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1 Abstract

This report focuses on studying optical damage of thin Silicon Nitride (20nm) on Silicon (bulk), and Silicon
Nitride (120nm) on Silicon Dioxide (18nm) on Silicon (bulk). These samples are damaged with a 45fs single
pulse at 400nm central wavelength (pump) and measured with a 45fs 800nm central wavelength (probe) in
a pump-probe setup.

For the Silicon Nitride on Silicon sample, it’s found that for pulses below the ablation threshold, there’s likely
a crystal/amorphous phase change underneath the Silicon Nitride layer (Silicon or Silicon native oxide). For
pulses near the ablation threshold, complete delamination is observed for the Silicon Nitride on Silicon
sample. Aditonally, microstructural changes at the center of delamination and at the parts where Silicon
Nitride is not yet delaminated is seen with SEM and AFM. For pulses above the ablation threshold, multiple
damage regimes with different morphology are identified. In these regimes, Silicon removal is observed with
”pit” morphology, as well as planar delamination.

For the Silicon Nitride on Silicon Dioxide on Silicon sample, similar behavior as for the Silicon Nitride
on Silicon sample is found for pulses below the ablation threshold. Meaning, a phase change is observed.
However, not only the phase of the buried silicon but the silicon nitrate itself can change. For Pulses near
the ablation threshold, morphology of bulging and ”donuts” (circular areas where height increases at the
edges) are observed. For pulses above the ablation threshold, cascading craters are seen. The thickness of
these craters suggest that damage in Si substrate does not play a dominant role (compared to other possible
mechanisms) due to Silicon Nitride not being removed from the Silicon substrate upwards.
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2 Introduction

2.1 Literature review

2.1.1 Background of the work

The reason for studying Light Induced damage (LID) of Silicon Nitride (SiyN;) is its relevance in photonics
[1H4], solar [5H8] and the semiconductor/electronics industry [9H15]. Specifically, Si, N, is used as low loss
photonic waveguides for light and acoustics. For photonics, it exhibits a wide bandgap, low losses and low
non-linear absorption coefficient at telecom wavelengths. For solar, it acts as a anti-reflection coating in
solar panels and a passivation layer. A passivation layer protects a surface (typically semiconductor) from
chemical and electrical instabilities, and offers mechanical protection and insulation from metal traces. In
semiconductors, it acts mainly as a passivisation layer in Back End Of Line (BEOL) and Front End Of Line
(FEOL) of a microchip.

Thus, due to the wide array of applications, understanding damage mechanisms such as ablation is of high
importance. The damage risks for SiyN, are reported to be due to two-photon-absorption and heat transfer
due to multilayer stacks [16]. For instance, in the case of ASML’s nanolithography, laser powers must be
controlled such that unwanted SiyN, (or other materials) ablation doesn’t occur on chips. On the other
hand, controlled ablation can also be used for patterning Si, N, strucutures with femtosecond lasers [17]/18].

Previous work in this field provides multiple results on damage of SiyN, on Si with femtosecond lasers
of 660+ fs pulse duration, 1053nm wavelength and 20-84pm beam spot FWHM. [19-21]. However, a key
difference from this report is the setup, where a wavelength of 400nm, pulse duration of 45fs, and beam spot
of 75-120pm is used instead. This is an important remark, since literature on Si ablation shows different
behavior for shorter pulse durations of 20-200fs, varying from Coulomb Explosion, plasma formation, phase
change to micro particle ejection [22429]. The results found in this report, seem to match those found for
shorter pulse durations (Si literature), giving indications of morphology (microstructural changes) reffered to
as NanoHill(Locks) [22] or surface texturing [23]. The report will refer to them as microstructural changes.
This shows an interesting yet unexplored regime of Si,N, ablation science, which will be covered in this
report.

2.1.2 Research objectives and method
e Characterize ablation of Si-Si,N;(20nm)

e Characterize ablation of Si-SiO2(20nm)-Si, N, (120nm)
e Compare ablation mechanisms to literature

The studied stacks are Silicon - Silicon Nitride (Si-Si,N,) with 20nm of SiyN,, as well as Silicon - Silicon
Dioxide -Silicon Nitride (Si-SiO2-SiyN;) stack with SiyN, thickness of 120nm and SiOs thickness of 20nm.
The Si-SiyN, thicknesses are chosen because these are thinner than literature and of interest to ASML.
The Si-Si0,-Siy N, thicknesses are chosen because this multilayer configuration is common in the photonics
industry, and can be directly compared to previous literature without SiOy layer [19-21].

To research the damage mechanisms of the thin films, experiments and simulations are done. The experiments
use a femtosecond laser with varying fluence. Ablation is characterized with methods described in[4] such as
a novel approach to reflectance microscopy, Atomic Force Microscopy (AFM), Scanning Electron Micoscopy
(SEM) and Liu anlysis. As for simulations, these are based on multilayer matrix transfer method (Due
to time constrait, focus is placed on Si-Si, N, sample)



3 Theory
3.1 Definitions

Before addressing Liu analysis, it’s important to define parameters used as literature does not consistently
use the definitions. In this report, pulses are assumed to be spatially elliptical, and Gaussian in space and
time, and 2D fluence is defined as

E R? R
F=——" = Fyexp(— )GSEP( =), (1)
ArwaMm b

where F is the fluence, E is the total energy deposited per pulse (not limited to energy in Full Width Half
Maxima area Apwga ). Arpw g is the Full Width Half Maxima (FWHM) area of incident Gaussian laser
fluence, Fy is the peak fluence (top fluence of Gaussian), R, R, are the spatial radius, a, b are the standard
Gaussian parameters. The exact method of how energy is obtained from power is explained in section [4.1.1

However, a,b are not immediately measurable parameters, so they will be simplified. Firstly, the 2D Gaussian
is separated into two 1D (major and minor axis). Assuming the peak fluence overlaps (not Apwmas) for
major and minor axis at the center, fluence can be seprated into

F R? F ;
?0 = Foexp(—a—;) 70 = Fyexp(——2). (2)

Since R, R, are now sovled for FWHM radius, these need to be multiplied by 2 to give FWHM for major

and minor axis as 0, = 2R, , . This results in a = #“(2) and b = . 7”(2). These can then be reinserted
n n

into the fluence definition equation (I} giving

R24in(2 R24in(2)
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x Y

Having obtained a measurable fluence, now the energy can be solved as

R24In(2) 324171( 71'02 7m2 F07T0‘ o FoArwaMm
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(4)
Firstly, the integral is solved with the standard Gaussian integral [ exp(—a(z +b)?)dz = \/Z. In the last

step, the definition of ellipse area is used as Apw gy = Mzgy , where radius was changed to diameter (hence
factor 1). The end result for fluence is

(5)

3.2 Liu Analysis

Liu analysis (also referred to as D? method), is a common method used for determining the ablation threshold
due to light induced damage [30]. It’s based relating the size of an ablation spot to the respective fluence.
Using the expression obtained in equation [3] it can be rewritten to account for an ablation threshold F,; as

1 m R;



Since x and y directions are assumed to be independent, the equation can be solved via parametrization
(e.g. set R, = 0, then solve for x direction). Meaning that the problem simplifies to two 1D problems again,
resulting in

2

TY _10(Fy) — In(Fay) = R2 (7)
4in(2) wy

where both expressions are given for x or y. Knowing the area of an ellipse A = 7R, R,, the results for R,
and R, can be multiplied to give an area as

Ox0y

4In(2)

ln(Fo) - ln(Fabl) = A, (8)
which can be written as linear (logarithmic) regression as

A =aln(Fy) + 8 9)

where o = 22%% and 8 =

Tn(3) 24-In(Fy) and ablation threshold is calculated as

O y
n(2)

Foy = efﬂp(*g) (10)



4 Experimental Methods
4.1 Experimental Setup

Ablation measurements are done using a pump-probe setup as depicted in figure [T} and is greatly based on
the work of Abram.E . The purpose of the setup is to irradiate a sample for different fluences. The
fluences range from 0 to 4CT{L2 with a pulse duration of 45fs. As for the beam shape and size, the pump
beam has a nearly Gaussian shape (slightly elliptical) with approximately 75pm Full Width Half Maxima
(FWHM) for the Si-Si,N, sample, and approximately 120pm FWHM for Si-SiO,-SiyN, sample. However,
Si-Siy N, sample has a bad beam shape, resulting in 2 ellipses at the top and bottom of the center. This is

not the case for Si-SiO02-Siy N, sample.

As for the probe beam, the size is 15pm FWHM. This is verified with a beam profiler (Gentec-EO Beamage-
4M) before starting to measure the sample. The pump spots are separated by 200pm (this means that there
is some overlap in beams spots for Si-SiO,-Siy N, sample due to 120pm spot size). For the varying fluences,
these are made in 36 increments. Those 36 fluences form a grid of 6 rows and 6 columns (increasing fluence
left to right, top to bottom) as seen in figure 4l Multiple grids are made on the same sample.

IZO or 120nm
10 or 20nm

Figure 1: Diagram pump-probe experiment. Three materials can be seen, where Si is the substrate, SiOq
can have thickness of 0 (only native Si oxide) or 20nm, and Si,N, can be 20 or 120nm. Exact composition of
Si-SiN, and Si-SiO2-Siy N, samples are listed in tablem The purple cone represents the pump laser beam
with a central wavelength of 400nm (50nm FWHM) and pulse duration of 45fs. The red beams represent
the probe laser at 800nm central wavelength with a smaller beam spot than the probe beam

Full setup is shown in figure 2} Firstly, a Ti:Sapphire generates a 45fs laser at 800nm central wavelength
with a repetition rate of 1KHz. This is then split via a 99/1 beam splitter, such that a strong pump and
weak probe signal are splitted. The pulse then passes through a half wavelength plate, which is mounted on
a piezoelectric rotating stage to vary the polarization incident on the Beta Barium Borate (BBO) crystal due
to Second Harmonic Generation (where pahse matching is needed), and thus control the output fluence out
of the BBO. The BBO crystal upconverts the 800nm pump signal into a 400nm central wavelentgh pulse.
Afterwards, the pump passes again through a half wavelength plate.
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Figure 2: Setup of pump probe experiment. ”"BS” = Beam Splitter, ”PD” = Photodetector, "ref” = reference,
”"M” = mirror. Red lines indicate the path of the probe beam (800nm), and blue lines the path of pump
beam (400nm). Laser generation setup is not shown.

Next, it passes through a 10% duty-free chopper, reducing the frequency to 100Hz. This frequency allows the
upcoming Galvo mirror to pass single pulses. Lenses are used to control beam size. The angle of incidence
of the pump is normal incidence 0°, the probe has 10°. For measurements, the sample is moved in plane
(XY) to a different position for each fluence. To detect the variation in pump/probe signals, 3 switchable-
gain Si photodiode detectors are used (Thorlabs PDA100A2). These photodiodes are used for for obtaining
reflectances and for calibration.

4.1.1 Calibration

For calibration, a coherent thermopile power sensor is placed in the pump beam path before the focusing
lens. This calibrates the reference photodetector and allows conversion from photodiode to pump fluence.
This is necessary because the photodetectors can saturate, and this needs to be accounted for.

In the setup and calibration, single pulse energies are used. This means that power needs to be converted to
energy accordingly since 1000 pulses are measured, such that F = EZ¥€tetelT " where power;oi 1S the total
power measured by the photodetector (after converting voltage to power).

4.2 fabrication

The thin films of Si-Si0,-SiyN, and Si-SiyN, are grown on top of a pre-cut Si substrate of 12x12mm. The
Si substrate is lightly p-doped with a resistivity of 5 to 10 Qcm (or 1.5 * 101°-3  10'® em™3). To remove
contaminants, Si is cleaned via an ultra-sound bath. To do so, Si is first submerged in acetone, which is then
placed inside the ultra-sound water bath for 10 minutes. Afterwards, the same is repeated with isopropanol
instead of acetone. For the Si-Siy,N, sample, ultra-sound was also done after damage measurement, where
the process is repeated, but instead of acetone, distillated water is used. The reason for cleaning again, is to
remove the presence of microparticles formed during ablation which might reduce characterization accuracy.
After cleaning, the Si substrates are inserted into a Inductively Coupled Plasma Chemical Vapor Deposition
(ICPCVD) machine.

For the Si-SiO»-SiyN, sample, first a 20nm SiO» layer is grown on top of a Si substrate. The recipe is
02 (32 sccm) and SiH4 (26 scem) at 150°C, resulting in a growth rate of 90nm/min. Afterwards, for both
Si-Si02-SiN,, (now with 20nm SiO, grown) and Si-SiyN, (without SiOq, but with native Si oxide), SiyN,
is grown. This is done at with N2 (25scecm) and SiH4 (28scem) at 150°C, resulting in a growth rate of
43.3nm/min. The Stoichiometry is not know beforehand, but can be estimated with previous literature



(MSc thesis), giving a Silicon rich % ~ 0.75 equivalent to Si4N3 [32]. This is determined by comparing
ellipsometry results obtained in A-@, specifically the n and k of SiyN,. This also indicate a bandgap at
400nm or 3.1eV.

4.3 Characterization

4.3.1 Reflectance Microscope

To study ablation, the reflection spectra is obtained with an Filmetrics F40 microscope. The beam spot of
the reflectance microscope is 30pm, and is focused at the center of the ablation spots. For calibration, the
standard Si sample provided by Filmetrics is used, and integration time of 251ms is used. Each spot each
spot where the laser is incident is measured, gives an evolution of spectra as a function of fluence at the
center of the ablation spot.

4.3.2 Dark Field and Bright Field Microscopy

The Dark and Bright Field microscope used is a ”ZEISS Axioscope” for Materials. Images are taken at the
center of the grid 10x zoom, and the Dark Field ones are also used for Liu analysis as discussed in the results
section [3]

4.3.3 Atomic Force Microscopy

The Atomic Force Microscopy (AFM) used is ”Dimension Icon” AFM, where "RTESPA-300” pyramidal tips
from Bruker are used. Tapping mode in air is maintained through all measurements.

4.3.4 Scanning Electron Microscopy

The Scanning Electron Microscopy (SEM) used is ”FEI Helios 600 DualBeam”. A High Voltage (HV) of 5kV
is used, with a Working Distance (WD) of 4.2mm, varying Horizontal Field View (HFW) and Magnification
(mag), in scanning electron mode (SE), with a Everhart-Thornley detector (ETD), and varying tilt.

4.3.5 Ellipsometry

The Ellipsometer used is ”Ellipsometer VB-400 J.A. Woollam”. It’s used to obtain the exact thickness of
the the grown samples, as well as the refractive indices of each layer (including native oxides, layer diffusion
and roughness). These results are then implemented into the simulations to increase accuracy, and also
allowed to determine the stoichiometry of the grown SiyN, [32]. Table shows the exact thickness and
composition of both samples. The Mean Square Error (MSE) for Si-Si, N, ellipsometry data is 2.5nm?, for
Si-Si02-Si, N, it’s 2.8nm?

Thickness (nm) | Si-SiN Si-Si0»-SiN
SiN, 21.5 121.3
Intermix 0.5 0.5

SiO9 - 18.6
Intermix - 0.5

Si native oxide | 2 2

Si Substrate | Substrate
(Roughness) 4.5 4.5

Table 1: Thicknesses of Si-SiN, and Si-SiO2-SiN, samples. SiOs intermixing is not present in Si-SiN,
sample as indicated with a dash ”-”. Intermix represents the diffusion between layers (layers above and
below intermix row in table). Roughness indicates at the outer SiN, layer, how high surface imperfections
are with the assumption that 50% of the material is air.

4.3.6 Profilometer

The Profilometer used is "KLA Tencor Stylus Profiler P7”. Tip is 2pm with 60° cone radius of angled tip.
The speed used is 2 pm/s at 1000Hz acquisition rate. The purpose is to obtain a rough surface morphology
to obtain regions of interest, and the measurements which couldn’t be measured with AFM/SEM due to
time are listed in the [Al



5 Results

I this report, Ablation is defined as morphological modification visible in Dark Field Microscopy. Damage is
defined as any change (including ablation) where material change can be measured. If a spot number is not
specified, it means that it corresponds to a different grid than the one given in figure [d] and table A Also,
nanohills and surface texturing defined in literature are possibly observed in this report [22}23]. These will
be reffered to as microstructural change

Damage of Si-SiyN, and Si-SiO2-Si,N, samples are investigated. Multiple regimes with different damage
morphology /mechanism are seen while doing so and shown in ﬁgure As a preliminary summary of findings,
regions are enumerated;

1. amorphization of Si (yellow color visible with Bright Field Microscopy in figure 3, supported by liter-
ature [33])

1.1 possibly Si native oxide melting (orange color visible with Bright Field Microscopy in figure
supported by literature [33])

2. edges of delaminted SiyN, (visible in Dark Field Microscopy figure
2.1 molten Si or microstructural changes underneathSiyN, (visible in AFM figure and SEM in
figure
2.2 region 2.2 = microstructural changes (visible in AFM figure [16| and SEM visible in figure
3. Si ablation edge of delamination of Si,N, (visible with AFM in figure [16)
3.1 phase change region (visible in AFM figure Bright Field Microscopy and SEM in figure

3.2 recrystalization of Si (supported by literature 33|, visible in Bright Field Microscopy in figure

10
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Figure 3: a) SEM image at fluence of F = 0.37%%27 with a Gaussian on top indicating the fluence distribution
as a function of position. Parameters of SEM are given in the bottom black box. Region 1 edge = yellow ring
in Bright Field Microscopy (figure E[)7 region 2 edge = outer edge visible in Dark Field Microscopy, region
3 edge = ring visible in AFM (figure ) Bright square at bottom is likely carbon. b) Same gaussian is
placed on top of Bright Field image. The image use 50x zoom and corresponds to spot 13 in figure [dl Colors
yellow and orange can be seen between region 1 and region 2.

5.1 Dark Field and Bright Field Microscopy for Si-Si,N, sample

After performing the damage measurement as described in section [4 the damaged sample is imaged using
Dark Field and Bright Field Microscopy, where the cleaned Si-SiyN, sample and a measurement grid of it
can be seen in figure EI (a complete list of corresponding fluences to each spot is given in table A. Cleaning
is described in section and, unless mentioned, all data precedes from a cleaned sample for Si-Si,N, (not
Si-Si04-Siy N, ). Focusing first on the Dark Field image, small irregularities can be seen inside the ablation
rings. Since Dark Field Microscopy enhances scattered light, the origin of those irregularities could be surface
modifications or micro particle debris scattering. However, it’s more likely to be surface modification, which
can be seen by comparing the cleaned Dark Field Microscopy figure El of Si-SiyN, to the uncleaned Dark
Field in figure A{22] Micro-particles debris are successfully removed at the sides of the ablation rings, but
not at the center, showing micro-particles are not the main source of scattering at the center, leaving surface
modification as the likely alternative. As for the ellipses at the top and bottom of the ablation rings at high
fluence, these are due to a bad beam profile, but can be ignored as the Gaussian shape is maintained at the
center (And high fluences are filtered out during Liu analysis). Bad beam profile is only visible at higher
fluences since it’s proportion out of the total beam is low.

11
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Figure 4: Bright Field (a) and Dark Field (b) Microscopy images of Si-SiyN, after cleaning with water and
isopropanol in an ultrasound bath. a) sample is illuminated from the top, and reflected light is measured.
Mark visible at the left is likely a scratch (did not influence measurements). The numbers to the lower left
of the irradiation spots indicate the spot number. If the number is red, it means this spot is studied further
b) sample illuminated from top at an angle, then scattered light is measured. a) image is compressed

Another relevant observation for low fluence Dark Field Microscopy are the ablation rings in the second row.
It can be seen that an outer ring is always present, but an inner ring forms and expands with increasing
fluence (this also applied for the outer ring). This inner ring could indicate delamination of Si, N, which is
investigated at spot 8 with AFM in section [5.8.2] and SEM in section [5.8.1

For low fluence, Dark Field Microscopy only shows damage onwards of spot 8 (row 2, column 2), which
corresponds to a fluence of Fy,os = 0.4407'7]1 7. However, Bright Field Microscopy shows signs of damage
starting at spot 5 (row 1, column 5) with a fluence of Fypo5 = 0.16 m‘ig . This can be understood by considering
the sensitivity of Dark Field Microscopy to surface scattering, indicating a lack of surface modification at

the spots only visible in Bright Field Microscopy.

There are many possible explanations for this, which could all be playing a role simultaneously, such as
Si crystal/amorphous phase change, Si ”bubble” formation due stress in Si, ”air bubble” formation due
to to stress/molten/plasma/hydrodynamics Si, damage in Si,N,, pressure induced material change, partial
delamination, micro-damage due to Coulomb Explosion in Si or SiyN,, shock waves, etc. ”Bubble” formation
refers to bulging upwards, where the bulge can be filled with material ”Si or SiyN, bubble” or be hollow
(7 air bubble”).

5.2 Reflectance Microscopy for Si-Si,IN, sample

Reflectance Micoscopy is used to obtain reflectance spectra at the center of each irradiated spot. The spectras
are averaged over the 8 measured grids. The spectrum of each spot in a grid is given in figure |5| with the
respective variances in table A At low fluence (spot 1-4) for Si-SiyN, sample, the reflectance spectra
matches closely with the simulated reflectance spectra in figure A{26] Also, there seems to be no variation
in spectrum for spots 1-4. This matches the absence of color change in Bright Field Microscopy (figure [4]) at
the same spot. However, at higher fluences (spot 5-7), change in Bright Field images and spectrum appear.
This is initially apparent by the peak in the spectrum at 400-500nm at spot 5-7. These measured peaks
most likely correspond to crystal/amorphous phase change in Si as shown in literature [341|35]. However, it
can also be argued that an ”air bubble” (hollow layer between Si and SiyN,) could cause it. In section
it’s shown that this is unlikely via Fresnel transfer matrix multilayer simulations.

12
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Figure 5: Reflectance spectra of Si-SiyN, sample for increasing fluence. The figure is made by averaging 8
grids. Each spot corresponds to the one visible in Bright Field Microscopy in figure [4} Variances are given

in table A-El

For fluences at spot 8-11, a change in spectrum shape is observed, which corresponds to the ablation fluence
where change is visible in dark field Microscopy (figure E[) Furthermore, a dip appears at wavelengths 500-
700nm. Interestingly, this dip is similar to the ones obtained for Si reflectance spectra as seen in figure A{25|
at similar fluences. The fluences are listed in table A and should be corrected with absorptions in table
[5.6] to account for different refletivities.

For spots 13-36, a constant spectral shape is maintained, where the interesting feature is the double peak
at 275 and 370 nm, which barely changes with fluence. This double peak matches the one measured in bare
silicon in figure A{25] and those found in literature [36]. This serves as indication of SiyN, delamination/re-
moval. It can also be seen that, after delamination of Si,N., the reflectivity decreases overall for higher
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fluences, which can be attributed to increased surface scattering as seen with Dark Field Microscopy (figure
. This increase in scattering correlates to pits shown with AFM in figure A which increase in size.

5.2.1 Si-SiyN, reflectance

Besides using the refletcance microscope, photodiodes are also used to obtain the reflectance difference after
a pump shot. Figure [6] shows the reflectance given as

999 SR,prn 2000 SR,pr,n
Ry _ 20l Brepoen R pyor — 2 n=1001 Speporm (1)
efore 999 after 1000
Ra er — R efore
AR — —tafter — hefore (12)

Rafter

where n is the probe shot number (1ms between probe pulses), R(before) is the average reflectance of 999
probe shots before the pump pulse is incident, then the probe pulse coinciding with pump is discarted.
R(after) is the average reflectance of 1000 probe shots after the pump pulse has hit the sample. Although
more data is needed, it can be seen that a decrease in relfectance occurs for higher fluences, which matches
with the trends from the reflectance microscope in figure [pl Also, reflectance seems to start increasing at
0.1260#, which corresponds closely to the threhsold obtained via Liu analysis of region 1 with fluence
Fovt yeliow = 0.13575 J_ shown section

cm?2
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Figure 6: Reflectance as a function of fluence for 8 grids. Data compares the average reflectance of the
surface before the pump shot and after the pump shot for 1s each respectively.

5.3 Dark Field and Bright Field Microscopy Si-Si0,-Si,N, sample

For the S5i-Si0,-Siy N, sample, changes in Bright Field Microscopy appear sooner than changes in Dark Field
Microscopy as seen in figure[7], which is similar to the behavior of Si-Si, N, sample in ﬁgure The beam spot
size is bigger and the beam shape has no more aberration as explained in section |4} A key difference however
is the appearance of an extra ring visible in Dark Field Microscopy, which corresponds to delamination of
SiOs.
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(a) Bright Field (b) Dark Field

Figure 7: Bright Field (a) and Dark Field (b) images of Si-SiO2-Si, N, (not cleaned). a) sample is illuminated
from the top, and reflected light is measured. Mark visible at the left is likely a scratch. The numbers to the
sides of the irradiation spots indicate the spot number. If the number is red, it means this spot is studied
further b) sample illuminated from top at an angle, then scattered light is measured. a) image is compressed

5.4 Reflectance Microscopy for Si-Si0,-Si,N, sample

For the Si-5i0,-5i, N, sample, the reflectance spectra is taken (ﬁgure and averaged over 9 grids (variances
given in table A. At low fluence (spot 1-9) for Si-SiO9-SiyN, sample, the reflectance spectra matches
closely with the simulated reflectance spectra in figure A{26] There’s little variation in spectrum until spot
9, which matches with Bright Field (figure E[)
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Figure 8: Reflectance spectra of Si-SiO2-Siy N, sample for increasing fluence. The figure is made by averaging
9 grids. Each spot corresponds to the one visible in Bright Field microscopy in figure[7} Variances are given

in table Aﬁl

Also, the peak and dip at 560nm and 395nm seem to be caused mostly be interference, which is verified with

the optical path difference in the interference equation

2m+1)r =

A

—ﬂni(:cQ —x1)cos(0;) + Ao,

(13)

where m is the mode number, A incident wavelength (300-1000nm), n; refractive index of a specific layer,
xo—x7 is the optical path difference between an immediately reflected beam and a beam propagating through
the layers and reflecting on Silicon substrate, 6; is the angle of incidence (normal in this case), A¢ is the
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phase difference due to reflection per layer. Equation does not take into account complex refractive
indices, which in this doesn’t affect the calculation in a major way, since the complex refractive indices is
nearly null as seen with ellipsometry in figure A{24] Also, this is only used to obtain an explorative idea of
the reflectance spectrum.

No conclusions can be made on the reflectance spectrum for higher fluences. However, possible causes could
be absence of interference, new interference due to partial delamination, material change in Si,N, (due to
high absorption as seen with simulations in table . Counterintuitively, the Si peaks observed for Si-Si, N,
sample in figure [5| are no longer present.

5.5 Liu analysis

The theory for Liu analysis is described in section It’s implemented by obtaining the contour area
of each ablation spot in Dark Field Microscopy for every grid. This is done via Canny edge detection
algorithm, where the outer ring is identified. Aftwerwards high fluences are filtered out. This is necessary
since for higher fluences, area to fluence dependence stops being linear due to damage saturation and bad
beam profile. Lastly, certain spots are removed manually whenever the Canny algorithm clearly fails. The
results are displayed in figure @ showing the obtained ablation fluences of Fjj; = 0.262 I for Si-Siy N, and

cm

Fap = 0.1433-Z; for Si-Si0,-SiyN, sample.

6000+
g 4000+
©
L
<C

2000+

-1.00 -0.75 -0.50 —0.25 -14 -12 -1.0 -08
Fluence [log(J//cm?)] Fluence [log(//cm?)]
(a) Si-SiyNy Fap = 0.262-2; (b) [Si-SiO2-Siy N, Fap = 0.1433-7;

Figure 9: Plot of ablation area (edges in Dark Field Microscopy in figure , against fluence in logarithmic
scale for Si-SiyN, and Si-SiO2-Siy,N, sample. The red line is the linear fit of Liu analysis, and gives the
ablation fluence.

Until now only the fluence in Dark Field Microscopy at the edge is considered, however, the fluence at the
edges of Bright Field can also give interesting trends, such as the exact fluence at which a material changes
(distinguishible by yellow, orange and dark color in bright field). To obtain the fluence at the edge of an

ablation spot, equation (3] is used, but converted to calculate fluence at an edge in Bright Field as Fjyeq; =

2
(— 2222

Fexp . Also diameters from the yellow and orange ring are used from bright field microscopy

in figure [ “An important note is that this calculation is done in 1D, manually and for 1 grid instead of
2D, via an algorithm and for all grids, like previously calculated Liu ablation threhsold in figure [9] due to
lack of time. The fluence threhsolds are again calculated with Liu analysis and give Fupi dark = 0.2181#,
Foviorange = 0.1619#7 Fovl,yellow = 0.1357567‘22. The data used for fitting is available in figure A{23| for
Si-SiyN, sample. Despite the shortcomings of the implementation due to lack of time, these results can
still be used since the ablation fluence calculated with this method of Fyp; derr = 0.2181 J_ is close the

cm?2
previously calculated one of F,;; = 0.262 S

cm
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5.6 Multilayer simulations

Fresnel transfer matrix simulations are performed as described in literature [37]. These simulations are done
under the assumptions of normal incidence, 50nm FWHM with central wavelentgh 400nm Continuous Wave
(CW), no layer diffusion, no surface roughness, material modification, no non-linear effects, no laser speckle
effects. The refractive indices and thicknesses were obtained with ellipsometry Indeed simulations
match results obtained with reflectance micrscopy in section [5.2] as seen in figure A{26] indicating that the
simulations closely matches reality.

Firstly, absorption per layers is calculated with the absorption profile in figure A{27) and indicated in the
table It can be seen that for the Si-SiyN, sample, absorption in Si dominates, suggesting it plays a
dominant role. For the Si-SiO2-SiyN, sample, SiyN, absorption is considerably higher.

Layer Si-Si,N, Absorption (%) | Si-SiO,-Siy,N, Absorption (%)
Si 70.0497 (substrate) 57.3993 (substrate)

Si native oxide | 0.3367 (2nm) 0.8790 (2nm)

SiO, - 10.4578 (18.6nm)

Si,N, 1.4862 (21.50m) 31.2637 (121.30m)

Table 2: Table indicating absorption % (not normalized for reflectance) in each layer of Si-Si, N, and Si-SiOs-
SiyN, samples, as well as the corresponding thickness besides it. It uses normal incident light at central
wavelength of 400nm and 50nm FWHM. Si-SiyN, sample has no SiO, indicated as a ”-”. Table is not
normalized, meaning all light that is not absorbed is reflected instead (transmission = 0%).

Additionally, simulations of an ”air bubble” (hollow material layer below SiyN) are performed. Figure
shows the Mean Square Error (MSE) for different thicknesses of an ”air bubble”. This calculation is done in
the wavelength range of 370-520nm because measured reflectance spectrum (figure[5)) at spots 5-7 has different
shapes outside those wavelengths as seen in the figure A (measured plot has a peak at spot 5-6, simulated
doesn’t). An explanation for this could be that instead of an ”air bubble” being responsible, it could be due
to Si crystal/amorphous phase change. Literature finds the same peak at a similar wavelength [34L35]. Also,
MSE calculation, spot 7 is used as this is the spot before ablation, making it the most likely candidate for
7air bubble”. However, the most likely thicknes of the air bubble would be 18nm. This thickness is not seen
with AFM (spot 6 in figure A7 giving a strong indication that an ”air bubble” is not present.
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Figure 10: Multilayer simulation Si-SiyN, sample adding an ”air bubble” (hollow in layer in between Si,N,
and Singtive). Mean Square Error (MSE) with units nm? is shown with respect to measured reflectance
spectra [5| at spot 7 for different simulated ”air bubble” thicknesses. The wavelengths used are 370-520nm
since spectral shape differs beyond those wavelengths as shown in figure A@

5.7 Morphology study Si-Si,N, spot 6 and 7

5.7.1 Scanning Electron Microscopy

The Si-SiyN, sample is placed after the damage measurement under the Scanning Electron Microscope
(SEM) to obtain small features. A pristine site is shown in figure A Figure A shows the rings visible
in Bright Field (figure despite those not being visible in Dark Field Microscopy. Taking into account
that SEM images the charging of a material at the surface (among others), this could indicate that material
change visible due to a change in conductivity. As discussed in Si is the most likely material to have
undergone a crystal/amorphous phase change due to Si,N, being mostly a non-conducting insulator, and
damage being unlikely in SiyN, given its high transparency (table [5.6]).

5.7.2 Atomic Force Microscopy

Atomic Force Microscopy (AFM) is used to characterize the damage depth, material phase, microstructural
changes and damage regimes among others. Starting at spot 1-6 in figure [, AFM shows no change in height
or phase, until spot 7 (figure A. At spot 7, microstructural changes start appearing as seen in figure
It’s possible these are impurities instead of mocrostructural since SEM on pristine sites show similar
spots (figure A. However, the density of these structures is higher at the irradiated site than pristine
and doesn’t appear for lower fluences as seen in figure A{36] and with SEM in figure increasing the
likelihood that microstructural changes are caused by the laser. Another interesting oberservation is that
the appearance of microstructural changes can be related to the change in color in Bright Field (figure |4)
from yellow to orange. This has not be investigated, but possible causes could be Si oxide melting according
to literature [33].
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Figure 11: AFM of Si-Si, N, sample at spot 7 (center), showing a) height and b) AFM phase profile, as well
as an AFM scan of a single nanohill showing c) height and d) phase.

Figure also shows single microstructural changes in ¢) and d). An important observation is the lack of
AFM phase change in d) (except at the top, which can be an artifact of AFM due to rapid height change,
or slight rupturing/diffusion due to Si). This could mean Si,N, has not yet been delaminated/ruptured,
making it likely a precursor to ablation.

5.8 Morphology study Si-Si,N, spot 8
5.8.1 Scanning Electron Microscopy

At the next irradiation spot 8, ablation starts appearing (visible in Dark Field Microscopy). Delamination is
visible with SEM in ﬁgure (as well as the bright edges in figure A. It’s also possible to observe cracking
before delamination as seen in figure A where the fluence is F' = 0.2567%27 which is close to that obtained
via Liu analysis of 0.23 - 7‘7’1 > as shown in ﬁgurj%t This suggests that cracking precedes delamination. Besides
the reappearing bright rings seen in figure A delamination appears to start at the center of the ablation
spot. This delamination then progresses in the outer direction as seen in with the Dark Field Microscopy

figure [f and SEM in figure A{32]

At the center of the delamination ring and at the edges, small circular "nanohills” (or microstructural
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changes) are observed in figure and figure A The diameter of those at the center and outer edge
(outside of delamination ring) are between 187.5nm and 250nm. These nanohills could correspond to those
observed with the AFM [11] and those found in literature (nanohillocks and surface texturing [23]).
Interestingly, a high concentration of nanohills is present at the inner edges of delamination and underneath
the SiyN, layer as seen in figure b). This could suggest that the formation of nanohills is related to
increasing delamination of SiyN, with increasing fluence. To investigate the cause, AFM is used.

HV WD HFW | mag O |mode| det | tilt —2pym —
5.00kV[4.3mm |7.31 um|35000x| SE [ETD|52° ARCNL

(a) Spot 8 = 0.44—L (b) Spot 8 titled 52°.

Figure 12: SEM image of Si-Si, N, of spot 8. a) is zoomed in such that the bright rings are no longer visible.
Blue squares (numbered) indicate where SEM and AFM scans are b) is done. b) sample tilted 52 ° at blue
square 1 in a).

5.8.2 Atomic Force Microscopy

Furthermore, this is supported by observing the same microstructural changes at ablated spot 8 (center and
edge), but with closer spacing and larger dimensions as shown in figure Moreover, circular ”pits” with
dark centers can be seen with diameter D = 0.45 4+ 0.05pm (obtained by averaging by visual inspection).
These could show material removal or displacement. Possible mechanisms for this could be phase explosion,
coulomb explosion or molten Si redistribution due to stress. However, Coulomb Explosion is somewhat
contested in literature, some papers claim Coulomb Explosion is present and dominates damage [22,[24}38],
whereas other papers claim ultra fast melting and phase explosion plays a role . For that reason, no
strong claim can be made, but given the similarities in experimental parameters and surface morphology with
papers that observe Coulomb Explosion, this process should not be discarted . Besides microstructural
changes, it’s also possible that nanovolcanoes are seen as shown in figure A{37] and literature with different

materials [40].
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Figure 13: AFM of Si-Si,N, sample at spot 8 (blue square 2 in figure , showing microstructural changes
with a) height and b) AFM phase profile.

To further understand the ablation process, another AFM scan at spot 8 is taken of a nanohill in figure [T4]
but at the edge of the delaminated part. A sharp peak can be seen together with phase irregularities around
the peak, but constant at the top. A possible explanation for this could be ripping of Si through the SiyN,
layer, which would explain the constant phase at the peak and sudden height change at the peak (This still
needs to be verified however). Lastly, the height profile is obtained for spot 8 in figure A indicating
complete delamination of SiyN, takes place.

0.0 pm 0.1 02 0.3 04 05
39.0 nm
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-15.0

245
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Figure 14: AFM of Si-Si,N, sample at spot 8 (position blue box 3 in figure . It corresponds to region
1.1-2. showing nanohill with a) height and b) 3D image of the height profile with the colors indicating the
phase signal. Plot with only phase is given in figure A{3§
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5.9 Morphology study Si-Si,N, spot 20

5.9.1 Scanning Electron Microscopy

Another spot investigated with SEM and AFM is spot 20 in figure In region 2-2.1, at the bottom,
remains of SiyN, delamination can be seen. The shape of the remains are a hill (fully dark part to the
right) and ripple (dark-grey-dark part to the left). No explanation is found as of the date of this report for
this. From the ripple/hill to the end of region 2.1, a region with varying dark and grey colors can be seen.
This pattern could arise due to microstructural changes such as microstructural changes merging underneath
SiyN, layer. Another possibility is molten Si according to literature . Between region 2.1 and 2.2,
microstructural changes are visible. Between region 2.2 and 3, there’s a flat region where Si,N, has been
delaminated, and possibly Si as discussed in spot 8 in section This is the last region where SiyN, is
attached as seen in figure A{34] Directly at region 3, there’s a rapid increase in height as shown with AFM
in figure

HV WD HFW | mag O [mode| det | tilt | 3 ym ————
500kV]42mm|[10.2um|25000x| SE |ETD|0" ARCNL

Figure 15: SEM image of Si-SiyN, of spot 20 F = 2.73# at the bottom. The regions defined in figure
are specified to the right in red.

5.9.2 Atomic Force Microscopy

Figure shows an AFM scan of spot 20 at the bottom edge. For higher fluences, possibly different
mechanisms play a role during ablation. First of all, at the top region (center - region 3.1), the same
pits are observed but with larger diameter D = 0.8 & 0.2pm. Increase of pit diameter with higher fluence
seems to be a consistent trend as shown with the highest fluence AFM image in figure A{10]
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Figure 16: AFM of Si-SiyN, sample at spot 20 (bottom ring), showing a) height and b) AFM phase. a) the
regions defined in figure [3| are specified to the right of the image. The blue square shows where the AFM
scan for ¢) and d) are done. The blue striped arrows indicate where the height profile is taken in figure
¢) and d) are AFM scans of same spot, but focused on the blue square in a). ¢) Height, d) 3D image of
the height profile with the colors indicating the phase signal. The two red arrows indicate orientation (left
pointing faces center, right pointing faces edge). Plot with only phase shown in figure A Left side is
facing center, right is facing region 2.2.

In figure [I6] between region 3.1-3, a slight height and phase difference can be seen. To investigate this
further, another AFM scan is done at the edge of region 3.1 as shown in figure c¢) and d) of figure
Although not investigated, 2 suggested mechanisms could be the flaps from Si,N, elevating the edge during
delamination. This is supported figure A{34] showing that region 3 is the last contact part before full
delamination. Another explanation could be hydrodynamics as supported by literature . Furthermore,
between region 3-2.2, there is a regime with constant nearly height and phase as shown in figure [I6] and
supported by another AFM scan of spot 11 in the same regime in figure A{42
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Figure 17: Height profile of Si-Si,y N, sample (21.3nm SiyN, deposited) obtained at the blue stripes in figure
a), showing horizontal and vertical height profile across the delaminated site. Heights are indicated with
respect to the non-delaminted part (region 2-1.1) with blue stripe.

Figure [17| shows the height profile of spot 20. Since only 21.5nm of SiyN, is deposited, a height difference
greater than this indicates Si removal. This is the opposite of spot 8, where mainly SiyN, is removed as
shown in figure A Also, the increasing height of region 3 can be seen and the depth of the pits (which
may be deeper since AFM is limited by tip size). The ripples can also be seen, with the outer one being the
tallest. It’s known that there must be remains of Siy N, delamination here, as supported by SEM images in
figure A«@ Therefore, the outer most edge is Siy,N, delamination remnants.

5.10 Morphology study Si-SiO,-Si,N, spot 10 and 11
5.10.1 Scanning Electron Microscopy

The Si-SiO2-SiyN, sample is imaged under the SEM. For spots 10 and 11, no change is visible under Dark
Field Microscopy (figure . However, surface modication is visible with Bright Field Microscopy for spot
10,11, and SEM for spot 11 as shown in figure A{35]

5.10.2 Profilometer
mechanical Profilometry is used to obtain an estimate of the surface morphology. Changes are clearly visible

as shown in figure where spot 11 shows surface modification with a 20nm high bulge, whereas no change

is appreciable for spot 10. The bulge of spot 11 doesn’t appear centered due to profilometer imprecision,
but is verified to be the center more scans (not included).
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Figure 18: Height scans of Si-SiO2-Si,N, sample obtained with Profilometer at spot a) 10, b) 11. c) height
profile of spot 11 extracted from the cross section indicated by the black stripes in b). Spot 11 clearly shows
a 20nm tall bulge outwards of the surface.

5.11 Morphology study Si-SiO,-Si,N, spot 12
5.11.1 Profilometer

A donut structure is obtained with a Profilometer for spot 12 as shown in figure [[9] This shape has not
been observed for the Si-SiyN, sample. Although the cause has not been verified in this report, a possibility
according to literature is hydrodynamics due to molten Si creeping towards the edges and solidifying .
This would create edges with higher altitude at the edges than the center.
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Figure 19: a) Height scans of Si-SiO3-Si,N, sample is obtained with a Profilometer at spot 12. b) height
profile at the cross section indicated with white stripes in a). The peaks have approximately a height of
85nm and the center 35nm with respect to the non-ablated parts.

5.11.2 Scanning Electron Microscopy
SEM of spot 12 (figure shows web-like modification in a donut shape. This differs from the bulge at spot

11 (figure[18).
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Figure 20: SEM image of Si-SiO»-Si, N, sample at spot 12. Web-like changes are visible with a donut shape.
The horizontal stripes are probably due to Si cutting imperfection and not Light Induced Periodic Surface
Structuring (LIPSS) as explained in figure A

5.12 Morphology study Si-Si0,-Si,N, spot 18
5.12.1 Profilometer

Lastly, spot 18 is above the ablation threshold and shows interesting delamination behavior as seen in figure
Two cascading craters can be seen (outer crater with peaks 50nm tall, and inner crater with -10nm
peaks). The outer crater has two peaks higher than the rest of the undamged sample, which similar to
spot 12 in figure [[9] Furthermore, the inner crater has increasing height towards the center of the crater.
Although no cause for these heights can be concluded in this report, it could be speculated that for spot 18,
that the 2 outer peaks from the outer crater correspond to those formed at lower fluence such as at spot 12.

Another interesting observation comes from noticing the depths of the craters. Not all of the SiyN, is
removed since only 60nm is removed (from the 12Inm SiyN, and 18nm SiOs). Nothing can be concluded,
but this could imply that the dominant damage mechanism is no longer formation microstructural changes
in the Si substrate, but ablation in the Si,N, itself. Reason being that if the Si substrate were responsible
for damage, damage would start at the bottom. This would lead to complete material removal once damage
from the bottom reaches the top of the layer. However, material is removed only at the top, meaning that
there’s likely no exposed Si, and ablation due to Si substrate is thus unlikely.
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Figure 21: a) Height scans of Si-SiO»-SiyN, sample is obtained with Profilometer at spot 18. b) height
profile at the cross section indicated with black stripes in a). The peaks have approximately a height of
85nm and the center 35nm with respect to the non-ablated parts.
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6 Conclusion

In this report, damage mechanisms of two samples with different material compositions and thicknesses
have been analyzed for single-shot, 400 nm central wavelength, pump pulses with varying fluences. Namely
Si-Siy N, (thin Si,N, layer) and Si-SiO2-Siy N, (thick Si,N, with 18nm SiOs).

6.1 Si-SiyIN, sample

For the Si-SiyN,, it’s been shown that multiple damage regimes appears for increasing pulse fluence. For
pulses lower than the ablation threshold, reflectivity increases and changes below the Si, N, layer which likely
correspond to crystal/amorphous phase change are observed. It’s also shown that those changes probably
don’t correspond to an ”air bubble” by comparing the measured reflectence spectra with Fresnel Tranfer
Matrix method calculations..

For pulses where ablation starts, AFM shows that all of the SiyN, should be delaminated by height com-
parison (of delaminated and non-delaminted sites). Furthermore, SEM provides a strong indication that
microstructural changes on the Si substrate play a role in the delamination process. These microstructural
changes are also observed before ablation, as well as outside the delaminated zones, and underneath the
partially delaminated Si,N,.

For pulses the above ablation threshold, many damage regimes with different morphology are identified with
AFM and other microscopy methods. AFM shows that ”pits” start appearing, where Si is removed locally.
Also, Si seems to be removed over the entire delaminated spot. Some regimes have more Si removed, some
have different AFM phase (compared to different damage regions), and some have increasing height near the
edges.

6.2 Si-SiO,-Si,N, sample

For the Si-Si02-SiyN, sample at fluences below ablation, changes similar to those of Si-SiyN, are observed.
For pulses near ablation, morphology of bulging and ”donuts” (circular areas where height increases at the
edges) is shown. For pulses above ablation threshold, two cascading craters can be seen, where ablation does
not seem start from the Si substrate, as is likely the case Si-Siy N, sample.

6.3 Outlook

This report has found different damage regions and corresponding fluence thresholds for Si-SiyN, and Si-
S5i09-8iyN, samples. The next step would be to define the ablation mechanisms. Firstly, the amount of
data should be increased by repeating the experiment. This implies damaging more samples, and repeat
all of characterization done is this report, but for more fluences. However, this likely won’t give concrete
evidence on mechanisms such as phase change. For that reason, it would be interesting to use Raman
Spectroscopy or Electron Backscatter Diffraction to identify material phases in each region as implemented
in literature |23.[26}/41]

Another suggestion would be to cut the sample with an Focused Ion Beam, and use Transmission Electron
Microscopy to image the microstructural changes and the edges of each regime. It would also be usefull to
use Energy-Dispersive X-ray spectroscopy to gain an idea of material composition, as this could give insights
if there’s diffusion or partial delamination. Lastly, measurements of samples with varying thicknesses can
give leads on damage mechanisms, as it’s seen that the dominating damage mechanisms could depend on
thickness by seeing different damage in Si-SiyN, and Si-SiO2-SiyN, samples. This could also be explained
by the presence of SiO, however, and should thus also be verified removing the SiOs layer and checking if
the damage changes.
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A Appendix
A.1 Dark Field and Bright Field Microscopy

Some images have been compressed. This is indicated i the caption.

Figure 22: Figure of Dark Field Microscope of Si-SiyN, before cleaning with water and isopropanol in an
ultrasound bath.
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A.2 Liu analysis
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Figure 23: Plot of area (yellow, orange and dark areas visible in figure |4| used), against fluence in logarithmic
scale for Si-SiyN, sample. Only the first 4 data points are used for fitting to maintain linearity.

A.3 Ellipsometry
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Figure 24: Figure of n and k refractive indices after ellipsometry fit for Si-Si, N, and Si-5iO2-Si, N, sample,

giving a bandgap at 400nm (3.1eV)

A.4 Reflectance microscopy

Reflectance microscope had issues regarding calibration.
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Figure 25: Reflectance spectra of Si for increasing fluence. The figure is made by averaging 3 grids.



Spot | Variance (Si-SiyN,) | Variance (Si-Si,N,)
1 80.8460 168.2195
2 81.0475 168.3271
3 81.0614 168.3933
4 81.3214 168.3350
5 90.0295 168.3913
6 155.1589 168.3377
7 189.1782 168.3902
8 57.6562 169.3209
9 22.3611 178.1218
10 9.60417 205.8777
11 14.8906 249.3485
12 19.6944 288.2768
13 30.7765 239.9356
14 32.6172 64.9783
15 28.0932 95.7614
16 28.6017 96.0745
17 26.9042 109.9184
18 28.4300 141.6214
19 26.3534 161.3177
20 19.9987 162.7010
21 17.3837 156.1976
22 15.5713 149.0463
23 10.8648 136.7249
24 11.4717 132.0342
25 12.3697 127.3966
26 9.8430 128.4364
27 8.0626 130.8093
28 9.5170 131.1232
29 7.8800 132.6943
30 8.9197 131.3318
31 9.0609 131.7320
32 9.1859 133.2663
33 9.4006 118.1263
34 4.9251 132.9435
35 8.4423 131.6282
36 8.8724 129.0499

Table 3: Table variances of figure |5 and [§| for Si-Siy,N, sample and Si-SiO,-Si,N, sample
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A.5 Multilayer simulations
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Figure 26: Multilayer simulation of reflectance against incident wavelength for Si-Si, N, and Si-SiO2-Siy N,
samples.
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Figure 27: Multilayer simulation of absorption profle against depth in sample for Si-SiyN, and Si-SiO-
SiyN, samples. For example, in Si-SiyN,, first 21nm are Si,N,, after that there’s the native Si, and then Si
substrate. Used depths are indicated with ellipsometry
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Si-SIiN (Air bubble thickness variation)
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Figure 28: Multilayer simulation Si-Si, N, sample adding an ”air bubble” (hollow in layer in between Si, N,
and Sipatie). Reflectance spectra is shown for different ”air bubble” thicknesses.

A.6 Scanning Electron Microscopy

All images used in this report for SEM have been compressed, meaning that if zoom in is done on any of the
images, black spots will appear which are artifacts. This is indicated in the caption
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Figure 29: SEM image of a pristine site (spot where laser has not irradiated). Image was taken after
performin laser measurement.
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Figure 30: SEM image of an ablation spot (different grid) at F' = 0.25

HV WD HFW mag - mode det tilt HV WD HFW | mag O |mode| det |tilt| ———— 40 ym ———
5.00 kV4.2 mm 102 um?2 500 x SE ETDO ° 5.00kV|42mm[128 um |[2000x | SE |ETD|O° AMOLF

(a) Spot 6 = 0.24—2; (b) Spot 7 = 0.34—25

Figure 31: SEM of Si-Si, N, of spots 6 and 7. Spots are only visible under Bright Field Microscope. b) Dark
color at center in spot 7 could be due to carbon, or ablation. Image was compressed
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Figure 32: SEM image of an ablation spot 9 with fluence F = 0.59 -

cm?
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HV WD HFW mag - mode det tilt
5.00 kV4.1 mm128 um2 000 x SE ETDO °

(a) SEM image of ablation spot 8 at F' = 0.44# (b) SEM image of Spot 8 zoomed into a single nanohill.

Figure 33: a) SEM image of spot 8 at F' = 0.44-2;. b) zoomed in on a nanohill in the center of the
delaminated area. Image was compressed

Figure 34: SEM image of the bottom edge of an ablation spot with fluence F' = 1.72#.

44



HV WD HFW mag - mode det tilt 30 um HV WD HFW | mag O |mode | det
5.00 kV4.3 mm73.1 um3 500 x SE ETDO ° AMOLF 5.00kV [4.3 mm [5.12 yum|50 000 x| SE [ETD AMOLF
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cm

Figure 35: SEM of Si-SiO-SiyN, sample of spots 10 in a) and 11 in b). a) change is not visible (possibly
due to 121.3nm thickness of Si, N, giving poor visibility). b) has higher magnification, which shows web-like
modifications.

A.7 Atomic Force Microscopy
Spot 8 and 20 had their heights leveled with respect to non-delaminated site
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Figure 36: AFM of Si-Si,N, sample at spot 6 (center), showing a) height and b) phase.
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Figure 37: AFM of Si-Si,N, sample at spot 8 (center, but different spot than in figure , showing nano-
volcanos with a) height and b) AFM phase.
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Figure 38: same scan as figure |14] (spot 8), but with only phase
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50

Figure 39: AFM scan of spot 8 showing horizontal height profile across the delaminated site. Height difference
is approximately 22nm, which is the same amount of deposited SiyN,
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Figure 40: AFM scan of Si-SiyN, sample spot 36 showing horizontal height profile.
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Figure 42: AFM of Si-SiyN, sample at spot 11 (right edge at regime center-2) showing a) height and b)
AFM phase.

A.7.1 No Light Induced Periodic Surface Structures

For Si-SiO5-SiyN, sample spot 12 in SEM figure @, horizontal stripes can be noticed. Literature does see
Light Induced Periodic Surface Structures (LIPSS) in Si usually for multi-shot measurements [27]. However,
the structures observed do not appear near the center of the ablation spot as evidenced by lower fluence
figures and are not completely periodic as seen in figure A{43] Also, these structures are not observed at
different grids for the similar fluences.
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(a) spot 9 (b) spot 10

Figure 43: AFM height scan of Si-SiO»-Si, N, sample at a) spot 9 and b) spot 10.
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Fluences

Spot | Fluence Si-Si,N, (-%;) | Fluence Si-Si0,-Si,N, (-%;) | Fluence Si (-Z;
1 0.0036 0.0153 0.0070
2 0.0161 0.0208 0.0238
3 0.0530 0.0288 0.0491
4 0.1206 0.0375 0.1039
5 0.1590 0.0452 0.1671
6 0.2360 0.0649 0.2207
7 0.3447 0.0788 0.2426
8 0.4410 0.0989 0.2908
9 0.5877 0.1219 0.3500
10 0.6765 0.1349 0.3868
11 0.8563 0.1778 0.4701
12 1.1035 0.1909 0.5016
13 1.2885 0.2363 0.5804
14 1.3869 0.2728 0.6618
15 1.7097 0.2999 0.6671
16 1.9132 0.3381 0.8378
17 2.1306 0.3967 0.9826
18 2.3241 0.4275 0.9238
19 2.4780 0.4685 1.0964
20 2.7312 0.5495 1.1698
21 3.0539 0.5655 1.1908
22 3.3959 0.6416 1.2136
23 3.4312 0.6778 1.3196
24 3.5869 0.6680 1.5485
25 3.6655 0.7330 1.6109
26 3.6716 0.8061 1.3532
27 3.5088 0.8078 1.7927
28 3.7220 0.8976 1.7350
29 3.7332 0.9392 1.8037
30 3.7694 1.0003 2.0443
31 3.7826 1.0047 2.0802
32 3.7727 0.9755 2.1070
33 3.7846 1.0068 2.2729
34 3.7943 1.0429 2.1154
35 3.8097 1.0975 2.3494
36 3.7785 1.0885 2.3881

Table 4: Fluences for a single measurement grid of Si-Siy,N, |4} Si-SiO2-SiyN, E]and Si.
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