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Influence of ionization and cumulative effects on laser-induced crystallization
in multilayer dielectrics

Ruben Ricca ,1,* Victor Boureau ,2 and Yves Bellouard 1

1Galatea Laboratory, STI/IEM, Ecole Polytechnique Fédérale de Lausanne (EPFL), 1015 Lausanne, Switzerland
2Interdisciplinary Center for Electron Microscopy, Ecole Polytechnique Fédérale de Lausanne (EPFL), 1015 Lausanne, Switzerland

(Received 14 December 2023; accepted 21 May 2024; published 12 June 2024)

Crystallization of amorphous layers has been demonstrated under various radically different laser-exposure
conditions, including continuous wave (cw) and pulsed lasers. Here, we investigate the specific role of ionization
in the crystallization of dielectric SiO2/SiNx multilayers. This choice is motivated by the technological relevance
of the interaction between lasers and a multilayer thin films system in distributed Bragg reflectors. Specimens
were exposed to both femtosecond laser pulses, triggering bulk ionization thanks to nonlinear absorption
processes, and a cw infrared laser, whose photon energy is lower than the dielectrics band gap, resulting in
a purely linear absorption mechanism rather than ionization. While femtosecond laser exposure leads to the
formation of Si nanocrystals homogeneously confined within the focal volume and extending to adjacent SiNx

layers, cw laser exposure leads to the formation of polymorphic crystalline phases of Si3N4 in the SiNx layers,
along with a Si phase within the SiO2 layers, which otherwise remain amorphous.

DOI: 10.1103/PhysRevMaterials.8.063402

I. INTRODUCTION

The optical, mechanical, and thermal properties of a ma-
terial are intimately linked to its crystallographic structure.
For fixed atomic compositions, polymorphs of the same com-
pound can have radically different physical properties. A vivid
illustration is to compare the mechanical properties of dia-
mond and graphite. While both are polymorphic phases of
carbon, graphite’s Young modulus is about 100 times lower
than diamond. In the micromanufacturing context, locally tai-
loring the material structural states enables functional devices
in which multiple phases of the same material coexist [1,2].
For that purpose, laser-induced crystallization not only pro-
vides a means to achieve “material phase” engineering with
micronscale resolution, but also a means to achieve extreme
temperature and pressure dynamical range and conditions,
thanks to a rapid and localized energy transfer in the material.

In conventional laser annealing, i.e., when no ionization
takes place, linear photon absorption mechanisms govern
and provide a rapid, localized, and effective means to trans-
fer energy in the form of heat to the material, sufficiently
high to induce phase transformation and structural reorga-
nization, such as crystallization. The end product of the
annealing is similar to a classical phase transformation as
obtained through a rapid temperature-driven phase change.
Laser-induced crystallization in dielectrics was also reported
after ultrashort laser-pulse exposure, during which nonlinear
absorption processes triggered by multiphoton ionization are
taking place [3–7]. In this context, we reported crystalliza-

*ruben.ricca@alumni.epfl.ch

Published by the American Physical Society under the terms of the
Creative Commons Attribution 4.0 International license. Further
distribution of this work must maintain attribution to the author(s)
and the published article’s title, journal citation, and DOI.

tion occurring at timescales where no heat diffusion occurred
out of the focal zone, and in exposure conditions driven by
single pulse dynamics, corresponding to low-repetition-rate
conditions [8–10]. These observations, related to the extreme
brevity of the pulses (less than 500 fs), suggest different
physical mechanisms leading to crystallization than what is
usually observed with laser annealing with longer pulses
and/or continuous-wave (cw) exposure, likening observations
made in silicon [11–13].

The present study explores laser-induced crystallization
phenomena in dielectrics through three different laser-
exposure modalities. Specifically, we investigate the role of
laser-induced ionization as a precursor to crystallization pro-
cesses by comparing it to a purely temperature-driven process,
in which no ionization is taking place, due to the low photon
energy and irradiance level. In addition, we consider the case
where the temperature gradually builds up through successive
and cumulative femtosecond laser pulse exposure fired at a
rate that is sufficiently high to prevent the occurrence of ther-
mal relaxation in between pulses and for heat to diffuse away
from the laser focus (illustrated in Fig. 1). The objective is
to highlight fundamental differences between laser-annealing
modalities, studying ionizing versus nonionizing exposure
conditions.

The investigation considers multilayer thin films as a case
study. This choice of substrate is motivated by our previous
experimental observations that offer a starting point for the
present study [9,10], but also by the practical importance of
distributed Bragg reflectors in a variety of optical applications
and the need to better understand their behavior under intense
laser-exposure conditions.

II. MATERIALS AND METHODS

The samples consist of a multilayer thin film stack, made
of alternating SiO2 and SiNx. The individual layer thicknesses
are consistent with a λ/4 distributed Bragg reflector (DBR)
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FIG. 1. Summary of the three laser-exposure regimes considered
in this study: a laser source triggering nonlinear absorption effects
and no thermal accumulation effects (femtosecond laser, 250 kHz);
the same nonlinear source, but at higher pulse repetition frequencies
(3 MHz), enabling conditions for pulse-to-pulse thermal effects; and
a continuous-wave laser source emitting in the infrared, where the
absorption mechanism is linear and nonionizing, and the laser-matter
interaction is purely thermal.

grating design [14], with the SiO2 layers having a thickness
of 119 nm and the SiNx layers of 87 nm. Note that the upper
layers’ thicknesses are not as homogeneous as the lower ones
due to roughness induced by the deposition process. Thirteen
pairs of layers were deposited, resulting in a total multistack
thickness of 2.68 µm. The layers were deposited on a fused
silica substrate (4 inch wafer) by plasma-enhanced chemical
vapor deposition (PECVD) (from Oxford Plasmalab), at a de-
position temperature of 300 ◦C. The wafer was then diced into
smaller samples. The layers after deposition are amorphous
as verified with Raman spectroscopy (Horiba Jobin-Yvon
LabRam HR). The SiNx layers are effectively slightly richer in
silicon than their stoichiometric design formulation Si3N4. To
reflect this difference, we use the more general SiNx as nota-
tion, with x ≈ 0.5. When dealing with crystalline compounds
that are more in line with the stoichiometric proportions, the
notation Si3N4 will be adopted.

Two laser sources were used in this study: a femtosecond
fiber ytterbium-based laser (Yuzu from Amplitude) emitting
at 1030 nm and operated at two different repetition rates of
250 kHz and 3 MHz, and a continuous-wave midinfrared CO
(Diamond C-55-5 from Coherent) laser emitting photons at
5 µm. The pulse duration of the femtosecond laser source was
270 and 300 fs, measured at 250 kHz and 3 MHz, respectively.
The pulse broadening at 3 MHz has no effect on the number
of photons required for ionizing the material, and hence can
be neglected in the rest of the discussion.

The femtosecond laser beam was focused on the sample
using a microscope objective (Microspot from Thorlabs, NA
0.4), producing a beam spot of about 2 µm, while the CO laser
beam was focused using a ZnSe lens (focal length 35 mm),
resulting in a beam diameter of approximately 300 µm. In
both cases, the laser is scanned over the specimen surfaces
using translation stages to achieve a given exposure dose over
a predefined area.

For the low pulse energies considered here (<150 nJ),
yielding a little less than 1013 GW cm−2, we did not observe

evidence of cumulative effects at 250 kHz compared to lower
repetition rates that yielded similar results.

Based on the literature data, Si3N4 has up to 30% higher
heat capacity than SiO2 and an order of magnitude higher
conductivity (typically between 10 to 30 times higher).
The estimated diffusivity of SiO2 ranges from ∼ 0.78 to
∼ 0.9 mm2/s and the one of Si3N4 is from ∼ 6.2 up to
∼ 12 mm2/s. Taking our spot size, at 250 kHz (i.e., 4 µs
between pulses), the “diffusion surface” is at least 10 times
bigger than the spot area for Si3N4 and slightly bigger than the
spot size for SiO2. Adopting a rule of mixture for estimating
the average diffusion surface (considering that thin films have
about the same thickness), a rough estimate gives about three
to six times more than the spot surface.

The complex refractive indexes k of SiO2 and Si3N4 at
5 µm are kSiO2 = 0.000 76 and kSi3N4 = 0.004 45 [15], respec-
tively. The absorption coefficient α (α = 4πk/λ0) indicates
that the nitride phase is about six times more absorptive
than the silica one (αSiO2 = 1.91 × 103 m−1 versus αSi3N4 =
11.18 × 103 m−1).

At 5 µm, the photon energy is 0.248 eV, which is an order
of magnitude lower than the band gap of both layer materials
considered here. Furthermore, the power density is, at most,
180 kW cm−2. Hence, no ionization can take place in such
exposure conditions and the laser-matter interaction is exclu-
sively governed by heat transfer.

Material characterization was performed by transmission
electron microscopy (TEM), using a Thermo Fisher Scien-
tific Talos F200S operated at 200 kV, under bright-field (BF)
and dark-field (DF) TEM imaging conditions. Selected area
electron diffraction (SAED) and energy-dispersive x-ray spec-
troscopy (EDS) scanning-TEM (STEM) techniques were used
to unravel the crystalline structures of selected areas and to
analyze variations in composition. 100-nm-thick cross sec-
tion lamellas of the samples were realized by a focused ion
beam (FIB) (Zeiss NVision 40 dual-beam SEM/FIB) to ob-
serve the exposed sections in scanning electron microscopy
(SEM) mode and for transfer to the TEM. Scanning preces-
sion electron diffraction (SPED) was also realized, using an
Astar system installed on a FEI Tecnai Osiris TEM, for local
phase and orientation mapping of the crystallites in the speci-
men [16,17]. The Astar-SPED measurements were conducted
at 200 kV, with a beam current of 12 pA, a precession speed
of 100 Hz at an angle of 0.6◦, a dwell time of 20 ms, and a
step size of 3.75 nm.

III. RESULTS

A. Femtosecond laser exposure at low and high repetition rate

In [9], we discussed the low-repetition-rate case of fem-
tosecond laser exposure of SiO2/SiNx specimens. Highlights
of this study are reproduced in Figs. 2(a) and 2(b), for di-
rect comparison with the case of high-repetition-rate exposure
(250 kHz, a scan speed of 1 mm s−1, and a pulse energy of 78
nJ, resulting in an exposure dose of 2.49 kJ cm−2 and a fluence
of 4.97 J cm−2 per pulse). The images show a cross section of
a modified zone, perpendicular to the scanning direction of the
laser. The k vector indicates the laser propagation direction. In
Fig. 2(a), the laser-modified area stretches a few microns away
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FIG. 2. Case of femtosecond laser exposure of SiO2/SiNx multilayers, (a),(b) in a noncumulative regime (repetition rate 250 kHz, 78 nJ
pulse energy) and (c)–(e) in a cumulative regime (repetition rate 3 MHz, 16 nJ pulse energy). (a) BF-TEM image. The SiNx layers appear
darker. (b) Higher magnification BF-TEM images of regions A, B, and C [highlighted in red in (a)], showing the distribution of the silicon
crystallites within the laser-affected area. (c) BF-TEM image. Besides a central area (indicated by the approximate location of the beam waist),
showing higher levels of intermixing, most modifications are confined to the high-index SiNx layers. (d) SAED pattern originating from the
modified area, evidencing the presence of crystallites of Si diamond crystal with no preferential orientation. (e) Higher magnification BF-TEM
images of areas D and E, as highlighted in red in (c). Images (a) and (b) have been reproduced and modified from [9], with permission from
the American Institute of Physics (AIP).

from the beam-waist focus (indicated in white in the image).
Voids are visible, somewhat periodically spaced, and initially
confined in the SiNx layers as suggested by observations away
from the laser waist. Higher-magnification BF-TEM images
shown in Fig. 2(b), corresponding to locations Z1, Z2, and Z3
of Fig. 2(a), indicate the occurrence of intermixing between
layers within most of the laser-affected area, excluding the
edges, where modifications remained confined in the SiNx

layers. In the region where intermixing occurred, which is
mostly located within the waist of the laser, both the location
and dimensions of the voids’ distribution are less homoge-
neous. Pure silicon crystallites with dimensions lower than
50 nm [shown by a darker contrast in Figs. 2(a) and 2(b)]
are observed spread around the modified volume, without a
clear preferential distribution within the layers in the middle
of the laser-affected zone, but strictly confined in the SiNx
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FIG. 3. Element mapping (EDS) of Si, N, and O atoms across the laser-affected area, indicating a redistribution of both silicon and oxygen
atoms, and the depletion of nitrogen (a). The white arrows represent the profile’s location for atomic species composition shown in (b) as a
function of depth. The width of the arrow represents the integration width of the profile.

layers in the peripheral zones. This suggests that conditions
for crystallization are first met in the SiNx layers by dissocia-
tion of the nitrogen. Crystallites are mixed within layers in the
beam-waist location.

Let us now consider the high-repetition-rate case, corre-
sponding to a thermally cumulative regime. In this regime,
the time between pulses was chosen such that the average
temperature in the waist gradually increases after each pulses
and diffuses away from the beam waist until a steady-state
average temperature is reached [18]. To fulfill this condition,
a repetition rate of 3 MHz was selected. To limit the size of
the ionized volume, the pulse energy of 16 nJ was chosen
just above the nonlinear absorption threshold. Finally, the
scan speed of 10 mm s−1 results in an exposure dose of 0.61
kJ cm−2, about four times lower than in the low-repetition-rate
case, and a fluence of 1.02 J cm−2 per pulse. Higher exposure
dose values, similar to the one used for the low-repetition-rate
case (2.49 kJ cm−2), were deemed excessive as they invariably
resulted in the removal of the layers, and are therefore not of
interest for this study. The scanning conditions, namely, the
scanning and the laser propagation directions, are the same
as for the previous sample, as indicated in the TEM cross
sections of Figs. 2(c) and 2(e).

The total thickness of the multilayers makes it difficult to
focus the laser at a precise location within the stack. Here,
the modifications were concentrated at the lower section of
the multilayer stack, as visible in Fig. 2(c). The center part of
the modified zones displays strong intermixing, as shown in
Fig. 3. Outside the center of the laser-affected zone, damaged
zones are found in the SiNx layers, which is the layer having
the highest thermal conductivity (the thermal conductivity of

SiNx is in the range 7.5 to 30 times higher than SiO2 [19,20]).
Unlike in the case of a lower repetition rate, there is
no evidence of periodic arrangements of the modifications
and the central region is comparatively more compact and
denser.

The SAED pattern of the laser-affected area is shown in
Fig. 2(d), evidencing the presence of crystallites with no pref-
erential orientation. The diffraction pattern can be associated
with a cubic diamond Si phase, as shown by the simulation of
the Bragg diffraction intensities overlapped on the experimen-
tal SAED. A quantitative comparison of interplanar distances
measured in the SAED pattern of Fig. 2(d) (with reference val-
ues for Si diamond crystal phase [21]) is provided in Table SI
in the Supplemental Material [22]. Figure 2(e) shows higher
magnification BF-TEM images of areas D and E, highlighted
in red in Fig. 2(c), in which the presence and distribution of
crystallites is revealed as darker areas.

The EDS maps (Fig. 3) show the elemental distribution of
Si, O, and N within the same cross section of a laser-affected
zone [Fig. 3(a)] and the atomic fraction of each species across
the depth of the multilayer stack [Fig. 3(b)]. The nitrogen
concentration drops dramatically in the modified areas, even
though they are located within the material, 1 µm below the
surface. Its atomic concentration falls below 10% in the whole
area, indicating a removal of N from the laser-affected vol-
ume: a simple redistribution of the N atoms would have lead
to a homogeneous concentration in the range of 25–30%.
A combination of homogeneous redistribution of N atoms
within the modified volume with the formation of volatile gas
molecules escaping through porous zones is foreseen as an
explanation of this phenomenon.
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FIG. 4. (a) SEM image of a material cross section after exposure to a cw mid-IR CO laser emitting at 5 µm. The nature of the laser-matter
interaction with the dielectrics layers is exclusively thermal, as the photon energy is not sufficient to ionize the matter. The layered structure
is preserved until the ablation crater as a result of the fast melting and vaporization of the material directly under focus. Around the crater,
the layers’ structure is disrupted and the atomic species are fully intermixed, as a result of the resolidification process. This case is helpful to
investigate how the layers evolve under a pure thermal load. (b) SEM image of the surface of the layered material showing the ablation crater
and the location of the specimen cross section for TEM analysis. (c) BF-TEM image of the multilayers exposed to CO laser radiation, showing
widespread crystallization over the full multilayer stack thickness. (d) Higher magnification of a portion of the lamellas, with polycrystalline
structures in place of the SiNx layers and spherical crystallites growing inside the otherwise amorphous SiO2 layers.

On the contrary, Si and O species remain in high concentra-
tions and are redistributed around the laser-affected volume,
with localized, high-concentration Si nanoparticles observed
at the location of what appears to be crystallites (as unraveled
by the SAED analysis). The observation of these crystallites
is similar to what has been reported in [9] in the case of the
low-repetition-rate sample.

Comparing TEM images of low- and high-repetition-rate
specimens, we formulate the following observations: first,
increasing the repetition rate reduces the intermixing ho-
mogeneity outside of the focal spot location and promotes
a preferential modification of the nitride layers. Second,
the high-repetition-rate specimen does not show evidence
of self-organization. Third, in both cases, crystallites are
randomly distributed and are of comparable dimensions (di-
ameter �50 nm). Fourth, the extension of both modified areas
in longitudinal and transversal directions is similar, spanning
between 1.1 and 1.6 µm (transversal) versus 6.0 and 5.3 µm
(longitudinal), for the low- and high-repetition-rate cases, re-
spectively. It should be highlighted that both the pulse energy
and the deposited energy are much smaller in the case of high-
repetition-rate exposure. Consequently, the volume in which
nonlinear absorption occurs is an order of magnitude smaller
than the low-repetition-rate case. Hence, the presence of such

a large modified volume can solely be attributed to a thermal
increase and heat diffusing away from the laser-affected area.
These observations highlight that self-organization can clearly
be attributed to the high field strength (higher energy in the
low-repetition-rate case) and that crystallites are primarily
occurring to given thermal conditions and do not seem to be
influenced by the field strength.

To summarize, femtosecond laser exposure at a repetition
rate of 250 kHz resulted in the formation of Si crystallites
distributed across the modification volume, together with an
intermixing of silicon and oxygen atoms, with a concentration
of the modifications in the nitride layers outside of the focal
spot location. In contrast, femtosecond laser exposure at a
higher repetition rate of 3 MHz shows that the SiNx layers
are even more affected by the laser exposure and selectively
modified. Both cases resulted in the depletion of most of the
native nitrogen from the affected areas, but self-organization
was observed only in the low-repetition-rate cases.

B. CO laser exposure

The specimen was also exposed to a cw mid-IR laser
(CO, 5 µm) according to two different modalities: either by
scanning the laser over its surface (scanning speeds between
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FIG. 5. (a) EDS elemental mapping of N, Si, and O atoms across the sample exposed to the CO laser. (b) EDS composite elemental map
at the interface between an amorphous SiO2 layer including a Si crystallite and a crystalline Si3N4 layer, at the location of the white rectangle
depicted in (a). (c) Profile of the atomic fraction of N, O, and Si, along the black arrow in (b).

25 µm s−1 and 4 mm s−1) or by irradiating a single spot.
Although it was not possible to directly measure the energy
of the laser beam due to limitations on the experimental setup,
we were able to control the power percentage and use it as
a basis for comparison between different experimental con-
ditions. By varying the power percentage, it was possible to
explore how different levels of power affect the multilayer
samples. A power percentage set value of 100% corresponds
to an output of 40 W.

Under these conditions, laser irradiation in scanning mode
resulted in spaced, melted dots along the writing line, with di-
ameters of approximately 30 µm. Figure 4(a) shows the cross
section of one of these molten spots, cut and exposed along
the writing direction. Here, the power was set at 15% (hence
a maximal power of 6 W), the scan speed was 40 µm s−1, and
the scan length was 6 mm. Due to the extreme heating, part of
the layers melted, resulting in a relatively deep crater. Outside
of the crater, the layers’ structural integrity is largely pre-
served. However, the layers’ microstructure is still affected,
as illustrated by the dark spots visible within the layers in
Fig. 4(a), which correspond to laser-induced crystallites.

Laser exposure in single spot mode, at 25% of the power
(hence a maximal power of 10 W) and for a duration of
10 s, resulted in the creation of an ablation crater of approxi-
mately 40 µm of diameter, with the presence of cracks around
the laser-affected area, which are due to temperature-induced
stress following the irradiation and the rapid cooling of the
material. A cross-section lamella of a sample exposed under
these conditions was cut out for TEM observation 25–45 µm
away from the crater’s edge, as shown in Fig. 4(b).

A BF-TEM image of this lamella is shown in Fig. 4(c),
showing how the laser affects the totality of the layers of the
stack, without evidence of preferential modification of a spe-
cific layer. A higher magnification BF-TEM image [Fig. 4(d)]
shows the growth of crystallites inside the SiNx layers with
some of the grains (layer A in the figure) elongated along the

length of the layers. This orientation suggests a preferential
growth direction that follows the thermal gradient. Layer B
shows grains with a more isotropic shape and that are more
evenly distributed.

Within the SiO2 layers, spherical crystallites of varying
size testify to nucleation processes occurring at the interface
between the two materials.

EDS chemical mapping of the modified area is visible in
Fig. 5(a), with three images of the same cross section detailing
the atomic distribution of N, Si, and O. The chemical integrity
of the SiNx layers is generally preserved, as no elemental
intermixing is observed between the layers, and the nucleation
and growth of a heterogeneous phase of silicon crystal inside
the SiO2 layer is confirmed.

Figure 5(b) [magnified area indicated by white rectangles
in Fig. 5(a)] evidences a decrease of oxygen along with an
increase of silicon in spherical crystallites present in the SiO2

layers and the presence of oxygen at the grain boundary be-
tween these crystallites and the SiNx layers. The elemental
distribution along a vertical line, indicated by the black arrow,
is plotted in Fig. 5(c) and confirms these observations.

To analyze the nature and the phase of the different crystal-
lites, a scanning precession electron diffraction configuration
of the TEM was used. This method allows for scanning the
specimen with a small electron probe, while recording the
pseudo-kinematical diffraction patterns with a camera, at each
location in the specimen. The processing (using the ASTAR

software suite [16]) of each diffraction pattern allows for the
determination of the crystals phases and orientations distribu-
tion in the specimen, with, in our case, a spatial resolution
of 8 nm. The Astar-SPED results are presented in Fig. 6,
measured at a location in the vicinity of Fig. 4(c), with the
BF-TEM image of this specific area shown in Fig. 6(a). An-
other analysis taken at a different location of the lamella is
presented in Fig. S1 in the Supplemental Material [22] and
shows analogous results. Figure 6(b) is the correlation map of
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FIG. 6. (a) BF-TEM image of the area selected for Astar-SPED analysis, from the lamellae shown in Fig. 4. The specimen reference frame
common to the crystal orientation analysis in the pole figures and the color legend used for phase mapping are shown. (b) Correlation map.
The contrast evidences a change of crystal orientation and/or phase. (c) Crystal phase map for the same region, where the colors refer to the
legend: diamond Si in red, α-Si3N4 in green, and β-Si3N4 in blue. Black refers to the nonindexed a-SiO2 phase. (d) Density plot of the 001
pole figures for each crystal phase, with the color scale representing the specimen area covered with this crystal orientation (in logarithmic
scale).

the measured area [23]. It displays contrast-based information
about the diffraction patterns changes and thus is a useful tool
to evidence the distribution of crystal grains with different
orientations and/or phase. Based on the EDS results presented
above, crystal phase and orientation mapping were performed
considering the presence of d-Si and α, β, and γ polymorphs
of Si3N4. The map of the crystal phase distribution [see
Fig. 6(c)] displays the diamond silicon in red, the α-Si3N4

in green, and the β-Si3N4 in blue. The presence of spherical
crystallites of pure Si within the SiO2 layers, highlighted by
EDS maps in Fig. 5, is confirmed and one can see that the Si
crystallites are polycrystalline based on Fig. 6(b). The phases
composing the nitride layers are a combination of both α- and
β-Si3N4, while no γ phase could be observed. This is in line
with the literature since the γ phase is known to be formed
at high pressures and temperatures [24]. Evidently, although
high temperatures were reached during CO laser exposure,
the required conditions for the formation of this polymorph
were not met. Remarkably, the two Si3N4 polymorphs are
alternating, with successions of different grains belonging to
the same phase extending for several hundreds of nanometers.

The density plots of the 001 pole figures of the different
crystal phases are shown in Fig. 6(d). They display a statistical

representation of the crystallites’ orientation, extracted from
the orientation map visible in Fig. S2 in the Supplemental
Material [22]. These figures consist of the stereographic pro-
jection of the 〈001〉 crystal orientations of the crystallites in
the specimen reference frame; the higher the color scale, the
bigger is the area covered by crystallites with this orienta-
tion [25]. The pole figures of the α- and β-Si3N4 phases
show a very strong texture, with the 〈001〉 orientations of all
Si3N4 crystallites being aligned with the same orientations,
whereas the texture of the Si pole figure does not evidence a
preferential orientation of the d-Si crystallites, which seems
to be randomly oriented. The spatial distribution in the pole
figures is comparable between the two different investigated
areas (see Fig. S1 in the Supplemental Material [22]).

IV. DISCUSSION

A comparison of the laser-induced modifications between
the three explored exposure conditions is proposed in Fig. 7.
In the nonlinear absorption regime, at high peak power, ion-
ization of the material takes place and crystalline regions
of pure Si are formed within the laser-affected zone, pref-
erentially in the SiNx layers, as their nonlinear absorption
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FIG. 7. Summary of the main laser-induced modification features in multilayers, as observed by TEM, for the three considered exposure
cases: femtosecond laser exposure at 250 kHz and 3 MHz, and CO laser exposure.

threshold is lower than the surrounding SiO2 layers. After
exposure to the same laser source, but at higher repetition
rates, the confinement effect is stronger at the edges of the
modified zone, which show a lower degree of elemental in-
termixing than the case at low repetition rate. In both cases,
however, the area corresponding to the focal spot shows high
degrees of elemental intermixing. In the linear absorption
regime case, with a mid-IR laser, both layers are affected, but
with different outcomes. While a complete phase transition
from amorphous to crystalline is observed in the SiNx layers
(specifically resulting in a mix of α- and β-Si3N4 phases), a
localized and heterogeneously growing Si phase is found in
the SiO2 layers, nested in an amorphous structure.

To support this discussion, a set of relevant struc-
tural, mechanical, and thermal properties of both materials
is listed in Table I. Some of the values are indicative
as they refer to quantities measured in crystalline bulk
samples, rather than in amorphous thin films, and may
also vary depending on processing conditions, and many
values change with environmental conditions such as tem-
perature [26]. Keeping in mind these intrinsic limitations,
they offer a starting point for the evaluation of different

materials characteristics and for an initial correlation between
materials properties and the first steps of the laser-matter
interaction.

In the cumulative regime (hence, high-rate exposure), as
the pulse energy is very low (16 nJ), a volume of the material
with a transverse dimension smaller than the laser waist is
ionized and acts as a heat source. This laser-affected volume
is initially discontinuous along the propagation axis, as the
SiNx has a lower ionization threshold than SiO2. However,
from pulse-to-pulse accumulation, the center part gradually
heats up and promotes intermixing, while heat is channeled
away from the laser-interaction zone. As the SiNx has a heat
conductivity about 20 times higher than SiO2, the preferred
channel of heat conduction is found along the SiNx layers
and explains the stratified contour of the laser-affected vol-
ume. SiNx cannot form a glass phase by melt quenching. The
dissociation of SiNx (characterized by the disappearance of
nitrogen in the center part of laser-exposed region) confirms
that the temperature went above 1850 ◦C, a temperature above
which Si dissociates from N. The crystallization is therefore
induced by the laser at such a low net fluence value thanks to
the cumulative heat effect.

TABLE I. Structural, mechanical, and thermal properties of SiO2 and Si3N4.

Physical quantity SiO2 Ref. Si3N4 Ref.

Band gap Eg 9.1 eV [27] 4.5–6.5 eV [28]
Refractive index (at λ = 1030 nm) n 1.45 [29] 1.97 (β)–2.08 (at α) [30]
Absorption coefficient (at λ = 5 µm) α 1.91 × 103 m−1 [15] 11.18 × 103 m−1 [15]
Permittivity ε 4.4 [31] 8.16 [32]
Density ρ 2.20 g cm−3 [33] 3.17 g cm−3 [33]
Young’s modulus E 70 GPa [34] 307 GPa [34]
Melting temperature Tm 1713 ◦C [33] 1900 ◦C [33]
Glass transition temperature Tg ∼1200 ◦C [35,36] 950–1100 ◦C [37,38]
Thermal expansion coeff. αth 0.65 ×10−6 K−1 [34] 2.30 ×10−6 K−1 [34]
Heat capacity Cp 0.76 J g−1 K−1 [19] 0.7–0.8 J g−1 K−1 [39,40]
Thermal conductivity k 1.4 W m−1 K−1 [19] 30 W m−1 K−1 [20]
Thermal diffusivity DT 0.725 × 10−6 m2 s−1 [41] 8.605 × 10−6 m2 s−1 [42]
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In the CO laser-exposure case, a melt pool formed in the
laser-affected region and resulted in the creation of craters.
Around these hot spots, the layers heated up to a sufficiently
high temperature for crystallization. While SiNx has a high
nucleation and crystallization growth rate, SiO2 is the opposite
and has a very slow crystal growth rate. Away from the melt
pool, there is no evidence of strong diffusion of atoms between
the two different materials. The crystallization took place as
a solid-state transition, with ordering (in the SiNx layers)
and crystal growth (in the SiO2 layers) occurring without an
intermediate melting step over the whole multilayer volume.
However, given the lower melting temperature of SiO2 (see
Table I), partial melting, or softening, of these layers could,
in principle, have happened. In this case, the growth of the
crystalline Si phase would be helped by an increased mobility
of the ions.

Previous studies on laser-induced crystallization, namely,
in the case of femtosecond laser exposure, have been con-
ducted on a variety of oxides [43–49] and suggested the
occurrence of crystallization due to a variety of thermal ef-
fects. Here, the position of the lamella cut is comprised
between 35 and 55 µm from the central position of the focal
spot. This means that besides the laser absorption happening
in situ, the crystallization dynamics is influenced by the heat
transfer from the focal spot towards the surrounding volume,
after the irradiation, following the thermal gradient, as re-
ported, for example, in [1,50].

The β phase is considered the most stable polymorph of
Si3N4 and is estimated to be so, up to temperatures above
4000 K [51]. Conversely, the α phase (a low-temperature
polymorph) is metastable with respect to the β phase, and
is generally formed under certain kinetic conditions, but is
later depleted due to the occurrence of a α → β transi-
tion [52,53], at temperatures around 1700 ◦C [54]. De facto,
no β → α transition has been reported under normal stoi-
chiometric conditions. The occurrence of the amorphous → α

phase transition has been reported for temperatures between
1150 and 1370 ◦C, depending on the properties of the starting
amorphous material [55], and this reaction is known to possess
a lower activation energy than other glass systems based on
SiO2, at 300 kJ mol−1 [54,56].

This transition from the metastable α-Si3N4 to the stable
β-Si3N4 is not evident from our results since we can only
analyze the final result of the phase transition process at this
specific location and since the ratio between the nitride phases
appears to be relatively homogeneous. It should be noted that
this area (see Fig. 6) is located on a small lamella, several
micrometers away from the focal spot position. It is likely
that in the volume between the lamella location and the laser-
induced crater [visible in Fig. 4(b)], the α/β ratio fluctuates,
representing different stages of the α → β transition. In the
absence of experimental evidence, however, this behavior re-
mains speculative.

Equally of importance is the presence of oxygen at the
grain boundaries within the SiNx layers, as evidenced by
EDS imaging, indicating a lower activation energy for dif-
fusion with respect to the SiO2/SiNx interface. It is also
well known that grain boundaries enable a faster diffusion
of atomic species due to their larger lattice distortion and de-
fect density [57–59], effectively acting as diffusion highways

across the layers. In a similar dynamics, silicon atoms from
the Si-rich SiNx layers can diffuse towards the SiO2 layers,
as the formation of stoichiometric crystalline Si3N4 phases
results in the ejection of excess silicon. By moving along the
grain and layer boundaries, these atoms are then available for
crystal growth within the SiO2 layers (perhaps promoting the
nucleation of crystalline seeds) or for recombination with the
oxygen diffusing towards the nitride layers.

Although difficult to analyze dynamically through post-
mortem analysis of the laser-exposed areas, the preferential
orientation of the Si3N4 crystals is remarkably visible from
the pole figures and can be correlated with the presence of
a thermal gradient, which is oriented along the direction of
the layers on the lamella, as indicated in Fig. 4(d). This axis
also corresponds to direction x, according to the specimen
reference frame indicated in Fig. 6(a). As shown in Table I,
silicon nitride has higher values of thermal conductivity and
diffusivity, and hence is more affected by the magnitude and
orientation of the thermal gradient than the SiO2 layers. It
should also be noted that each SiNx layer is mechanically
constrained by the SiO2 layers surrounding them and by the
rest of the stack. This, coupled with the directionality of the
temperature profile, can explain the higher degree of homoge-
neous crystalline orientations within the nitride phases.

On the other hand, the more diverse orientation distribution
of the Si phase can be explained by the formation mechanism
of these crystallites. If nucleation is promoted at the layers
boundaries, and on defect sites, the orientation of the initial
crystal seeds is, in principle, arbitrary. The growth process, es-
pecially if occurring in a matrix that is still at least semisolid,
also hinders the reorientation of the planes on the short term.
As such, the Si crystals coalescence results in the formation
of polycrystalline spherical clusters.

There is a noticeable difference between the outputs of
femtosecond and CO laser processing. As was reported in
previous cases [9], femtosecond laser exposure in the non-
cumulative regime shows evidence of energy transfer beyond
the focal volume as the affected zone is wider than the laser
focusing parameters. This is more noticeable in the case of
processing at low repetition rate, suggesting that the introduc-
tion of a thermal regime promotes this transfer mechanism.
Moreover, femtosecond laser exposure involves the occur-
rence of material ionization and the generation of shock
waves, subjecting the modified material to physical processes
that are not commonly seen in studies on phase transitions.
The promotion of ionization and the presence of pressure gra-
dients favor the intermixing of elements and the creation of the
Si phase, while the prevalence of thermal effects, occurring
during cw-laser exposure, does not involve atomic intermixing
and results in more homogeneous formation of Si3N4 poly-
morphs. Overall, and as expected, the influence of thermal
effects on the modifications is important for both nonlinear
and linear absorption cases. However, the larger importance of
heat transfer during cw irradiation leads to broader and more
pervasive modifications across the multilayer stack, with re-
spect to the femtosecond case. As expected, the exposure time
plays an important role, as in the case of CO-laser exposure.
Each spot was irradiated for 10 s, which, for the thickness of
the layers and the mass of materials considered here, enables
usual temperature-driven crystallization processes to happen
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thanks to the heat diffusing away from the laser-exposed vol-
ume at a slow timescale.

V. CONCLUSIONS

In this study, three different exposure modalities applied to
multilayers materials were explored: low- and high-repetition-
rate femtosecond processing, which results in local ionization,
and continuous-wave CO laser processing, resulting in a
purely thermal energy transfer. The role of the ionization
process on crystallization and intermixing phenomena was
highlighted and examined. A second important parameter was
the occurrence, or not, of a thermal regime during laser irra-
diation, affecting the ability of the sample to dissipate heat
during the process.

In the case of femtosecond pulses exposure, there is a
difference between nonthermal regimes, as reported in [9],
and the thermal regime occurring at high pulse repetition
rates. Notably, the modification of the layers is more selective,
preferentially targeting the SiNx layers, due to the different
thermomechanical properties of this material with respect to
the silicon oxide. The occurrence of periodic voids, reported
in the case of low-repetition-rate exposure, is not observed
when increasing the pulse density. Moreover, the concentra-
tion of nitrogen drops dramatically within the laser-affected
area, indicating the presence of an escape pathway enabling
the removal of N atoms. However, there are also similarities,
as in both cases the crystallization process results in the for-
mation of crystalline Si clusters.

In the case of a continuous-wave CO laser, layer modifi-
cations are much larger than the femtosecond case, spanning
tens if not hundreds of µm, due to the confocal parame-
ters (which result in a much larger beam) and the thermal
nature of the interaction. The focal spot location undergoes
partial melting and ablation of the layers, and cracks are
observed propagating around the laser-affected area. Surface
cross-section analysis indicates the presence of crystallites in
the whole multilayer structure. Remarkably, unlike the cases
reported in previous chapters, crystallization is observed in

both layers, but with different resulting polymorphs, de-
pending on each layer’s composition: in the SiO2 layers, a
heterogeneous crystalline Si phase is nucleated within the
amorphous, original material, which then grows into spheri-
cal crystallites, pushing the oxygen towards the surrounding
volume. In the SiNx layers, transition from amorphous-SiNx

to a mix of α-Si3N4 and β-Si3N4 is observed, with the two
competing phases alternating along the layer’s length. The
orientation of the crystals has been studied and is much less
homogeneous in the Si grains than in the Si3N4 crystals. The
more homogeneous orientation of the nitride phases can be
linked to the presence of a thermal gradient during the transi-
tion process.

These experiments highlight the key role of ionization pro-
cesses in defining the nature of the crystalline phases forming
during ultrashort pulse laser annealing of multimaterial sys-
tems.

More generally and beyond multilayer materials, it further
highlights how femtosecond lasers can offer a different path-
way to specific crystalline phases in dielectrics, which are
not obtained with purely thermally based laser annealing. For
instance, in [8] we observed the formation of a pure tellurium
phase in a tellurite substrate under femtosecond laser expo-
sure, while a pure thermally based laser annealing yielded
another phase.
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