Kerr focus deeper
into the sample, to approximately 27 μm from the sur-
face (Fig. 4), the beam power must decrease by a factor
of approximately 8.3 after partial reflection and attenuation
by the free-electron plasma at the surface layer (to achieve
P/Pcr ≈ 8.1–8.2 after passing the plasma layer). Note that,
in such a case, the laser fluence drops from 7 J cm−2 at
the sample surface to a local level below 1 J cm−2; the
latter is much smaller than the damage threshold of a
wide band-gap dielectric (the estimated direct band gap of
yttria-stabilized zirconia is around 5.2–5.8 eV [32]). Here,
damage means any irreversible change of material that is
observed after laser irradiation, such as visible signs of

melting, material ablation, cracking, change of crystalline
structure, compaction, or appearance of porosity. Note that
the minimal laser fluence starting from which the damage
is observed (damage threshold) is scaling with the band
gap of dielectric materials and for materials with Eg > 5
eV it exceeds 1 J cm−2 at pulse durations of 100 fs and
longer [33]. Upon self-focusing, the intensity of the atten-
uated laser beam can reach again the value sufficient for
the free-electron production, which in turn induces local
material heating and stress generation, in analogy with Ref.
[14], where the laser beam was purposely focused inside a
4H-SiC wafer with a high numerical aperture lens. Hence,
the laser-induced free electron plasma created upon focus-
ing the laser beam on the sample surface can reasonably
explain the delamination effect and its depth found in this
work.

Reliable numerical simulations of the experimental con-
ditions presented here are not seen as possible in light
of the extremely large computational resources required
for such kinds of problems (see, e.g., Ref. [34]) and a
number of unknown material parameters for the descrip-
tion of free-electron generation. To estimate light reflection
and absorption by the generated free-electron plasma, we
recall that, even for the materials with a larger band gap
such as fused silica under similar surface-irradiation con-
ditions, an overcritical free-electron density is produced
within the laser fluence range used in the present experi-
ments [35]. According to simulations for fused silica (see
Fig. 6 in Ref. [35]) and taking into account the intrinsic
reflectivity of 8YSZ ceramics (Table I), at a laser fluence
of approximately 7 J cm−2 (a peak fluence of approxi-
mately 14 J cm−2), more than half of the laser energy is
reflected from the surface. The rest of the laser energy,
which penetrates into the sample, is attenuated due to
photoionization and absorption by free electrons during
propagation toward the target. The attenuated energy den-
sity can exceed 3 J cm−2 at a distance of approximately
4 μm. Note that, for this estimation, we assume that an
average energy spent for free-electron production and heat-
ing is in the range of 50–60 eV per electron, which is
consistent with simulations [35] and experiments [36].
Under such conditions of laser energy absorption, the laser
beam is attenuated to the fluence below the damage thresh-
old, but still it has a power above Pcr with respect to the
self-focusing effect. Note that, additionally, the laser beam
can be scattered (defocused) by the free-electron plasma.
In view of a lower band gap of yttria-stabilized zirconia
as compared to fused silica, the generated free-electron
density can be even higher than considered in the above
estimations and results in a higher light absorption within
the surface layer. Hence, the scenario presented in Fig. 9(b)
seems to be plausible and convincing:

(a) With increasing beam energy, the laser-generated
electron plasma in the surface layer of the sample strongly
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depletes the laser beam. The absorbed laser energy in this
layer is enough to induce melting and even partial ablation
at the sample surface.

(b) The fraction of the beam, which passes through the
free-electron region, is not sufficiently energetic to cause
material damage.

(c) However, as the power of the beam is still above
Pcr, the beam experiences self-focusing with the Kerr focus
much deeper into the sample as compared to what could
be expected for the case of absent or weak absorption. As
a result, a new local region of high laser energy absorption
appears in the Kerr focus, inducing new damage (melting,
cracking, and internal ablation).

Regarding the ablation/delamination mechanisms, the fol-
lowing conclusions can be drawn based on the above
considerations. At relatively low laser fluences (but above
the self-focusing threshold in terms of pulse power), the
free-electron density generated in the surface layer of the
sample as well as the linear material absorption are insuffi-
cient to induce the surface damage. As a result, after partial
reflection from the surface and absorption in the surface
layer, the beam penetrates toward the bulk and collapses
in the subsurface region. In the collapse region, because of
the formation of a highly localized free-electron population
that transfers its energy to the lattice upon recombination
at the time scale of a few picoseconds, ceramics must melt
and a very high stress is generated. It has been shown
that, in the beam-focusing region deep inside a fused sil-
ica bulk, the stress level is of the order of 70–80 MPa
[34]. In YSZ ceramics under similar focusing conditions,
the maximum stress level is expected to be more than
an order of magnitude higher. Indeed, the stress is pro-
portional to the Young’s modulus (approximately 2.5–3
times higher for YSZ [37] as compared to fused silica)
and the coefficient of thermal expansion (approximately
10−5 K−1 for YSZ [38] against 0.55 × 10−6 K−1 for fused
silica) [39]. As the tensile strength of YSZ ceramics is
reported to be 745 MPa [40], the expected stress has
to considerably exceed the material strength, leading to
mechanical damage around the collapse region. As esti-
mated above, at relatively low beam powers and, hence,
in the absence of or at low free-electron plasma shield-
ing, the self-focus has to be formed close to the sample
surface. The laser-induced stress, which exceeds the mate-
rial strength, should cause fracturing of the material layer
between the focus and the surface with ejection of particu-
lates [Fig. 9(c)]. In such regimes, mechanical fracturing of
the surface layer is the main mechanism of ablation upon
laser processing [see Fig. 9(d)], which has been confirmed
by experiments with the deposition of the ablation prod-
ucts (Fig. 3). The smallest fluence at which such material
removal starts to be observed is considered the abla-
tion threshold. Noticeable is that the ablation thresholds
for different processing conditions (pulse repetition rates,

irradiation spot overlap) differ insignificantly [Fig. 4(a)].
It is known that, at ultrashort laser irradiation of band-
gap materials, the surface damage threshold drops dra-
matically with the number of pulses applied to the same
surface area due to material-dependent incubation effects
[41]. An insignificant difference in the ablation thresh-
olds at different overlaps upon laser scanning observed in
our experiments supports the idea that the ablation pro-
cess is governed by beam self-focusing, which is weakly
dependent on incubation effects in the surface layer of
the sample. Nevertheless, it can be expected that, upon
laser scanning, not every pulse leads to material frac-
turing but ejection of particulates happens periodically
as a result of stress accumulation from several laser
pulses.

At high beam powers, a high-density free-electron
plasma is formed at the very surface layer of the sample,
which results in shielding and antiwaveguiding of the laser
beam. The fraction of the beam that penetrates through the
shielding area experiences collapse at a large distance from
the surface, as discussed above. In such cases, the stress
generated in the self-focus region is not enough to induce
fracturing of a relatively thick material layer between
the self-focus and the surface. The high-temperature/high-
pressure local zone inside the bulk evolves into a pore [34].
Namely, in such regimes, the delamination effect over the
whole processed area is developing, which originates from
the line of the adjacent or closely located pores [Fig. 9(e)].
At intermediate laser powers, the delaminated layer can be
preserved on the sample up to a certain level of accumu-
lated stress, after which it is starts to fracture during further
processing [Fig. 9(f)]. The area of the preserved delami-
nated layer depends on the depth of self-focusing and the
overlapping degree; the latter determines the heat accumu-
lation in the delaminated layer and, hence, its mechanical
properties.

It is necessary to admit that, because of the multiplicity
of factors influencing light propagation in materials [Eq.
(2)], the delamination effect uncovered in this work is a
very complex phenomenon. Under multipulse irradiation
of the same area with relatively high overlapping of the
irradiation spots as in the present experiments, accumula-
tion of heat and defect states (the latter are abundant in
yttria-stabilized zirconia [42]) can change the self-focusing
conditions via creation of the thermal and defect con-
vex lenses. Indeed, both terms �nth and �ndef in Eq. (2)
are positive [26,27,43] and can assist in the self-focusing
effect. As for the two last terms in Eq. (2), �nρ and �nP,
their roles in multipulse irradiation are more complicated.
Heat accumulation in the delaminated layer should lead to
a decrease of material density within the layer, ensuring
�nρ < 0. On the other hand, at each pulse within the light
absorption region, material can be relocated with creation
zones of higher and lower density as compared to the virgin
one [34]. It could be speculated that a pressure-induced
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compacted shell is created, which surrounds the pathway
of the focused/self-focusing beam toward the focal region.
This compacted shell, which is subjected also to the resid-
ual stress accumulation, should affect the propagation of
the next laser pulse and, most plausibly, assist in guiding
the light toward the plane of the beam collapse [44]. We
note that the waveguiding effect of a transient lens created
by a mutual action of thermal and defect-induced lenses,
as well as by the material compaction shell, must also be
inherent in direct laser writing of waveguides in optical
glasses.

IV. CONCLUSION

In this paper, we analyze ultrashort-pulse laser abla-
tion of semitransparent materials in the example of YSZ
ceramics. Unlike transparent (e.g., fused silica) or strongly
absorbing (e.g., metals) materials, here the laser ablation
process is strongly influenced by delamination of a rela-
tively thick surface layer. The depth of the delamination
(and hence the depth of the crater) depends on the interplay
between Kerr self-focusing due to the positive nonlin-
ear refractive index of the material and beam defocusing
induced by free-electron plasma formation at the sample
surface. As the free-electron plasma density is evolving
during the laser pulse, the position where beam self-
focusing may happen can also evolve in time. The actual
position of the beam collapse is determined by the strength
of a negative free-electon lens achieved during the pulse.
When the incident pulse power increases, a denser free-
electron shield is created on the sample surface that leads
to a stronger antiwaveguiding effect and spatial delaying of
the beam collapse. Our studies show that the unified abla-
tion depth as a function of laser fluence [see Fig. 4(a)] can
be better fitted by the linear dependence than by a logarith-
mic one, inherent in thermal mechanisms of ablation [45].
Together with the depth of observed delamination, which
far exceeds the size of the laser irradiation spot, this result
supports the relevance of the proposed phenomenological
model. This modeling representation reasonably explains
the dependence of the ablation depth on the laser fluence
and provides an adequate quantitative estimation for the
crater depth at the threshold of delamination.

At high laser fluences far exceeding the ablation thresh-
old and strong overlaps between the irradiation spots upon
processing, a paradoxical effect can be observed: no crater
is left on the surface anymore, but instead the processed
area rises up from the virgin sample surface; see, e.g.,
Fig. 7(a). It has been found that, in such cases, the delami-
nated layer is thick enough to withstand dynamic mechan-
ical stresses and remains attached to the processed area as
schematically shown in Fig. 9(e).

In summary, in this study, we demonstrate laser-induced
delamination of layers with the thickness of several tens
of micrometers and the area of nearly 5 × 5 mm2 from the

bulk YSZ ceramics. It is shown that the delaminated layer
thickness can be controlled by laser fluence and overlap
of the irradiation spots upon laser scanning of samples.
Consequently, the discovered effect opens up a method for
controllable laser microslicing of brittle ceramic materi-
als, i.e., cutting two-dimensional high-aspect-ratio sheets
parallel to the bulk surface.
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