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Summary
One of the unique possibilities that lasers offer is to modify the bulk of transparent materials,
without inducing damage to the surface. Applications of subsurface processing are the
production of optical components, the fabrication of complex three-dimensional objects
and data storage. Most research in this field is targeted towards dielectric materials. The
objective of this thesis is to investigate the laser-material interaction during the formation
of subsurface modifications in crystalline silicon.
An application of subsurface modifications in silicon is wafer dicing, which is also known
as die singulation or die separation. Dicing is the process to separate wafers in individual
components called dies. The most common dicing technology is blade dicing, in which a
grinding blade is used to separate the dies. This technology requires the use of cooling
and lubrication agents during dicing. Moreover, a large amount of debris is generated.
Alternatively, laser-induced subsurface modifications can be used to mechanically weaken
the wafers, along tracks between the dies. When a force is subsequently exerted on the
wafer, it will fracture along the modifications. In this manner, wafers can be separated
without loss of material. Moreover, the production of contaminants is minimized.
The main challenge when machining the bulk of silicon is to trigger the absorption
of laser energy in a confined volume, at the intended location. A numerical model
was developed to gain insight in the laser-material interaction during the production of
subsurface modifications in silicon. This model uses a nonlinear Schrödinger equation to
simulate the propagation of the laser beam in the material. The response of the material to
the absorption of light was modelled by a two-temperature model.
Apart from a numerical model, an experimental set-up was developed to focus laser
pulses inside silicon, in order to produce subsurface modifications. Four laser sources were
employed for the experimental study, to investigate the effect of various process parameters
such as the energy, duration and wavelength of the laser pulse. Based on a comparison of
experimental and numerical results, it was found that the numerical model is capable of
predicting the required processing conditions for the fabrication of modifications. Moreover,
the experimental investigation has shown that the laser modifications are suitable for wafer
dicing.
It was concluded that both the temperature-dependence of the linear absorption coefficient and nonlinear absorption can be exploited for the production of modifications, by
employing laser sources with wavelengths of 1064 and 1550 nm respectively. Suitable laser
pulses have durations in the short to long nanosecond range, with pulse energies of a few
tenths to a few microjoules. These pulses can be generated by common industrial laser
sources.
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Samenvatting
Eén van de unieke mogelijkheden die lasers bieden is het van binnenuit bewerken
van transparante materialen, zonder het oppervlak te beschadigen. Toepassingen van
bewerkingen onder het oppervlak zijn de productie van optische componenten, de fabricage
van complexe driedimensionale objecten en dataopslag. Het meeste onderzoek binnen dit
vakgebied is gericht op diëlektrische materialen. De doelstelling van dit proefschrift is om
de laser-materiaal interactie tijdens de productie van modificaties onder het oppervlak van
kristallijn silicium te onderzoeken.
Een toepassing van modificaties binnenin silicium is het scheiden van wafers in losse
onderdelen. De meest gangbare techniek voor het scheiden van wafers maakt gebruik van
een roterende slijpschijf. Deze techniek vereist de toepassing van koel- en smeermiddelen
tijdens het proces. Bovendien ontstaat een grote hoeveelheid vervuiling. Een alternatief
is om met behulp van interne lasermodificaties de wafers mechanisch te verzwakken,
langs sporen tussen de onderdelen. Wanneer vervolgens een kracht op de wafer wordt
uitgeoefend, breekt deze langs de modificaties. Op deze wijze kan de wafer zonder
materiaalverlies gescheiden worden. Bovendien wordt de productie van verontreinigingen
tot een minimum beperkt.
De voornaamste uitdaging bij het uitvoeren van laserbewerkingen onder het oppervlak
van silicium is om de laserenergie in een begrensd volume te laten absorberen, op de
gewenste locatie. Om inzicht te verkrijgen in de laser-materiaal interactie tijdens de
productie van modificaties in silicium is een numeriek model ontwikkeld. Dit model
maakt gebruik van een niet-lineaire Schrödinger vergelijking om de voortplanting van
de laserbundel binnenin het materiaal te simuleren. De reactie van het materiaal op de
absorptie van licht is gemodelleerd met een twee-temperaturen model.
Naast een numeriek model is een experimentele opstelling ontwikkeld om laserpulsen
binnenin silicium te focusseren, met als doel om modificaties onder het oppervlak te produceren. Vier laserbronnen zijn ingezet voor het experimentele onderzoek, om het effect van
verschillende procesparameters zoals de energie, tijdsduur en golflengte van de laserpuls
te onderzoeken. Op basis van een vergelijking van numerieke en experimentele resultaten
is aangetoond dat het numerieke model in staat is om de vereiste bewerkingscondities voor
de fabricage van modificaties te voorspellen. Bovendien is uit het experimentele onderzoek
gebleken dat de lasermodificaties geschikt zijn voor het scheiden van wafers.
Er is geconcludeerd dat het mogelijk is om zowel de temperatuursafhankelijkheid van
de lineaire absorptiecoëfficiënt als niet-lineaire absorptie in te zetten voor de productie
van modificaties, door laserbronnen met golflengtes van respectievelijk 1064 en 1550 nm te
gebruiken. Geschikte laserpulsen hebben een pulsduur in het korte tot lange nanoseconde
bereik, met pulsenergieën van een paar tienden tot een paar microjoule. Deze pulsen
kunnen gegenereerd worden door gangbare industriële laserbronnen.
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Introduction

This chapter provides an introduction to the fields of laser materials processing and wafer
dicing. Dicing is the process to separate wafers into individual dies. Specific attention is given
to the dicing of crystalline silicon wafers using laser-induced subsurface modifications. Based
on a review of the existing literature on the formation of subsurface modifications in silicon,
the research objectives are established.

1.1 Laser materials processing
A laser is a device that emits a coherent beam of light. Laser is an acronym for light
amplification by stimulated emission of radiation. After the construction of the first laser
in 1960 [1], a vast number of applications have been developed. Optical applications
include distance measurements, holography, interferometry, atmospheric measurements,
data storage and telecommunications [2].
This work is focussed on the application of lasers for materials processing. Examples of
laser materials processing on a macroscopic scale are cutting, drilling, welding, cladding,
alloying, surface hardening, marking and rapid prototyping [2, 3]. The application of
lasers to process materials on a micrometre scale is referred to as laser micromachining.
To machine materials with micrometre resolution, the deposition of laser energy into the
material has to be precisely controlled. This requires a well-defined spatial and temporal
laser beam profile and precise control over the position of the beam with respect to the
sample. Moreover, short laser pulse durations in the nano- to femtosecond range have to
be employed, to prevent the laser energy from being conducted away from the volume
that is being processed [2]. Applications of laser micromachining are the removal of thin
surface layers, surface texturing or the fabrication of micrometre-sized holes by means of
ablation [2, 3].

1.2 Three-dimensional laser processing of bulk
materials
The applications of laser materials processing that are listed in section 1.1 are based on
the interaction between laser radiation and material that is located near the surface
of a substrate. In this thesis, the formation of laser-induced modifications below the
surface is investigated. When processing metals, the optical penetration depth of laser
light with optical wavelengths is small, due to strong free carrier absorption. However,
semiconductors and dielectric materials show limited absorption of laser light for a range
of photon energies below the band gap. For these materials, lasers can be used for
1
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three-dimensional micromachining, by designing the laser process such that the energy
absorption is confined to the bulk of the material [4–10].
So far, most research regarding laser-induced subsurface modifications has been performed on dielectric materials. The most commonly encountered subsurface modifications
are decorative markings inside glass [2]. However, there are also many engineering
applications of subsurface modifications. A non-exhaustive list of the most important
applications is provided in the remainder of this section.
First, applications related to the formation of optical components exist. Many optical
applications are based on laser-induced refractive index changes, which can be both positive
and negative compared with the unmodified material [4]. A well-known example is the
formation of waveguides [11]. Other types of optical components that can be produced
are photonic crystals [12], gratings [13], mirrors and beamsplitters [14], lenses [15] and
filters [16].
Secondly, subsurface modifications can be employed for three-dimensional data storage [17]. Optical storage media such as cd’s, dvd’s and Blu-ray discs typically contain a
single or a small number of layers to store information. If a similar information density
could be obtained along the optical axis of the laser beam as for the transverse directions,
a vast increase in storage capacity would be feasible.
Moreover, complex microscopical three-dimensional shapes are fabricated by laserinduced subsurface modifications. The modifications determine the geometry of the
shapes by changing the sensitivity of a material to a subsequent chemical etching process.
This two-step technology has been used for the production of microfluidic channels [18],
rotors [19] and valves [20]. Metal structures may also be produced by laser-induced
selective metallization [21]. Additionally, plastic products can be made using two-photon
polymerisation, by focussing laser pulses below the surface of a resin [22]. Finally, recent
research has shown that patterns of internal modifications improve the strength of glass [23].
Besides engineering applications, confined laser-material interaction may be used to
study the behaviour of matter under extreme conditions, by generating pressures in the
TPa range as a result of confined microexplosions [8–10, 24]. Such pressures are beyond
the hydrostatic stresses that can be induced inside solids by a diamond anvil cell [24].

1.3 Wafer dicing
The application of laser-induced subsurface modifications that is studied in this thesis is
the dicing of silicon wafers, which is the procedure to separate wafers into individual dies.
Wafer dicing is also referred to as die singulation or die separation.
Silicon is the material of choice for the fabrication of integrated circuits. For the
production of integrated circuits, high quality monocrystalline silicon is needed, as very
small impurities or lattice defects may have a large influence on the performance of
the finished products [25]. The Czochralski process [26] is generally used to produce
rod-shaped single crystals. The rod that is formed in this manner is cut into disks with
standardised dimensions of 1 to 12 inch, called wafers.
A die is a piece of a wafer containing a single product (see figure 1.1). While these
products are often integrated circuits, other devices such as optical components or micro2
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electromechanical systems are also produced on wafers. The size of the individual products
that are fabricated on a wafer is significantly smaller than the size of the wafer itself.
Consequently, many identical components can be fabricated on a single wafer. Hence, a
dicing process is needed to separate the components. A single wafer may also contain
components with dissimilar dimensions [27]. The lines along which the wafer is cut are
referred to as “dicing streets”. Wafer dicing is part of the back end processes that include
wafer thinning, testing of components, die bonding, wire bonding and packaging [25].

Die

Dicing streets

Figure 1.1: Drawing of a wafer containing dies. The tracks along which the wafer should be separated
are referred to as “dicing streets”.

In this section, an overview is given of the challenges to the wafer dicing process,
the characteristics of a dicing process that determine its quality and the different dicing
methods that have been proposed.

1.3.1 Challenges to the dicing process
There are several developments in the semiconductor industry that present significant
challenges to the wafer dicing process. A summary of these challenges is given below.
Low-κ layers
To improve the performance of integrated circuits, layers with a smaller dielectric constant
than silicon dioxide (so called low-κ layers) are being implemented. These layers present
difficulties to the dicing process, due to their poor mechanical properties [27, 28].
Thin wafers
Ultrathin wafers with a thickness down to 20 µm enable chips to be produced that can
be integrated in flexible foils [29]. Additionally, thin dies can be stacked to produce
three-dimensional integrated circuits [29, 30]. Dicing wafers with a thickness below
100 µm, without causing catastrophic damage, is challenging [27]. Additionally, when
dicing thin wafers using blade dicing (see section 1.3.3), the lifetime of the blades is
negatively impacted as they are unable to self-sharpen [31].

3
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Die attach films
Die attach films are thermoplastic films that are applied to support thin dies during handling
or stack dies of varying dimensions [27]. Die attach films complicate the wafer dicing
process, since the process has to be capable of dicing through both the wafer and the
film [27, 31].
The dicing of small components
Every dicing process requires a certain street width between the individual components, to
ensure that they are not damaged. When producing small components, the dicing streets
can occupy a large percentage of the area of the wafer. This space constitutes a loss of
potential financial revenue. For certain applications, reducing the width of the dicing
streets can improve the productivity by up to 40 percent [32].
The development of microelectromechanical systems
Microelectromechanical systems (mems) consist of a large variety of devices that are
produced on wafers, including sensors, mechanical actuators and lab-on-a-chip applications [33]. Besides integrated circuits, mems are an important development in the
semiconductor industry. As mems devices are sensitive to contaminants and are difficult to
clean, they require careful treatment during dicing [34]. A special challenge is the dicing
of mems devices that consist of both silicon and glass [35].
Structures in dicing streets
Test structures that include metals are commonly placed in dicing streets [27]. Moreover,
passivation layers consisting of polymers, oxides or nitrides may be present [31]. Depending
on the dicing technology, these structures can affect the dicing process [27, 31].
Three-dimensional die stacking
The idea of three-dimensionally stacking dies has been proposed [29, 30]. There are several
potential advantages of this approach. First, integrated circuits with three-dimensional
structures can benefit from reduced latency, because the lengths of communication lines
are reduced. For example the communication between logic, memory and interface blocks
can be improved. Secondly, one might consider integrating dies that currently need to
be packaged in separate chips because they are produced using different technologies,
such as microprocessors and random access memory. Finally, three-dimensional stacking
allows for improvements in the capabilities of integrated circuits by increasing the number
of transistors, without the need to increase the surface area of the dies or to decrease the
size of the individual transistors.
For die stacking, the dies should be sufficiently thin to be able to construct through
silicon vias with suitable electrical characteristics. Depending on the process choice, the
stacking involves complete wafers, individual dies or a combination of both [29, 30]. The
advantage of stacking dies instead of complete wafers is that defective components can be
excluded before integrating them in a stack.
The dicing of stacks of bonded wafers is challenging for the dicing process [27]. Additionally, when separating dies that need to be included in a stack during a subsequent
process step, the geometrical accuracy of the dies and the absence of contamination are
important.
4
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1.3.2 Assessment criteria for dicing
For industrial applications, the productivity of a dicing process is defined as the number of
wafers that can be handled per hour. For most dicing methods, the throughput depends on
the size of the dies, as the die size affects the total length of the dicing streets. However,
speed is not the only requirement. Since wafer dicing is part of the back end processes, the
production of the active components has already been finished. This means that the wafers
represent a large economic value at the dicing stage. Therefore, yield losses due to the
dicing process have to be kept to a minimum.
The main requirement for any dicing process is that almost all dies should be properly
separated from their neighbours, while keeping the dies intact. Additionally, the dies
should satisfy a number of quality criteria. A short overview of the criteria [27] that
determine whether the dies can be integrated in finished products is provided below.
Die strength
The strength of the dies is defined as the amount of stress that they can withstand before
they fail. This strength should be high enough such that the dies will not fail during use
of the final product. The die strength depends on the edge quality of the separated dies.
Defects at the side walls act as crack initiation points, because they induce local stress
concentrations when an external force is exerted on the die. As stochastic variations are
present in the die strength, it is usually characterised using Weibull statistics [27, 36].
Especially for thin dies, the die strength may be insufficient after the dicing process.
Several methods exist to improve the side wall quality and consequently the die strength
after dicing, including mechanical or chemical-mechanical polishing and etching.
Chipping
Chipping is the inadvertent removal of small fragments from the edges of the dies, near
the wafer surface. If the size of the fragments exceeds a certain standard, the die has to be
rejected. Chipping can affect the strength of a die.
Side wall damage
Like chipping, damage to the side walls of the dies can influence the die strength. Possible
types of damage are deformation, scratching and cracking. Moreover, the material structure
in the vicinity of the dicing streets may be altered by stresses or heat input caused by the
dicing process.
Kerf geometry
The geometry of the kerf that remains between the dies after the dicing process is of
importance. Damage to the active components should be prevented. Moreover, an incorrect
geometry of a die could prevent successful wire bonding or packaging, even if the active
component is fully functional.
Surface contamination
Contamination of the surface of the dies can affect the reliability of the end product. For
example, contamination of terminal pads has a negative impact on the wire bonding
process. Moreover, electrically conductive contamination may lead to device failure.

5
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Electrostatic discharge
The generation of electrostatic charges during dicing has to be prevented as they can
induce device failure due to discharge.
Delamination
When dicing wafers containing low-κ layers, delamination at the interface with adjacent
materials is an issue, due to the poor adhesion characteristics of such layers. Trenches
surrounding the chips that are intended to stop the propagation of cracks may have to be
employed to mitigate this problem.

1.3.3 Dicing technologies
An overview of the different wafer dicing technologies that have been developed to date is
presented below. The most commonly used technology is blade dicing [27]. Wafer dicing
by means of laser-induced subsurface modifications, which is the dicing process that is
investigated in this thesis, will be introduced in section 1.4.
Scribe and break
Scribe and break is the oldest wafer dicing technology [27]. A scribe on the wafer surface
can be produced using a diamond tip, a laser or a saw [37]. When bending the wafer
around the location of the scribe, the wafer will fracture along the scribe. The ability to
dice wafers by the scribe and break process depends on the orientation of the dicing streets
with respect to the crystal, as cleavage occurs along one of the preferential cleavage planes.
Blade dicing
Blade dicing of wafers is a process that employs thin spinning discs with a diamond grit
embedded on their edges [27]. Separation takes place by abrasion. An advantage of blade
dicing is that it can separate thick wafers and multiple layers in a single pass. There are,
however, also a number of drawbacks. Blade dicing generally employs brittle mode fracture
that causes chipping and induces subsurface cracks [38]. Moreover, due to the mechanical
forces that are exerted on the wafer, catastrophic failure of the wafer can occur when dicing
thin wafers with a thickness below 100 µm [27]. Additionally, particles are generated
that need to be removed. Furthermore, the blades are affected by wear during use and
therefore need regular replacement. Finally, blade dicing produces relatively wide dicing
streets that cannot be reduced below approximately 30 µm [27]. When dicing wafers with
small components, this results in a large loss of surface area that could otherwise have
been used to produce functional components.
It is possible to induce ductile failure during blade dicing by cutting at low feed rates,
which significantly reduces chipping and the formation of microcracks [38]. However, the
negative impact on the processing speed will have to be compensated for, e.g. by using
gang wheels (parallel blades).
Laser ablation dicing
Another technique that is used for wafer dicing is ablation by pulsed lasers [27]. To induce
ablation, the power of the laser beam should be high enough to cause evaporation or melt
ejection.
6
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One of the main advantages of laser ablation dicing is that it is well suited for dicing
thin wafers, as the mechanical forces that are exerted on the wafer are small [27, 39]. This
is especially relevant for the dicing of very brittle materials. Additionally, it is possible to
cut through layers consisting of different materials, including metals, passivation layers
and die attach films [27, 31]. A disadvantage of laser ablation is the difficulty to generate
smooth side walls, which negatively affects the die strength [31].
The die strength is related to the pulse duration of the laser source. Picosecond pulses
result in a higher die strength compared with a nanosecond process [40]. Also the
repeatability of the picosecond process was found to be better, as measured using the
Weibull modulus [36, 40]. When comparing femtosecond and picosecond pulses, the
shorter pulse duration again showed an improved die strength [41].
Laser microjet separation
Laser microjet separation is a laser ablation dicing technology that uses a thin water-jet [42].
This water-jet acts as an optical guide for the laser, a coolant and a means of removing
the ablated material. Advantages are that contamination is prevented and heat-induced
damage is reduced. A disadvantage is that certain devices may be damaged by the water-jet
and the particles that it contains.
Thermal laser separation
Thermal laser separation is a dicing method that is based on the propagation of a crack by
thermally-induced stresses [40, 43]. The most extensive version of this process consists
of various steps [43]. First, a small defect is produced by a laser or by a mechanical tool.
Secondly, stresses are induced by heating the wafer with a continuous wave laser. Finally, a
gas or water-based cooling step is performed. A simplified version of the thermal separation
process has also been proposed, in which both the production of the initial defect and the
crack propagation are performed by a single laser beam, without a cooling step [40].
Advantages of thermal laser separation are a narrow dicing street width, a high edge
quality, a high process speed and almost no chipping. However, if water-based cooling is
needed, this may damage sensitive devices. Moreover, there are limitations concerning
the wafer thickness [43]. Thin wafers may have insufficient thermal mass to generate
sufficiently large separation forces. For thick wafers, depending on the laser power, heat
conduction is a limiting factor. When employing a laser power of 200 W, separation has
been achieved for silicon wafers with a thickness between 50 and 250 µm [43].
Hybrid laser/mechanical dicing
Apart from fully cutting wafers by means of laser ablation, lasers may be employed to
produce partial cuts aimed at the removal of specific surface layers [27, 28, 31]. This process
is also referred to as grooving [28]. After laser grooving, blade dicing will complete the
dicing process. This technology aims to maximize productivity, while preventing damage
to low-κ, passivation or metallic layers.
Plasma dicing
The dicing of wafers using a plasma has been proposed [27], which is a mask-based process.
Therefore, the productivity does not depend on the total length of the dicing streets.
Moreover, this process can handle dicing streets that are not straight lines.
7
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1.4 Laser-induced subsurface separation
The application of laser-induced subsurface modifications that is investigated in this
thesis, is the dicing of crystalline silicon wafers. The technology to separate wafers using
subsurface modifications is known as laser-induced subsurface separation [27]. Several
patents on the subsurface separation of wafers have been published [44–53], with priority
dates from 2000 onwards. Nevertheless, there are many aspects of the formation of
subsurface modifications in silicon that require further research (see section 1.6).
The subsurface separation method is based on focussing a laser beam inside a wafer,
thereby causing local changes to the crystal structure of the semiconductor [54] (see
figure 1.2). Then, in a subsequent step, an external force is exerted on the wafer, causing
the wafer to separate along the laser modifications. The external force may be applied
using tape stretching [55]. Alternatively, laser-induced thermal gradients can be used to
introduce stresses, similar to the thermal laser separation process [35].

SECTION A-A

(a)
A

(b)
A

Figure 1.2: Schematic overview of the process to fracture silicon wafers, using pulsed-laser–induced
subsurface modifications. (a) Modifications, indicated by asterisks (∗), are created below
the surface of the wafer. (b) An external force is exerted on the wafer, which causes the
wafer to separate along the planes containing laser modifications.

An advantage of subsurface separation over blade dicing or laser ablation dicing is
that the kerf width is zero, since no material is removed [31, 55]. Previous research
has shown that as close as 10 µm to the dicing street, no adverse effects of subsurface
modifications in silicon could be found [56]. Moreover, the process is dry and nearly
debris-free. Therefore, laser-induced subsurface separation is potentially an ideal technique
to separate microelectromechanical devices, as they are sensitive to contamination [35, 57].
A disadvantage is that no opaque layers such as metals are allowed to be present in the
path of the laser beam. While this problem might be overcome by irradiating the wafer
from the backside, this is not possible in the case of backside metallization. Moreover,
depending on the numerical aperture of the focussing objective, a cone has to be free of
structures, to allow the laser beam to penetrate into the wafer. This is especially a concern
when dicing wafers with a thickness beyond several hundred micrometres, as the radius
8
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of the cone increases with the distance to the focus of the laser beam. Additionally, the
presence of layers of different materials can interfere with the crack propagation during
separation [27]. Finally, the manufacturing of semiconductor devices includes doping,
which increases the concentration of free carriers and thereby the absorption of laser energy
by means of free carrier absorption. Depending on the wafer thickness, the ability of the
laser beam to penetrate the wafer becomes an issue when the wafer resistivity is below
approximately 0.1 Ω·cm [58].

1.5 Formation of laser-induced subsurface
modifications in silicon
The most important step during the subsurface dicing of silicon is the formation of laserinduced subsurface modifications, i.e. the first step in figure 1.2. In section 1.2, several
studies regarding the production of subsurface modifications have been cited. However,
these are mostly related to the machining of dielectrics. In this section, an overview is
provided of the state of the art concerning the bulk processing of silicon by pulsed lasers.
Experiments Compared to the formation of modifications inside dielectrics, limited
experimental research has been performed on the production of bulk modifications in
silicon. It has been shown that modifications just below the surface can be created, by
irradiating silicon samples using 800 nm femtosecond pulses [59, 60]. However, surface
damage was also detected. Moreover, due to strong linear interband absorption, this
wavelength cannot be employed to create modifications at a depth of more than tens
of micrometres below the surface. Therefore, machining processes that are based on a
800 nm wavelength will not be considered in this thesis.
An overview of the processing conditions that have been applied during previous
experiments concerning the formation of laser-induced subsurface modifications in silicon,
using photon energies near and below the band gap, is given in table 1.1. For each
experiment, the number of photons that are involved in the interband absorption of laser
energy are indicated. Moreover, the outcomes of the experiments are listed.
Since silicon has an indirect band gap, its linear absorption coefficient strongly depends on
temperature [67]. Previous work has shown that this characteristic allows for the synthesis
of bulk modifications by triggering a thermal runaway, when selecting a wavelength of
1064 nm that corresponds to a photon energy near the band gap [35, 45, 54, 61]. However,
the use of linear absorption results in the absorption of laser energy throughout the path
of the laser beam inside silicon, resulting in a limited selectivity.
Several authors investigated the use of two- or three-photon absorption, by employing
femtosecond pulses with wavelengths in the range of 1.2 to 2.4 µm [62–66]. In these studies,
linear interband absorption was prevented by selecting a photon energy well below the
band gap. As multiphoton absorption depends on a power function of the light intensity,
the laser energy absorption at low intensities is negligible, while strong absorption occurs
at high intensities. This allows for selective three-dimensional machining of bulk materials,
making it the technology of choice for the subsurface processing of dielectrics [4]. For
9
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Table 1.1: Overview of processing conditions that were previously investigated for the formation
of laser-induced subsurface modifications in crystalline silicon, including the outcomes
of the experiments. The numbers of photons correspond to the photons involved in the
interband absorption of laser energy. NA is an abbreviation for numerical aperture. A dash
indicates that the value was not specified.

Wavelength

Photons

Pulse

Pulse

duration

energy

1064 nm

1–2

150 ns

4 µJ

1064 nm

1–2

30 ns

20 µJ

1064 nm

1–2

10 ns

1200 nm

1–2

1300 nm

NA

Location of laser

Ref.

modifications
—

Subsurface (focus)

[61]

0.55

Subsurface (focus)

[45]

0.5–12 µJ

0.7

Subsurface (focus)

[35]

250 fs

<90 µJ

0.2

No modifications

[62]

2

100 fs

<730 nJ

0.3

No modifications

[63]

1550 nm

2

800 fs

50 µJ

1.25

Surface/subsurface

[64]

1552 nm

2

900 fs

4 uJ

0.85

Near back surface

[65]

2400 nm

3

70 fs

1.7 µJ

0.5

Near front surface

[66]

silicon, attempts to induce subsurface damage using multiphoton absorption have been
unsuccessful in creating modifications that coincide with the focus of the laser beam (see
table 1.1). Subsurface waveguides just below an oxide overcoat have been created by
three-photon absorption [66]. However, the modifications could not be created deeper in
the bulk of the material. Additionally, a combination of surface and subsurface damage
was reported when focussing femtosecond pulses with a wavelength of 1550 nm inside
silicon [64], while performing line scans at a relatively high pulse repetition frequency.
The exact depth of the subsurface damage was not identified during this study. Similar
experiments showed that subsurface damage could be created, but only for focus positions
near the back surface of the wafer [65]. Other studies reported that no modifications
were found, when applying single or multiple femtosecond pulses to the same location
inside crystalline silicon wafers [62, 63], while using a low pulse repetition frequency to
prevent accumulation effects. In spite of the issues that were encountered during previous
experiments, there is a strong interest in the development of a multiphoton subsurface
modification method for silicon. Four out of the five studies listed in table 1.1 that are based
on multiphoton absorption, date from the period between 2012 and 2014.
A major difficulty when experimentally investigating subsurface modifications is their
analysis after laser processing, as the modifications are contained in a large volume of
unmodified material. Consequently, limited data is available on the geometry and crystal
structure of subsurface modifications in silicon. Raman spectroscopy measurements have
shown that transformations to amorphous and polycrystalline silicon occur [65].
Numerical modelling Numerical models have previously been published to simulate
the lattice temperature during subsurface processing of silicon, based on shape-invariant
10
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propagation of the laser beam and linear absorption of laser energy [54, 68]. However,
other relevant phenomena such as multiphoton absorption, free carrier absorption and
physical optics were not considered.
A model for 1300 nm femtosecond laser pulses focussed inside silicon has been published [69], which simulates the generation of free carriers in detail, by combining a
two-temperature model with the finite difference time domain method [70]. However,
this model is aimed at simulating the dynamics during a pulse duration of only a hundred
femtoseconds. Therefore, effects such as elevated lattice temperatures and the recombination of electron-hole pairs were neglected. Moreover, the finite difference time domain
method does not scale well to long pulse durations, as the maximum time step is limited
by a stability criterion [70]. Since experimental successes regarding the formation of
subsurface modifications in silicon, which coincide with the focus of the laser beam, have
so far been achieved using nanosecond pulses (see table 1.1), a numerical model has to be
capable of accurately and efficiently simulating these conditions as well.
Another recent model considers the generation of carriers by two-photon absorption
and the resulting subsurface refractive index gradients, with the aim to simulate the beam
propagation inside silicon [71]. However, neither the electron nor the lattice temperature
was included.
Compared with the modelling of the formation of subsurface modifications, models for
surface modifications are well-developed. One-dimensional numerical models have been
successfully used to quantitatively predict surface damage thresholds of silicon [72–76].

1.6 Research objectives
The primary objective of this thesis is to investigate the laser-material interaction during the
formation of subsurface modifications in crystalline silicon.
When considering the literature on the formation of subsurface modifications in silicon
(see section 1.5), the main gaps in the available knowledge are: (1) a multiphoton subsurface
modification method, which performs satisfactorily, has not yet been developed for silicon,
(2) a model to quantitatively predict the outcome of the subsurface modification process is
not available, (3) the parameter window of the process, including the physics that govern
its boundaries, has not yet been established and (4) limited knowledge is available about
the crystal structure of subsurface modifications.
To address the issues stated above, the primary objective has been divided in a number of
specific goals. These can be categorised in targets concerning the development of the laser
process, the numerical model, the experimental investigation and wafer dicing. Regarding
the laser process, the objectives are:
• To investigate the suitability of ultra-short pico- to femtosecond pulses for the
formation of subsurface modifications in crystalline silicon.
• To develop a multiphoton subsurface modification method for crystalline silicon,
which is capable of producing modifications near the focus of the laser beam.
The objective for the model development is:
11
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• To develop a numerical model to simulate the laser-material interaction inside
crystalline silicon that is sufficiently accurate to select suitable laser processing
conditions.
For the purpose of validating the numerical model and to obtain detailed information
regarding the phase transformations that have occurred, two additional goals concerning
the experimental investigation have been established:
• To develop an experimental set-up to produce subsurface modifications in crystalline
silicon using different processing conditions.
• To develop analysis methods to identify the geometry and crystal structure of
subsurface modifications in crystalline silicon.
Finally, the following objective related to the suitability of the laser-induced modifications
for wafer dicing has been defined:
• To assess the suitability of subsurface modifications, obtained using different processing conditions, for the dicing of crystalline silicon wafers.

1.7 Outline
This thesis is divided in eight chapters. Chapter 2 provides a description of the laser-material
interaction inside bulk silicon, including the relevant physical phenomena and the time
scales on which they occur. Moreover, the wafer separation mechanisms are discussed
and processing strategies are proposed that are potentially suitable for the subsurface
modification of silicon.
Chapter 3 describes the numerical model that was developed to simulate the lasermaterial interaction during the formation of laser-induced subsurface modifications in
silicon. The equations to model the response of the material to the laser energy absorption
and the laser beam propagation will be discussed. Additionally, the numerical solvers are
described.
Chapter 4 contains the results of the parameter studies that were performed using the
numerical model. The parameters that were investigated are the wavelength, pulse duration,
pulse energy, initial temperature, focus depth, beam profile and doping concentration.
Chapter 5 describes the experimental set-up that was designed to produce subsurface
modifications under various processing conditions. Moreover, the sample analysis techniques are presented. The purpose of the experiments is threefold. That is, to validate the
numerical results, to study the phase transformations that have taken place and to assess
the suitability of the modifications for wafer dicing.
The experimental results are split between two chapters: chapter 6 describes the
geometry of the subsurface modifications and their suitability for wafer dicing while
chapter 7 is focussed on the identification of their crystal structure.
Finally, the conclusions and recommendations can be found in chapter 8.

12

2

2

Laser-material interaction
and wafer separation

In this chapter, descriptions of the physical phenomena that occur during the interaction of a
laser beam with bulk crystalline silicon are provided. Based on these phenomena, strategies to
selectively absorb laser energy inside silicon are established.

2.1 Introduction
To accomplish the research objectives that were stated in section 1.6, numerical simulations
and experiments regarding the formation of laser-induced modifications inside crystalline
silicon were carried out. To select the physics that should be included in the numerical
model and to determine which processing conditions are worthwhile to investigate, an
overview of the relevant physical phenomena and their characteristic time scales is required.
In the following sections, the underlying physics of the laser-material interaction inside
silicon will be described, including the laser energy absorption, the mechanisms that induce
permanent changes to the material structure and the optics that govern the laser beam
propagation. Additionally, the role of the laser modifications during wafer separation is
discussed. Special attention is given to the mechanisms of laser energy absorption that
allow the absorption to be limited to a small subsurface volume, as this is one of the most
important requirements for the formation of subsurface modifications in silicon. Based on
these mechanisms and the availability of laser sources, the laser wavelengths that will be
considered in this thesis are selected.

2.2 Crystal lattice of silicon
Diamond cubic silicon is a semiconductor. Semiconductors are materials with an electrical
resistivity between 10−2 and 109 Ω·cm at room temperature [77]. They are characterised
by a band gap, a range of electron energy states between the valence and conduction bands
that cannot be occupied. When sufficient energy is supplied to an electron in the valence
band, it transfers to the conduction band. Both the hole that remains in the valence band,
and the excited electron itself, increase the conductivity of the semiconductor [77].
Under conditions of room temperature and atmospheric pressure, the stable crystalline
phase of silicon is diamond cubic [77], which is also referred to as Si-i [78] (see figure 2.1).
Silicon can also exist in amorphous phases with various densities [79]. In the current work,
a modification is defined as any change to the material compared with the original almost
defect-free diamond cubic silicon crystal.
Besides Si-i, other crystalline phases of silicon exist. Due to the high pressures that might
be induced when focussing a laser beam inside bulk silicon, high-pressure phases could
be generated. In table 2.1, the different known phases of silicon are listed, including the
13
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Figure 2.1: Unit cell of Si-i, the locations of atoms in the unit cell were obtained from reference [77].
The top and bottom of the cell are aligned with the surfaces of <100> wafers. The {111}
plane is indicated using thick lines.

pressure and temperature ranges in which they exist. When the highest pressure level is
listed first, the corresponding phase is a metastable phase that is formed during unloading
from that pressure level. For some phases, large discrepancies exist between data obtained
from different sources.
Si-xii and Si-iii are formed from Si-ii during unloading [78]. Therefore, at least a
pressure of 8.8 GPa, corresponding to the start of the formation of Si-ii, has to be overcome
to form any phase other than Si-i. While the data in table 2.1, based on reference [78],
indicate that Si-xii does not exist at pressures below 2 GPa, a more recent study has shown
that Si-xii persists to atmospheric pressure, albeit in a low concentration [80]. Si-iv is
formed by heating of Si-iii [78] or by inducing large shear stresses in Si-i, at temperatures
of approximately 700 to 1000 K [81].

2.3 Laser beam propagation and energy absorption
The formation of laser-induced subsurface modifications inside crystalline silicon depends
on the localised absorption of laser energy in the bulk of the material. The most important
physical quantity that governs the absorption of laser energy is the distribution of the light
intensity inside silicon. To establish what intensities occur inside silicon, the power density
profile of the laser beam as it propagates through the material has to be determined. The
most general description of the propagation of a laser beam, within the field of classical
electrodynamics, is given by Maxwell’s equations [85]. In section 3.3, the beam propagation
model that was applied during the numerical simulations will be discussed, including the
approximations compared with a full solution of Maxwell’s equations. In addition to the
14
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Table 2.1: Overview of the known crystalline phases of silicon. Unless mentioned otherwise, the data
were obtained from reference [78].

Phase

Stability

Structure

Pressure range (GPa)

Si-i

Stable

Diamond cubic

0–12.5

Si-ii

Stable

Body centred tetragonal

8.8–16

Si-iii

Metastable

Body centred cubic

2.1–0

Si-iv

Metastable

Diamond hexagonal

—

Si-v

Stable

Primitive hexagonal

14–35

Si-vi

Stable

Orthorhombic [82]

34–40

Si-vii

Stable

Hexagonal close packaged

40–78.3

Si-viii

Metastable

Tetragonal

14.8–0

Si-ix

Metastable

Tetragonal

12–0

Si-x

Stable

Face centred cubic

78.3–230

Si-xi

Stable

Body centred orthorhombic

13–15

Si-xii

Metastable

Trigonal (rhombohedral)

12–2.0

Si-xiii [83]

Metastable

Unknown

Heating of Si-iii or Si-xii.

— [84]

—

Possibly body centred cubic

>250

wave-like behaviour of light as described by Maxwell’s equations, it has been shown that
light also exhibits a particle-like behaviour [86]. These particles, which contain a quantized
amount of energy that depends on the wavelength of the light in vacuum, are known as
photons. For the laser-processing of semiconductors, the ratio between the photon energy
and the band gap of the semiconductor is of great importance. Consequently, depending
on the physical phenomenon that is being considered, the wave or particle description of
light has to be applied.
Changes to the refractive index The power density profile, of a laser beam inside silicon,
changes during the laser pulse. Apart from the absorption of energy, the beam profile is
affected by gradients in the refractive index. A positive change to the refractive index may
be induced by:
• An increase in the lattice temperature [87].
• The optical Kerr effect, i.e. the dependence of the refractive index on the light
intensity [88].
The Kerr effect results in self-focussing above the following critical power level [10]:
Pcrit =

λ20
2πn0 n2

,

(2.1)
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where λ0 is the wavelength of the laser light in vacuum. The refractive index n is related
to n0 and n2 by n = n0 + n2 I, with I the laser intensity. Equation (2.1) is an approximation,
as the actual critical power depends on the beam profile [89]. Exceeding this power level
results in delocalization of the laser energy due to self-focussing and filamentation and
should therefore be avoided. For wavelengths up to 6 µm, the Kerr coefficient n2 of silicon
remains relatively constant with a strong peak around 1.9 µm [90]. A decrease in the
refractive index is caused by:
• An increase in the density of electron-hole pairs [91]. Electron-hole pairs are
generated by interband absorption of photons, resulting in the promotion of electrons
from the valence to the conduction band. Additionally, impact ionization, which is a
process that uses energy from free carriers to generate additional carriers [92], may
increase the density of free carriers.
Since the refractive index is simultaneously affected by multiple phenomena during the
internal processing of silicon, complex refractive index distributions may arise. How
these patterns affect the light intensity distribution inside silicon will be evaluated using
numerical simulations (see chapter 4).
Laser energy absorption To produce subsurface modifications in any material, the laser
energy has to be absorbed in a confined volume below the surface. This implies that the
material has to be sufficiently transparent for a laser beam of a certain wavelength to reach
the bulk of the material. This requirement is in direct competition with the necessity of
effective absorption of laser energy in the volume that is to be modified. Therefore, a
processing strategy has to be established that results in the silicon behaving opaque or
transparent, depending on the location in the volume. Absorption and refraction of light
are not independent phenomena. The wavelength-dependent absorptivity and refractive
index are inherently linked by the Kramers–Kronig relations [85].
The ratio between the energy of the photons and the band gap determines which
mechanisms of laser energy absorption are relevant. For crystalline silicon, the band gap
energy E g is 1.11 eV at a temperature of 300 K [77]. The wavelength in vacuum which
corresponds to this energy is given by the Planck relation as [85]
λ0 =

hc0
4.1357 · 10−15 eV·s 2.9979 · 108 m/s
=
≈ 1.1 · 10−6 m = 1.1 µm,
Eg
1.11 eV

(2.2)

in which h is Planck’s constant and c0 the speed of light in vacuum. An overview of the
different mechanisms of laser energy absorption in silicon is given below.
Linear interband absorption
Linear interband absorption is the excitation of an electron, from the valence to the
conduction band, by the absorption of a single photon. To enable linear absorption, the
energy of the photons should be close to or exceed the band gap energy. Because silicon has
an indirect band gap, not only photons and electrons are involved in the linear absorption
process. The absorption or generation of a phonon, which is a quantum description of
lattice vibrations, is also required [77].
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Since the band gap of silicon is a function of temperature [93] and because phonons are
involved in the absorption of light, the linear absorption coefficient strongly depends on
temperature for photon energies near the band gap (see figure 2.2).
5
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Figure 2.2: Linear absorption coefficient of diamond cubic silicon as a function of the lattice temperature, for a wavelength of 1064 nm. The temperature ranges from room temperature to
the melting point. The data were computed based on reference [67].

Multiphoton interband absorption
Apart from linear absorption, an electron may transfer from the valence to the conduction
band by absorbing the combined energy of two or more photons [7]. The multiphoton
ionization rate is described by a power function, where the power is given by the number of
photons that are involved in the absorption process. Consequently, multiphoton absorption
is a nonlinear phenomenon.
Free carrier absorption
Free carriers contribute to the absorption of laser energy. A certain concentration of carriers
is always present depending on the temperature [77]. During laser processing, additional
photo-generated carriers are formed. Their concentration will generally dominate the
thermally created carriers. Free carriers may also be present as a result of doping the
material.
Lattice absorption
For wavelengths longer than approximately 6 µm, laser energy is directly absorbed by the
lattice [94]. As this prevents laser radiation from penetrating silicon, lattice absorption is
undesirable for the formation of subsurface modifications.
Tunnelling ionization
In addition to linear and multiphoton absorption, tunnelling ionization [95] may contribute
when tightly focussing short laser pulses inside bulk materials. It was found that even for
near-infrared pulses as short as 100 fs, focussed inside silicon, the laser energy absorption
17
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shows a strong dependence on the wavelength [96]. This implies that multiphoton
absorption is the dominant absorption process. Consequently, tunnelling ionization was
neglected.
Energy storage after absorption Apart from lattice absorption, all absorption mechanisms discussed above are related to interactions between electrons and photons. As a
result, the initial storage of absorbed energy will mainly be in the electronic subsystem in
the form of [97]:
• Excess carrier energy, i.e. an increase in the kinetic energy of the free carriers.
• The generation of additional electron-hole pairs.
Finally, over time, the energy of the electrons is transferred to the lattice by the electronphonon coupling and photo-excited electron-hole pairs disappear due to recombination [97].

2.4 Processing strategies
An important aspect of the absorption mechanisms discussed in section 2.3, for the formation
of subsurface modifications, is to which extend they contribute towards the goal of triggering
localised absorption of laser energy in the bulk of silicon. Based on the properties of these
absorption mechanisms, two processing strategies may be employed to achieve this goal.
In practise, depending on the wavelength of the laser source and the duration and energy
of the laser pulses, a combination of both strategies may occur.
Photon energy close to the band gap
The first processing strategy is based on the selection of a photon energy that is close to
the band gap of silicon, which requires a laser wavelength around 1.1 µm (see section 2.3).
The photon energy should be chosen such that a limited amount of linear absorption will
occur. The absorptivity has to be low enough to allow the laser beam to propagate into
a silicon sample. However, it should be high enough to cause moderate heating of the
material. If the laser beam is focussed inside silicon, the temperature increase in the focus
will be larger than in the surrounding material. Due to the temperature-dependence of
the linear absorption coefficient, this means that the absorptivity in the focus will also be
enhanced compared with the absorptivity elsewhere inside the material, resulting in an
even faster increase in temperature. Consequently, a self-accelerating process known as a
thermal runaway can be triggered [54].
Once a sufficiently high concentration of free carriers has been generated, free carrier
absorption will contribute to the absorption of laser energy. Therefore, the selective
generation of these carriers, in the volume that is to be modified, is of great importance for
the subsurface modification process.
Photon energy below the band gap
The second processing strategy is to use a photon energy well below the band gap,
corresponding to a wavelength above 1.1 µm. If the linear interband absorption is negligible
at room temperature, multiphoton absorption is required to trigger the formation of a
18

2.5 Time scales of physical phenomena

subsurface modification. Since multiphoton absorption depends on at least the square of
the light intensity, silicon will behave transparent or opaque, depending on the local light
intensity in the path of the laser beam. Due to this advantage, multiphoton absorption can
be exploited for selective three-dimensional micromachining.
Since high laser intensities are required to induce multiphoton absorption, the Kerr effect
also has to be considered (see section 2.3). It is important to ensure that instantaneous
power levels beyond the critical power for self-focussing are not required to obtain efficient
multiphoton absorption in the vicinity of the focus of the beam.

2.5 Time scales of physical phenomena
During the laser-material interaction inside silicon, many physical processes take place
related to the energy exchange between photons, electrons and phonons. When developing
a numerical model to investigate the laser-material interaction, the relevant physical
phenomena should be included. Moreover, it is beneficial to neglect physical phenomena
that are too slow or too fast to be of importance, to limit the complexity of the model
and to reduce the computational load. When comparing the duration of the laser pulse
with the time scale of physical processes, the following approximations can be made when
modelling the behaviour of a laser pulse in a solid:
• Phenomena that have a significantly faster characteristic time scale than the duration
of the laser pulse can be assumed to occur instantaneously.
• Processes that occur on a significantly longer time scale than the duration of the
laser pulse can be neglected altogether.
If not only the dynamics during the laser pulse but also the physical phenomena that occur
after the laser pulse are simulated, the second assumption should not be applied.
An overview of the characteristic time scales in the photon-electron-phonon coupling in
semiconductors is shown in figure 2.3. As can be observed, the carrier-phonon scattering,
i.e. the transfer of energy from excited electrons to the lattice, occurs on a lower pico- to
femtosecond time scale. One of the objectives of this thesis is to investigate the suitability
of ultra-short pico- to femtosecond pulses for the formation of subsurface modifications in
silicon. Therefore, only the absorption of photons and the carrier-carrier scattering were
assumed to occur instantaneously in the numerical model (see section 3.2). Since pulse
durations beyond 100 ns have been applied for the formation of subsurface modifications in
silicon (see section 1.5), none of the relatively slow phenomena in figure 2.3 were neglected.

2.6 Modification mechanisms
In this section, potential mechanisms to change the crystal structure of bulk crystalline
silicon are discussed. Since only silicon atoms are involved in the process, chemical
reactions between different elements can be excluded. Consequently, the possible types of
modifications are:
19
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Figure 2.3: Approximate time scales of physical phenomena related to the processing of semiconductors by pulsed lasers. The data were obtained from reference [97]. The bars indicate the
time ranges corresponding to concentrations of free carriers between 1017 and 1022 cm−3 .

• A transformation from the monocrystalline diamond cubic phase to other crystalline, polycrystalline or amorphous phases. A transition to an amorphous and/or
polycrystalline phase is often encountered after laser irradiation of crystalline silicon [65, 73, 98–100].
• A change in the density of microscopic lattice defects such as dislocations or stacking
faults.
• The formation of macroscopic geometrical faults such as voids or cracks.
The changes that are listed above can be permanent, meaning that they remain after
the laser pulse and are (meta)stable at room temperature and atmospheric pressure.
Additionally, they may also disappear during or shortly after the laser pulse. An overview
of the driving forces that may be responsible for changes to the material structure is given
below.
Thermal melting and resolidification
Diamond cubic silicon will melt if the temperature exceeds 1687 K [101]. Melting is often
found to be an accurate indicator for laser damage of silicon, as the fast resolidification
that occurs after the pulse prevents the silicon from returning to its original low-defect
monocrystalline state [72–75]. The resolidification speed determines whether silicon can
recrystallize into its original state or whether a permanent modification is left behind [102].
Mechanical failure
Mechanical failure of silicon, in the absence of defects, occurs when the tensile stress
exceeds the ultimate tensile strength of 7 GPa [103]. While silicon is brittle at room
temperature, plastic deformation of crystalline silicon may also occur above the brittle to
ductile transition, which takes place at a temperature around 1000 K [104]. The exact
transition temperature depends on the dopant concentration [104].
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Pressure-induced phase transitions
Apart from causing mechanical failure, stresses may also induce phase transitions. If the
hydrostatic stress in silicon exceeds 8.8 GPa, a pressure-induced phase transition will occur,
with several further transitions taking place at even higher pressures (see section 2.2).
The generation of pressures in the TPa range has been linked to confined microexplosions
in the vicinity of the focus of the laser beam [8–10, 24]. That is, a shock wave may be
formed by the vaporization of a small volume of material below the surface [8]. This
pressure wave could cause pressure-induced phase transformations in the vicinity of the
vapour bubble. When the density of the material surrounding the vaporized volume is
increased, a void is left behind [8].
Non-thermal melting
When a significant percentage of the electrons in the valence band are transferred to the
conduction band, the silicon lattice becomes unstable, resulting in a non-thermal transition
to the liquid phase. This is expected to occur when approximately 9% of the electrons have
been removed from the valence band [105].

2.7 Wafer separation mechanisms
The modification mechanisms discussed in section 2.6 are related to the phenomena that
occur during the laser-material interaction. However, the second step of the subsurface
dicing process, when the dies are separated by exerting an external force on the wafer, is
also of interest. At this stage, the mechanical failure of the wafer along predefined tracks
is the desired outcome, i.e. the silicon should fracture along the dicing streets. Several
mechanisms may contribute to the breaking of the wafer along the laser-modified tracks.
An overview of these mechanisms is given below.
• A superposition of residual stresses and stresses as a result of external forces that
together exceed the ultimate strength of silicon. Residual stresses may be present
due to differences in density between the unmodified material and material phases
that were created during the laser-material interaction. High pressure phases are
denser than diamond cubic silicon [106], while both low and high density amorphous
phases exist, depending on the pressure at which they were formed [79].
• Failure due to crack growth, induced by stress concentrations at the tips of microcracks
that were created during the laser-material interaction.
• Failure due to solid phases that have a lower strength compared with the surrounding
material that is still in the original crystalline phase.
• Failure due to cleavage along boundaries between different material phases.
The orientation of the subsurface modifications with respect to the crystallographic planes
of the wafer is likely to play a role during separation. When introducing a line defect or a
point defect on the surface of a silicon wafer, this defect will usually initiate cleavage along
one of the lattice planes, when a force is applied on the wafer. Cleavage will generally
21
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occur along the {111} planes [78] (see figure 2.1). For the subsurface dicing process to
succeed, the wafer should fail along the planes containing the laser-induced modifications
and inadvertent cleavage along {111} planes has to be prevented.

2.8 Processing conditions
Several process parameters can be adapted to enable or optimize the formation of subsurface
modifications in silicon. The most important laser parameters are the wavelength λ0 , the
pulse duration t p and the pulse energy E p . The pulse energy and pulse duration will be
selected based on simulation results (see chapter 4).
The selection of the wavelength depends on the processing strategy that is employed.
For the process that requires a limited amount of single-photon interband absorption (see
section 2.4), a wavelength around 1.1 µm is needed, which corresponds to a photon energy
that is close to the band gap of silicon. The relevant wavelengths for the multiphoton
process range from approximately 1.2 µm to 6 µm, to prevent linear interband absorption
at short wavelengths and lattice absorption at long wavelengths (see section 2.3).
For the choice of the wavelength, the availability of laser sources also has to be taken
into account. For research applications, the wavelength can be adapted by means of
optical parametric amplification [107]. However, this technology has a low efficiency and
comes at a significant cost. Therefore, the application of laser sources that directly provide
the required photon energy was preferred, to allow the laser process to be integrated in
industrial equipment. When considering well-known industrial laser sources, the Yb:YAG,
Nd:Glass, Nd:YAG, Nd:YVO4 and “Yb:Silica fibre” lasers provide wavelengths between
1030 and 1080 nm [85], corresponding to a photon energy just above the band gap of
silicon. Within the wavelength range for the multiphoton process, the “Er:Silica fibre”
laser, operating at approximately 1550 nm [85], is the most common source. At this
wavelength, the absorption in silica fibres is minimal [108]. Consequently, it is frequently
used in long distance telecommunications. The wavelength window around 1550 nm is
referred to as the conventional or C-band in optical communications [108]. Because of its
use in telecommunications, there is a good supply of laser sources, cameras and optical
components for the 1550 nm wavelength.
Based on the availability of laser sources and their potential suitability for the formation
of subsurface modifications in silicon, two wavelengths of 1064 and 1550 nm were selected
to be evaluated by numerical simulations (see chapter 4) and experiments (see chapter 6).
These can be generated by Nd:YAG or “Yb:Silica fibre” and “Er:Silica fibre” lasers respectively. Detailed information about the specific lasers sources that were employed for the
experiments can be found in section 5.2.

2.9 Summary
An overview has been given of the physics that govern the laser-material interaction, when
laser pulses are focussed inside crystalline silicon. The main requirement for the production
of subsurface modifications inside a silicon wafer is that the laser energy can be selectively
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absorbed in a small volume in the bulk of the material. Based on the mechanisms of laser
energy absorption, two strategies to achieve this goal were identified.
The first strategy consists of selecting a photon energy near the band gap of silicon. This
results in a limited amount of single-photon interband absorption. The absorption should
be low enough to allow the laser beam to reach the focus inside silicon, without too much
absorption in the preceding beam path. However, the absorption at room temperature
should be high enough to induce an initial temperature increase near the location of the
focus of the laser beam. As the single-photon interband absorption coefficient strongly
increases with temperature, a thermal runaway can be triggered.
The second strategy is based on a photon energy well below the band gap. For such
photon energies, linear interband absorption at room temperature is negligible. However,
interband absorption is still possible by means of multiphoton absorption. Since multiphoton
absorption depends on the square or higher powers of the light intensity, this mechanism
allows for the laser energy to be selectively absorbed.
Two wavelengths of 1064 and 1550 nm were selected, based on their potential suitability
for the single- and multiphoton processes respectively and the fact that they match the
wavelengths of common industrial laser sources. In chapters 4 and 6, the suitability of
these wavelengths for the formation of subsurface modifications in silicon will be evaluated
by numerical simulations and experiments.
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In this chapter,∗ a numerical model to simulate the laser-material interaction during the
formation of subsurface modifications in silicon is proposed. The governing equations that
describe the response of the material to the absorption of laser energy will be considered.
Moreover, the equations that were used to simulate the laser beam propagation are discussed.

3.1 Introduction
The primary goal of the model that is proposed in this chapter is to select suitable
processing conditions for the formation of subsurface modifications in crystalline silicon
(see section 1.6). While models to simulate certain aspects of the laser-material interaction
inside silicon exist (see section 1.5), none of these are capable of quantitatively predicting
whether subsurface modifications will be formed using a specific set of processing conditions.
A secondary goal is to obtain a reasonable match between numerically computed and
experimentally obtained shapes of the modifications, as it is beneficial to not only predict
whether a modification will be formed but also to estimate its geometry.
The physics relevant for the processing with wavelengths between one and two micrometres were modelled, as this range includes the laser sources that were considered to be
of practical use (see section 2.8). Moreover, it includes wavelengths that are suitable for
both processing strategies that were discussed in section 2.4.
In the next section, the equations that describe the distributions of the lattice and
electron temperatures and the density of free carriers will be discussed. After that, the
model to simulate the propagation of the laser beam is introduced. Finally, the numerical
solvers and material properties are considered.

3.2 Two-temperature model
Based on the time scales of the relevant physical phenomena and the laser pulse durations
that the model should be able to simulate (see section 2.5), a two-temperature model
(ttm) [109] was selected. A ttm accounts for the fact that the energy of photo-excited
electrons is not instantaneously converted into lattice heat, but remains in the electronic
subsystem for a certain period of time. This implies that the time delay in the carrier-phonon
scattering is modelled, enabling detailed simulations of the laser-material interaction during
ultra-short pico- to femtosecond pulses. Only the absorption of photons and the carriercarrier scattering were assumed to occur instantaneously.
∗

Parts of the numerical model have been published in Applied Physics A: Materials Science & Processing,
144(4):1135–1143, 2014 (P. C. Verburg, G. R. B. E. Römer, and A. J. Huis in ’t Veld).
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A ttm includes separate distributions for the lattice and electron temperatures in the
material. Apart from the temperatures, the carrier density was modelled. This is required
because additional free carriers are generated during the laser pulse, due to electrons
transferring from the valence to the conduction band upon the absorption of photons or by
impact ionization.
Based on the above, a conservation equation has to be solved for each of the following
distributions in the material: (1) the density of free carriers, (2) the lattice temperature and
(3) the electron temperature. In this section, these equations will be derived. Additionally,
the lattice temperature was coupled to the mechanical domain, in order to compute the
stresses and strains as a result of thermal expansion. Finally, the modification mechanisms
that were included in the numerical model will be discussed.

3.2.1 Density of free carriers
The material is considered to remain locally charge neutral during processing, i.e. the
concentrations of electrons and holes are identical. This is a reasonable assumption, as
charge separation generates a counteracting electric field, preventing significant differences
between the electron and hole currents [72]. This leads to the following conservation law
for the electron-hole pairs:
∂N
+ ∇ · q~N = Q N ,
(3.1)
∂t
in which N denotes the density of electron-hole pairs, t the time, q~N the current and Q N
the source term. The latter includes the generation and recombination of electron-hole
pairs. The current q~N follows from [72]
q~N = −kN ∇N ,

(3.2)

where kN is the ambipolar diffusivity of the material. Here, the Seebeck effect and the
effect of spatial variations in the band gap were neglected. The ambipolar diffusivity, based
on the Einstein relation, is given by [110]
kN =

ke µh + kh µe
2kB Tl µe µh
=
,
µe + µh
e µe + µh

(3.3)

where k is the diffusivity, µ the mobility, kB the Boltzmann constant, Tl the lattice
temperature, and e the elementary charge. The subscripts e and h refer to the electrons
and holes respectively.
The mechanism of non-thermal melting [97, 111] has been taken into account by assuming
the material to be molten if N exceeds the critical value Ncrit , the latter being a material
property.

3.2.2 Lattice temperature
The conservation of lattice heat is given by the heat equation:
ρcapp
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+ ∇ · q~l = γ(Te − Tl ),
∂t
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in which Tl denotes the lattice temperature, ρ the density, capp the apparent lattice specific
heat capacity, q~l the lattice heat flux and γ the electron-phonon coupling coefficient. The
only source of lattice heat originates from the electron-phonon coupling. The flux q~l is
described by Fourier’s law:
q~l = −kl ∇Tl ,
(3.5)
with kl the thermal conductivity of the lattice.
The latent heat of fusion is accounted for in the apparent heat capacity [112] as
( R Tf
capp=

Ts

cp

c p d Tl +L m
2∆T

Ts < Tl < T f ,
otherwise

(3.6)

where c p is the specific heat capacity and L m the latent heat of fusion. Further, ∆T
represents a mushy temperature interval, to model the solid-liquid transition. The solid and
fluid temperatures are defined as Ts = Tm −∆T and T f = Tm +∆T respectively, with Tm the
melting temperature. A similar procedure was applied when simulating the liquid-vapour
transition. Undercooling of the melt was not taken into account, as the detailed simulation
of the solidification of molten material is beyond the scope of the model.

3.2.3 Electron temperature
To derive the conservation equation for the electron temperature, first a conservation
equation for the total energy density U of the electron-hole pairs has to be defined. This
energy density is the sum of the kinetic and band gap energy of the electron-hole pairs [72],
which reads
U = 3kB Te N + E g N ,
(3.7)
where Te is the electron temperature and E g is the band gap energy. The kinetic energy of
the electrons was assumed to show a Boltzmann distribution. This choice was made because,
for the ultra-short pulses for which a two-temperature model is relevant, high carrier
densities are accompanied by high electron temperatures. Therefore, the electron-hole
plasma will not be highly degenerate [72]. The specific heat capacity of the electron-hole
pairs Ce then reads
∂U
= 3kB N .
(3.8)
Ce =
∂ Te N
The conservation equation for the electronic energy is
∂U
~ = Q e − γ(Te − Tl ),
+∇·W
∂t

(3.9)

~ the electronic heat flux and Q e the source term representing all absorbed laser energy.
with W
To obtain a conservation equation for the electron temperature, equations (3.1), (3.7)
and (3.8) are substituted into equation (3.9), which yields
Ce

∂ Eg
∂ Te
∂N
~ = Q e − γ(Te − Tl ) − (E g + 3kB Te )
+∇·W
−N
.
∂t
∂t
∂t

(3.10)
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~ consists of two terms [72]. The first term is the electron-hole
The electronic heat flux W
current q~n multiplied by the sum of the band gap and the Peltier coefficient. The second
term is the electronic thermal conduction q~e , such that

3

~ = q~n (E g + 4kB Te ) + q~e .
W

(3.11)

Like the lattice heat flux (3.5), the electronic thermal conduction q~e is described by Fourier’s
law:
q~e = −ke ∇Te ,
(3.12)
where ke is the electronic thermal conductivity, which follows from the Wiedemann-Franz
law [113]:
2k2 Te N (µe + µh )
ke = B
.
(3.13)
e

3.2.4 Source terms
In this section, the source terms Q N , γ and Q e in equations (3.1), (3.4) and (3.10)
respectively will be derived. For the electron-phonon coupling a relaxation-time model
was used [72], which implies that
Ce
γ=
.
(3.14)
τe
Here τe is the electron-phonon relaxation time.
Next, the carrier density source term Q N in equation (3.1) is to be determined. This
term includes all mechanisms that generate or remove carriers. First, interband absorption
will be described, based on ionization due to linear and multiphoton absorption of laser
energy. Tunnelling ionization was neglected (see section 2.3). Each single or two-photon
absorption event creates a free carrier, which yields the source term
Q Nphot =

β I2
αI
+
,
Ephot 2Ephot

(3.15)

with α the linear interband absorption coefficient, β the two-photon absorption coefficient
and I the laser intensity. It is noted that α is strongly temperature-dependent (see
section 2.3). Ephot is the photon energy, which follows from the Planck relation:
Ephot =

hc0
,
λ0

(3.16)

where h is Planck’s constant, c0 the speed of light in vacuum and λ0 the wavelength of the
laser light in vacuum.
At the high carrier densities that are encountered during laser-material interaction,
Auger recombination is dominant in silicon [114]. Therefore, radiative recombination [115],
Shockley-Read-Hall recombination [116] and surface recombination [117] were neglected.
During Auger recombination, the recombination energy is transferred to a free carrier. As
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an electron, a hole and another free carrier are involved, the source term of this process is
expressed by a third order function [114]:
Q NAuger = γ3 N 3 ,

(3.17)

in which γ3 denotes the Auger recombination coefficient.
Additionally, impact ionization can occur at high electron temperatures and carrier
densities. It is described by [72]
Q N impact = δN ,
(3.18)
where δ is the impact ionization coefficient. The complete source term of the free carrier
distribution is then given by
Q N = Q Nphot − Q NAuger + Q Nimpact .

(3.19)

Finally, a source term Q e is required for equation (3.10), describing the conservation law
for the electron temperature. This term includes all energy absorbed from the laser beam:
Q e = αI + β I 2 + σN I,

(3.20)

in which σ is the free carrier cross-section. Lattice absorption was neglected, as it does not
provide a significant contribution within the wavelength range under consideration (see
section 2.3).

3.2.5 Mechanical simulations
The two-temperature model was coupled to a mechanical model, in order to simulate
thermally-induced stresses and strains in the solid phase. The mechanical phenomena
were assumed to be quasi-static, i.e. the effect of inertia was neglected.
The relation between the stresses and strains is expressed as
σ
~ = Eε,
~

(3.21)

where σ
~ is an array containing the stresses, ε~ is an array containing the strains and E is the
constitutive matrix. For the simulations, an axisymmetric coordinate system was applied
and the material was assumed to be isotropic (see section 3.4.1). The coordinate along the
optical axis is z, while r and θ are the radial and azimuthal coordinates respectively. In
this specific case, equation (3.21) can be written as [118]
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where E is Young’s modulus, ν is Poisson’s ratio and ε t is the strain due to thermal
expansion. Moreover, the normal stresses and strains are described by σ and ε respectively,
while τ and γ are the shear stresses and strains. Further, f and g are defined as [118]
f =

ν
1−ν

and

g=

1 − 2ν
.
2(1 − ν)

(3.23)
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For a constant linear thermal expansion coefficient α L , the thermal strain is given by
ε t = α L ∆T,

3

(3.24)

where ∆T is the change in temperature. Since the thermal expansion coefficient of silicon
is temperature-dependent (see section 3.1), equation (3.22) was used to evaluate the
incremental stresses for a certain time step. In the incremental formulation, equation (3.24)
is employed to compute the incremental thermal strains, based on the change in temperature
during these steps. This temperature change should be sufficiently small, such that the
values of α L corresponding to the temperatures at the beginning and end of the step are
close to each other.

3.2.6 Modification mechanisms
Multiple modification mechanisms may play a role during the formation of a subsurface
modification. For the numerical simulations, the aim was to include the primary modification
mechanisms that occur first during the laser pulse, as they determine the feasibility of
creating subsurface modifications. Additional secondary mechanisms may, however, have
an effect on the final geometry and material structure of the subsurface modifications. In
other words, primary mechanisms are a necessary condition to initiate the formation of
modifications, while secondary mechanisms can contribute to their growth.
In the discussion on modification mechanisms in section 2.6, the lattice temperature,
stresses and the electronic configuration were identified as the driving forces behind
the subsurface modification of silicon. All three phenomena have been included in the
numerical simulations.
It is known from literature that surface melting is an accurate indicator for surface
modification of monocrystalline silicon wafers [72–76]. This is a result of the rapid
resolidification that occurs, which prevents the silicon from regaining its nearly defect-free
monocrystalline structure [102]. Similar high cooling rates occur when a subsurface
liquid volume is surrounded by cold material. Therefore, it is reasonable to assume
that once a subsurface liquid volume has been formed, a modification will be created.
Based on this hypothesis, the numerical model was designed to accurately predict the
temperatures, carrier density, beam propagation and stresses and strains inside silicon
in the solid phase, as this choice allows all potential primary modification mechanisms
to be included. Since melting was considered to induce a modification, any subsequent
mechanism that occurs after melting is by definition a secondary mechanism. A potential
secondary modification mechanism, which is not included in the model, is a confined
microexplosion (see section 2.6).

3.3 Beam propagation model
To evaluate the source terms that were described in section 3.2.4, the distribution of the
laser intensity inside the material is required. Therefore, the propagation of the laser beam
has to be simulated. In this section, the equations that were employed for this purpose
will be discussed. First, a description of the temporal profile of the laser beam is provided,
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followed by an overview of the approximations that were applied in the beam propagation
model. Next, the propagation equations will be derived starting from Maxwell’s equations.
After that, a mathematical description of the beam emitted by the laser source will be
presented. Last, an overview is provided of how the different parts of the laser beam path,
starting from the laser source to the bulk of the sample, are modelled.

3.3.1 Laser power
Two different temporal pulse shapes of the laser beam were implemented in the numerical
model. The shape that provides the best match to the temporal shape of the actual laser
pulse will be employed, when comparing numerical results with experimental data.
The first pulse shape assumes a constant power during the pulse. For this shape, the
power P is defined by
Ep
for t = 0 . . . t p ,
(3.25)
P=
tp
where E p is the on-sample pulse energy and t p is the pulse duration. Since E p represents
the energy that reaches the sample that is being processed, the power P is defined as the
power after the focussing objective. The actual power emitted by the laser source may be
higher if significant aperture losses are present.
The second pulse shape is a Gaussian profile. In this case, the laser power as a function
of time is given by
 
 
Ep
t − 1/2 t sim 2
P= p
exp −
,
(3.26)
p
σ 2π
2σ
where t sim is the time period that is simulated and t is in the range of 0 . . . t sim . The peak
power occurs at t = 1/2 t sim . σ is similar to the standard deviation of a normal distribution
and is defined as
tp
.
(3.27)
σ= p
2 2 ln(2)
Here, t p is the full duration at half maximum (fdhm) pulse duration. In order to ensure
that the laser power at the beginning and end of the simulation was negligible compared
with the peak power, t sim was set to 4t p .
As the propagation equations that were applied are unidirectional, they do not take
reflection losses into account (see section 3.3.5). Therefore, the power of the beam was
reduced by a factor 1 − R, where R is the reflectivity of the material.

3.3.2 Assumptions
To obtain a beam propagation model that can be implemented efficiently in numerical
simulations on a nanosecond time scale, a number of assumptions have been applied:
1. The medium is non-dispersive and isotropic.
2. Solutions of the wave equation for the components of the electric and magnetic fields
satisfy Maxwell’s equations for a linear, non-dispersive, isotropic and homogeneous
medium.
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3. The light wave is monochromatic.
4. The material properties vary gradually in space compared with the wavelength of
the light.

3

5. The effect of the polarization may be neglected.
6. The optical rays in the laser beam propagate at small angles with respect to the
optical axis.
7. The variations in the real part of the refractive index, excluding interfaces, are
limited.
The necessity of these assumptions, even though they introduce deviations from the
physical reality, lies in the vast reduction of the computational effort that can be achieved.
They allow the propagation of the laser beam to be modelled by a nonlinear Schrödinger
equation (see section 3.3.6).
For the subsurface processing of silicon, pulsed lasers will be employed. As given by
the Fourier transform, a light wave can only be monochromatic if it is stationary. Because
of the use of pulsed lasers and the fact that the material properties change over time,
the amplitude of the light wave is modulated in time. Consequently, the monochromatic
assumption induces some errors. For pico- to nanosecond pulses, the modulation of the
wave amplitude is slow compared with the oscillations of the optical wave. Even when
considering the propagation of pulses with a duration of 250 femtoseconds in silicon, it
was found that neglecting the temporal gradients did not significantly affect the outcome
of the simulations [71]. Therefore, the assumption of monochromaticity is considered to
be reasonable.
The only fully reliable method to assess the impact of the assumptions in the beam
propagation model would be to perform full Maxwell simulations. Within the current
capabilities of computer systems, a full solution of Maxwell’s equations (see section 3.3.3)
on a nanosecond time scale is a formidable task. While this was considered to be infeasible
for complete laser pulses, a solution for the simplified case of a homogeneous non-absorbing
medium, which satisfies Maxwell’s equations, will be presented in section 4.2. This solution
enables a partial verification of the propagation model.

3.3.3 Maxwell’s equations
On a macroscopic scale, the most general description of the propagation of an electromagnetic wave inside a material, in the field of classical electrodynamics, is provided by
Maxwell’s equations. Maxwell’s equations in a source-free medium are given by [85]
~
∂D
,
∂t
~
∂B
∇ × E~ = −
,
∂t
~ = 0,
∇·D

~=
∇×H

~ = 0,
∇·B
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(3.31)
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~ is the magnetic field, E~ the electric field, B
~ the magnetic flux density and D
~ the
where H
electric flux density. The fields and flux densities are related by [85]
~ = ε0 E~ + P
~,
D

(3.32)

~ = µ0 H
~ + µ0 M
~,
B

(3.33)

~ and M
~ are the polarization and magnetisation density respectively, which have to
where P
be expressed as functions of the fields by means of constitutive relations that describe the
~ and M
~ are equal to zero. Further, ε0 is the
properties of the material. In vacuum, both P
vacuum permittivity and µ0 is the vacuum permeability, which are both physical constants.
When the medium that is under consideration is dielectric, linear, isotropic, homogeneous
~ is related to the electric field by [85]
and non-dispersive, the polarization density P
~ = ε0 χ E~,
P

(3.34)

in which χ is the electric susceptibility of the medium. The medium being isotropic
and non-dispersive was listed as assumption (1) in section 3.3.2. Conduction effects
and inhomogeneous material properties will be dealt with at the bottom of this section.
Nonlinear effects are considered in section 3.3.6. Substitution of equation (3.34) in
equation (3.32) yields
~ = ε E~,
D

(3.35)

where ε is the permittivity of the medium which is defined by [85]
ε = ε0 (1 + χ).

(3.36)

Similarly, for the magnetic flux density:
~ = µH,
~
B

(3.37)

where µ is the permeability of the medium. Both the permittivity and permeability can be
complex due to the effect of absorption.
In a Cartesian coordinate system, substitution of equations (3.35) and (3.37) in Maxwell’s
~
equations (3.28)–(3.31), yields that a necessary condition for each component of E~ and H
to satisfy Maxwell’s equations is that they satisfy the wave equation, which reads
∇2 u −

1 ∂ 2u
= 0.
c2 ∂ t 2

(3.38)

Here, u represents any of the field components and c is the speed of light in the medium,
which follows from
1
c=p .
(3.39)
εµ
The derivation of the wave equation (3.38) from Maxwell’s equations constitutes the
connection between electromagnetic and wave optics. However, the requirement that the
field components satisfy the wave equation is a necessary but not a sufficient condition [119].
Therefore, the validity of continuing the derivation of the beam propagation model based
on the wave equation instead of Maxwell’s equations was listed as assumption (2).
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Effect of conductivity Equation (3.34) is based on the assumption that the medium is
dielectric. However, conductivity effects are also relevant in silicon, especially when a
high concentration of photo-ionized carriers is present. According to assumption (3), the
wave is monochromatic. For a monochromatic wave, Maxwell’s equations for a dielectric
medium are still applicable for a conducting medium, when replacing the permittivity ε by
an effective value εeff [85]. This value is defined as
εeff = ε +

σ
,
jω

(3.40)

in which ω is the angular frequency of the monochromatic wave, j is the imaginary unit
and σ is the electrical conductivity.
Inhomogeneous material properties The wave equation (3.38) was derived for homogeneous media. However, in the case of the interaction of a laser beam with a semiconductor,
the material properties will be inhomogeneous due to laser-induced gradients in the temperature and carrier density. This implies that in equation (3.35), the electric permittivity is
position-dependent. In a Cartesian coordinate system, substitution of a position-dependent
permittivity in Maxwell’s equations yields [85]


1
1 ∂ 2 E~
~ = 0.
∇2 E~ − 2
+
∇
∇ε
·
E
(3.41)
c ∂ t2
ε
The requirement that each field component should satisfy the wave equation (3.38)
follows from the first two terms on the left hand side of equation (3.41). According to
assumption (4), ε varies gradually with respect to the wavelength of the light. Therefore,
the third term in equation (3.41) is negligible [85], implying that the wave equation
remains approximately valid.

3.3.4 Helmholtz equation
Since the wave is monochromatic, as stated in assumption (3) in section 3.3.2, each
component of the electric and magnetic field will oscillate at the same frequency, allowing
the solution of equation (3.38) to be split into space and time contributions:


u(~
x , t) = ℜ g(t)Ũ(~
x) ,
(3.42)
with x~ being a vector containing the spatial coordinates. Here, Ũ is referred to as the
complex amplitude, which is complex as it describes both the phase and amplitude of the
wave. Further, g(t) is defined as
g(t) = e− jωt .
(3.43)
Substitution of equations (3.39), (3.42) and (3.43) in equation (3.38) yields the Helmholtz
equation:
∇2 Ũ + k2 Ũ = 0,
(3.44)
in which k is the wavenumber, which is defined as
p
k = ω εµ.
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The wavenumber is complex when absorption is present. It is related to the complex
refractive index ñ by [85]
2πñ
ñω
=
,
(3.46)
k=
c0
λ0
where c0 is the speed of light in vacuum. The real and imaginary parts of ñ are given
by [85]
c0 αtot
ℜ(ñ) = n and ℑ(ñ) = −
,
(3.47)
2ω
where n is the real refractive index and αtot is the total absorption coefficient. The different
physical phenomena that affect the refractive index and absorptivity can be found in
section 2.3.
Since in addition to the wave being monochromatic, the polarization is not considered
according to assumption (5), the intensity of the wave can be derived from a single complex
scalar equation [120], instead of solving the Helmholtz equation for each component of
the field. The intensity I can be directly extracted from the complex amplitude Ũ by [85]
I = Ũ

2

.

(3.48)

3.3.5 Paraxial Helmholtz equation
The solution Ũ of the Helmholtz equation (3.44) still contains harmonic oscillations in
space related to the wavelength of the light, as the phase of the wave oscillates along its
propagation direction. Such oscillations are undesirable as they are difficult to accurately
represent on a discrete computational grid. Additionally, the Helmholtz equation supports
wave propagation in any direction, implying that the solution at a specific location depends
on the solution anywhere else in the space domain. This is a complicating factor when
developing a numerical solver.
Based on assumption (6) that the rays make small angles with the optical axis (see
section 3.3.2), the solutions of the paraxial Helmholtz equation provide good approximations
of the solutions of the Helmholtz equation. Moreover, the paraxial Helmholtz equation is
not affected by the issues discussed above. Therefore, in this section, the paraxial form of
the Helmholtz equation will be derived.
First, without introduction any approximation, a plane carrier wave propagating in
z-direction is factored out of the scalar complex amplitude Ũ:
Ũ = e− jk0 z ũ,

(3.49)

in which ũ is the complex wave envelope, k0 is a reference wavenumber and z is the
coordinate along the primary propagation direction of the wave. Since the carrier wave is
of unit intensity, the intensity of the wave ũ can be computed similar to equation (3.48):
I = |ũ|2 .

(3.50)

In equation (3.49), k0 is the reference wavenumber, which is defined by
k0 =

n0 ω
2πn0
=
,
c0
λ0

(3.51)
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where n0 is the reference refractive index. At this stage, the choice of the reference
refractive index is arbitrary. It only affects the smoothness of the solution ũ. If Ũ represents
a wave travelling primarily in z-direction and the actual wavenumber does not deviate
too far from k0 , the complex envelope ũ will be significantly smoother than the complex
amplitude Ũ. However, when the paraxial approximation is applied, the choice of n0
affects the error that is introduced by the approximation. For this reason and to ensure
that the complex wave amplitude is sufficiently smooth, n0 should be a good estimate of
the average value in space of the refractive index.
Substitution of equations (3.46), (3.49) and (3.51) in equation (3.44) yields, without
any approximation


k0 ñ2
∂ ũ
1 2
1 ∂ 2 ũ
+j
=
∇ ũ +
−
− 1 ũ,
(3.52)
2k0 ∂ z 2
∂z
2k0 ⊥
2 n20
in which ∇2⊥ is the transverse Laplace operator, which is the Laplace operator excluding
the z-derivative. The solution ũ of equation (3.52) is directly related to the solution of the
Helmholtz equation by equation (3.49). When introducing the paraxial approximation,
this relation will only remain approximately valid. To arrive at the paraxial Helmholtz
equation, the first term in equation (3.52), comprising the second derivative in z-direction,
is neglected. This approximation is based on the assumption that the wave is paraxial. If
the light rays travel at small angles with respect to the optical axis of the laser beam, the
gradients in propagation direction will be small. Then, equation (3.52) simplifies to


jk0 ñ2
j
∂ ũ
2
=−
∇ ũ −
− 1 ũ.
(3.53)
∂z
2k0 ⊥
2
n20
Equation (3.53) is the paraxial Helmholtz equation for inhomogeneous media. For
homogeneous media, the second term on the right hand side is equal to zero.
Due to the paraxial approximation, the wave propagation becomes unidirectional.
Therefore, equation (3.53) represents an initial value problem that can be solved by
integrating in the z-direction, which allows for the use of efficient numerical solvers. When
implemented in a numerical solver, the switch to unidirectional propagation results in an
improvement in computational performance of the order of magnitude of the number of
grid points in propagation direction. However, reflections of the wave due to gradients in
the refractive index will not be resolved. Therefore, surface reflections were included by
reducing the laser power (see section 3.3.1).
Instead of modelling absorption through a complex index of refraction, the wave
attenuation was taken into account by adding an additional term to equation (3.53). For an
attenuated plane wave travelling along the z-direction, the complex envelope is described
by
p
ũ ∝ e−αtot z .
(3.54)
The additional term in the right hand side of equation (3.53) that is needed to make
equation (3.54) a valid solution, is given by
−
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2
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such that the full propagation equation reads
jk0
j
∂ ũ
=−
∇2⊥ ũ −
∂z
2k0
2




αtot
n2
ũ.
− 1 ũ −
2
2
n0

(3.56)

The advantage of this additional term, compared with the use of a complex refractive index,
is that the attenuated wave described by equation (3.54) satisfies both equation (3.44)
and equation (3.56). Since an attenuated plane wave is a valid solution of the Helmholtz
equation and the paraxial approximation should not affect waves that travel parallel to the
optical axis, this is a desirable property of the propagation equation.

3.3.6 Nonlinear Schrödinger equation
The paraxial Helmholtz equation (3.56) provides an approximate solution of the propagation of a wave through inhomogeneous material, including the effect of refraction and
attenuation. However, due to the intense light that is produced by tightly focussed laser
pulses, nonlinear effects in the material also have to be taken into account. The main
nonlinear effects, for the wavelengths under consideration, are two-photon absorption and
self-focussing due to the Kerr effect (see section 2.3). Therefore, in this section, additional
terms will be added to the paraxial Helmholtz equation, to include these phenomena. A
formal proof that these terms provide a leading order approximation of Maxwell’s equations
for a nonlinear medium can be found in reference [121].
The Kerr effect is described by a nonlinear refractive index coefficient n2 [122]:
n = nlin + n2 I,

(3.57)

where nlin comprises the terms that are not intensity-dependent and n2 is the Kerr
coefficient. Based on assumption (7) that the variations in the refractive index are small
(see section 3.3.2), the approximations n22 = 0 and nlin = n0 were applied. Substitution
of n = n0 + n2 I and n22 = 0 in the second term on the right hand side of equation (3.56)
yields the following term:
jk0 n2 I ũ
−
.
(3.58)
n0
Likewise, two-photon absorption may be included in equation (3.56), by considering an
intensity-dependent absorption coefficient αtot . That is,
αtot = αlin + β I.

(3.59)

Here, β is the two-photon absorption coefficient and αlin comprises terms regarding the
linear absorption across the band gap and the free carrier absorption:
αlin = α + σN .

(3.60)

After adding the term given by equation (3.58) to equation (3.56) and substituting
equations (3.50), (3.59) and (3.60), the complete propagation equation reads
 2

jk0 nlin
jk0 n2 |ũ|2 ũ
j
β 2
∂ ũ
α + σN
=−
∇2⊥ ũ −
−
1
ũ
−
ũ
−
|ũ|
ũ
−
.
(3.61)
∂z
2k0
2
2
2
n0
n20
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This equation is known as a nonlinear Schrödinger-type equation [71, 123] and will be used
to simulate the beam propagation inside the material, during all numerical simulations
presented in this thesis.

3

3.3.7 Collins’ diffraction integral
The paraxial Helmholtz equation that was discussed in section 3.3.5 is a partial differential
equation that is well suited for implementation in a finite difference solver. Since finite
difference solvers require the differential equation to be discretised on a fine mesh, they
are inefficient to compute the beam path above the surface of the material, including the
focussing lens. In the case of circularly symmetric paraxial ray optics, optical components
can be described by a ray transfer matrix, also referred to as an abcd matrix, which alters
the position and/or the direction of the rays [85]:


r2
θ2




=



A

B

C

D

r1
θ1


,

(3.62)

where r is the distance and θ the angle between the ray and the optical axis. Here, the
subscripts one and two refer to the situation before and after a certain optical component.
Ray optics cannot be applied when simulating the formation of laser-induced subsurface
modifications, as the effect of diffraction cannot be neglected. Therefore, Collins’ diffraction
integral [124], which computes the beam propagation including optical components in a
single step, was employed. This equation is based on the coefficients of the transfer matrix
defined by equation (3.62) and is given by [124, 125]

Z ∞

 

− jπAr12
2πr r1
− jπDr 2
2π j
r1 d r1 .
exp
ũ1 (r1 ) exp
J0
ũ2 (r) =
Bλ
Bλ
Bλ
Bλ
0

(3.63)

Here, an axisymmetric coordinate system was assumed (see section 3.4.1) and the on-axis
phase shift was omitted. Moreover, Jo is the Bessel function of order zero of the first kind,
ũ1 is the initial complex wave envelope and ũ2 is the envelope after propagation. The back
aperture of the focussing objective was taken into account by truncating the beam supplied
by the laser source: ũ1 (r1 ) = 0 for r1 > Raper , where Raper is the aperture radius.
To evaluate equation (3.63), the matrix coefficients A, B and D are needed. The focussing
objective is modelled as a single thin convex lens using the matrix [85]

M1 =

1

0

−1
f

1


,

(3.64)

with f the focal distance. Next, the transmission through the medium between the objective
and the sample is described by the matrix [85]

M2 =

38

1

f −

0

1

dfoc
n2


,

(3.65)

3.3 Beam propagation model
where dfoc is the focus depth inside the sample and n2 is the refractive index of the sample.
When focussing a laser beam with a Gaussian power density profile, the focus position
does not exactly coincide with the geometrical focus [126]. This effect was found to be
sufficiently small to neglect it.
The matrix describing the complete beam path up to the sample surface is constructed
by matrix multiplications, while placing the first optical component that the laser beam
encounters on the right [85], which yields
M = M2 M1 .

(3.66)

The coefficients of the complete propagation matrix M provide the required data to evaluate
Collins’ integral (3.63).

3.3.8 Gaussian beams and beam quality
After considering the beam propagation through the material and the optical system above
the sample surface, a description of the beam provided by the laser source is required. A
solution of the paraxial Helmholtz equation (3.56) for n = n0 is [126]:


c
r2
ũ =
exp − jk
q(z) ∈ C c ∈ R,
(3.67)
q(z)
2q(z)
where c is a constant which was adapted such that the power of the beam after the aperture
of the focussing lens matches the temporal profile of the laser pulse (see section 3.3.1).
Choosing q(z) as
1
1
λ
=
−j
,
(3.68)
q(z)
R(z)
πw2 (z)
yields the well-known Gaussian beam that is provided by many laser sources [126]. Here,
w(z) is the 1/e2 beam radius and R(z) is the radius of curvature of the wavefront. At
the waist of the beam, the wavefront radius of curvature is infinite, making q(z) purely
imaginary:
πw2waist
q|waist = j
,
(3.69)
λ
where wwaist is the waist radius. As R(z) is large for a collimated laser beam, the exact
location of the waist is not critical in order to compute the power density profile of the
beam after focussing. After the focussing lens, the beam can no longer be described by a
Gaussian profile. This is due to the fact that the outer part of the Gaussian distribution is
blocked by the aperture of the lens, which introduces appreciable diffraction effects.
Many practical laser sources aim to provide a Gaussian power density profile. However,
small deviations from an ideal Gaussian profile are always present. A common method
to approximate the effect of these deviations, while still being able to apply the laws for
the propagation of Gaussian beams, is the M 2 factor [127], which is also known as the
beam quality. The M 2 factor is the ratio between the waist-diameter-divergence product
of a theoretical Gaussian beam and the one provided by a practical laser source and is
expressed as [85]
π
M 2 = wreal θreal ,
(3.70)
λ
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in which the subscript real refers to the actual measured values instead of the values
corresponding to a perfect Gaussian beam. To allow the Gaussian beam descriptions that
were introduced above to be applied, while compensating for an M 2 > 1, the wavelength
of the laser beam was adapted by
λ̂ = λM 2 ,
(3.71)
where λ̂ is the modified wavelength to compensate for the beam quality. This compensation
should not be employed when calculating any of the material properties, as the actual
wavelength and the corresponding photon energy are unchanged. M 2 values as supplied
by the vendors of the laser sources have been applied when comparing numerical results
with experimental data.

3.3.9 Summary of the beam propagation model
In sections 3.3.6, 3.3.7 and 3.3.8, several equations to describe the power density profile
of the laser beam and its propagation through optical components and media have been
introduced and discussed. Below, an overview is provided of the equations that were
applied to the different sections of the beam path.
Five distinct sections of the beam path can be identified (see figure 3.1). The numbers in
the figure correspond to:
1. The laser beam as emitted by the laser source, before entering the focussing objective.
2. The focussing lens including its aperture.
3. Free-space propagation between the lens and the material.
4. Reflection at the interface between the air and the material.
5. The beam propagation through the material.
The following equations were applied to model the behaviour of the beam in these parts:
1. The beam provided by the laser source was described by a Gaussian beam including
its beam quality (see section 3.3.8), or by a plane wave.
2–3. The aperture, lens and free spacing propagation were described by Collins’ diffraction
integral (see section 3.3.7).
4. As the propagation equations do not take reflection losses into account, the power of
the beam was reduced by a factor 1 − R, where R is the reflectivity of the material.
5. The beam propagation inside the material was modelled by a nonlinear Schrödinger
equation (see section 3.3.6). Reflections at the backside of the material were not
considered as these are not expected to have an appreciable effect on the power
density profile near the focus.
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Figure 3.1: Path of the laser beam from the laser source to the bulk of the material that is to be
processed.

When computing the radius of the aperture of the objective in the absence of an
immersion medium, based on the numerical aperture NA and the focal length f, the
paraxial approximation has also been applied resulting in
Raper = f NA.

(3.72)

Due to the paraxial approximation, limNA→1 Raper will be a finite value instead of infinity in
the non-paraxial case. The ratio between the beam radius and the aperture radius has
been matched between the experiments and the simulations. This choice results in a good
correspondence between the laser power density profiles in the region near the focus, when
comparing the paraxial solution with a solution that satisfies Maxwell’s equations (see
section 4.2). If Raper would go to infinity for NA → 1, infinitely high intensities in the focus
would be predicted by the paraxial Gaussian beam solution, which is clearly non-physical.

3.4 Numerical solvers
In sections 3.2 and 3.3, the equations that are part of the two-temperature, mechanical and
beam propagation models were described. A combination of existing and custom solvers
was employed to solve these equations.
The equations corresponding to the two-temperature model and the mechanical equations
(see section 3.2) were solved using the commercial general purpose finite element solver
msc marc [128] (see section 3.4.2). The computation of the source terms and material
properties (see sections 3.2.4 and 3.5), the adaptive time stepping and the post-processing
were performed by tailor-made code. The code to extract grid data from the finite element
solver was partly based on code supplied by Dillingh [68].
The solvers for Collins’ diffraction integral (see section 3.4.4) and the nonlinear
Schrödinger equation (see section 3.4.5) were custom developed. The diffraction integral was solved using the quasi fast Hankel transform. Code that is available in the public
domain by Sheng and Siegman [129] was used as an example for the implementation. All
tailor-made code was written in Fortran 2008 [130].
Three substeps per time step were applied to solve the coupled physical phenomena,
resulting in the following process flow for a single time step (see figure 3.2):
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1. Solving the beam propagation based on the distributions of the lattice temperature
and carrier density from the previous time step.
2. Solving the conservation equations corresponding to the two-temperature model.
These equations compute the distributions of the electron temperature, lattice
temperature and carrier density. The material properties are evaluated using the
values of the distributions from the previous time step. This also holds for the source
terms, excluding the laser intensity.

3

3. Solving the mechanical equations to obtain the stresses and strains due to thermal
expansion, based on the lattice temperature computed during substep (2).
(2) Lattice temperature
(1) Beam propagation

(3) Mechanical stress

(2) Carrier density
(2) Electron temperature

Figure 3.2: Flowchart of the numerical model. Substeps 1–3 are performed consecutively during
each time step. When results from the same substep or a subsequent substep are used as
input, the input data were obtained from the previous time step.

This approach is referred to as a weak coupling, i.e. the equations corresponding
to different physical phenomena are not solved simultaneously. When the time step is
sufficiently small, such that the change in any of the distributions between two time steps
is limited, weak coupling provides a good approximation of the solutions of the coupled
equations.
In this section, the numerical solution methods will be discussed, including the choice of
the time step and the design of the computational grid.

3.4.1 Boundary and initial conditions
In monocrystalline silicon, material properties may be anisotropic. During experiments on
laser melting of silicon using nanosecond pulses, no appreciable differences in processing
results have been found for wafers with different crystal orientations [76], which suggests
that the anisotropy in optical properties is limited. Therefore, in the simulations, the
material has been assumed to be isotropic. This allows for the use of an axisymmetric
computational domain, by exploiting the symmetry of the incident laser beam. When
selecting an axisymmetric coordinate system, the problem is reduced to two dimensions,
namely the radial coordinate r and the coordinate along the optical axis z, which are
indicated in the cylindrical coordinate system shown in figure 3.3. Due to the axisymmetry,
the solution does not depend on the azimuthal coordinate θ .
The computational domain was chosen sufficiently large in radial direction, such that
the material at the outer radius remains near equilibrium within the simulated time. As
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3

θ

Figure 3.3: Cylindrical coordinate system, since axisymmetric computations were performed, the
numerical solutions only depend on the coordinates r and z.

long as this condition is satisfied, the size of the computational domain in radial direction
may be smaller than the actual size of the sample.
The flux through the symmetry axis is equal to zero and surface recombination, radiative
losses and convective losses were neglected. This implies that the following Neumann
boundary condition should be applied, for all edges of the lattice temperature, electron
temperature and carrier density distributions:
∇u(~
x , t) · n
~=0

∀~
x ∈ ∂ Ω,

(3.73)

where u is the value of the distribution, which is a function of the location x~ and time
t. Further, n
~ is the outer normal to the edges ∂ Ω of the computational domain Ω. For
both the lattice and electron temperature, the initial temperature, at t = 0, was set to the
ambient temperature:
Tl (~
x , 0) = Te (~
x , 0) = Tamb .
(3.74)
The initial carrier density, at t = 0, was set equal to the equilibrium density at ambient
temperature Neq .
Regarding the solver for the beam propagation, the complex wave envelope was prescribed at the surface of the sample. The Neumann boundary condition given by equation (3.73) was applied at the symmetry axis and the outer radius of the computational
domain. While this does not prevent reflections at the outer radius, a transparent boundary
condition was not required since the beam intensity at this radius was verified to be
negligible due to the choice of the size of the computational domain.

3.4.2 Two-temperature model
As mentioned in section 3.4, the nonlinear finite element solver msc marc [128] was used
to solve the equations introduced in section 3.2. These are the conservation equations
corresponding to the two-temperature model and the mechanical equations. A detailed
description of the solver, including the underlying equations, can be found in reference [128].
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The conservation equations that belong to the two-temperature model were solved using
the transient thermal solver. For the mechanical part, the quasi-static mechanical solver
was employed. Quasi-static implies that time-dependent stresses and strains, including
mechanical properties that depend on the temperature, can be solved. However, the effect
of inertia is neglected.
msc marc is an implicit solver that employs a first order accurate backward Euler scheme
to discretise the time-derivatives [128]:
un − un−1
∂u
=
,
∂t
∆t

(3.75)

in which u is the solution of the conservation equation of either the lattice temperature,
electron temperature or carrier density. Further, the indices n and n − 1 refer to the current
and previous time step respectively and ∆t is the time step. After assembly of the stiffness
matrix in the mechanical domain or the capacity and conductivity matrices in the thermal
domain, a linear system of equations has to be solved. The incomplete Cholesky-conjugate
gradient iterative solution method [131] was selected to solve the system of equations.
The solution obtained from the previous time step was used as an initial estimate. As
the changes in the solution from time step to time step are relatively small, this solver
provides a computational performance benefit over the use of a direct solver, since the
initial estimate will be close to the converged solution. Convergence checks were performed
to select the maximum allowed residual of the iterative solver.
The capacity matrix was lumped to prevent spurious oscillations while solving the
conservation equations [132]. Bi-linear axisymmetric elements were used for both the
thermal and mechanical simulations. The thermal expansion coefficients, the constitutive
stress-strain matrix, the capacity matrix, the conductivity matrix, the nodal influxes and
the initial conditions were defined in custom routines.
Figure 3.4 shows the computational grid used for the two-temperature and mechanical
models. For clarity, this figure shows a reduced number of elements. The mesh has been
refined in the vicinity of the location of the focus of the laser beam. As the modified volume
mainly grows towards the incoming beam during the laser pulse, the focus is located near
the edge of the zone comprising the smallest elements. The required size of the elements
near the focus, to obtain a converged solution, was 40 nm in radial direction and 112.5 nm
along the optical axis.
Due to the varying requirements for the design of the grids for the two-temperature and
beam propagation models, two different computational grids were used, in order to obtain
good overall performance of the numerical code. Since the solution of one of these solvers
depends on the field distributions of the other, the grids need to be coupled. At locations
where the grids did not overlap, interpolation was employed.

3.4.3 Time stepping
When running transient simulations, a suitable time step ∆t has to be selected. An
appropriate choice of the time step depends on the gradients in time of all distributions
that are being simulated. Large gradients in time require small time steps, to ensure that
the accuracy of the solution is satisfactory.
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Figure 3.4: Computational grid for the two-temperature and mechanical model. A reduced number
of elements have been drawn for visibility purposes. The outer extent of the volume
that could possibly contain modified material is plotted using thick lines. The beam
propagation direction is from left to right.

As thermal runaways are simulated, the time-gradients can change dramatically during
the simulations. Therefore, adaptive time stepping was implemented. The choice of the
time step was based on the following criteria:
• A maximum value of the time step of 1/1000 · t sim .
• A maximum allowed change of the value of the solution at any node of 10%, compared
with the previous time increment.
• A maximum change in temperature of 0.1(T f − Ts ), compared with the previous
time step, when the lattice temperature falls within the range in which the latent
heat is modelled (see section 3.2.2). If the steps here are too large, the elevated
specific heat capacity that accounts for the latent heat could be applied to incorrect
temperatures, or be neglected altogether.
It is only possible in retrospect, after the simulation of a time step is complete, to determine
if the choice of the time step was correct. Therefore, if the time step was too large,
the simulation was restarted at the previous step. All equations that are solved during
the simulations use the same step size. Consequently, the distribution that imposes the
strongest restraint on the time step determines the selection of ∆t.
The backward Euler scheme that was used to approximate the time-derivatives (see
section 3.4.2) is unconditionally stable. Consequently, a stability criterion did not have
to be considered when selecting the step size. However, spurious oscillations at the grid
boundaries may occur if the ratio between the time step and element size is too small [133].
This is due to the fact that the boundary conditions cannot be properly fulfilled, when
the time step does not allow for a meaningful amount of diffusion between neighbouring
elements.
To verify whether the criteria that govern the adaptive time stepping were correctly
selected, convergence checks were performed. Typical numbers of time steps to simulate a
complete laser pulse were between a thousand and ten thousand.
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The beam propagation above the surface of the material was computed using Collins’
diffraction integral (3.63). To evaluate this integral in an axisymmetric coordinate system,
it was rewritten as a Hankel transform, allowing it to be solved using an efficient numerical
algorithm. Applying the coordinate transform ρ = r1/Bλ to Collins’ integral (3.63) yields

Z ∞
− jπDr 2
ũ1 (ρBλ) exp(− jπBλAρ 2 )J0 (2πrρ)ρdρ. (3.76)
ũ2 (r) = 2π jBλ exp
Bλ
0
The Hankel transform is defined as [134]
Z∞

ρ f (ρ)J0 (2πrρ)dρ,

g(r) = 2π

(3.77)

0

which allows equation (3.76) to be rewritten as


− jπDr 2
ũ2 (r) = jBλ exp
g(r) where f (ρ) = ũ1 (ρBλ) exp(− jπBλAρ 2 ). (3.78)
Bλ
An efficient numerical method to solve the Hankel transform is the quasi fast Hankel
transform [134]. This numerical solution method for the Hankel transform starts with the
change of variables ρ = ρ0 exp(αexp x) and r = r0 exp(αexp y), which yields
ĝ( y) =
where

fˆ(x) = ρ f (ρ),

Z

∞

fˆ(x) ĵ(x + y)d x,

(3.79)

−∞

ĵ(x + y) = 2παexp ρr J0 (2πρr) and

ĝ( y) = r g(r).

Equation (3.79) is identical to the cross-correlation integral except for the absence of the
complex conjugate. By defining the discrete sample points
ρn = ρ0 exp(αexp n) and

rm = r0 exp(αexp m)

n, m ∈ N

(3.80)

and the sampled values
f n = ρn f (ρn ),

g m = rm g(rm ) and

jn+m = 2παexp ρn rm J0 (2πρn rm ),

(3.81)

where n, m are in the range of 0 . . . N − 1, g m can be approximated by [134]
gm ≈

N
−1
X

f n jn+m .

(3.82)

n=0

Again, equation (3.82) is similar to the cross-correlation for discrete functions. Equation (3.82) can be evaluated by [134]


g m = DFT DFT( f m ) × DFT−1 ( jm ) ,
(3.83)
where
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m = 0 . . . 2N − 1

with

fm = 0

for

m > N − 1.
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Here, DFT and DFT−1 are forward and backward discrete Fourier transforms respectively.
The results for m = N . . . 2N − 1 are aliased [134]. Criteria for the selection of αexp , ρ0 and
r0 can be found in reference [134].
The discrete Fourier transforms were numerically solved by fast Fourier transforms [135].
Consequently, using the big O notation, equation (3.76) is solved by applying O [N log(N )]
operations instead of the required O (N 2 ) operations when employing direct numerical
integration.
In the original publication on the quasi fast Hankel transform [134], the issue of “lower
end corrections” is not discussed. When applying equation (3.83), the part of the integral in
equation (3.77) between zero and the first discrete sample point is not taken into account.
To compensate for this issue, the following lower end correction terms were added to the
computed values of g(r) [136]:
f (0)

ρ0
d2 f
J1 (2πrρ0 ) +
r
dρ 2

ρ03
ρ=0

4r

[J1 (2πrρ0 ) − J3 (2πrρ0 )],

(3.84)

where J1 and J3 are first and third order Bessel functions of the first kind respectively. To
evaluate equation (3.84), the second derivative of f was approximated by a second order
accurate finite difference scheme.
Since the quasi fast Hankel transform requires an exponential distribution of the sample
points, an interpolation step was required when transferring the complex wave envelope
to the grid used to compute the beam propagation inside the material.

3.4.5 Nonlinear Schrödinger equation
In addition to the solver for the diffraction integral that computes the propagation of the
laser beam through the space above the material, a solver for the nonlinear Schrödinger
equation (3.61) to simulate the beam propagation inside silicon is required. The solver for
this equation is responsible for a large part of the computational effort that is required to
model the formation of laser-induced subsurface modifications. Therefore, both a semiimplicit and an explicit finite difference beam propagation method have been evaluated,
to select the most efficient numerical solver.
3.4.5.1 Finite difference beam propagation methods

To obtain a finite difference form of the nonlinear Schrödinger equation, the derivatives
have to be approximated by discrete equations (see section 3.4.5.2). The two terms
including derivatives in this equation are the first order derivative in propagation direction
and the transverse Laplace operator.
Practical implementations of finite difference schemes cause two types of errors. The
first type of error is the truncation error, which is related to the accuracy of the discrete
approximation of the derivatives. The speed of the reduction of the truncation error, when
reducing the spacing between the grid points, defines the order of accuracy of the scheme.
The second type of error is the algebraic error. This type is related to the finite precision at
which real or complex numbers are stored in computer memory, causing rounding errors.
47

3

3 Numerical model for laser-material interaction in bulk silicon

3

The most important aspect of finite difference methods is convergence, which implies that
the numerical solution approaches the true solution of the continuous partial differential
equation when both ∆r and ∆z tend to zero [137]. This is not the same as consistency,
which only implies that the discrete formulas reproduce the continuous ones when ∆r
and ∆z go to zero, without ensuring the correctness of the solution [137]. For linear
partial differential equations, the Lax equivalence theorem states that for a finite difference
scheme to converge, it is a necessary and sufficient condition that the scheme is stable
and consistent [138]. For a finite difference beam propagation method to be considered
stable, truncation or algebraic errors made during previous steps should not grow while
performing additional propagation steps. In the current model, a nonlinear partial
differential equation has to be solved to compute the propagation of the laser beam. For
nonlinear partial differential equations, the Lax equivalence theorem is not valid and it is
hard to obtain formal stability proofs [137]. Therefore, the solver that will be introduced
in section 3.4.5.3 has been used as a reference implementation, as it is known to provide
correct solutions [122].
For the numerical simulations, an axisymmetric coordinate system was used to exploit
the rotational symmetry of the laser beam (see section 3.4.1). When employing a uniform
grid, the r and z coordinates are related to the discrete indices (i, j) by
ũ(r, z) = ũ(i∆r, j∆z) = ũi, j

i, j ∈ N,

(3.85)

in which ∆r and ∆z are the grid spacings in radial direction and along the optical axis
respectively. In the following sections, the nonlinear Schrödinger equation (3.61), evaluated
at location (i, j) on the discrete grid, is rewritten in the following form:
∂ ũ
∂z

j
=−
∇2⊥ ũ
2k
0
(i, j)
−

jk0
−
(i, j)
2



n2lin

β
α + σN
ũi, j −
ũi, j
2
2

n20
2



− 1 ũi, j

ũi, j −

jk0 n2 ũi, j
n0

2

ũi, j

= c ∇2⊥ ũ

(i, j)

+ Fi, j ,

(3.86)

in which c represents the constant in front of the transverse Laplace operator and Fi, j
includes all right hand side terms, except for the first term that describes free-space
propagation.
3.4.5.2 Discretisation of the derivatives

In this section, discrete approximations of the derivatives in equation (3.86) are derived.
First, the transverse Laplace operator will be discretised, including the treatment of the
singularity at the symmetry axis of the axisymmetric coordinate system. Next, different
discretisations of the first derivative in z-direction will be discussed.
Discretisation of the transverse Laplace operator
an axisymmetric coordinate system is given by
∇2⊥ ũ =
48

The transverse Laplace operator in

∂ 2 ũ 1 ∂ ũ
+
.
∂ r2 r ∂ r

(3.87)
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When substituting equation (3.85) in equation (3.87), the transverse Laplace operator
evaluated at the discrete grid point (i, j) equals
∇2⊥ ũ

(i, j)

=

∂ 2 ũ
∂ r2

+
(i, j)

1 ∂ ũ
i∆r ∂ r

.

(3.88)

(i, j)

To obtain a discrete form of equation (3.88), the solutions at r = (i + 1)∆r and
r = (i − 1)∆r are expressed using Taylor expansions in terms of the function values and
derivatives at r = i∆r. The resulting set of equations can then be solved for the derivative
that is to be approximated. The Taylor expansions read
ũi+1, j = ũi, j + ∆r

∂ ũ
∂r

ũi−1, j = ũi, j − ∆r

∂ ũ
∂r

+
(i, j)

+
(i, j)

(∆r)2 ∂ 2 ũ
2! ∂ r 2
(∆r)2 ∂ 2 ũ
2! ∂ r 2

+
(i, j)

−
(i, j)

(∆r)3 ∂ 3 ũ
3! ∂ r 3
(∆r)3 ∂ 3 ũ
3! ∂ r 3



+ O (∆r)4 ,

(3.89)



+ O (∆r)4 ,

(3.90)

(i, j)

(i, j)

where the term O (. . .) indicates the order of magnitude the truncation error. Note that the
sign of this term is irrelevant; the truncation error can be a positive or a negative value.
Adding equations (3.89) and (3.90) results in
ũi+1, j + ũi−1, j = 2ũi, j + 2

(∆r)2 ∂ 2 ũ
2! ∂ r 2



+ O (∆r)4 .

Then, the second order derivative is approximated by solving this equation for
∂ 2 ũ
∂ r2

=
(i, j)

(3.91)

(i, j)
∂ 2 ũ
∂ r2

(i, j)

:



1
ũi+1, j + ũi−1, j − 2ũi, j + O (∆r)4
2
(∆r)
=

ũi+1, j + ũi−1, j − 2ũi, j
(∆r)2



+ O (∆r)2 .

(3.92)

To approximate the first derivative in equation (3.87), equations (3.89) and (3.90) are
subtracted, which yields
ũi+1, j − ũi−1, j = 2∆r
Then, solving for
∂ ũ
∂r

=
(i, j)

1
2∆r

∂ ũ
∂ r (i, j)



∂ ũ
∂r

+2
(i, j)

(∆r)3 ∂ 3 ũ
3! ∂ r 3



+ O (∆r)4 .

(3.93)

(i, j)

gives

ũi+1, j − ũi−1, j − 2

(∆r)3 ∂ 3 ũ
3! ∂ r 3



+ O (∆r)4



(i, j)

=

ũi+1, j − ũi−1, j
2∆r



+ O (∆r)2 .

(3.94)
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Finally, substituting equations (3.92) and (3.94) in equation (3.88), yields a second order
accurate discrete approximation of the transverse Laplace operator in an axisymmetric
coordinate system:

3

∇2⊥ ũ

(i, j)

=

∂ 2 ũ
∂ r2

+
(i, j)

1 ∂ ũ
i∆r ∂ r

(i, j)



1 ũi+1, j − ũi−1, j
+ O (∆r)2
i∆r
2∆r







1
1
1
1−
ũi−1, j + 1 +
ũi+1, j − 2ũi, j + O (∆r)2 .
=
2
(∆r)
2i
2i

=

ũi+1, j + ũi−1, j − 2ũi, j
(∆r)2

+

(3.95)

Second order accurate means that the truncation error scales with (∆r)2 .
Singularity and pole condition Equation (3.88) is singular for r = 0. Therefore, a pole
condition is required. When an axisymmetric beam is solved in a Cartesian coordinate
system, this singularity is not present. Consequently, the singularity for r = 0 is a
coordinate singularity and is not related to the physics of the problem.
To solve the issue of the singularity, the transverse Laplace operator at r = 0 has been
replaced by its limit for r → 0 [139]. This limit is given by
 2



1 ∂ ũ
∂ ũ 1 ∂ ũ
∂ 2 ũ
2
.
(3.96)
lim ∇⊥ ũ = lim
+
=
+
lim
r→0
r→0 ∂ r 2
r ∂r
∂ r 2 r=0 r→0 r ∂ r
Since an axisymmetric coordinate system is employed, lim r→0 ∂∂ ũr = 0. Therefore, the
second term in the right hand side of equation (3.96) can be evaluated using l’Hôpital as
lim



r→0


1 ∂ ũ
= lim
r→0
r ∂r

∂ ∂ ũ
∂r ∂r
∂
∂r r

∂ 2 ũ
∂ 2 ũ
=
r→0 ∂ r 2
∂ r2

= lim

.

(3.97)

r=0

Substituting equations (3.85), (3.92) and (3.97) in equation (3.96), yields the following
discrete approximation of the limit of the transverse Laplace operator for r → 0:
lim ∇2⊥ ũ = 2

ũ1, j + ũ−1, j − 2ũ0, j

r→0

(∆r)2



+ O (∆r)2 .

(3.98)

Finally, the fact that r = 0 is a symmetry axis implies that ũ1, j = ũ−1, j , which results in
lim ∇2⊥ ũ = 4
r→0

ũ1, j − ũ0, j
(∆r)2



+ O (∆r)2 .

(3.99)

Discretisation of the first derivative in propagation direction Apart from the transverse Laplace operator, the first derivative in z-direction in equation (3.86) has to be
discretised. Three different discretisations of this derivative will be applied for the finite
difference schemes that are discussed in the following sections. Equivalent to the discrete
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form of the first derivative in r-direction (3.94), the z-derivative can be discretised by a
central difference scheme:
∂ ũ
∂z

=
(i, j)

ũi, j+1 − ũi, j−1
2∆z



+ O (∆z)2 .

(3.100)

Similarly, a central difference scheme to compute the first derivative between two grid
points is


ũi, j+1 − ũi, j
∂ ũ
=
+ O (∆z)2 .
(3.101)
∂ z (i, j+ 1 )
∆z
2

Finally, a forward difference scheme is derived based on the following Taylor expansion:
ũi, j+1 = ũi, j + ∆z
Then, solving for
∂ ũ
∂z

∂ ũ
∂ z (i, j)

=
(i, j)

∂ ũ
∂z



+ O (∆z)2 .

(3.102)

(i, j)

yields


 ũi, j+1 − ũi, j
1
ũi, j+1 − ũi, j + O (∆z)2 =
+ O (∆z).
∆z
∆z

(3.103)

This scheme is known as the forward Euler scheme [137]. Since the truncation error is of
order ∆z, the forward Euler scheme is only first order accurate.
3.4.5.3 Crank–Nicolson method

An unconditionally stable finite difference scheme, for the case of free-space propagation,
is given by substituting equation (3.101) in equation (3.86) and taking the average of
equation (3.95) at grid points j and j + 1 to approximate the transverse Laplace operator
at point j + 1/2:
ũi, j+1 − ũi, j
∆z



1
1
1
+ε= c
1
−
(ũi−1, j + ũi−1, j+1 )+
2 (∆r)2
2i





1
1+
(ũi+1, j + ũi+1, j+1 ) − 2(ũi, j + ũi, j+1 ) + O (∆r)2 + F.
2i

(3.104)

This scheme is known as the Crank–Nicolson scheme [140]. The truncation error ε is
O [(∆z)2 ] for F = 0, which holds for free-space propagation. This is an implicit scheme,
as the solutions at locations (i + 1, j + 1) and (i − 1, j + 1) are required to compute the
solution at (i, j + 1). Consequently, a system of equations has to be solved to obtain the
solutions at the discrete grid points corresponding to index j + 1.
Discretisation of the source terms The discretisation of the combination of source
terms F (see section 3.4.5.1), which is required to include the terms that describe the
propagation through a material instead of free space, is not considered in equation (3.104).
Since F contains nonlinear terms, this implies that an implicit scheme requires a system of
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nonlinear equations to be solved. Solving such a system of equations is computationally
far more expensive than solving a linear system of equations. Consequently, the source
terms have been evaluated in an explicit manner. Therefore, the unconditional stability of
the Crank–Nicolson scheme is lost [122].
The linear terms in F that depend on the temperature or carrier density were also treated
in an explicit manner. Consequently, for a fixed ∆z, the system of equations can be solved
for each propagation step by a vector addition and two multiplications of vectors with
precomputed matrices [122]. To fill one of these matrices, a matrix inversion is required,
which was performed numerically using lapack [141].
The remaining question is what explicit scheme should be used to discretise the source
terms F . A straightforward choice would be to apply forward Euler (3.103): F = Fi, j . A
disadvantage of the forward Euler scheme is that it is only first order accurate, while the
Crank–Nicolson scheme is second order accurate. Therefore the truncation error ε in
equation (3.104) becomes O (∆z). An alternative explicit forward difference scheme is the
second order accurate two-step Adams–Bashforth scheme [142], which is given by
F=

3
1
Fi, j − Fi, j−1 ,
2
2

(3.105)

resulting in a truncation error ε of O [(∆z)2 ], which is identical to the free-space propagation
case. No significant changes in the simulation results were found when employing the
second order accurate Adams–Bashforth scheme compared with the forward Euler scheme.
This is due to the fact that stability and not accuracy was the limiting factor for the choice
of the grid spacing along the optical axis (see section 3.4.5.5). Therefore, the forward Euler
scheme was selected for its simplicity.
The semi-implicit Crank–Nicolson scheme that is described in this section is known to
provide correct solutions, when solving nonlinear Schrödinger-type equations including
two-photon absorption and the Kerr effect [122]. Therefore, solutions obtained using this
solver have been used as reference solutions.
3.4.5.4 Explicit finite difference beam propagation method

In addition to the implicit Crank–Nicolson method, an explicit scheme that is conditionally
stable, known as the explicit finite difference beam propagation method (efd-bpm) [143],
was considered. The efd-bpm is based on substituting equations (3.95) and (3.100) in
equation (3.86):
ũi, j+1 − ũi, j−1



+ O (∆z)2 =
2∆z







1
1
1
2
c
1
−
ũ
+
1
+
ũ
−
2ũ
+ Fi, j .
i−1, j
i+1, j
i, j + O (∆r)
2
(∆r)
2i
2i

(3.106)

This is an explicit scheme, as the right hand side is evaluated based on data from the
previous grid layer in propagation direction. Consequently, ũi, j+1 can be computed without
solving a system of equations. The grid points used to approximate the z-derivative
and transverse Laplacian and the function F do not overlap during a propagation step.
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Figure 3.5 shows the grid points that are used for the discretisation of the different terms
in equation (3.106).

3

Transverse Laplacian
and source terms
z-derivative
Transverse Laplacian
r
z
Figure 3.5: Grid points used for the discretisation of the terms in the nonlinear Schrödinger equation,
when applying the explicit finite difference beam propagation method.

Since the efd-bpm is a two-step scheme, a single-step finite difference scheme is
required to start the computation at the surface of the material, where the initial complex
wave envelope ũ is defined. To derive an explicit forward Euler single-step scheme,
equations (3.95) and (3.103) are substituted in equation (3.86) which gives
ũi, j+1 − ũi, j
∆z

+ O (∆z) =







1
1
1
2
c
1
−
ũ
+
1
+
ũ
−
2ũ
+
O
(∆r)
+ Fi, j .
i−1,
j
i+1,
j
i,
j
(∆r)2
2i
2i

(3.107)

The forward Euler method is unconditionally unstable for the current problem [143]. This
means that a growth rate of truncation and/or algebraic errors smaller than one cannot be
obtained for every possible error, regardless of the choice of the grid spacing. However, for a
single propagation step at a boundary, this does not constitute a problem. As forward Euler
is only first order accurate, an additional half-step was employed for improved accuracy.
In contrast to the forward Euler method, the efd-bpm scheme is stable for a sufficiently
small propagation step [143]. For the case of an unattenuated wave and excluding nonlinear
effects, the stability criterion is given by [143]
∆z <

2k0
4
(∆r)2

+

k02
n20

n2lin − n20

,

(3.108)

max

where the subscript max refers to the maximum value when considering all discrete grid
points.
Computational mode In the presence of nonlinearities, tests using the efd-bpm showed
that it was unstable when simulating certain laser processing conditions, due to the
presence of an undamped computational mode. A computational mode is a solution
allowed by the discrete scheme that is non-physical. The computational mode was found
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to have a period of 2∆z, i.e. it was related to the complex wave envelope at the odd
and even grid points in propagation direction drifting away from each other. This is a
consequence of the use of a two-step scheme. It can be observed in figure 3.5 that the odd
and even grid points are only coupled by the Laplace operator and the source terms. For
the discretisation of the z-derivative, the odd and even grid points are uncoupled.
Similar issues have been observed when solving hyperbolic advection equations using a
leap frog scheme [144], in which the computational mode affects the time integration. Two
solutions which are known to be suitable to damp the computational mode in advection
equations are [144]:
• To apply a Robert–Asselin filter [145].
• To periodically restart the two-step scheme using a single-step scheme, thereby
discarding the solution corresponding to the odd or even grid points.
The Robert–Asselin filter is defined as [145]
ûi, j = ũi, j +

ν
(ũi, j−1 − 2ũi, j + ũi, j+1 ),
2

(3.109)

where û is the complex wave envelope after filtering and ν is the Robert–Asselin filter
parameter, which is a value in the range of [0, 1]. For ν = 0, the filter is disabled. The
required value of ν to effectively suppress the computational mode is problem-dependent.
Numerical experiments showed that both solutions were suitable to suppress the computational mode induced by the scheme given by equation (3.106). However, the solution
to periodically restart the efd-bpm was preferred as it does not require artificial changes
to the complex wave amplitude. A restart every fifty steps was found to be a satisfactory
choice for all laser processing conditions that were considered. Equivalent to the initial
excitation of the two-step scheme at the boundary of the computational domain, forward
Euler was selected for the restarts. Also for the restarts, an extra half-step was employed
for improved accuracy.
To test the correctness of the efd-bpm combined with periodic restarts using the forward
Euler scheme, a comparison with the Crank–Nicolson scheme was performed. One of the
aspects that had to be tested was the stability. Since the finite difference scheme that was
used for the periodic restarts of the two-step scheme is unstable when used on its own, the
question is how this will affect the stability of the complete solver. When comparing the
results of the Crank–Nicolson method with the efd-bpm including periodic restarts, no
significant differences were found between the obtained solutions.
3.4.5.5 Selection of the finite difference scheme

Both the Crank–Nicolson (see section 3.4.5.3) and the explicit finite difference beam
propagation method (see section 3.4.5.4) were found to be suitable to solve the nonlinear
Schrödinger equation. Therefore, the selection of the finite difference scheme was based on
the computational performance. The performance of the fully explicit method was found
to be better by approximately a factor hundred, for the specific problem that is considered
in this work. Therefore, the efd-bpm was selected to solve equation (3.61).
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Even in the absence of nonlinear terms, resulting in unconditional stability of the Crank–
Nicolson method, the efd-bpm was found to have a performance benefit. In spite of the
fact that the efd-bpm requires small steps in propagation direction to satisfy the stability
criterion, the speed increase due to the reduced computational effort per step was found
to outweigh the benefit of the reduced number of steps when using the Crank–Nicolson
method. In the presence of nonlinear effects, the speed advantage of the efd-bpm becomes
even larger. For nonlinear problems, the step size in propagation direction has to be
reduced when employing the Crank–Nicolson method, due to the conditional stability
criterion imposed by the explicit treatment of the nonlinear terms.
The stability criterion was found to be the limiting factor regarding the selection of the
grid spacing along the optical axis. The grid spacing in radial direction was governed by the
accuracy and was selected sufficiently small to obtain a converged solution. The spacings
between the grid points in radial direction and along the optical axis were ∆r = 40 nm
and ∆z = 5 nm respectively.

3.5 Material properties
The material that was selected for the simulations is intrinsic monocrystalline silicon. The
parameters that were used are listed in table 3.1. Most data is for the solid phase. For the
liquid and gaseous phase, only data regarding the thermodynamic properties were included.
Since melting and resolidification was considered to induce a subsurface modification, the
physics that occur after melting will not lead to a different answer to the question whether
a modification was formed (see section 3.2.6). Therefore, the primary goal of the model,
which is to select suitable processing conditions, can be satisfied.
If available, material data that was experimentally validated was preferred. Such
validations generally do not cover the full range of temperatures and carrier densities that
are encountered during the laser-material interaction. When the range of the experimental
validation is exceeded, the accuracy of the material data is unknown. Consequently, the
uncertainties in the numerical simulations cannot be quantified. Therefore, the simulation
results will be compared with experimental data in chapter 6.

3.6 Summary
In this chapter, a numerical model to predict suitable processing conditions for the formation
of subsurface modifications in silicon has been proposed. The model is based on a twotemperature model to simulate the response of the material to the absorbed energy, a
beam propagation model to simulate the propagation of the laser light and a mechanical
model to predict stresses due to thermal expansion. Equations and solvers to efficiently
simulate the beam propagation inside and outside the material were described, including
their relation to Maxwell’s equations. An explicit finite difference solver was selected to
compute the beam propagation inside the material, while a solver based on the quasi fast
Hankel transform was chosen to simulate the rest of the beam path. In chapter 4, the
results of the numerical simulations will be presented.
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Quantity
ρ
n
τ
Neq
Ncrit
Eg
cp
cp
cp
kl
Tm
Tb
Lm
Lb
α
β
σ
R
δ
γ3
µe , µh
αL
E
ν

Symbol

2.33 · 103
see references
240 · 10−15 (1 + [N /(6 · 1026 )]2 )
see reference
2.6 · 1027
see references
see reference
968
see reference
see reference
1687
3504
1.72 · 106
1.37 · 107
see reference
2 · 10−11 (1064 nm), 1.5 · 10−11 (1550 nm)
1.7 · 10−24 Tl (1064 nm, λ2 dependence)
0.3 + 5 · 10−5 (Tl − 300) (solid) 0.77 (liquid)
3.6 · 1010 exp[−1.5E g /(kB Te )]
see reference
see reference
see reference
150 · 109
0.17

Value

kg/m3
—
s
1/m3
1/m3
J
J/kg·K
J/kg·K
J/kg·K
W/m·K
K
K
J/kg
J/kg
1/m
m/W
m2
—
1/s
m6/s
m2/V·s
1/K
Pa
—

Unit

[146]
[87, 88, 91]
[147]
[92]
[75]
[93]
[101]
[148]
[148]
[149]
[101]
[148]
[101]
[148]
[67]
[88]
[150]
[151, 152]
[72]
[153]
[154]
[155]
[156]
[156]

Reference
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Table 3.1: Values of the material properties of intrinsic monocrystalline silicon used in the numerical simulations.

Density
Refractive index
Electron-phonon relaxation time
Equilibrium carrier density
Critical carrier density
Band gap energy
Specific heat capacity (solid)
Specific heat capacity (liquid)
Specific heat capacity (vapour)
Lattice conductivity
Melting temperature
Boiling temperature
Heat of fusion
Heat of vaporization
Interband absorption coefficient
Two-photon absorption coefficient
Free carrier cross-section
Surface reflectivity
Impact ionization coefficient
Auger recombination coefficient
Electron and hole mobility
Linear expansion coefficient
Young’s modulus
Poisson’s ratio

3
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Simulation results

This chapter∗ describes the simulation results that were obtained from the numerical model
that was proposed in chapter 3. Parameter studies were performed to predict the required
processing conditions for the formation of subsurface modifications in silicon. Additionally,
the impact of variations in the laser parameters, material properties and initial conditions on
the shape of the subsurface modifications was investigated.

4.1 Introduction
Two wavelengths were considered during the numerical simulations, namely 1064 and
1550 nm (see section 2.8). Both wavelengths enable two-photon absorption at sufficiently
high light intensities. However, at room temperature, the 1064 nm wavelength also
results in a limited amount of single-photon interband absorption. Consequently, a
thermal runaway can be triggered by exploiting the temperature-dependence of the linear
absorption coefficient (see section 2.4). Linear interband absorption can also occur at
1550 nm, but only at lattice temperatures beyond 1000 K, when the band gap has shrunken
considerably. Only single-pulse modifications were considered. Therefore, the simulation
results are not representative for overlapping laser pulses, as used during the experiments
in references [64–66].
The process parameters that were employed for the numerical simulations are listed
in table 4.1. The numerical aperture of the focussing objective was set to 0.7, to match
the objective that was selected for the experimental set-up (see section 5.4). Although
simulations with picosecond pulses were performed, most of the results that are presented
for the 1064 and 1550 nm wavelengths are based on pulse durations of 5 and 1 ns respectively.
These correspond to near-optimal processing conditions (see section 4.5.2). Optimal is
defined as providing the largest modifications for a fixed pulse energy. Simulating the
optimum pulse duration for each wavelength was preferred over selecting a fixed pulse
duration, to obtain a fair comparison between the performance of both wavelengths.
In the next section, the laser beam profile under equilibrium conditions will be considered,
including a comparison with a solution satisfying Maxwell’s equations to verify the
correctness of the beam propagation model. Then, figures showing the distributions
of relevant physical quantities during the laser pulse will be presented. After that, the
modification mechanisms that are responsible for the formation of subsurface modifications
will be evaluated. Finally, the results of parameter studies are discussed. During these
∗

Simulation results have been published in Applied Physics A: Materials Science & Processing, 144(4):1135–1143,
2014 (P. C. Verburg, G. R. B. E. Römer, and A. J. Huis in ’t Veld), Proceedings of the 14th International
Symposium on Laser Precision Microfabrication, 2013 (P. C. Verburg, G. R. B. E. Römer, and A. J. Huis in ’t
Veld) and Proceedings of the 13th International Symposium on Laser Precision Microfabrication, 2012 (P. C.
Verburg, G. R. B. E. Römer, G. H. M. Knippels, J. Betz, and A. J. Huis in ’t Veld).
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studies, the influence of the pulse duration, pulse energy, wavelength, initial temperature,
doping concentration and focus depth on the geometry of the subsurface modifications has
been investigated.
Table 4.1: Process parameters used for the numerical simulations. The pulse duration is defined as
the full duration at half maximum (fdhm).

4

Property

Value

Wavelength

1064 or 1550 nm

Pulse duration

50 ps–500 ns

Pulse energy

0.5–2 µJ

Numerical aperture of the objective

0.7

Spatial power density profile of the beam

Gaussian (M 2 = 1)

Temporal profile of the laser power

Gaussian

Beam diameter

(1/e2 )

80% of aperture

Wafer thickness

160 µm

Focus depth

100 µm

Ambient temperature

293 K

4.2 Laser beam profiles under equilibrium conditions
The spatial profile of the laser beam that is emitted by the laser source influences the
distribution of the laser intensity inside silicon, after the beam has been focussed by a
microscope objective. The scaling of the beam with respect to the back aperture of the
objective is of importance. A too narrow beam results in a larger than optimal spot size in
the focal plane. However, a too wide beam induces power losses and aperture diffraction
effects.
To assess the effect of the laser beam profile on the subsurface intensity distribution of
the beam, three different profiles have been simulated for a wavelength of 1064 nm:
1. A Gaussian beam with 99% of the power contained within the back aperture of the
objective (see figure 4.1).
2. A Gaussian beam with the 1/e2 beam width filling 80% of the back aperture of the
objective (see figure 4.2)
3. A plane wave that fills the back aperture of the objective (see figure 4.3). A similar
result may be obtained by strongly overfilling the aperture with a Gaussian beam.
The laser intensity distributions were computed for silicon at room temperature, without the
presence of photo-ionized carriers. Consequently, only a small amount of linear interband
absorption and free carrier absorption occurs, resulting in a slight asymmetry of the laser
intensity distribution around the focus.
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To establish the beam diameter that corresponds to profile (1), the aperture losses have
to be evaluated. The power which is transmitted through a circular aperture is given
by [126]



−2R2aper
.
(4.1)
Ptrans = P 1 − exp
w2
To obtain a transmission of Ptrans = 0.99P, the 1/e2 beam radius w at the focussing lens
should be chosen as follows:
Æ
(4.2)
w = Raper 1/ln(10) ≈ 0.66Raper,
where Raper is the aperture radius. Consequently, profile (1) corresponds to a smaller laser
beam radius than profile (2).
In figures 4.1, 4.2 and 4.3, the intensity profiles corresponding to the above mentioned
profiles have been plotted. A logarithmic scale is used, to ensure that the local maxima
and minima due to the effect of aperture diffraction are clearly visible. The intensity is
given in an arbitrary unit; the peak intensity that was obtained during each simulation
was set to one.
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Figure 4.1: Cross-section of the laser intensity distribution [arbitrary unit] in the bulk of silicon.
The laser beam at the back of the objective is Gaussian with 99% percent of the power
contained within the aperture. Wavelength: 1064 nm. The beam propagation direction is
from left to right. Focal diameter: 1.60 µm (1/e2 ).

The laser intensity distributions show that filling the back aperture with a plane wave
provides the smallest focal spot, with a 1/e2 diameter of 1.20 µm (see figure 4.3). The
resulting intensity distribution is known as the Airy pattern [157]. When underfilling the
objective with a Gaussian beam (see figures 4.1 and 4.2), the effect of diffraction from the
aperture gradually disappears when decreasing the laser beam diameter. On the other
hand, the size of the focal spot also increases. The diameters of the focal spot for beam
profiles (1) and (2) are 1.60 µm and 1.44 µm respectively. For both the experiments and
the numerical simulations, beam profile (2) was selected, as it provides a good compromise
between obtaining a small spot size and preventing power losses and diffraction effects
due to the aperture of the focussing objective.
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Figure 4.2: Cross-section of the laser intensity distribution [arbitrary unit] in the bulk of silicon. The
laser beam at the back of the objective is Gaussian with the 1/e2 beam width filling 80%
of the aperture. Wavelength: 1064 nm. The beam propagation direction is from left to
right. Focal diameter: 1.44 µm (1/e2 ).
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Figure 4.3: Cross-section of the laser intensity distribution [arbitrary unit] in the bulk of silicon. The
laser beam at the back of the objective is a plane wave. Wavelength: 1064 nm. This
intensity pattern in known as the Airy pattern [157]. The beam propagation direction is
from left to right. Focal diameter: 1.20 µm (1/e2 ).
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Verification of the beam propagation model Beam profiles (1) and (3) have been
compared with analytical descriptions of a Gaussian beam and the Airy pattern, to verify
the correctness of the numerical code.
The 1/e2 waist diameter d0 of a Gaussian beam can be approximated by [126]
d0 ≈

2 f λ0
.
πw

(4.3)

In this analytical expression, the effect of aperture diffraction has been neglected, since 99%
of the power is transmitted through the aperture for beam profile (1). To replace the focal
length f in equation (4.3) by the numerical aperture and aperture radius, equation (3.72)
is substituted, which results in
2Raper λ0
d0 ≈
.
(4.4)
wπNA
Substitution of equation (4.2) and the numerical values λ0 = 1064 nm and NA = 0.7 in
equation (4.4) yields d0 = 1.47 µm This value is slightly smaller than the simulated spot
size of 1.60 µm. This difference can be explained by the neglect of aperture diffraction
effects in the analytical approximation.
For beam profile (3), the radial location R of the first minimum on the Airy disk is given
by [158]
1.22λ0
R=
≈ 0.93 µm,
(4.5)
2NA
which is close to the numerical value of 0.92 µm, which was computed on a grid with a
radial spacing of 0.04 µm.
One of the approximations that were applied in the beam propagation model, is that
the wave is paraxial (see section 3.3.2). To assess the error that is introduced by this
approximation, the beam profile shown in figure 4.2 has been recomputed using the psf Lab
software [159]. This solver is based on an angular decomposition method for stratified
media described in reference [160]. The obtained solutions satisfy Maxwell’s equations. In
the non-paraxial case, the coverslip correction needs to be considered (see section 5.4.1).
Here, it was assumed that the coverslip correction is matched to the focus depth and the
refractive index of silicon.
The simulated intensity profile without the paraxial approximation, computed with the
psf Lab software, is shown in figure 4.4. When comparing this profile with the computation
which includes the paraxial approximation shown in figure 4.2, it can be observed that the
paraxial approximation provides an excellent match to the non-paraxial solution, despite
the relatively high numerical aperture of 0.7.
While the non-paraxial model only computes the propagation through a homogeneous
medium, taking no absorption or changes in the refractive index into account, it requires
at least three orders of magnitude more computation time compared with the paraxial
beam propagation model presented in section 3.3.
The error caused by the paraxial solver, for the case of a homogeneous medium, is
not fully representative for the conditions encountered during the laser pulse. Therefore,
the actual error that is induced by the paraxial approximation may be larger than the
comparison between figures 4.2 and 4.4 suggests.
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Figure 4.4: Cross-section of the laser intensity distribution [arbitrary unit] in the bulk of silicon,
based on an electromagnetic wave that satisfies Maxwell’s equations. No absorption was
included. The laser beam at the back of the objective is Gaussian with the 1/e2 beam
width filling 80% of the aperture. Wavelength: 1064 nm. The beam propagation direction
is from left to right.

4.3 Distributions of physical quantities
In this section, simulated distributions of several physical quantities inside silicon will be
presented and discussed. The quantities that are considered are the lattice and electron
temperatures, the carrier density, the mechanical stress and the laser intensity.

4.3.1 Lattice and electron temperatures
The maximum lattice temperatures that were reached during the simulated time period
of four times the fdhm pulse duration are shown in figures 4.5a and 4.5b. The laser
parameters correspond to near-optimal processing conditions (see section 4.5.2). The
black areas indicate the regions where the silicon has been molten. For a wavelength
λ0 of 1064 nm and a pulse duration t p of 5 ns, the volume in which the temperature is
significantly above the initial temperature is larger compared with λ0 = 1550 nm and
t p = 1 ns, in spite of the smaller spot size. Consequently, the total molten volume is also
smaller for 1064 nm, as more energy is used for heating but not melting of material away
from the focal plane.
The delocalization of the laser energy absorption at 1064 nm is caused by linear
interband absorption. The 1550 nm wavelength requires two-photon absorption to initiate
the absorption of laser energy, which is negligible at low intensities. Consequently, efficient
absorption of laser energy only takes place in the proximity of the focal plane. At 1064 nm,
linear interband absorption occurs throughout the entire path of the laser beam inside
silicon. Apart from energy losses, this results in the generation of photo-ionized carriers
above the focus (see section 4.3.2), causing plasma defocussing of the laser beam (see
section 4.3.4) and free carrier absorption.
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(a) Wavelength: 1064 nm, pulse duration (fdhm): 5 ns.
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(b) Wavelength: 1550 nm, pulse duration (fdhm): 1 ns.
Figure 4.5: Cross-sections of the maximum lattice temperatures [K], during the entire simulated
time period. Pulse energy: 1 µJ. The beam propagation direction is from left to right.
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Figure 4.6 shows the time history of the lattice temperature, electron temperature and
instantaneous laser power, for a pulse duration of 500 ps and a wavelength of 1550 nm.
The temperatures are plotted at the centroid of the volume that reached the liquid phase
during the laser pulse. A shorter pulse duration was selected compared with figures 4.5a
and 4.5b, to demonstrate the effect of the electron-phonon coupling. The distributions were
stored every 40 ps, the time steps used by the numerical model were significantly smaller.
The electron temperature is plotted until the material has reached the liquid phase.
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Figure 4.6: Lattice and electron temperatures and laser power as a function of time, at the centroid
of the volume that reached the liquid phase during the pulse. Wavelength: 1550 nm,
pulse energy: 1 µJ, pulse duration (fdhm): 500 ps.

At first, the lattice temperature shows a strong positive gradient until the temperature
approaches the melting temperature. A slight positive gradient remains due to the apparent
specific heat capacity method that was employed to take the latent heat into account (see
section 3.2.2). After the material has reached the liquid phase, the further temperature
increase is limited. This is caused by two phenomena. First, the laser power is decreasing
at this point in time. Secondly, a high density of photo-ionized carriers has been formed
above the location at which the temperatures are plotted. Therefore, the majority of the
laser energy is absorbed before it reaches this location.
The largest imbalance between the lattice and electron temperatures in figure 4.6 is
1814 K, which occurs just before the silicon reaches the liquid phase. At longer pulse
durations, this temperature difference will be smaller. Shorter pulse durations than 500 ps
are not relevant, as they do not result in the formation of subsurface modifications (see
section 4.5.2).

4.3.2 Carrier density
The maximum carrier densities that occurred during the time period until melting took
place are shown in figures 4.7a and 4.7b. Material first reached the liquid phase at times
of 123 ps and 46 ps before the peak power of the laser pulse, for the wavelengths of 1064
and 1550 nm respectively. The maximum carrier densities that were predicted by the
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simulations are 3 · 1026 1/m3 for 1064 nm and 3.5 · 1026 1/m3 for 1550 nm. As is shown
in section 4.5.2, the effect of carrier diffusion is not strong for short nanosecond pulses.
Consequently, the carrier density is mainly determined by the absorption of photons and
Auger recombination.
26

x 10

4

3
5

2.5
3

2

[1/m ]

Distance from optical axis [μm]

10

0
1.5
1

5

0.5
10
50

60

70

80
90
100
110
Distance from wafer surface [μm]

120

130

(a) Wavelength: 1064 nm, pulse duration (fdhm): 5 ns.
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(b) Wavelength: 1550 nm, pulse duration (fdhm): 1 ns.
Figure 4.7: Cross-sections of the maximum carrier densities [1/m3 ] that occurred until the onset of
melting. Pulse energy: 1 µJ. The beam propagation direction is from left to right.

At distances of less than 60 µm from the surface, no appreciable increase in carrier
density is visible for the 1550 nm wavelength, while this does not hold for a wavelength of
1064 nm. This improved confinement is due to the fact that the 1550 nm process relies solely
on two-photon absorption to generate free carriers, for moderate lattice temperatures.
Therefore, no effective absorption mechanism that moves electrons from the valence to the
conduction band is present at low light intensities, i.e. at locations close to the surface.
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4.3.3 Mechanical stress
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In this section, simulation results which include the modelling of stresses that are induced
by thermal expansion are discussed. For a pulse energy of 1 µJ, a pulse duration of 5 ns
and a wavelength of 1064 nm, the largest major principal stress, in the time period before
the onset of melting, was equal to 1.4 GPa (see figure 4.8). Here, largest is defined as
having the greatest absolute value. For the same pulse energy, a pulse duration of 1 ns
and a wavelength of 1550 nm, a nearly identical value was found. In both cases, this value
corresponds to a compressive stress. Note that the anisotropy of silicon cannot be taken
into account in an axisymmetric coordinate system. Therefore, the values provided above
are an approximation.

−10

5

−12
10
50

60

70

80
90
100
110
Distance from wafer surface [μm]

120

130

−14

Figure 4.8: Cross-section of the largest major principal stresses [Pa] that occurred until the onset
of melting. Negative values are compressive stresses while positive values are tensile
stresses. Wavelength: 1064 nm, pulse energy: 1 µJ, pulse duration (fdhm): 5 ns. The
beam propagation direction is from left to right.

The major principal stress is the largest of the principal stresses. The sign indicates
whether the stress is a tensile or a compressive stress. Only the magnitude of the stress is
plotted in figure 4.8, the direction of the stress is location-dependent. Since the azimuthal
stress σθ is by definition a normal stress in an axisymmetric coordinate system, the
principal stresses were computed by rotating orthogonal coordinates in the rz plane such
that the shear stress is equal to zero. The normal stresses in this orientation together with
σθ constitute the three principal stresses. The principal stresses in the rz plane are given
by
v
(σz + σ r ) t σz − σ r 2
±
+ σ2rz .
(4.6)
2
2

4.3.4 Laser intensity
The laser intensity distributions inside a silicon wafer, at the time step just before melting
took place, are shown in figures 4.9 and 4.10. Note that different scales are used in these
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figures due to the difference in pulse duration. It can be observed that the beams retain an
intensity profile that is close to the profile under equilibrium conditions, which is shown
in figure 4.2 for a wavelength of 1064 nm, until they reach the vicinity of the geometrical
focus, where the temperatures and carrier densities are well above their initial values.
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Figure 4.9: Cross-section of the laser intensity distribution [W/m2 ] just before subsurface melting.
Wavelength: 1064 nm, pulse energy: 1 µJ, pulse duration (fdhm): 5 ns. The beam
propagation direction is from left to right.

The intensity distribution for the 1550 nm wavelength shows a sharp transition from a
regime with little absorption to a regime with strong absorption of laser energy, including
a near-zero intensity near the geometrical focus of the beam. This is due to the fact that
two-photon absorption is exclusively responsible for the generation of electron-hole pairs
at room temperature. Two-photon absorption scales with the square of the light intensity,
resulting in preferential absorption of laser energy near the centre of the Gaussian beam.
The 1064 nm process is affected by plasma-induced beam defocussing, since this
wavelength induces the generation of free carriers throughout the beam path inside silicon,
irrespective of the laser intensity (see section 4.3.2). Plasma defocussing is caused by the
dependence of the refractive index on the density of free carriers (see section 2.3). When
disabling this dependence in the numerical simulations, it was found that the volume of
molten material at 1064 nm is significantly enlarged and is comparable to the volume at
1550 nm. At 1550 nm, the influence of disabling this effect was found to be negligible.
The subsurface refractive index distribution corresponding to figure 4.9 is shown in
figure 4.11. A refractive index drop towards the optical axis is visible before the beam
reaches the vicinity of the focal plane, which is responsible for the defocussing of the laser
beam. Close to the geometrical focus, the refractive index is above its equilibrium value of
3.57, as a result of the high temperatures in this area. The refractive index changes that
take place here are less relevant than those in the preceding beam path. Close to the focus,
the laser energy is absorbed over a distance of a few micrometres. Because of this small
distance, moderate focussing or defocussing of the beam due to index gradients does not
have a significant impact on the subsurface laser intensity distribution.
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Figure 4.10: Cross-section of the laser intensity distribution [W/m2 ] just before subsurface melting.
Wavelength: 1550 nm, pulse energy: 1 µJ, pulse duration (fdhm): 1 ns. The beam
propagation direction is from left to right.
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Figure 4.11: Cross-section of the refractive index just before subsurface melting. Wavelength:
1064 nm, pulse energy: 1 µJ, pulse duration (fdhm): 5 ns. The beam propagation
direction is from left to right. The refractive index under equilibrium conditions is 3.57.
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4.4 Modification mechanisms
Three mechanisms that can cause the formation of a subsurface modification are included
in the model (see section 3.2.6). These mechanisms are thermal melting, non-thermal
melting and mechanical stresses. In this section, the simulation results are interpreted in
terms of which mechanisms are responsible for the production of modifications.
Non-thermal melting
Non-thermal melting of silicon occurs when the carrier density exceeds the critical value
Ncrit , which is approximately 2.6 · 1027 1/m3 (see section 3.5). It was found that the density
for non-thermal melting has not been exceeded during any of the simulations. The
maximum carrier densities before the onset of melting, shown in section 4.3.2, are about
a factor ten below the critical value. These conditions correspond to those that yield the
largest modifications, as measured by their length along the optical axis.
The simulation result that non-thermal melting does not occur is plausible, as it was
found that pulses in the short to long nanosecond range are required to selectively absorb
laser energy in silicon, for the wavelengths and optical system that were considered (see
section 4.5.2). For surface modifications, short picosecond pulses instead of nanosecond
pulses are required to induce non-thermal melting of silicon [75]. For nanosecond pulses,
the Auger recombination of electron-hole pairs is too strong to reach sufficiently high
carrier densities for non-thermal melting.
Mechanical stresses
The largest major principal stress for near-optimal processing conditions, before the onset
of subsurface melting, was found to be 1.4 GPa (see section 4.3.3). This value is well
below the ultimate tensile stress of silicon of 7 GPa (see section 2.6). Moreover, as can
be observed in figure 4.8, the major principal stresses are almost exclusively compressive
stresses, implying that even higher stresses are required to induce a permanent change
to the material. The mechanical simulations include some uncertainty due to the use
of an axisymmetric coordinate system. However, the differences between the simulated
stresses and the ultimate tensile stress are sufficiently large to exclude the possibility of
stress-induced modifications before the onset of melting.
Thermal melting and resolidification
The numerical simulations showed that thermal melting of silicon occurs (see section 4.3.1).
Since non-thermal melting and stress-induced modifications were ruled out before the onset
of melting, thermal melting and resolidification is predicted to be the primary modification
mechanism for the laser conditions that were considered. Because the numerical model is
only capable of accurately simulating the stresses while the material is in the solid phase,
stresses may contribute as a secondary mechanism after melting.
Melting and resolidification results in a permanent modification, in case the resolidification speed is too high for the silicon to recrystallize into its original crystalline structure,
without the formation of lattice defects (see section 3.2.6). It is possible that part of the melt
resolidifies into almost defect-free diamond cubic silicon, which cannot be distinguished
from the base material. Moreover, strong anisotropy can occur when molten silicon
resolidifies into a crystalline phase. Both effects were not included in the numerical model.
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The exact extent of the laser-modified volume will be evaluated experimentally in chapter 7,
based on transmission electron microscopy.
To achieve thermal melting of silicon, the material has to be heated from room temperature to the melting point and the latent heat of fusion has to be overcome. The
corresponding energy density is given by

4

ZTm

Em =

ρc p (Tl )d Tl + L m .

(4.7)

Tamb

Based on the material data in table 3.1, this yields an energy density of 6.97 · 10−3 µJ/µm3 .
The required absorption of laser energy, to induce subsurface melting, may be larger than
the energy density defined by equation (4.7), when laser energy moves away from the
location where it was initially absorbed due to the effect of diffusion. Diffusion effects are
especially of importance when employing laser pulses with a duration beyond 100 ns (see
section 4.5.2).

4.5 Parameter studies
In this section, parameter studies using the numerical model are presented, to assess
the influence of variations in the processing conditions, material properties and initial
conditions on the subsurface modification process. First, a characteristic dimension is
selected to parametrise the shape of the modifications. Next, the influence of the pulse
duration and energy, initial temperature, doping concentration and focus depth on this
dimension will be evaluated, for both the 1064 and 1550 nm wavelengths.

4.5.1 Parametrisation of the geometry of modifications
To analyse the geometry of the modifications induced by different processing conditions, a
characteristic parameter has to be selected that is suitable for comparison with experimental
results. Based on the consideration of various modification mechanisms (see section 4.4),
thermal melting and resolidification was found to be the primary modification mechanism.
Therefore, the shape of the modifications was assumed to coincide with the volume of
material that has been molten during the laser pulse.
Changes to the laser parameters were mainly found to affect the length of the volume of
molten material along the optical axis. Therefore, the modification length (see figure 4.12)
was selected to characterize the geometry of the modifications. Additionally, the modification length can be measured with sufficient accuracy during experimental parameter
studies, making it a suitable choice for the comparison of experimental and numerical
results (see section 6.4).
For pulse energies well above the modification threshold, discontinuous modifications
may be found due to periodic fluctuations in the laser intensity along the optical axis, as a
result of aperture diffraction. In these cases, the modification length was defined as the
total length along the optical axis, from the first to the last modified material.
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Figure 4.12: Definition of the length of subsurface modifications along the optical axis, inside the
silicon wafer. The beam propagation direction is from top to bottom.

In the following parameter studies, the modification length along the optical axis will be
plotted as a function of the parameter that is under investigation. The piecewise linear
curves in these plots connect the data points. They do not resemble the actual distributions
between these points.

4.5.2 Pulse duration and energy
For both the 1064 and 1550 nm wavelengths, the lengths of the subsurface modifications
along the optical axis were determined from the simulation results, as a function of the
pulse duration and pulse energy (see figures 4.13a and 4.13b).
According to the simulation results, both wavelengths can be applied for the production
of subsurface modifications in silicon. For the pulse energies that were simulated (0.5, 1
and 2 µJ), the suitable pulse durations range from 500 ps to 250 ns for the 1064 nm process
and from 500 ps to 50 ns for a wavelength of 1550 nm. The optimum pulse durations are
around 5 ns and 1 ns for 1064 and 1550 nm respectively. These conditions result in the
longest modifications for a fixed pulse energy.
Advantage of the 1064 nm process is that it is less sensitive to the choice of the pulse
duration, as both single- and two-photon absorption may be employed, depending on the
pulse duration. However, the 1550 nm wavelength is more efficient, as more material is
modified while applying the same pulse energy, if the optimum processing conditions are
selected. An important cause for the lower efficiency of the 1064 nm wavelength is the
delocalization of the laser energy absorption due to plasma defocussing (see section 4.3.4).
In the next sections, a more detailed comparison of both wavelengths will be performed,
while varying the initial temperature, doping concentration and focus depth.
Boundaries of the process window To investigate the physical phenomena that govern the boundaries of the process window in terms of the pulse duration and energy,
simulations have been run for a wavelength of 1064 nm, while artificially enhancing
Auger recombination and disabling two-photon absorption, or while disabling the effect of
diffusion (see figure 4.14). The Auger recombination was enhanced by multiplying the
Auger recombination coefficient by a factor hundred. Two-photon absorption was disabled
by setting the two-photon absorption coefficient to zero. Finally, diffusion effects were
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(b) Wavelength: 1550 nm.
Figure 4.13: Subsurface modification length as a function of the pulse duration for three pulse
energies.
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Figure 4.14: Subsurface modification length as a function of the pulse duration, while enhancing or
disabling several physical phenomena. Wavelength: 1064 nm, pulse energy: 1 µJ.

disabled by zeroing the diffusion coefficients corresponding to the lattice heat conduction,
electronic heat conduction and ambipolar diffusion of electron-hole pairs.
Upper boundary of the pulse duration For the 1064 nm wavelength, the upper limit to
the pulse duration is related to the diffusion of heat and carriers away from the focus, which
limits the ability to selectively generate high temperatures near or in the focus. When
disabling this effect, long pulses of hundreds of nanoseconds hardly show any decrease in
performance compared with shorter pulse durations (see figure 4.14). For the 1550 nm
process, this effect is less relevant as the process already fails at shorter pulse durations,
due to the lack of two-photon absorption (see figure 4.13b). The upper boundaries shown
in figures 4.13a and 4.13b are not absolute limits. When further increasing the pulse energy,
modifications can also be created using longer pulses.
Lower boundary of the pulse duration The lower limit to the pulse duration is due to
delocalization of the laser energy absorption. The laser pulse has to contain sufficient
energy to melt a volume of material below the surface, as given by equation (4.7). If the
laser pulse is too short, while keeping the pulse energy at the required level, the laser
intensity well above the focus exceeds the threshold for effective two-photon absorption.
Consequently, laser energy is absorbed at undesired locations and a too dense electron-hole
plasma is formed above the focus of the beam. A contributing factor to the formation of
this plasma is that less time is available for the recombination of electron-hole pairs, when
reducing the pulse duration. The electron-hole plasma above the focal plane results in
(1) energy losses due to free carrier absorption of laser energy and (2) plasma-induced
defocussing of the beam. If a too short pulse duration is selected, eventually a surface
instead of a subsurface modification will be created when increasing the pulse energy.
When artificially disabling two-photon absorption and increasing the Auger recombination
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coefficient in the simulations, ultra-short pulses in the picosecond range also result in the
formation of subsurface modifications (see figure 4.14).
The refractive index profile at the peak power of a 50 ps pulse with a wavelength of
1064 nm is shown in figure 4.15. The refractive index drops towards the optical axis due to
its dependence on the density of free carriers, causing the laser beam to defocus. Contrary
to the situation for a nanosecond pulse (see figure 4.11), the refractive index is below its
equilibrium value of 3.57 throughout the entire computational domain.
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Figure 4.15: Cross-section of the refractive index at the peak power of the laser pulse. Wavelength:
1064 nm, pulse energy: 1 µJ, pulse duration (fdhm): 50 ps. The beam propagation
direction is from left to right. The refractive index under equilibrium conditions is 3.57.

For the pulse energies that were employed during the simulations shown in figures 4.13a
and 4.13b, a positive relation between the pulse energy and modification length exists.
This trend is not consistent when further increasing the pulse energy. If the pulse duration
is fixed, higher pulse energies result in higher instantaneous light intensities, enabling
two-photon absorption at larger distances from the focal plane. Therefore, the lower
boundary of the pulse duration will shift to longer pulse durations.
Influence of the Kerr effect For a pulse energy of 1 µJ, the lower boundary of the pulse
duration at 1064 nm was found to be around 1 ns (fdhm). This corresponds to a peak
power of 0.94 kW, for a laser pulse with a Gaussian temporal profile. At wavelength of
1064 nm, the approximate critical power for self-focussing according to equation (2.1) is
17 kW. Consequently, the lower limit to the pulse duration is not governed by the Kerr
effect for the conditions under consideration.
Due to the Kerr effect, the hypothetical case in which two-photon absorption is disabled
and the Auger recombination is enhanced, as shown in figure 4.14, will not result in the
formation of subsurface modifications, when decreasing the pulse duration below the range
that is plotted. Such hypothetical conditions cannot be modelled by solving a nonlinear
Schrödinger equation in an axisymmetric coordinate system, as it becomes mathematically
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singular [122, 161]. This singularity does not occur when considering the Kerr effect and
two-photon absorption together [122].

4.5.3 Initial temperature
The length of the subsurface modifications along the optical axis, as a function of the
wavelength and initial lattice temperature, is shown in figure 4.16. In practise, such an
increase in the initial temperature may be caused by heat input from neighbouring pulses
or by the accumulation of heat over long processing times. This is especially expected to
be an issue when machining at high laser repetition frequencies.
While a constant initial temperature can represent overall heating of the wafer, nonaxisymmetric temperature profiles will occur when producing line patterns of subsurface
modifications. Such profiles cannot be simulated in an axisymmetric coordinate system as
used by the current numerical model. Non-homogeneous initial temperatures will have a
stronger detrimental effect on the performance of the process than homogeneous heating,
due to the corresponding refractive index gradients which affect the intensity profile of the
laser beam.
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Figure 4.16: Subsurface modification length as a function of the initial lattice temperature for two
wavelengths. Pulse energy: 1 µJ.

When comparing the 1064 and 1550 nm wavelengths, a large difference in performance
at elevated initial lattice temperatures can be observed. An increase in temperature of
100 K greatly enhances the linear interband absorption for the 1064 nm wavelength, by
shrinking the band gap and increasing the probability of phonon absorption (see section 2.3).
Consequently, sufficient laser energy does not reach the vicinity of the focal spot, causing
the process to fail. The 1550 nm process is unaffected by a temperature increase of about
200 K. Only at temperatures around 600 K, it no longer performs satisfactorily. This is
due to the increase in intrinsic carrier density and free carrier cross-section, resulting in
stronger free carrier absorption.
75

4

4 Simulation results

4.5.4 Doping concentration
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In addition to the initial temperature, the concentration of dopants influences the formation
of laser-induced subsurface modifications. While the band gap of silicon shrinks with an
increasing dopant concentration due to band gap narrowing, the optical band gap remains
relatively constant, as the band gap narrowing is counteracted by band filling [162]. Since
the optical band gap determines the laser energy absorption, only the effect of ionized
impurities on the free carrier absorption was considered. As the numerical model assumes
an equal number of electrons and holes, it does not distinguish between p- and n-doping
when computing the material properties. It was assumed that the contributions of holes
and electrons to the free carrier absorption are identical.
The length of the subsurface modifications, as a function of the wavelength and the
concentration of ionized impurities, is shown in figure 4.17. A focus depth of 500 µm was
selected for these simulations, as the effect of ionized impurities is especially of importance
when processing relatively thick wafers. The processing strategies based on the 1064 and
1550 nm wavelengths both show a strong decrease in performance, when the concentration
of ionized impurities is increased beyond 1018 1/cm3 . The effect on the 1550 nm process
is somewhat stronger, due to the larger free carrier cross-section at this wavelength (see
section 3.5). The concentrations of ionized impurities at which the process fails, which are
shown in figure 4.17, are not absolute limits. It is possible to compensate for the effect of
free carrier absorption to some extent by increasing the pulse energy.
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Figure 4.17: Subsurface modification length as a function of the concentration of ionized impurities
for two wavelengths. Pulse energy: 1 µJ, focus depth: 500 µm.

4.5.5 Focus depth
Finally, the influence of the focus depth on the length of the subsurface modifications has
been investigated (see figure 4.18). The focus depth is defined as the distance between the
wafer surface and the geometrical focus of the laser beam. For the case of intrinsic silicon,
the 1550 nm process was found to be unaffected by any change in focus depth in the range
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Figure 4.18: Subsurface modification length as a function of the focus depth for two wavelengths.
Pulse energy: 1 µJ.

that was simulated (up to 2 mm). At 1064 nm, the modification length decreases for larger
focus depths.
The 1550 nm process is robust when varying the focus depth, because the laser energy
absorption at low light intensities is limited to free carrier absorption by the intrinsic
concentration of carriers. Interband absorption does not occur at room temperature, as
the photon energy is well below the band gap. At 1064 nm, losses due to linear interband
absorption occur throughout the beam path inside silicon. Moreover, the free carriers that
are generated in this manner further enhance the absorptivity.
As long as the doping concentration is not too high, the 1550 nm process allows for the
production of laser-induced modifications deep inside silicon, without significant energy
losses compared with the fabrication of near-surface modifications.

4.6 Summary
Numerical simulations of the subsurface laser-material interaction in silicon have been
performed, while varying the wavelength, pulse duration, pulse energy, beam shape, initial
temperature, focus depth and doping concentration. Results of simulations that were
carried out for wavelengths of 1064 and 1550 nm were compared. Both wavelengths were
found to be suitable for the formation of subsurface modifications in silicon, if appropriate
processing conditions are selected.
The simulations predicted that non-thermal melting does not occur. Moreover, stresses
exceeding the ultimate tensile strength were not found, while the material was in the solid
phase. Since thermal melting was predicted, subsurface melting of silicon followed by fast
resolidification is expected to be the primary modification mechanism.
For the 1064 nm wavelength, the simulations showed that pulse durations up to a few
hundred nanoseconds can be employed to induce modifications, based on single-photon
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absorption of laser energy. Longer pulses are ineffective to form modifications, due to the
diffusion of heat and free carriers. For the 1550 nm wavelength, two-photon absorption is
required to initiate the formation of subsurface modifications. Since high light intensities
are required to trigger two-photon absorption, it was found that the upper limit to the
pulse duration is in the order of tens of nanoseconds. The pulse energies that were needed,
for both wavelengths, are in the order of a microjoule.
For both wavelengths, a lower limit to the pulse duration, to form modifications, was
also found to exist. The pulse energy is determined by the required energy to melt a
volume of silicon. When combining this energy level with a too short pulse duration,
the instantaneous power of the laser beam becomes too high to limit the multiphoton
absorption of laser energy to the vicinity of the focus. Consequently, apart from direct
energy losses due to multiphoton absorption, a dense electron-hole plasma is formed above
the focus. This plasma results in free carrier absorption of laser energy and plasma-induced
beam defocussing. For the conditions under consideration, these phenomena limit the
usability of short pulses before the Kerr effect becomes relevant.
A comparison was performed regarding the performance of the processing strategies
based on wavelengths of 1064 and 1550 nm. The 1550 nm process was found to result in
longer modifications for the same pulse energy. At 1064 nm, free carriers are generated
throughout the path of the laser beam inside silicon, due to linear interband absorption,
resulting in energy losses and plasma defocussing. Moreover, the 1064 nm process is
precisely matched to the band gap of silicon, making it sensitive to band gap narrowing
caused by an increase in the initial temperature. Since energy losses at low laser intensities
are negligible at 1550 nm, this wavelength is well suited for the production of subsurface
modifications at a depth of several millimetres below the surface.
In order to assess the accuracy of the numerical simulations, simulation results will be
compared with experimental data in chapter 6.
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In this chapter, the experimental set-up that was designed to tightly focus laser pulses inside
silicon is discussed. In addition to the laser sources, optics and mechanical components of the
set-up, the sample analysis tools will be presented.

5
5.1 Introduction
In chapter 4, simulation results were presented that predict the feasibility of producing
subsurface modifications in silicon under various processing conditions. To validate the
numerical results using experimental data, an experimental set-up has been constructed to
tightly focus laser pulses inside silicon. In this chapter, the design of the set-up will be
discussed. Special attention is given to the focussing objective, as this is one of the most
important components for the success of the subsurface modification process.
Besides the laser processing set-up, methods to analyse the presence of subsurface
modifications, their geometry and their crystal structure will be discussed. These methods
include non-destructive methods, as well as destructive methods that require additional
machining of the samples after laser processing. Moreover, sample geometries are proposed
that are adapted to the requirements of the analysis methods.
The processing conditions that can be generated by the set-up are not limited to those that
were predicted to be suitable for the formation of subsurface modifications in silicon. This
enables the validation of both positive and negative results of the numerical simulations.

5.2 Laser sources
Four laser sources were employed for the experiments on the formation of subsurface
modifications in silicon. Their properties are listed in table 5.1. The wavelengths of the
lasers are a close match to the wavelengths that were used during the numerical simulations
(see section 4.1). The energy of the pulses emitted by these sources is a least 20 µJ.
Two of the lasers sources that were employed are fibre lasers. Fibre lasers are well
suited for the subsurface modification process, as they have an excellent beam quality and
can produce medium energy pulses of tens to hundreds of microjoules. For the formation
of subsurface modifications, low pulse energies of a few microjoules are sufficient, as the
material only has to be locally modified instead of being removed. A high beam quality is
beneficial to obtain a small focal spot inside the material.
Both fibre lasers employ a master oscillator power amplifier (mopa) architecture. The
1549 nm fibre laser provides a fixed pulse duration of 3.5 ns (fdhm). At this wavelength, the
laser process relies on two-photon absorption to generate an initial electron-hole plasma
(see section 2.3). The 1061 nm fibre laser includes the option of changing the temporal
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Table 5.1: Properties of the laser sources that were employed to produce subsurface modifications in
silicon. The pulse duration is defined as the full duration at half maximum (fdhm).

5

Manufacturer and

Lasing medium and

Wavelength and

type

pump source

Trumpf

Yb:YAG disc

Trumicro 5050

Diode pumped

Spectra Physics

Nd:YAG rod

Quanta Ray GCR-270

Flashlamp pumped

SPI

Yb-doped silica fibre

1061 nm

M 2 < 1.3

SP-020P-A-EP-S-A-Y

Diode pumped

2–460 ns

Random

MWTechnologies

Er-doped silica fibre

1549 nm

M 2 < 1.1

MOPA-LF-1550

Diode pumped

pulse duration
1030 nm
6.6 ps
1064 nm
8 ns

3.5 ns

Beam quality and
polarization
M 2 < 1.3
Linear
Undefined
Linear

Random

shape of the seed pulses, to obtain amplified pulses with different pulse durations. The
ability to generate longer nanosecond pulses at this wavelength allows for the investigation
of a modification process that is solely based on single-photon absorption.
The manufacturers of the laser sources listed in table 5.1 use different definitions to
quantify the power and energy stability of the laser output. For the experiments that will
be presented in chapters 6 and 7, the stability of the pulse energy is the most important.
For the Spectra Physics source, 99% of the pulse energies are within ±2% of the average
value. For the spi source, the root mean square of the energy deviations is smaller than
3%. The mwtechnologies source has a short term peak power stability of ±5%. For the
Trumpf source, only the long term stability of the average power is specified as ±1.7%.
Pumping scheme of the fibre lasers Low pulse repetition frequencies in the order of
100 Hz were required to obtain a sufficiently large spacing between adjacent modifications
(see section 5.5). The Spectra Physics laser source has a repetition rate of 10 Hz. The Trumpf
laser source includes a pulse picker to enable operation at low repetition frequencies.
However, fibre lasers are typically designed to operate at far higher pulse repetition rates.
The mopa architecture of the fibre lasers contains a seed laser that provides short pulses
with a low pulse energy. In one or more amplification stages, the seed pulses are amplified
to obtain the required pulse energy. While the amplifiers are intended to amplify seed
pulses by means of stimulated emission, a certain amount of energy loss due to spontaneous
emission will also occur. As part of the photons emitted by spontaneous emission are also
guided by the fibre and are subsequently amplified, this will result in amplified spontaneous
emission (ase).
When intermittently triggering single pulses from a fibre laser or running the laser at
low repetition frequencies, while continuously pumping the amplifiers, the contribution
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of ase to the total average power of the laser will be large. This is due to the fact that
the amplifiers are almost continuously in a state of maximum gain and energy storage,
resulting in strong ase, while the output power corresponding to the laser pulses is limited.
Too strong ase can result in the sample being damaged at undesired locations. Moreover,
it complicates the measurements of the pulse energy, as one has to distinguish between the
contribution of the actual laser pulses and the ase. Typical repetition rates for which the
average power due to ase exceeds the power corresponding to the short pulses are in the
order of several kilohertz [163].
To address the issue of ase, the lasers were configured for a pulsed pumping scheme [164].
This means that the diodes are briefly switched on for a period of tens to hundreds of
microseconds before a seed pulsed is released. After the laser pulse has been released, the
pumping diodes are switched off. This pumping scheme results in minimal energy storage
in the amplifiers between the laser pulses. The pulse energy can be controlled by adapting
either the pumping time or the diode current.
Temporal pulse shapes To compare experimental results with numerical simulations,
the temporal shapes of the laser pulses have to be known. The temporal profiles of the
pulses emitted by the Spectra Physics, Trumpf and mwtechnolgies laser sources are best
approximated by a Gaussian profile. The spi laser source has a tunable pulse duration. For
this source, the pulse shape depends on the pulse duration.
The temporal pulse shapes corresponding to the different pulse durations of the spi
source have been measured by a Thorlabs sv2-fc biased photodiode and a Lecroy WavePro
7200a oscilloscope. Both the diode and the oscilloscope have a bandwidth of 2 GHz. The
pulse shapes were digitized using a sample frequency of 20 GS/s and were averaged over
1024 pulses.
The shapes of 8, 240 and 460 ns (fdhm) pulses, which will be used for quantitative
comparisons between experimental and modelling results (see section 6.6), are shown in
figures 5.1, 5.2 and 5.3 respectively. Based on the measurement results, the 8 ns pulses of
the spi laser source will be approximated by a Gaussian temporal profile during numerical
simulations, while the longer pulses will be modelled by assuming a constant power during
the pulse (see section 3.3.1).

5.3 Laser processing set-up
In this section, the experimental set-up to focus laser pulses inside crystalline silicon is
presented. Based on the wavelengths of the laser sources listed in section 5.2, the set-up was
designed for wavelengths around 1064 and 1550 nm. The microscope objective, including
the influence of the coverslip correction, will be discussed in section 5.4.
A drawing of the experimental set-up is shown in figure 5.4. A photograph of the set-up
connected to the 1549 nm laser source is presented in figure 5.5. The manufacturers and
part numbers of the components that are shown in these figures are listed in table 5.2.
When different components were required for the 1064 and 1550 nm wavelengths, two
part numbers are listed. The Trumpf and Spectra Physics lasers directly provide a linearly
polarized free space beam. The optical fibres coming from the 1061 and 1549 nm fibre laser
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Figure 5.1: Measured temporal pulse shape of a 8 ns (fdhm) laser pulse emitted by the spi laser
source.
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Figure 5.2: Measured temporal pulse shape of a 240 ns (fdhm) laser pulse emitted by the spi laser
source.
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Figure 5.3: Measured temporal pulse shape of a 460 ns (fdhm) laser pulse emitted by the spi laser
source.

Table 5.2: List of components used in the experimental set-up.

Component

1064 nm wavelength

1550 nm wavelength

Polarizing beamsplitter

Thorlabs CM1-PBS253

Thorlabs CM1-PBS254

Beam attenuator

Thorlabs VBA05-1064

Thorlabs VBA05-1550

Non-polarizing beamsplitter

Thorlabs BB1-E03P

Thorlabs BSX12

Camera

Thorlabs DCC1545M

App. Scin. Tech.
Digital CamIR 1550

Imaging lens

Thorlabs LA1257-C

Translation axes

Thorlabs RB13M/M

DC servo motors

Thorlabs Z812B

Motor controllers

Thorlabs TDC001

Rotation axes

Thorlabs APY001/M
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protective
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Figure 5.4: Drawing of the experimental set-up. Abbreviations used in the figure: PBS: polarizing
beamsplitter, ND: neutral density, DOF: degrees of freedom, WP: waveplate.
PBS + λ /2 WP
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Collimator

Dump
Beam expander

Camera
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Fibre

Beamsplitter
Objective

Sample stage

Figure 5.5: Photograph of the experimental set-up attached to the 1549 nm laser source. Abbreviations
used in the figure: PBS: polarizing beamsplitter, WP: waveplate.

sources were terminated by spi pt-p00577 and Thorlabs f240apc-155 collimators. As these
lasers emit randomly polarized light, the collimated beams were subsequently polarized
by polarizing beamsplitters.
Next, in order to obtain the desired pulse energy, the laser beam was attenuated by
a half-lambda waveplate and another polarizing beamsplitter. The Spectra Physics laser
source emits high energy pulses. Therefore, an additional attenuation step had to be
incorporated after this source to prevent damage to the components located further along
the beam path. This attenuation step consisted of a glass window with an uncoated front
surface and an anti-reflection coated back surface. Only the Fresnel reflections from the
front surface were directed towards the rest of the set-up.
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After exiting the variable attenuator, the beam was vertically polarized. The laser beam
was subsequently expanded to obtain the desired 1/e2 beam diameter with respect to the
back aperture of the microscope objective. The microscope objective provides a beam that
is tightly focussed inside the silicon sample.
To calibrate the focus position and to correctly align the samples with respect to the
objective, a non-polarizing beamsplitter was employed that transmits a small percentage
of the light reflected from the silicon surface. A plano-convex lens was used to image the
reflected laser spot on a camera chip. When the focus of the microscope objective was
located on the sample surface, the reflected light was also in focus on the camera. To adjust
the intensity of the spot to the requirements of the camera, an infrared neutral density filter
was placed next to the imaging lens. For the 1064 nm wavelength, a silicon complementary
metal-oxide-semiconductor (cmos) camera was employed. However, silicon sensors cannot
detect light with a 1550 nm wavelength. For this wavelength, a silicon charge-coupled
device (ccd) with an anti-stokes phosphor coating to upconvert the energy of the photons
was selected.
The ability to position the samples with micrometre accuracy is essential, as a positioning
error of one micrometre results in an error of the focus position inside the sample of 3.5 µm.
This difference is due to the high refractive index of silicon. By measuring the positions of
laser-induced modifications inside silicon samples after laser processing, it was found that
the alignment error of the samples was below a micrometre.
The samples were mounted on a porous carbon membrane with a flatness below 500 nm.
A chamber behind this membrane was kept at a low vacuum by means of a venturi. The
sample holder could be manipulated by a stage with five degrees of freedom. Three
translation axes equipped with dc servo motors were available. Both rotation axes were
manually controlled to ensure that the focal spot was always at the same depth inside the
sample, when translating the sample horizontally or vertically. The translation axes are
constructed using crossed roller bearings and provide a range of 13 mm. The servo motors
have a maximum speed of 2.3 mm/s and a bidirectional repeatability below 1.5 µm after
backlash correction.
Power measurements The energy of the laser pulses was measured behind the focussing
objective to obtain the on-sample pulse energy. For this purpose, a laser power meter
consisting of a transimpedance amplifier (Thorlabs pm100a) and a measurement head
(Thorlabs s132c) containing a Germanium photodiode and a neutral density filter were
employed. The uncertainty in the power measurements is ±5%. Since the pulse repetition
rate of the laser is known, the measured average power can be converted to an energy value
per pulse. A narrow laser beam was employed for the power measurements to prevent
errors due to the dependence of the sensor sensitivity on the angle of incidence. When
extrapolating the data to larger beam widths, the aperture losses were taken into account.

5.4 Microscope objective
To tightly focus laser pulses inside silicon, a microscope objective was employed, which was
manufactured by Leica Microsystems and has type number 11 101 666. The specifications of
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this objective are listed in table 5.3. According to a transmission spectrum supplied by Leica
Microsystems, the objective provides better than 90 percent transmission for wavelengths
between 1050 and 1650 nm, while proving a value close to 90 percent for a wavelength of
1030 nm. Therefore, the objective is usable when combined with all laser sources listed in
table 5.1.
Table 5.3: Specifications of the Leica Microsystems 11 101 666 focussing objective.

5

Property

Value

Back focal length

∞

Design wavelength

1300 nm

Focal length

3.27 mm

Working distance

> 2.49 mm

Back aperture

6 mm

Numerical aperture

0.7

Magnification (1.6x tube lens)

100x

Medium between objective and sample

air

Coverslip correction

100 µm silicon

The focussing objective has a numerical aperture (na) of 0.7. This value is a compromise
between different aspects of the subsurface modification process. A too low na results
in insufficient confinement of the laser energy absorption. On the other hand, higher
numerical apertures result in a larger beam diameter at the surface of the wafer, implying
that a larger area has to be free of structures. Moreover, the working distance of high na
objectives is generally limited. Small working distances have a number of disadvantages
for the formation of subsurface modifications. First, it is impossible to focus deep inside
bulk materials. Secondly, there is a high risk of contact between the objective and the
sample in case of alignment errors. Finally, the risk of damage when inadvertently ablating
material from the sample surface is increased. Based on the above, a large working distance
objective was selected that provides a good balance between a sufficiently high na and a
large enough working distance.
The microscope objective is designed to work together with a tube lens. Parts of the
corrections regarding the field curvature are not located in the objective but in the tube
lens. Since only a single laser beam with a constant position and angle with respect to the
back aperture of the objective was used during the experiments, the field curvature does
not constitute a problem. Therefore, no tube lens was added to the experimental set-up.
Damage threshold measurements The microscope objective contains three lenses.
Damage threshold data of these lenses were unavailable from the supplier. Therefore,
damage tests were performed on uncoated samples of the lenses inside the objective,
using the picosecond source listed in table 5.1. The pulse energy and average power
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were gradually increased during these tests. After each test, the lenses were optically
inspected to check for damage. Up to a pulse energy of 125 µJ and an average power of
10 W, no damage was found. As these conditions are far above the requirements for the
process, it was concluded that the substrate material of the lenses is sufficiently resistant
to laser-induced damage.
Since no samples of the lenses including an anti-reflection coating were available, the
damage threshold of the coating could not be verified. No problems regarding coating
damage were observed during experiments with pico- and nanosecond pulses using the
complete objective. The damage threshold for nanosecond pulses will be substantially
higher than for picosecond pulses, due to the lower light intensities that the lenses are
exposed to. Since the successful production of subsurface modifications was only achieved
when employing nanosecond pulses (see section 6.5), a reasonable safety margin is
expected to be present for the processing conditions that were suitable for the subsurface
modification process.

5.4.1 Coverslip correction
When focussing a laser beam inside a transparent medium using a high numerical aperture
microscope objective, a coverslip correction matched to the focus depth and the refractive
index of the medium has to be applied, to prevent spherical aberrations.
As indicated in table 5.3, the microscope objective has a fixed coverslip correction for
100 µm of silicon. Consequently, if the focus depth deviates from the ideal value, aberrations
will occur. In this section, the cause of the aberrations will be discussed, followed by
quantitative computations to assess the magnitude of these aberrations.
Coverslip correction based on ray optics The reason why a coverslip correction is
necessary can be understood from the refraction of optical rays based on Snell’s law. The
refraction of a single ray is shown in figure 5.6. When a ray propagating through a medium
with index n1 goes through an interface with a medium with index n2 , the corresponding
angles with the optical axis θ1 and θ2 change according to [158]
n1
sin(θ2 )
=
.
sin(θ1 )
n2

(5.1)

To evaluate what happens when the focus location is moved into the medium with index
n2 , a lens is assumed that was designed such that all rays cross the optical axis in a single
point, when focussing in a medium with index n1 . The working distance between the
lens and the interface between both media is selected such that the focus is located at the
interface. To place the focus inside the medium with index n2 , the working distance has to
be reduced by ∆wd. Consequently, the focus will be shifted inside the material with index
n2 by a distance dfoc . The intercept height h of the ray at the interface (see figure 5.6), can
be connected to θ1 and ∆wd by
h = tan(θ1 )∆wd.

(5.2)

The actual focus depth dfoc , in the presence of refraction, is related to h by
h = tan(θ2 )dfoc .

(5.3)
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Figure 5.6: Drawing of the refraction of an optical ray, when propagating from a medium with
refractive index n1 into a medium with refractive index n2 . The drawing corresponds to
a value of n2 that is greater than n1 .

Substitution of equation (5.2) in equation (5.3) gives
dfoc =

tan(θ1 )
∆wd.
tan(θ2 )

(5.4)

The problem that arises here is that according to equation (5.1), the ratio between the
sines instead of the tangents of θ1 and θ2 is fixed, implying that the ratio between dfoc
and ∆wd, as given by equation 5.4, is not. Consequently, rays arriving at the interface at
different angles, cross the optical axis at different locations. For small angles, this does not
constitute a practical problem since sin(θ ) ≈ tan(θ ) for θ ≈ 0. Therefore, objectives with
a low na do not require corrections adapted to the focus depth and the refractive index of
the medium. For high na objectives, spherical aberrations will occur when corrections are
absent (see figure 5.7).

Figure 5.7: Drawing of the negative spherical aberrations that occur when focussing a laser beam
inside a material with a refractive index greater than the medium that the objective was
designed for, without applying a coverslip correction. Different rays do not cross the
optical axis at the same point.
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Coverslip correction based on electromagnetic optics To quantitatively assess the
effect of a mismatch in the coverslip correction, ray tracing cannot be employed due to
the small size of the focal spot compared with the wavelength of the light. Moreover, the
Gaussian laser beam profile and its scaling with respect to the aperture of the objective
have to be considered. The beam profile affects the impact of a mismatch in the coverslip
correction, as it determines the distribution of power between the paraxial and peripheral
rays. Therefore, simulations have been run using the psf lab software [159] (see section 4.2).
The psf lab software computes the required coverslip correction for a certain design case
and evaluates the effect of specific deviations from the design conditions.
In figure 5.8, the laser intensity profile for the ideal case is shown, in which the laser
beam is focussed 100 µm below the surface, which matches the coverslip correction. The
conditions were identical to those used in section 4.2. In this case, the intensity profile is
symmetric around the focus.
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Figure 5.8: Cross-section of the laser intensity distribution [arbitrary unit] in the bulk of silicon,
based on an electromagnetic wave that satisfies Maxwell’s equations. The coverslip
correction of the objective was matched to the refractive index of silicon and the focus
depth. Wavelength: 1064 nm. The beam propagation direction is from left to right.

During some experiments, the objective was protected by a quartz window to prevent
damage when material was ablated from the surface. Ablation may happen inadvertently
when an incorrect focus depth or pulse energy is selected. It may also be required to
produce surface alignment marks (see section 5.5). In figure 5.9, a focus depth of 100 µm
has been simulated in the presence of a 250-µm thick quartz window. Here, negative
spherical aberrations are visible resulting in a larger depth of focus. The intensities have
been scaled, such that the peak intensity occurs at a value of one. When comparing the
unscaled values of the intensities, it was found that the peak intensity in the focus is
reduced by a factor two compared with the ideal case, due to the spherical aberrations
caused by the presence of the quartz window.
For the current research, 160-µm thick wafers were used (see section 6.2). Therefore, the
largest deviation from the design value of the coverslip correction, without the presence
of a protective window, would occur when the beam is focussed close to the surface. In
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Figure 5.9: Cross-section of the laser intensity distribution [arbitrary unit] in the bulk of silicon, based
on an electromagnetic wave that satisfies Maxwell’s equations. The coverslip correction
of the objective and the focus were fixed at 100 µm while an additional 250-µm thick
quartz window was present. Wavelength: 1064 nm. The beam propagation direction is
from left to right. Negative spherical aberrations are visible.

figure 5.10, a focus depth of 20 µm has been simulated. Since in this case the actual
silicon cover is less than the design value, positive spherical aberrations can be observed.
Nevertheless, the aberrations are less severe than in the presence of a 250-µm thick quartz
window. The decrease in peak intensity was approximately 15 percent.

5.5 Sample geometry
The repetition rate of the laser sources was fixed at 10 or 100 Hz during the production
of subsurface modifications. By varying the speed of the stage, the spacing between the
subsurface modifications was adjusted. At 100 Hz, a pulse-to-pulse spacing up to 23 µm
could be obtained, within the maximum speed of the stage (see section 5.3). If required,
the generation of pulses by the laser source was enabled or disabled to limit the production
of modifications to specific locations.
When modifications were produced at different focus depths, the deepest modifications
were created first, to preclude the laser beam from being affected by previously created
modifications. To prevent the process from being influenced by absorption of laser energy
by the sample holder, a layer of transparent tape was attached to the back surface of the
samples.
Four different sample geometries were produced:
a. Samples containing multiple layers of closely spaced modifications for the purpose
of wafer dicing (see figure 5.11a).
b. Samples containing one or more layers of closely spaced modifications, combined
with a layer of modifications with a large spacing between the pulses (see figure 5.11b).
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Figure 5.10: Cross-section of the laser intensity distribution [arbitrary unit] in the bulk of silicon,
based on an electromagnetic wave that satisfies Maxwell’s equations. The coverslip
correction of the objective was fixed at 100 µm while the focus was located at a depth
of 20 µm. Wavelength: 1064 nm. The beam propagation direction is from left to right.
Positive spherical aberrations are visible.

This geometry allows for the samples to be diced, while the cross-sections still contain
single-pulse modifications that can be subject to further analysis.
c. Samples containing modifications with a large spacing between the pulses for the
analysis of single-pulse modifications (see figure 5.11c). Laser-induced surface marks
may be needed to localize the subsurface modifications.
d. Samples containing streets with dense modifications in the vicinity of streets containing modifications that are to be analysed (see figure 5.11d). These samples are
designed to fracture along the dense modifications. Failure of the samples along the
plane with the modifications that are intended for analysis should be prevented.
When samples of geometry type (c) or (d) are subject to further analysis based on
surface analysis methods, additional material removal techniques have to be applied to
expose the modifications (see section 5.7).

5.6 Non-destructive analysis tools
When investigating subsurface damage in silicon, non-destructive analysis methods are
preferred, as they do not introduce additional uncertainty regarding the cause of the
observed damage. Moreover, problems with locating the subsurface modifications are
avoided. Two methods to detect damage in a non-destructive manner were evaluated:
infrared microscopy and X-ray computed tomography.
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(a) Sample geometry type (a).

(b) Sample geometry type (b).

(c) Sample geometry type (c).

(d) Sample geometry type (d).

5

Figure 5.11: Cross-sections corresponding to different sample geometries. Each elliptic contour
represents a subsurface modification. The laser beam propagation direction is from top
to bottom.

Infrared microscopy
To establish whether subsurface modifications were present inside silicon, a Leica dmrm
microscope equipped with an infrared light source below the sample stage was employed.
This infrared source consists of a halogen light bulb and a longpass filter. For the observation
of the transmitted light, a silicon cmos camera was used (ids ueye 1240 me). The infrared
blocking filter in this camera was replaced by uncoated float glass. As both the sample
and sensor were made of silicon, a narrow wavelength range around one micrometre,
where the sample becomes transparent while the camera still provides some sensitivity,
was imaged.
When comparing images obtained by infrared transmitted light with images recorded
using visible light reflected from the surface, it was found to be possible to identify whether
the damage was located on or below the surface. Subsurface damage that is not visible
using reflected visible light, showed up as a dark spot when employing infrared illumination.
For the observation of the sample surface, both bright- and darkfield illumination were
employed.
As surface damage is also visible in infrared, it has to be ruled out before concluding
that a modification is located below the surface. By comparing geometric profile data
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with images obtained using optical microscopy, it was found that optical detection is the
most sensitive method to detect the first signs of inadvertent surface damage. The same
conclusion was drawn in reference [64].
Further, it was found that due to the small wavelength range that was imaged during
infrared transmission measurements, even objectives that are only corrected for chromatic
aberrations in the visible spectrum, provide an acceptable image quality. The best image
quality and light transmittance were obtained when employing the same objective as
used for the machining of the samples (Leica Microsystems 11 101 666, see section 5.4).
The level of detail that can be resolved by infrared microscopy is inferior compared with
regular optical microscopy using visible light. While it is possible to identify the presence
of subsurface modifications, limited information about their shape can be extracted.
X-ray computed tomography
The University of Leuven (Belgium) has conducted an initial feasibility study using samples
produced during this work, regarding the application of a computed tomography (ct)
scanner to analyse subsurface modifications in silicon. In a ct-scan, contrast is generated
by differences in X-ray absorption, which is mainly related to the density of the material.
A General Electric Nanotom scanner was used for the feasibility study. This scanner is
capable of imaging voxels with a size of 500 nm. Due to the noise that is present in the
images, the smallest detectable feature is somewhat larger than the voxel size.
A 2 by 3 mm silicon sample containing subsurface modifications was placed in front
of the X-ray source. By rotating the sample, images were recorded at different angles to
reconstruct a three-dimensional image. No contrast was observed in the images obtained
from the ct-scan. This implies that any voids that are present in the material are smaller
than the minimum detectable feature size of the ct-scanner.

5.7 Destructive analysis tools
While infrared microscopy was found to be suitable to detect the presence of laser-induced
subsurface modifications in silicon, it has limitations with respect to the information about
the shape and size of the modifications that can be obtained. To acquire detailed information
about the geometry and material structure of subsurface modifications, destructive methods
were employed. One of the main challenges when preparing samples for further analysis
is to locate the micrometre-sized subsurface modifications, which are hidden inside the
bulk of the material. In this section, the destructive sample preparation methods will
be discussed, followed by the analysis techniques that were employed after the sample
preparation.

5.7.1 Sample preparation
The purpose of destructive sample preparation techniques is to expose subsurface modifications on a surface, or to obtain thin lamellae that contain cross-sections of the modifications.
Three preparation methods have been used, which are listed below.
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Laser-induced subsurface separation
Subsurface modifications were used to fracture silicon samples along a predefined plane.
Any features present on this plane may then be analysed using surface analysis methods.
Sample geometry types (a) and (b) (see section 5.5) were employed for this preparation
technique. Laser-induced subsurface separation is the most efficient sample preparation
method. A disadvantage of this approach is that the fracture planes have a roughness of a
few hundred nanometres (see section 6.7).

5

Focussed ion beam milling
To create cross-sections of subsurface modifications along the optical axis, focussed ion
beam (fib) milling was applied. For the coarse removal of material a fei 200tem single
beam system was used, while for nanometre-scale processing a fei Helios dual beam
system consisting of a fib and a scanning electron microscope (sem) was employed. The
resulting lamellae are electron-transparent. Sample geometry type (c) (see section 5.5)
was used for this preparation technique. Additionally, surface marks were produced by the
laser in the vicinity of the subsurface modifications, to start the ion milling procedure at
the correct location.
Mechanical polishing
To create cross-sections perpendicular to the optical axis, samples were first polished to
approach the modifications within a few micrometres. Next, electron-transparent lamellae
were produced by a fei Helios 600 NanoLab fib at specific locations along the optical axis.
Sample geometry type (d) (see section 5.5) was used for this preparation technique. The
advantage of this sample geometry is that a plane formed by fracturing the sample, which
is parallel to the plane containing the modifications that are to be analysed, is available.
This plane was used as a starting plane for the polishing procedure.

5.7.2 Surface and lamella analysis tools
After exposing subsurface modifications on a surface or in a thin lamella, several analysis
techniques can be applied. The results of these analyses are presented in chapters 6 and 7.
The analysis techniques that were applied are listed below.
Optical microscopy
For the analysis of fracture planes with moderate resolution, a Leica dmrm microscope
equipped with a cmos camera was employed. For each objective lens, the distance
corresponding to the camera pixels was calibrated using a calibration slide to enable
quantitative distance measurements.
Laser scanning confocal microscopy (lscm)
To analyse fracture planes with higher resolution and depth of focus compared with
optical microscopy, a laser scanning confocal microscope (Keyence vk-9710) was employed.
This microscope contains a 408 nm ultraviolet laser source. Two types of analyses were
performed. First, integrated intensity images were recorded which resemble brightfield
optical microscopy images. Secondly, by measuring the sample height corresponding to
the peak intensity for each pixel, height maps were produced to estimate the roughness of
the fracture planes.
94

5.8 Summary

Scanning electron microscopy (sem)
A Jeol jsm-6400 scanning electron microscope was used to obtain the most detailed
micrographs of fracture planes. Since secondary electrons were measured, contrast is
mainly generated by differences in surface angle.
Raman spectroscopy
To identify the material structure of silicon in a thin layer below the surface, a Renishaw
2000 Raman spectroscopy system equipped with a HeNe laser source emitting at 633 nm
was employed. By comparing the wavelengths of inelastically scattered light with known
reference data, the presence of specific phases can be detected [165]. The diameter of
the spot of the Raman microscope is approximately 2 µm, so data is collected from a
relatively large area. The absorption coefficient of diamond cubic silicon at 633 nm is
3.75 · 105 1/m [166], resulting in a 1/e optical penetration depth of approximately 2.6 µm.
Transmission electron microscopy (tem)
For the analysis of electron-transparent lamellae with nanometre resolution, a Philips
Tecnai, a Phillips cm300 and a Jeol jem-2100f transmission electron microscope were used.
In addition to bright- and darkfield micrographs in conventional tem mode, scanning
transmission electron microscopy (stem) images were obtained using a high-angle annular
darkfield (haadf) detector. Advantage of stem compared with conventional tem is that
bend contours are suppressed [167], allowing the shape of the subsurface modifications to
be clearly identified. Moreover, it is less affected by the sample thickness. Additionally,
selected area diffraction (sad) patterns were recorded, to identify the material phases that
were present in specific parts of the laser modifications.

5.8 Summary
An experimental set-up was developed to focus infrared laser pulses with wavelengths
around 1064 and 1550 nm inside silicon samples. This set-up is capable of aligning the
position of the samples along the optical axis with micrometre accuracy. The sample
position is controlled by three automated translation axes. Both the energy of the laser
pulses and the beam diameter are adjustable. An infrared microscope objective with a
numerical aperture of 0.7 and a working distance of 2.5 mm was selected to focus the laser
beam. This microscope objective contains corrections to prevent spherical aberrations for a
focus depth of 100 µm inside silicon.
The laser pulses were generated by four laser sources. Three sources provide photons
with an energy close to the band gap of silicon. These lasers have pulse durations of
6.6 ps, 8 ns and 2–460 ns and wavelengths of 1030, 1064 and 1061 nm respectively. The
fourth source generates pulses of 3.5 ns with a longer wavelength of 1549 nm, resulting
in a photon energy below the band gap. The laser with a tunable pulse duration allows
for the instantaneous power of the pulses to be varied, to enable or disable two-photon
absorption. Two of the laser sources are fibre lasers. Fibre lasers are well suited for the
subsurface modification process, as they provide a sufficiently high pulse energy and have
an excellent beam quality. All lasers were configured for low repetition frequencies, either
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by pulse picking or pulsed pumping. Therefore, separate single-pulse modifications can be
generated.
Four different sample geometries were proposed that are adapted to various nondestructive or destructive analysis techniques. To detect the presence of subsurface
modifications in a non-destructive manner, infrared microscopy was found to be suitable.
No contrast was observed when analysing subsurface modifications using a ct-scan. To
obtain detailed information about the geometry and crystal structure of modifications,
methods to expose the subsurface modifications on a surface or in a lamella were proposed.
Afterwards, optical microscopy, laser scanning confocal microscopy, Raman spectroscopy,
scanning electron microscopy or transmission electron microscopy can be employed.

96

6

Experimental results: geometry

In this chapter,∗ the geometries of subsurface modifications, which were produced using the
experimental set-up described in chapter 5, will be presented. The geometries are compared
with numerical predictions to validate the numerical model. Additionally, the modification
mechanisms and the suitability of the modifications for wafer dicing will be considered.

6.1 Introduction

6

This chapter is focussed on the experimental investigation of the geometry of laser-induced
subsurface modifications. The analysis of the crystal structure of the modifications can be
found in chapter 7. During the experimental studies, the influence of the pulse duration,
pulse energy and wavelength on the shape of the subsurface modifications was investigated.
Based on the results from numerical simulations (see chapter 4), these parameters are
expected to have the largest influence on the outcome of the laser process.
An important goal of the experimental data is to validate the numerical model. Therefore,
the geometries of the subsurface modifications will be compared with simulation results, to
assess the accuracy of the numerical model under various processing conditions. Moreover,
the suitability of the subsurface modifications for wafer dicing will be discussed, including
the mechanisms that contributed to the separation of the dies. Additionally, the information
that the fracture planes provide regarding the modification mechanisms that occurred
during the laser-material interaction will be considered.

6.2 Experimental conditions
The wafers that were selected for the experiments are 160-µm thick monocrystalline silicon
wafers with a <100> crystal orientation and a moderate boron doping. The silicon wafers
were of a high quality grade that is suited to the production of integrated circuits. The
resistivity of one of the wafers was measured by the supplier using a Prometrix Omnimap
rs75 resistivity mapping system. The measured resistivity of 10.3 Ω·cm is sufficiently high to
prevent significant free carrier absorption of laser energy under equilibrium conditions [58].
The experiments were performed at a controlled ambient temperature of 293 K.
Entire wafers are too large to be handled by the experimental set-up, as it can only
translate samples by up to 13 mm (see section 5.3). Therefore, the wafers were pre-diced
to form samples measuring 20 by 5 mm. During the dicing tests, the samples were split in
half resulting in two dies of 10 by 5 mm. The dicing plane was approximately aligned with
a {110} plane.
∗

Experimental results from the 1549 nm process have been published in Optics Express, 22(18):21958–21971, 2014
(P. C. Verburg, G. R. B. E. Römer, and A. J. Huis in ’t Veld).
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When quantitative measurements were performed, the focal spot was located at a depth
of 100 µm inside the silicon and no window was placed behind the objective lens. This
ensures that no spherical aberrations are present (see section 5.4.1). During all other
experiments, unless mentioned otherwise, a 250-µm thick quartz window was present
behind the objective to protect it against damage. This window induces negative spherical
aberrations, which have an effect on the shape of the modifications.
The beam diameter at the back aperture of the objective was chosen such that the 1/e2
diameter fills 80 percent of the aperture. This choice results in a sufficiently small focal
spot inside silicon, while preventing excessive energy losses or diffraction effects (see
section 4.2). An overview of the resulting spot sizes in silicon for the different laser sources
can be found in table 6.1. These sizes were computed based on non-paraxial computations
using the psf Lab software [159] (see section 4.2).

6

Table 6.1: Theoretical spot size inside silicon for the different laser sources. The focus was assumed
to be located 100 µm below the wafer surface, which matches the coverslip correction
of the microscope objective. The spot size of the Spectra Physics source could not be
computed as its beam profile is undefined.

Manufacturer and

Wavelength

2

Spot size

(M )

(1/e2 diameter)

1030 nm

1.3

1.84 µm

1064 nm

—

—

1061 nm

1.3

1.92 µm

1549 nm

1.1

2.37 µm

type
Trumpf

Beam quality

Trumicro 5050
Spectra Physics
Quanta Ray GCR-270
SPI
SP-020P-A-EP-S-A-Y
MWTechnologies
MOPA-LF-1550

6.3 Model validation for surface damage thresholds
The quantitative measurements of the geometry of the subsurface modifications were
based on a destructive sample preparation method (see section 6.4). Since destructive
analysis techniques impose a risk of causing further damage beyond the damage induced
by the laser-material interaction, the performance of the model has first been verified with
experimental data on surface instead of subsurface damage thresholds. Not all aspects of
the model, including the beam propagation inside the material, can be validated in this
manner. Nevertheless, a comparison between simulated and measured surface damage
thresholds allows for the mechanisms of laser energy absorption to be validated. Moreover,
surface damage thresholds can be reliably measured and are readily available in literature.
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The numerical predictions of surface damage were based on simulations of a laser
beam with a Gaussian power density profile interacting with a silicon substrate. The
temporal profile of the laser pulses was also assumed to be Gaussian (see section 3.3.1). By
measuring the radial extent of the molten material during post-processing, the required
fluence (energy per unit area) to damage the silicon surface was established.
The experimental data on surface modification thresholds were collected from literature on damage observed by optical microscopy or reflectivity measurements for
picosecond [168], 10 ns [76, 169], 30 ns [170] and 40 ns pulses [74], all at wavelengths
ranging from 1060 to 1064 nm.
The comparison of the simulation results with experimental data is presented in figure 6.1.
The vertical error bars show, if available, the combined ranges of 0 to 100 percent damage
probability, compiled from the references stated above. The data markers indicate the
midpoint of this range. An excellent agreement between the numerical and experimental
results is observed.
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Figure 6.1: Comparison of experimental and simulated surface damage thresholds. Wavelength:
1064 nm. The experimental data were obtained from references [74, 76, 168–170].

According to the numerical simulations, the main reason for the decrease in surface
damage thresholds for shorter pulse durations was found to be the increasing contribution
of two-photon absorption. Since linear absorption at a wavelength of 1064 nm is not very
effective at room temperature, two-photon absorption at high laser intensities helps to
absorb the laser energy in a thin surface layer.

6.4 Measurement of the modification threshold and
geometry
The aim of the sample analyses that are presented in this chapter is twofold. First, the
existence of subsurface modifications has to be established as a function of the relevant
laser processing conditions. For the conditions that were found to result in modifications,
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the length of the subsurface modifications along the optical axis was measured. The
analysis methods that were employed for both purposes are discussed below.

6

Measurement of the existence of modifications To establish whether subsurface modifications are present, infrared microscopy (see section 5.6) was employed, based on sample
geometry type (c) (see section 5.5). The main advantage of infrared microscopy is that it
is non-destructive. Consequently, it can be stated with certainty that the features that are
observed on infrared micrographs are a direct result of the laser process.
To ensure that the presence of modifications is reliably detected, even when their
visibility is poor, laser-induced surface marks were created in the vicinity of the locations
where the laser pulses were focussed inside silicon. In this manner, the locations where
subsurface modification might be present are precisely known during the sample analysis.
An example of this type of measurement is shown in figure 6.2. A reflected light
brightfield micrograph and an infrared transmission micrograph, corresponding to the
same location, are shown. Both the subsurface modifications and the surface marks are
visible in infrared, while the visible light only shows the surface marks. Some debris
originating from ablated material is visible which originated from the formation of these
marks. To prevent this material from interfering with the propagation of the laser beam into
the sample, the marks were created after the production of the subsurface modifications.
Reflected visible light

Surface marks

Transmitted infrared light

Surface marks

Subsurface modifications

Figure 6.2: Optical (top) and infrared (bottom) micrographs of a silicon sample containing subsurface
modifications spaced 10 µm apart, located between two surface marks. Wavelength:
1549 nm, pulse energy: 1.3 µJ, pulse duration: 3.5 ns, focus depth: 70 µm below the
surface.

To measure the thresholds for the formation of subsurface modifications, laser pulses
were focussed inside silicon samples along numerous tracks. For each track, different
processing conditions were selected. Based on which tracks contained visible spots, the
process boundaries were established.
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Measurement of the modification geometry While infrared microscopy is suitable to
determine whether or not modifications are present, it does not provide accurate data
concerning their geometry. To measure the length of the subsurface modifications along
the optical axis, a destructive analysis method based on fracturing was employed (see
section 5.7.1). The modification length was also used to parametrise the geometry of
the modifications during the numerical simulations (see section 4.5.1). Sample geometry
type (b) (see section 5.5) was used for the measurements. This sample geometry consists
of separate modifications to measure the length of single-pulse modifications, which are
surrounded by dense layers of modifications to allow the sample to be fractured. A laser
scanning confocal microscopy (lscm) micrograph of this sample type is shown in figure 6.3.

6
Modification length

10 μm

Figure 6.3: lscm micrograph of a sample of geometry type (b). Two layers of dense modifications
for sample separation (top and bottom) and a layer of single-pulse modifications for
analysis (middle) are visible. Wavelength: 1549 nm, pulse energy: 2 µJ (dense layers),
0.7 µJ (single-pulse modifications), transverse spacing: 2 µm (dense layers), 20 µm
(single-pulse modifications). The laser beam propagation direction is from top to bottom.

The largest stochastic variations that were observed when measuring the length of
different single-pulse modifications inside the same sample, or when comparing multiple
samples obtained using the same processing conditions, were ±2 µm. The most probable
cause of these variations is the presence of small fluctuations in the laser pulse energy (see
section 5.2).

6.5 Parameter window for the formation of
modifications
To assess the suitability of different laser conditions for the formation of subsurface
modifications in crystalline silicon, an experimental study has been performed using the
total range of pulse durations that can be generated by the laser sources described in
section 5.2. Only the presence of modifications was established by infrared microscopy, to
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find out which conditions should be selected for more detailed studies of the properties
of the modifications. The results are summarised in table 6.2. For each laser source, it is
indicated whether subsurface damage could be produced inside crystalline silicon.
Table 6.2: Suitability of lasers sources with various wavelengths and pulse durations for the formation
of subsurface modifications in silicon, when combined with the optical system described in
chapter 5. Depending on the processing conditions, different pulse energies are required.
The pulse duration is defined as the full duration at half maximum (fdhm).

Manufacturer and type

Wavelength

Pulse duration

Modifications found

Trumpf

1030 nm

6.6 ps

No

1064 nm

8 ns

Yes

1061 nm

2–460 ns

1549 nm

3.5 ns

Trumicro 5050

6

Spectra Physics
Quanta Ray GCR-270
SPI

Yes (all durations)

SP-020P-A-EP-S-A-Y
MWTechnologies

Yes

MOPA-LF-1550
Short nanosecond pulses combined with a wavelength of 1549 nm and both long and
short nanosecond pulses with a wavelength around 1064 nm were found to be suitable for
the formation of subsurface modifications. However, short picosecond pulses did not yield
a positive result.
As the spi laser source provides similar conditions as the Spectra Physics source while it
has a better beam quality (see section 5.2), the modifications that were generated using
the Spectra Physics source will be not further considered. However, it is interesting to
note that a high beam quality is not a necessary condition for the formation of subsurface
modifications in silicon.
When considering the results listed in table 6.2, the trends are consistent with the
numerical data (see section 4.5.2). The suitability of short and long nanosecond pulses
with a photon energy near the band gap, the suitability of short nanosecond pulses with
a photon energy below the band gap and the unsuitability of picosecond pulses were all
predicted by the numerical model.
Lower boundary of the pulse duration The shortest pulse duration of 2 ns that the
1061 nm source could emit was tested to check for evidence concerning the lower boundary
of the pulse duration. For 2 ns pulses, modifications were only found for pulse energies
between 0.14 and 0.91 µJ, while changing the pulse energy in steps of 0.07 µJ. Their
visibility in infrared microscopy was poor at pulse energies of 0.7 µJ and above. For
pulses with a duration of 8 ns and longer, clearly visible modifications were found for
all pulse energies above the modifications threshold that were investigated (up to 4 µJ).
102

6.5 Parameter window for the formation of modifications

Consequently, the 2 ns pulse duration is expected to be close to the lower limit to the
pulse duration. For a wavelength of 1064 nm and a perfect beam quality, the numerical
prediction of this limit was approximately one nanosecond (see section 4.5.2).
The numerical simulations predicted that excessive two-photon absorption above the
focus is an important factor causing the existence of a lower boundary of the pulse duration
(see section 4.5.2). Supporting evidence for the correctness of this hypothesis is provided by
the experiments with the 1549 nm laser source. This wavelength does not allow for linear
interband absorption of laser energy, while the silicon is at room temperature. It was found
that effective absorption of laser energy near the focus was possible at a pulse duration of
3.5 ns combined with a wavelength of 1549 nm. As the equilibrium concentration of free
carriers was too low to result in significant free carrier absorption (see section 6.2), the
energy absorption is initially dominated by two-photon absorption. When reducing the
pulse duration below 3.5 ns, while keeping the pulse energy constant, effective two-photon
absorption will also be possible further away from the focus.
The experimental data are consistent with the numerical prediction that self-focussing
due to the Kerr effect is not a limiting factor for the parameter window of the pulse duration
(see section 4.5.2). For 2 ns pulses at a wavelength of 1061 nm, pulse energies of 0.98 µJ
and above did not yield subsurface modifications. At this wavelength, equation (2.1) gives
a critical power for self-focussing of 17 kW. The corresponding critical energy, for laser
pulses with a duration of 2 ns (fdhm) and a Gaussian temporal profile, is 36 µJ. This value
is well above the experimental limit of 0.98 µJ. Consequently, other physical phenomena
than the Kerr effect are determining the process window.
Suitability of picosecond pulses For 6.6 ps pulses combined with a wavelength of
1030 nm, no conditions were found that were capable of producing any subsurface damage
that could be observed by infrared microscopy. Pulse energies from 17.5 nJ to 2.1 µJ were
tested. For a pulse energy of 2.1 µJ, surface damage was observed, in spite of the fact that
the focus of the beam was located 100 µm below the sample surface. The following two
questions may be raised regarding this experimental observation:
1. The wavelength (1030 nm) of the picosecond laser source is 31 nm lower than the
nanosecond source with the shortest wavelength (1061 nm) that was found to be
suitable (see table 6.2). In addition to the difference in pulse duration, the difference
in wavelength may play a role, since the linear absorption coefficient is strongly
wavelength-dependent for photon energies close to the band gap of silicon.
2. When using infrared microscopy, which has a limited resolution, there could be a
risk of not detecting the presence of subsurface modifications.
To assess the influence of the difference in wavelength, some of the numerical simulations
performed for 1064 nm have been repeated using a wavelength of 1030 nm. The results of
this comparison are shown in figure 6.4. While processing with the 1064 nm wavelength
results in longer modifications according to the simulation results, the difference in
wavelength alone is not expected to be the cause why no modifications could be obtained
when processing with picosecond pulses.
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Figure 6.4: Subsurface modification length as a function of the pulse duration for two wavelengths.
Pulse energy: 1 µJ, focus depth: 100 µm.

Regarding question (2), infrared microscopy does not provide an absolute proof that no
change to the material structure has occurred. To rule out the possibility of undetected
damage to the best possible extent, the picosecond experiments have been repeated while
applying many laser pulses to the same location. If undetectable subsurface damage would
have been created by the first pulse, preferential laser energy absorption in the damaged
volume is expected, causing additional damage during subsequent pulses. Even when
applying twenty thousand pulses to the same location, no trace of subsurface damage
could be found by infrared microscopy.
While excessive two-photon absorption above the focus was found to be the limiting
factor regarding the use of ultra-short pulses, the critical pulse energy for self-focussing is
in the order of a hundred nanojoules for the wavelength and pulse duration corresponding
to the Trumpf laser source. Consequently, for most pulse energies that were tested, the
Kerr effect is a contributing factor to the delocalization of the laser energy absorption when
focussing picosecond pulses inside silicon.
In section 6.9, a number of possibilities to improve the usability of ultra-short pulses for
the formation of subsurface modifications in crystalline silicon will be discussed.

6.6 Model validation for subsurface modifications
In addition to the validation of the numerical predictions regarding the feasibility of
producing subsurface modifications, an explicit comparison between the experimental
and numerical results concerning the geometry of the modifications was performed. In
this section, the results of this comparison will be discussed for the 1061 nm and 1549 nm
wavelengths. The presence of subsurface modifications and their geometry were measured
according to the methods described in section 6.4.
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1061 nm wavelength The 1061 nm fibre laser can emit pulses with different temporal
power profiles, by changing the profile of the seed pulses. Therefore, both the influence of
the pulse duration and energy could be investigated.
Three different pulse durations were selected: 8, 240 and 460 ns. The duration of
8 ns is slightly above the minimum achievable pulse duration of the laser source of 2 ns.
The 2 ns pulses were found to be unsuitable for the generation of modifications over
a reasonable range of pulse energies (see section 6.5). The pulse duration of 460 ns
represents the maximum pulse duration that can be emitted by the laser source. The 8 ns
pulses correspond to a regime where both single- and two-photon absorption contribute to
the generation of an electron-hole plasma in the bulk of silicon. For the 240 and 460 ns
pulses, the intensities are too low to trigger two-photon absorption.
Comparisons between the experimental and simulated lengths of the modifications along
the optical axis, as a function of the pulse energy, are shown in figures 6.5, 6.6 and 6.7
for the pulse durations of 8, 240 and 460 ns respectively. The vertical error bars indicate
the largest stochastic variations in the measurements of the modification lengths (see
section 6.4). The horizontal error bars show the combined values of the uncertainty in
the pulse energy measurements (see section 5.3) and the root mean square of the pulse
energy fluctuations (see section 5.2).
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Figure 6.5: Comparison of experimental and simulated modification lengths along the optical axis.
Wavelength: 1061 nm, temporal pulse profile: Gaussian, pulse duration (fdhm): 8 ns,
M 2 = 1.3, focus depth: 100 µm. Spherical aberrations were compensated for during the
production of the laser modifications.

The simulations and experiments show the same trend when increasing the pulse energy
above the modification threshold. At first, the modification length quickly increases, while
it saturates at higher pulse energies. Both the increasing diameter of the laser beam above
the focus and plasma defocussing (see section 4.3.4) are responsible for this saturation
behaviour. The modification threshold increases for longer pulse durations, as the lack of
two-photon absorption and the diffusion of heat and free carriers result in less effective
localised absorption of laser energy.
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Figure 6.6: Comparison of experimental and simulated modification lengths along the optical axis.
Wavelength: 1061 nm, temporal pulse profile: constant power, pulse duration: 240 ns,
M 2 = 1.3, focus depth: 100 µm. Spherical aberrations were compensated for during the
production of the laser modifications.
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Figure 6.7: Comparison of experimental and simulated modification lengths along the optical axis.
Wavelength: 1061 nm, temporal pulse profile: constant power, pulse duration: 460 ns,
M 2 = 1.3, focus depth: 100 µm. Spherical aberrations were compensated for during the
production of the laser modifications.
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1549 nm wavelength In addition to the 1061 nm wavelength, experiments for the purpose
of model validation have been performed with the 1549 nm laser. This laser source has a
fixed pulse duration of 3.5 ns. A comparison between the experimental and numerically
computed lengths of the modifications can be found in figure 6.8. Since data on the pulse
energy stability was not available for the 1549 nm source (see section 5.2), it was assumed
that the uncertainty in the peak power is representative for the uncertainty in the pulse
energy.
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Figure 6.8: Comparison of experimental and simulated modification lengths along the optical axis.
Wavelength: 1549 nm, temporal pulse profile: Gaussian, pulse duration (fdhm): 3.5 ns,
M 2 = 1.1, focus depth: 100 µm. Spherical aberrations were compensated for during the
production of the laser modifications.

The 1549 nm wavelength resulted in the generation of significantly longer modifications
compared with the 1061 nm process. While this is partly caused by the slower decay of the
laser intensity along the optical axis due to the longer wavelength, an important factor
is that the generation of free carriers at undesired locations has been prevented. Due
to the linear interband absorption that occurs at 1061 nm, additional free carriers are
generated throughout the beam path inside silicon, proportional to the total energy that
passes through this trajectory. If the concentration of free carries along the path of the laser
beam becomes too high, any further energy that is emitted by the laser source will not
effectively contribute to growth of the subsurface modifications due to plasma defocussing
(see section 4.3.4).
Accuracy of the numerical predictions When comparing the experimental and numerical results in figures 6.5–6.8, a reasonable match can be observed. The majority of the
numerical predictions of the modification length are within 5 µm of the experimental data.
The main factors that are expected to be responsible for the observed deviations between
the predicted and measured modification lengths are listed below.
• The imperfect description of the physical reality by the equations employed in the
numerical model. Especially the assumptions that were made during the derivation
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of the beam propagation model from Maxwell’s equations (see section 3.3.2) will
result in errors.
• Inaccuracies in the material properties that were implemented in the numerical model
(see section 3.5). These are in particular caused by the extrapolation of material
data towards temperatures and carrier densities beyond the range of conditions that
were measured.

6

Due to the large number of equations and material properties that affect the numerical
results shown in this section, limited differences between experimental and numerical
results cannot be attributed to a specific cause. However, one discrepancy can be related
to sources of errors with reasonable certainty. Significantly larger deviations are visible
for 460 ns pulses compared with shorter pulse durations. The numerical predictions
overestimate the threshold energy and consequently underestimate the modification
lengths. Due to the dependence on the pulse duration, this discrepancy is likely to be
caused by the accuracy of material data that are related to physical phenomena that are
important for the modelling of long pulses. These phenomena are the conduction of heat
and free carriers and the recombination of electron-hole pairs (see section 2.5).
Since some deviations between the simulated and measured modification shapes were
observed, it is recommended to select processing conditions that are not too close to the
predicted process boundaries. This ensures that the selected conditions do not fall outside
the actual process window due to inaccuracies in the numerical results.

6.7 Wafer dicing
In this section, the suitability of the subsurface modifications for wafer dicing will be
considered. For this purpose, samples of geometry type (a) (see section 5.5) were produced
using various processing parameters. After laser processing, the samples were slightly bent
to induce stresses, which should cause the samples to fracture along the modifications.
It was found to be possible to create fracture planes that follow the intended planes
throughout the entire thickness of the wafer, as required for wafer dicing (see figure 6.9).
Successful dicing was achieved using both the 1061 and 1549 nm processes.
In section 1.3.2, an overview of the criteria to assess the quality of the dicing process
has been given. During the experimental study, the kerf geometry and damage to the side
walls were considered. The die strength was not measured. Three out of four edges of
the dies that were created by subsurface separation were pre-diced. When measuring
the strength of the dies, it is generally unknown which side wall induced the catastrophic
failure of the die. Therefore, for die strength measurements, all edges should be diced
using the same technology.
While quantitative measurements were not performed, it was found that the application
of pulses of several hundred nanoseconds resulted in lower separation forces compared
with short nanosecond pulses. This was deduced from the amount of elastic deformation
of the samples before they fractured. Long nanosecond pulses would sometimes induce
die separation during the laser process, before a force was exerted on the sample. This
behaviour was not observed for shorter pulses.
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Figure 6.9: lscm micrograph of a fracture plane obtained after dicing a 160-µm thick silicon wafer.
Wavelength: 1549 nm, pulse energy: 1.3 µJ, transverse spacing modifications: 2 µm.
Three different focus depths inside the wafer were employed. The laser beam propagation
direction is from top to bottom.

Kerf geometry
It was found that a transverse spacing between the subsurface modifications below 2–3 µm
is a necessary condition for the fracture plane to coincide with the modifications. For a
spacing of 4 µm, the samples broke around the intended dicing streets, but the fracture
planes were not aligned with the modifications. When placing modifications with a
transverse spacing of 2 µm near the front and back surface of the wafer, a reasonable kerf
geometry was often observed (see figure 6.10). However, deviations of the kerf geometry
from a flat plane were occasionally found between modified layers, as shown in figure 6.11.
Issues concerning the kerf geometry were mostly encountered near the front or back
surface of the wafer. An example can be found near the bottom surface of the die shown
in figure 6.11. The reason why this die was affected by kerf geometry deviations near
the surface, is because the modifications were located at larger distances from the wafer
surface compared with the result presented in figure 6.9. If the distances between both
surfaces and the nearest subsurface modifications were unequal, the best kerf geometry was
obtained when inducing tensile stresses near the surface that is closest to the modifications.
As is shown in figure 6.11, issues with the kerf geometry are not limited to the vicinity
of the surface. A trench is visible at a distance of tens of micrometres from the back
surface of the wafer. It was found that the formation of such trenches can be prevented by
modifying a large part of the intended fracture plane. For a fixed wafer thickness, this can
be accomplished by fewer modified layers consisting of tall modifications, or by a larger
number of layers build-up of smaller modifications. Tall modifications can be produced
when selecting a pulse energy well above the modification threshold. Examples of both
approaches are shown in figures 6.12 and 6.13. No appreciable differences have been found
between these approaches. Consequently, the use of a limited number of modified layers
containing tall modifications is recommended from a process efficiency point of view. The
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6
Figure 6.10: lscm micrograph of a fracture plane obtained after dicing a 160-µm thick silicon wafer.
Wavelength: 1549 nm, pulse energy: 2 µJ, transverse spacing modifications: 2 µm. Two
different focus depths inside the wafer were employed. The laser beam propagation
direction is from top to bottom.

Figure 6.11: lscm micrograph of a fracture plane obtained after dicing a 160-µm thick silicon
wafer. Wavelength: 1549 nm, pulse energy: 1.3 µJ, transverse spacing modifications:
2 µm. Three different focus depths inside the wafer were employed. The laser beam
propagation direction is from top to bottom. Deviations from the intended kerf geometry
between modified layers and at the bottom of the wafer are visible.
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6
Figure 6.12: lscm micrograph of a fracture plane obtained after dicing a 160-µm thick silicon wafer.
Wavelength: 1549 nm, pulse energy: 2 µJ, transverse spacing modifications: 2 µm. Three
different focus depths inside the wafer were employed. The laser beam propagation
direction is from top to bottom.

Figure 6.13: lscm micrograph of a fracture plane obtained after dicing a 160-µm thick silicon wafer.
Wavelength: 1549 nm, pulse energy: 1.3 µJ, transverse spacing modifications: 2 µm.
Four different focus depths inside the wafer were employed. The laser beam propagation
direction is from top to bottom.
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required pulse energy to form a sufficiently tall layer of modifications may deviate from
measurements of the geometry of single-pulse modifications. This is due to the fact that
closely spaced laser pulses interact with previously modified material.
It was found that deviations from the intended kerf geometry are caused by the fracture
plane switching to a preferential cleavage plane of the silicon crystal. The angles of the
side walls of the trench shown in figure 6.11, were measured using laser scanning confocal
microscopy. The preferential {111} cleavage planes (see section
p 2.7) of diamond cubic silicon
intersect the surface of a <100> wafer at an angle of atan( 2) ≈ 55◦ (see figure 2.1). The
measured angles were close to this value. Due to the influence of preferential cleavage
planes, the orientation of the dicing streets with respect to the silicon crystal will affect the
dicing process.

6

Side wall damage
The surface profile of the side wall of the die presented in figure 6.9 was measured by
confocal microscopy, along lines perpendicular to the optical axis. The worst-case deviations
from a flat surface were found to be approximately ±1 µm. The R a roughness of the
modified layers was between 150 and 200 nm, while the roughness of the unmodified
material was smaller than 100 nm.
Wafer separation mechanisms The failure mode of Si-i at room temperature is brittle
failure by cleavage along specific crystallographic planes (see section 2.6). When performing
dicing tests, the laser-modified samples were also found to break in a brittle manner.
Evidence of crack growth, starting at the laser-induced modifications, has been found
on fracture planes, as shown in figure 6.14. The initiation of cracks was observed for
both separate and overlapping laser modifications. Cracks were also detected by infrared
microscopy, before separating the wafer (see section 6.8). These subsurface cracks serve as
initiation points for further crack growth (see section 2.7).
Because it was found that modifying a large part of the fracture plane results in the best
kerf geometry, the modifications are likely to have a second function beyond the initiation
of cracks. A hypothesis is that the cracks follow boundaries between different material
phases.

6.8 Modification mechanisms
In this section, the modification mechanisms during laser processing are discussed, based
on the information that can be extracted from fracture planes. In section 7.7, this discussion
will be continued based on analyses of the crystal structure of the subsurface modifications.
Melting and resolidification
The modifications shown in figure 6.3 have a line shape and do not have a larger width
further away from the focus. Similar lines were also observed when analysing closely
spaced modifications. A scanning electron microscopy (sem) micrograph of the second
modified layer in figure 6.9 is shown in figure 6.15. Vertical lines are visible, with a spacing
of 2 µm that corresponds to the transverse spacing between the laser pulses.
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Figure 6.14: lscm micrograph of a fracture plane obtained after dicing a 160-µm thick silicon wafer.
Spherical aberrations were compensated for during the production of the single-pulse
modifications. Wavelength: 1549 nm, pulse energy: 1.1 µJ. The laser beam propagation
direction is from top to bottom. The propagation of cracks from the laser modifications
is visible.

Pulse-to-pulse spacing (2 μm)

Figure 6.15: sem micrograph (secondary electrons) of a fracture plane obtained after dicing a 160-µm
thick silicon wafer. Wavelength: 1549 nm, pulse energy: 1.3 µJ, transverse spacing
modifications: 2 µm. The second layer indicated in figure 6.9 is shown. The laser beam
propagation direction is from top to bottom.
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The line-shapes do not match the beam profile inside the sample, as the beam diverges
above the focus. As the modification process starts in the focus of the beam, it is reasonable
to assume that the line-shaped modifications are located on the optical axis. A hypothesis
regarding this shape is that it is related to the location where the silicon resolidifies last.
Formation of voids
A possible secondary modification mechanism after a volume of silicon has reached the
vapour phase is the formation of voids. Randomly distributed voids were found on fracture
planes containing closely spaced modifications. A detail of the modifications that are
presented in figure 6.15 is shown in figure 6.16. Several voids can be observed.

6

Figure 6.16: sem micrograph (secondary electrons) of a fracture plane obtained after dicing a 160-µm
thick silicon wafer. Wavelength: 1549 nm, pulse energy: 1.3 µJ, transverse spacing
modifications: 2 µm. A detail of the modifications presented in figure 6.15 is shown.
The laser beam propagation direction is from top to bottom.

Perpendicular to the optical axis, the dimensions of the voids are in the order of 100–
500 nm. This small size can explain the inability to detect them using a ct-scan (see
section 5.6). Since a void should provide a strong difference in X-ray absorption compared
with the surrounding material, any void that would be present has to be smaller than the
detectable feature size. The voxel size of the ct-scanner that was employed is 500 nm.
A disadvantage of the analysis of voids after fracturing is that it does not constitute a proof
that the voids are a direct result of the laser-material interaction. Possible explanations for
the formation of voids can be found in section 7.7.
Formation of cracks
Evidence of the formation of cracks during laser processing with long nanosecond pulses
was found by infrared transmission microscopy. A comparison between 8 and 460 ns
pulses with a wavelength of 1061 nm and the same pulse energy is shown in figures 6.17a
and 6.17b. While no cracks are visible for the 8 ns pulse duration, the formation of cracks
that sometimes interconnect the modifications can be observed for the 460 ns pulses. An
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(a) Pulse duration (fdhm): 8 ns.

(b) Pulse duration (fdhm): 460 ns.
Figure 6.17: Infrared transmission micrographs of subsurface modifications inside silicon (top view).
Eight horizontal laser tracks were produced containing modifications spaced 5 µm
apart, while compensating for spherical aberrations. Pulse energy: 2.8 µJ, wavelength:
1061 nm, focus depth: 100 µm.
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effect of the pulse duration has also been found during subsurface processing of fused
silica, when comparing pico- and femtosecond pulses [17].
Modifications obtained using long nanosecond pulses were found to result in a lower
separation force compared with short nanosecond pulses (see section 6.7). It is plausible
that the cracks shown in figure 6.17b are responsible for the decrease in the separation
force. However, some of these cracks will also be present near the edges of separated dies,
which is likely to have a negative impact on the die strength.
Numerical simulations showed that sufficiently high stresses to induce failure of silicon
are unlikely to occur before the onset of subsurface melting (see section 4.4). Therefore,
the crack growth presumably took place after an initial defect was created by thermal
melting, either during the laser pulse, during the cooling phase after the pulse or due to
thermal stresses imposed by the formation of neighbouring modifications.

6

6.9 Improving the usability of ultra-short pulses
Subsurface modifications could not be created using 6.6 ps pulses, while nanosecond
pulses were successfully applied (see section 6.5). In this section, possible changes to the
experimental conditions to improve the usability of ultra-short pico- to femtosecond pulses
are discussed. Whether such pulses have advantages for the fabrication of modifications
inside silicon is presently unknown. It is possible that shortening the pulse duration
results in different material structures of the subsurface modifications compared with a
nanosecond process. Moreover, it is likely that non-thermal melting (see section 2.6) instead
of thermal melting will occur. However, to be able to create subsurface modifications with
sub-nanosecond pulses, the problem of delocalization of the laser energy absorption (see
section 4.5.2) has to be addressed.
Higher-order nonlinear absorption
A solution could be to employ higher-order nonlinear absorption to improve the spatial
confinement of the laser energy absorption. The lattice absorption in silicon is limited until
a wavelength of 6 µm [94]. Therefore, the use of longer wavelengths is possible. This
would result in an increase in the intensity at which efficient absorption of laser energy
occurs. Disadvantage of the use of longer wavelengths is that the size of the focal spot
increases. Moreover, up to a wavelength of 6 µm, the Kerr coefficient is either similar to or
above its value at the wavelengths that were considered in this work [90]. Consequently, it
is important to ensure that the required instantaneous power to obtain sufficiently high
intensities for multiphoton absorption does not exceed the critical power for self-focussing
(see section 2.3). Additionally, the availability of laser sources will have to be considered.
The development of high efficiency fibre lasers for mid-infrared wavelengths has not been
as successful as for near-infrared radiation [171], although significant progress is still being
made [172].
Increasing the numerical aperture
Apart from exploiting higher-order nonlinear processes, employing an objective with a
higher numerical aperture than 0.7 would improve the usability of short pulses, by inducing
a faster decay of the laser intensity above the focus. Consequently, inadvertent multiphoton
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absorption of laser energy outside the vicinity of the focal plane can be reduced. However,
previous research has shown that only using an oil immersion objective with a numerical
aperture greater than one, is insufficient to prevent surface damage during a femtosecond
process [64]. Moreover, there are practical issues associated with objectives which have
a very high numerical aperture. In general, higher numerical aperture objectives have
a shorter working distance, preventing the focus from being placed deep inside the
material. Additionally, numerical apertures greater than one are only possible when using
an immersion fluid, which partly negates the cleanliness of the subsurface dicing process.
Furthermore, higher numerical apertures require a larger area on the surface of the wafer
to be free of structures, to prevent distortion of the laser beam as it propagates into the
wafer. Consequently, wider dicing streets are needed.
Temporal focussing
Finally, a third option exists to enhance the suitability of ultra-short pulses, which is
temporal confinement [173, 174]. This method is based on the fact that a femtosecond
pulse will by definition have a relatively large bandwidth, as the amplitude of the optical
wave is modulated on a short time scale. This relation between the pulse duration and
bandwidth directly follows from the Fourier transform. When the different wavelengths
are separated in space, the pulse duration will increase. By recombining the wavelengths
in the geometrical focus of the beam, the pulse duration in the focus is shortened compared
with its surroundings.

6.10 Summary
In this chapter, experimental results regarding the geometry of laser-induced subsurface
modifications were presented, including an assessment of their suitability for the subsurface
dicing process. Subsurface modifications were successfully created using the following
combinations of wavelengths and pulse durations: 1061 nm/2–460 ns, 1064 nm/8 ns and
1549 nm/3.5 ns.
All modifications that were produced were found to be suitable for the laser-induced
subsurface separation method. The geometry and positioning of the modifications had
a strong influence on the quality of the dicing process. Observed quality issues were
deviations from the desirable kerf geometry and rough fracture planes. To prevent issues
with the kerf geometry, locating the modifications close to both surfaces of the wafers and
modifying a large part of the intended fracture plane were found to be useful strategies.
The 1549 nm process was found to be better suited for the efficient production of tall
modifications. The 1061 nm process allows for long nanosecond pulses to be employed,
which yield a lower separation force compared with short nanosecond pulses, presumably
due to the formation of subsurface cracks. However, some of these cracks will also remain
in the finished product and potentially have a negative influence on the die strength.
The functions of the subsurface modifications during the dicing process are likely to be
the initiation of cracks and the guidance of their propagation. Since quality issues were
often a result of the fracture plane switching to a preferential cleavage plane of the silicon
crystal, the orientation of the dicing streets with respect to the crystal is of importance.
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The 1549 nm process relies on two-photon absorption to generate an electron-hole
plasma. Therefore, the objective of developing a multiphoton process, which is suitable
to create subsurface modifications near the focus of the laser beam, has been achieved.
The research concerning the formation of subsurface modifications using 6.6 ps pulses had
a negative outcome. As only a narrow range of pulse energies resulted in the formation
of modifications for the combination of a 1061 nm wavelength with a 2 ns pulse duration,
this duration is expected to be close to the lower boundary of the process window for this
wavelength.
The experimental results were compared with data from numerical simulations. A
reasonable match between the experimental and simulated modification thresholds and
shapes was obtained. Moreover, the numerical model correctly predicted which laser
sources were suitable for the formation of subsurface modifications. Consequently, both the
primary and secondary goals (see section 3.1) of the numerical model have been fulfilled.
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In this chapter,∗ the analysis of the crystal structure of modifications that were produced using
the set-up described in chapter 5 will be presented. Based on this analysis, the mechanisms
that contributed to the formation of subsurface modifications are identified.

7.1 Introduction
In chapter 6, the geometry of laser-induced subsurface modifications has been evaluated.
In this chapter, the crystal structure of the modifications will be considered. Lamellae
containing cross-sections of modifications were prepared for analysis by transmission
electron microscopy. In addition to brightfield micrographs, selected area diffraction
patterns were recorded to investigate the crystal structure of specific parts of the subsurface
modifications. Moreover, Raman spectroscopy was employed. Special attention was given
to the detection of high pressure phases, as the generation of significant pressures is known
to occur when focussing laser pulses inside dielectrics (see section 2.6).
The purpose of the analysis of the crystal structure is twofold. First, the analysis results
are used to identify the material modification mechanisms that occur during the lasermaterial interaction. Consequently, the mechanisms that were included in the numerical
model can be validated. Secondly, the obtained overview of the different crystal structures
that are created by the laser process, can be employed to assess the feasibility of applications
of laser-induced modifications in bulk silicon.
The modifications that are analysed in this chapter were created inside the same base
material as described in section 6.2, using the 1549 nm laser source with a pulse duration of
3.5 ns (see section 5.2). A 250-µm thick quartz window was located behind the microscope
objective during the formation of the modifications. Consequently, spherical aberrations
were present that affect the shape of the laser modifications (see section 5.4.1).

7.2 Lamella preparation
As indicated in section 5.7, two methods to produce electron-transparent lamellae for
transmission electron microscopy (tem) have been applied. These methods result in
cross-sections along and perpendicular to the optical axis (see figure 7.1). In this section,
micrographs obtained during the preparation of cross-sections with both orientations are
presented.
∗

The transmission electron microscopy analysis of cross-sections along the optical axis has been performed
at NXP Semiconductors, Nijmegen, The Netherlands. The analysis of cross-sections perpendicular to the
optical axis and the Raman Spectroscopy were performed by L. Smillie of The Australian National University,
Canberra, Australia.
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Figure 7.1: Drawing of the orientations of the tem lamellae with respect to the modifications and
the optical axis.

7.2.1 Cross-sections along the optical axis
In order to produce cross-sections along the optical axis (see figure 7.1), tracks of subsurface
modifications were created adjacent to surface marks (see sample geometry type (c) in
section 5.5). These marks allow the subsurface modifications to be located. A scanning
electron microscopy (sem) micrograph of this sample type, before the production of the
lamella, is shown in figure 7.2.
As the amount of material that can be removed by focussed ion beam (fib) milling is
limited, the modifications had to be positioned just below the surface. To achieve this
goal, the distance between the sample and the objective was increased by 500 nm per
track, until the modifications were visible on the surface (see figure 7.2). The deepest
modifications were created first, while the surface marks were produced last. Consequently,
surface damage was only induced after the production of subsurface modifications was
finished. Surface damage or debris has a negative influence on the propagation of the
laser beam into the sample. A pulse energy of 0.6 µJ was selected, which is close to the
modification threshold, to create short modifications that fit inside the lamellae.
The tracks of modifications that were closest to the surface, without showing surface
damage, were used to expose modifications by fib milling. Platinum was deposited on the
wafer surface at the locations where lamellae were produced, to prevent surface damage
during the ion beam milling. The lamellae were “plucked-out” in-situ.
sem micrographs of the lamellae were recorded during thinning. Two of these micrographs are shown in figures 7.3a and 7.3b, corresponding to different stages of the thinning
process. Cracks are visible at the locations where modifications are present. While the
cracks are initially located below the surface (see figure 7.3a), they grow towards the wafer
surface during thinning (see figure 7.3b). Therefore, the lamellae were kept relatively
thick to prevent structural failure.
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Figure 7.2: sem micrograph of the surface of a sample of geometry type (c), intended for further
processing by fib. Nine tracks of separate modifications were created between surface
marks. From top to bottom, the sample was moved 500 nm further away from the
focussing objective per track. Wavelength: 1549 nm, pulse energy: 0.6 µJ, transverse
spacing modifications: 5 µm.

(a) Lamella with a thickness of several micro-

(b) Electron-transparent lamella.

metres.

Figure 7.3: sem micrographs of the production of a tem lamella using a fib. The laser modifications
were located just below the surface and are spaced 5 µm apart. Wavelength: 1549 nm,
pulse energy: 0.6 µJ. The propagation direction of the laser beam is from top to bottom.
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7.2.2 Cross-sections perpendicular to the optical axis
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To create lamellae containing cross-sections of subsurface modifications perpendicular to
the optical axis (see figure 7.1), a combination of mechanical polishing and fib milling
was employed. Sample geometry type (d) (see section 5.5) was used for this purpose.
The polishing procedure was started at a fracture plane that was parallel to a plane with
modifications that were to be analysed. After the polishing almost reached the location
of the modifications, the final milling was performed by a fib, after which the samples
were “plucked-out” ex-situ. Again, platinum was deposited to prevent inadvertent damage
during the ion beam milling. To stop the polishing at the right location, the progress was
frequently checked using infrared microscopy.
Two types of modifications were created: separate single-pulse modifications (see
figure 7.4a) and planes of closely spaced modifications (see figure 7.4b). The latter
enables the influence of the laser beam interacting with previously modified material to be
investigated. This matches the processing conditions that were used for wafer dicing. When
producing closely spaced modifications, intermittent tracks were made (see figure 7.4b), to
prevent the sample from breaking along the modifications that were to be analysed.

(a) Single-pulse modifications.

(b) Intermittent planes consisting of closely spaced
modifications.

Figure 7.4: Transmission infrared micrographs of samples intended for the production of tem
lamellae by polishing (top view). The continuous line of subsurface modifications in
the centre is used to fracture the samples, creating a starting plane for the polishing
procedure. Wavelength: 1549 nm, pulse energy: 2 µJ.

An overview of the lamellae containing single-pulse modifications is shown in figure 7.5a.
The lamella numbers will be referred to when showing the corresponding analysis results.
The lamellae were created at various positions along the optical axis, to assess whether
the distance from the focus affects the structure of the modifications. A detail of a single
lamella can be found in figure 7.5b.
The lamellae containing closely spaced modifications were not “plucked-out”. When
several laser modifications are present in a single lamella, this may have a detrimental effect
on its mechanical strength. Therefore, so-called “H-bar” lamellae were produced instead.
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(a) Overview of lamellae including their numbers.

(b) Detail of a single lamella.
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Figure 7.5: sem micrographs showing tem lamellae of single-pulse modifications prepared by a
fib. Each lamella contains a cross-section perpendicular to the optical axis, at a specific
distance from the focus of the laser beam.

A detail of an “H-bar” lamella is shown in figure 7.6a, while an entire sample containing
“H-bar” lamellae can be found in figure 7.6b. The thinned region is still connected to bulk
material at three out of its four sides. Moreover, a subsequent plucking step is avoided.
Consequently, this procedure helps to maintain the structural integrity of the lamellae.
During the production of lamellae perpendicular to the optical axis, their surface did
not show any contrast when analysing them using sem. Only after the tem analyses, the
presence of laser-induced modifications could be confirmed. As a significant amount of
material had to be removed around the lamellae, only a single lamella could be extracted
from each modification. To obtain cross-sections corresponding to different locations along
the optical axis, several modifications had to be used.

7.3 Scanning transmission electron microscopy
In this section, scanning transmission electron microscopy (stem) high-angle annular
darkfield (haadf) micrographs are presented. stem was only employed for lamellae
containing cross-sections along the optical axis of the laser beam. The use of stem instead
of conventional tem is advantageous for these cross-sections, as they had to be kept
relatively thick to maintain their structural integrity.
An stem micrograph of two modifications is presented in figure 7.7. An area showing
contrast with its surroundings is visible, implying that the corresponding material is in a
modified state. Since the material in this area was found to be diamond cubic silicon with
the same orientation as the base material (see section 7.5), lattice defects are responsible
for the observed contrast.
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(a) Detail of a single “H-bar”.

(b) Overview of an entire sample containing multiple “H-bar” lamellae.
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Figure 7.6: sem micrographs of tem lamellae containing closely spaced modifications prepared by a
fib. This type of sample is referred to as “H-bar”.

Figure 7.7: stem-haadf micrograph of two subsurface modifications obtained by stitching two
images (top and bottom). Cross-section: along the optical axis. Transverse spacing
modifications: 5 µm. Wavelength: 1549 nm, pulse energy: 0.6 µJ. The propagation
direction of the laser beam is from top to bottom.
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Several cracks are present in the micrograph shown in figure 7.7. The crack that coincides
with the optical axis of the laser beam was consistently present in all modifications. A detail
of the top half of the right modification in figure 7.7 is shown in figure 7.8. The irregular
shape at the top of the modification might be caused by the proximity of the wafer surface.

7
Figure 7.8: stem-haadf micrograph of the top half of the right modification in figure 7.7. Crosssection: along the optical axis. The image was filtered to remove scan lines. Transverse
spacing modifications: 5 µm. Wavelength: 1549 nm, pulse energy: 0.6 µJ. The
propagation direction of the laser beam is from top to bottom.

7.4 Transmission electron microscopy
In this section, the brightfield transmission electron micrographs obtained from the lamellae
described in section 7.2 will be presented. The identification of the phase transformations
that correspond to the features that are visible in the brightfield images will be discussed
in sections 7.5 and 7.6.

7.4.1 Cross-sections along the optical axis
In addition to stem micrographs, conventional tem micrographs of cross-sections along
the optical axis were recorded. A tem micrograph corresponding to the same area as the
stem micrograph in figure 7.8 can be found in figure 7.9a. The material showing contrast
in tem mode is the same as in stem mode, confirming that the micrographs presented
in section 7.3 reveal all the laser-modified material. Additionally, a large number of bend
contours are visible. Due to the thickness of the lamella and the presence of bend contrast,
the outer contour of the subsurface modification is less clear compared with the stem
micrograph.
Figure 7.9b shows a detail of the middle part of the same modification. The bottom
part can be found in figure 7.9c. Based on these micrographs, it was found that the crack
along the optical axis, which is also visible in the stem micrographs, coincides with the
total length of the modified area. However, cracks that coincide with the optical axis
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(a) Top part.

Crack surrounded by
modified material

(b) Middle part.

(c) Bottom part.

Figure 7.9: tem micrographs of the right modification in figure 7.7. Cross-section: along the optical
axis. Transverse spacing modifications: 5 µm. Wavelength: 1549 nm, pulse energy: 0.6 µJ.
The irregular black lines outside the modification are bend contours. The propagation
direction of the laser beam is from top to bottom.
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were not found during the analysis of cross-sections perpendicular to the optical axis (see
section 7.4.2), implying that they are not a direct result of the laser-material interaction.
Therefore, these cracks should be attributed to stress relief during the ion milling process.

7.4.2 Cross-sections perpendicular to the optical axis
In this section, the tem results obtained from lamellae containing cross-sections perpendicular to the optical axis will be discussed. Both single-pulse modifications and closely spaced
modifications are considered. The single-pulse modifications were placed at sufficiently
large distances to prevent interaction between neighbouring modifications.
Single-pulse modifications Brightfield tem micrographs of cross-sections obtained from
positions close to the focus of the laser beam are shown in figures 7.10a, 7.10b and 7.11.
These micrographs correspond to lamellae 2, 3 and 4 in figure 7.5a respectively. Each
lamella contains a single modification. All micrographs include an edge, which is the plane
where the polishing procedure was stopped. This edge can be used as a reference line for
the orientation of the modifications. The polishing plane is approximately aligned with a
{110} plane.

Shell
Core

Core
Defect lines
Shell

Defect lines

(a) Lamella 2 (location: close to the focus).

(b) Lamella 3 (location: 2 µm further away from
the focus compared with lamella 2).

Figure 7.10: tem micrographs of single-pulse modifications. Cross-section: perpendicular to the
optical axis. Wavelength: 1549 nm, pulse energy: 2 µJ.

The cross-sections perpendicular to the optical axis contain several of the following
features (see figure 7.12):
1. A circular core located on the optical axis.
2. A shell surrounding the core that frequently has a square pattern.
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Shell

Defect lines

7

Figure 7.11: tem micrograph of a single-pulse modification (lamella 4). Cross-section: perpendicular
to the optical axis. Location: 6 µm further away from the focus compared with lamella 2.
Wavelength: 1549 nm, pulse energy: 2 µJ.

3. Defect lines radiating out from the corners of the shell.
4. Unmodified material with the same crystal structure and orientation as the unprocessed wafer.
5. Bend contours.
Features (1), (2) and (3) are also indicated in the brightfield micrographs. The probable
causes of the formation of these features will be discussed in section 7.7. Holes corresponding
to the cracks along the optical axis, which were observed on the micrographs shown in
section 7.4.1, were not detected. Note that the presence of unmodified material does not
imply that the material was not in a modified state during or shortly after the laser pulse.
The sample analysis only provides information about permanent modifications after the
laser process.
The modification in lamella 3 (see figure 7.10b) contains all features discussed above.
Lamella 4 (see figure 7.11) is missing the core while lamellae 2 (see figure 7.10a) and 3 both
contain a core. However, the core of lamella 3 has a homogeneous crystal structure while
the core of lamella 2 is inhomogeneous. The fact that the shapes of the observed features
do not correspond to the spatial profile of the laser beam, implies that they are related to
the crystal structure of silicon. The features generally have a consistent orientation with
respect to the edges of the lamellae, irrespective of their location along the optical axis.
Consequently, the crystal planes that the features coincide with can be identified, in spite
of the fact that the micrographs only show two-dimensional cross-sections. The defect
lines are most commonly aligned with a {110} plane, although several variations can be
observed. In figure 7.11, the bottom defect line splits in two different directions. The edges
of the shells generally coincide with {100} planes.
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Figure 7.12: Drawing of the features observed by tem in lamellae containing cross-sections perpendicular to the optical axis.

As mentioned before, a single modification could only be used to produce a single
cross-section (see section 7.2.2). Therefore, it was not possible to study the influence of
the location along the optical axis, without analysing another modification. Based on
the analysis of ten of the lamellae shown in figure 7.5a, it was found that the differences
between the micrographs presented in this section are mainly due to stochastic variations
and not due to the positions of the cross-sections along the optical axis.
In figure 7.13, a tem micrograph of lamella 1 is shown that corresponds to a cross-section
at the same distance from the focus as lamella 3. This lamella is especially of interest
because the area labelled as “phase transformed region”, which is located along one of the
defect lines, was found to contain high-pressure phases. In section 7.5, the analysis of the
crystal structure of this region by selected area diffraction will be presented.
Closely spaced modifications Apart from single-pulse modifications, cross-sections
containing modifications spaced 2 µm apart were analysed. This value corresponds to the
required spacing to reliably dice wafers (see section 6.7). Two brightfield micrographs of
such modifications are shown in figures 7.14a and 7.14b. These modifications were located
in a single lamella, ensuring that they were obtained from exactly the same location along
the optical axis. Nevertheless, relatively large differences between both modifications are
visible. The modification in figure 7.14a contains a shell with amorphous silicon, while the
modification in figure 7.14b shows crystalline silicon with defects at the same location (see
section 7.5).
The closely spaced modifications are similar to the single-pulse modifications. However,
compared with single-pulse modifications, closely spaced modifications were found to
contain higher concentrations of cracks and lattice defects. An example of a crack can be
found in figure 7.14b. This crack is located along a defect line, which was the case for the
majority of the cracks.
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Support film

Optical axis
Phase transformed region

7

Figure 7.13: tem micrograph of a single-pulse modification (lamella 1). Cross-section: perpendicular
to the optical axis. Wavelength: 1549 nm, pulse energy: 2 µJ. The location labelled as
“phase transformed region” contains high pressure phases.

Crack

(a) Modification containing a shell that consists of
amorphous silicon.

(b) Modification containing a shell that consists of
crystalline silicon with defects.

Figure 7.14: tem micrographs of closely spaced modifications. Cross-section: perpendicular to the
optical axis. Transverse spacing modifications: 2 µm. Wavelength: 1549 nm, pulse
energy: 2 µJ.
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7.5 Selected area diffraction
To identify the crystal structure of the laser modifications, selected area diffraction (sad)
patterns were recorded. All diffraction patterns corresponding to cross-sections along the
optical axis were found to be identical to the unmodified material, i.e. only Si-i was present
with a consistent orientation of the crystal. Nevertheless, significant contrast was visible
in stem and tem micrographs (see sections 7.3 and 7.4.1). Therefore, the only plausible
cause of this contrast is the presence of a high density of defects.
A larger variety of material structures was found for the cross-sections perpendicular to
the optical axis. There are two possible explanations for this difference: (1) a higher pulse
energy was used for the cross-sections perpendicular to the optical axis, as there was no
limitation on the modification length for the lamella preparation and (2) the material with
a different structure than Si-i may have been removed during the ion beam milling of the
lamellae containing cross-sections along the optical axis.
Core and shell The sad results showed that the shell, which was consistently observed
on cross-sections perpendicular to the optical axis, either consists of amorphous silicon or
diamond cubic silicon with defects with an orientation that is consistent with the original
material. Which type of modified material is present can be directly identified from the
brightfield micrographs presented in section 7.4.2. The shapes that show uniform contrast
are amorphous, while the shapes that contain defects are crystalline. This difference is
clearly visible when comparing e.g. figures 7.14a and 7.14b.
If a core was present, it contained monocrystalline silicon with a different orientation
compared with the original wafer or polycrystalline silicon. This crystalline silicon was
sometimes found to be mixed with amorphous silicon. Cores were only detected when the
shell consisted of amorphous silicon.
Two sad patterns obtained from the shell and unmodified material and core and shell of
lamella 3 are shown in figures 7.15a and 7.15b respectively. The corresponding brightfield
micrograph can be found in figure 7.10b. The core consists of a single crystal of diamond
cubic silicon. However, its orientation is different compared with the unmodified material.
The shell contains amorphous silicon, resulting in rings in the diffraction pattern.
The analysis of the core of lamella 2 is shown in figure 7.16. Besides amorphous silicon,
a large number of weak spots are present originating from nanometre-scale crystals. The
nanocrystals are consistent with the irregular appearance of the core in the corresponding
brightfield micrograph (see figure 7.10a).
Defect lines High pressure phases were found in two modifications. In both cases, these
phases were present along one of the defect lines. Lamella 1 is one of the lamellae that
contained high pressure phases. The brightfield micrograph of this lamella can be found
in figure 7.13. The area that was used to generate the diffraction pattern is labelled as
“phase transformed region” in the brightfield image and is located at about 200 nm from
the optical axis. The sad pattern of this region is shown in figure 7.17.
Several diffraction spots belonging to Si-i with the same orientation as the unmodified
material are directly identified in figure 7.17. Spots which are not related to the base
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(a) Pattern of the shell and unmodified silicon. Both
amorphous silicon and Si-i are visible.

(b) Pattern of the core and shell. Both amorphous silicon and Si-i are visible. However, the
crystalline silicon has a different orientation
compared with the unmodified material shown
in figure (a).

Figure 7.15: sad patterns of lamella 3 (see figure 7.10b).

Figure 7.16: sad pattern of the core of lamella 2 (see figure 7.10a). Amorphous silicon is present.
Moreover, many weak spots originating from nanocrystals can be observed.
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Figure 7.17: sad pattern of the area labelled as “phase transformed region” in figure 7.13. The spots
for which the Miller indices are given correspond to Si-i with the same orientation as
the base material. The circled spots belong to a different crystal orientation or structure.

material are circled. From these spots, the ones that match a limited number of lattice planes
are marked by letters. Since spot d is located at twice the distance from the undiffracted
beam compared with spot c, along the same line starting from the undiffracted beam, spot
d corresponds to higher order diffraction from the same set of lattice planes. Darkfield
images were recorded from the diffraction spots marked by letters. Based on these images,
it was found that the phase transformed region does not have a homogeneous crystal
structure, but consists of a mix of different phases and/or crystal orientations.
Except for the unmodified material and spots c/d, the number of detectable diffraction
spots was insufficient to directly identify the lattice structure of the corresponding phases.
The identification of spots a and b was based on comparing the measured spacings between
lattice planes with data of known crystalline phases of silicon. The distances between the
diffraction spots and the undiffracted beam, as measured using the scale bars shown in the
figures, correspond to the reciprocal of the spacing between lattice planes. For spots c/d,
additional symmetry information was available to identify the lattice structure.
The possible phases and lattice planes that match the spots that are marked by letters,
within the measurement uncertainty, are listed in table 7.1. Since residual stresses beyond
approximately 10 GPa are unlikely to occur in a thin lamella, phases which require higher
residual stresses were classified as unlikely. Moreover, based on the concentrations of the
different phases as observed on the darkfield images, certain phases are a more likely match
than others. High pressure phases are expected to be more localised than the presence of
Si-i, which is the stable phase of silicon at atmospheric pressure. Finally, phases that match
the Raman spectroscopy data (see section 7.6) are likely to be the correct match, as it is
known that these phases are present in the samples.
Spots c/d match Si-i with a large degree of certainty. Spot b may also be due to
the presence of Si-i with a different orientation compared with the unmodified material,
although there are also matching high pressure phases. For spots a, no match with Si-i
was identified, which implies that a high pressure phase was formed. This result was
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Table 7.1: Analysis of the additional spots in the sad pattern shown in figure 7.17. The data on
the spacings between lattice planes of the phases of Si originates from a database of the
Department of Electronic Materials Engineering of the Australian National University.

Phase

Planes

Spacing (
A)

Assessment

A spots. Measured spacing between adjacent lattice planes: 4.23 
A.
Si-xii

{100}

4.492

Most likely, consistent with Raman spectroscopy.

Si-xiii

{101}

4.392

Possible.

Si-viii

{200}

4.314

Unlikely, limited data in literature on this phase.

B spot. Measured spacing between adjacent lattice planes: 3.13 
A.

7

Si-i

{101}

3.135

Possible, low concentration for Si-i.

Si-ii

{110}

3.316

Unlikely, unrealistic residual stresses.

Si-iii

{200}

3.320

Most likely, consistent with Raman spectroscopy.

Si-iv

{002}

3.14

Possible.

Si-xii

{111}

3.213

Possible.

C/D spots. Measured spacing between adjacent lattice planes: 1.89 
A.
Si-i

{220}

1.92

Spots match Si-i observed along <111> axis.

confirmed by Raman spectroscopy (see section 7.6). When assuming that the known
pathways of phase transformations in silicon have been responsible for the formation of
the high pressure phases, the pressure induced by the laser process must have exceeded
8.8 GPa (see section 2.2).

7.6 Raman spectroscopy
In addition to sad, Raman spectroscopy was used to identify the phases that are present
in the laser-modified material. To produce samples for Raman spectroscopy, polishing
was employed to expose modifications that were generated using 3.5 ns pulses with a
wavelength of 1549 nm and a pulse energy of 2 µJ. The advantage of polishing over
fracturing is the superior flatness of the exposed plane. A reference spectrum was recorded
of unmodified material, which is shown as a solid line in figure 7.18.
Both single-pulse modifications and closely spaced modifications with a transverse
spacing of 2 µm were analysed. No high pressure phases were found during the analysis
of single-pulse modifications, which is inconsistent with the sad results (see section 7.5).
This is probably caused by the limited number of modifications that were sampled.
When analysing tracks of closely spaced modifications, phase-changed material was
consistently found, with no clear correlation to the location along the optical axis. A
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Figure 7.18: Raman spectra obtained from unmodified Si-i and laser-modified material. The intensity
is shown on the vertical axis in an arbitrary unit; the values were scaled such that the
highest peak is equal to one. For clarity, one of the Si-i peaks at 521 cm−1 is not fully
shown.

spectrum recorded near the location of the focus of the laser beam is shown as a dashed
line in figure 7.18. A strong peak is observed around a Raman shift of 360 cm−1 , which
indicates the presence of Si-iii/Si-xii [80]. It was not possible to distinguish between both
phases due to the similarity of their Raman spectra. Previously, both phases were found to
coexist in nanoindentation experiments [80]. Consequently, it is likely that this is also the
case for the phase changed silicon that was found in laser-induced subsurface modifications.
The presence of both Si-iii and Si-xii is consistent with the sad results (see table 7.1).

7.7 Modification mechanisms
One of the purposes of the analysis of the crystal structure presented in this chapter, is
to assess what modification mechanisms contributed to the formation of the subsurface
modifications. In this section, these modification mechanisms will be considered.
Melting and resolidification
The brightfield tem micrographs presented in section 7.4.2 show non-axisymmetric features
including defect lines and a shell. Since the transverse intensity profile of the laser beam was
axisymmetric, this implies that anisotropic behaviour of the material determines the crystal
structure after laser processing. The following interpretation of the features observed
on the tem micrographs, in terms of the modification mechanisms that contributed to
their formation, is based on the features that are drawn in figure 7.12. While this figure
corresponds to the dominant orientation of these features, their orientation was not always
consistent due to the presence of stochastic variations.
A drawing of the features observed on a cross-section perpendicular to the optical axis,
including the probable causes of their formation, is shown in figure 7.19. The shell is
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expected to be formed due to the preferential directions of crystal growth from a melt.
Epitaxial regrowth seeded by the unmodified material can explain why the material outside
the shell is identical to the unmodified material. As a result of such perfect epitaxial silicon,
it was not possible to determine the outer extent of the melt front with certainty. Therefore,
a lower estimate of its penetration depth at the extremities of the defect lines is provided
in figure 7.19.

Crystal growth
directions

Overlap of
adjacent
resolidification
fronts

Breakdown of
crystal growth

{1

00

}

7
Outer
extent of
the meltfront
(estimate)

<100>
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Figure 7.19: Drawing of the shape of a cross-section of a subsurface modification perpendicular to
the optical axis. The probable causes of the different features are indicated.

Closer to the optical axis, the solidification speed is too high to enable the material to
regain a defect-free crystalline state. The maximum velocity for defect-free crystal growth
is between 5 and 15 m/s, depending on the growth direction [102]. When this velocity
is exceeded, a shell consisting of crystalline silicon with defects or amorphous silicon is
formed. Amorphous silicon was only found in the vicinity of the focus of the beam. This is
likely to be caused by the fact that the highest cooling rates are obtained near the focus, as
the best confinement of the laser energy absorption is achieved at this location.
Solidification was found to predominantly occur along <100> directions. These
directions correspond to the most efficient growth directions of crystalline silicon from
a melt [102]. The threshold for defect-free crystal growth along a <100> direction is
15 m/s [102]. The defect lines frequently coincide with the overlap of adjacent {100}
solidifications fronts.
Since there is no preferential direction for the growth of amorphous material, the
crystalline cores that were sometimes observed inside shells consisting of amorphous
silicon are axisymmetric. The presence of crystalline cores implies that the solidification
speed was reduced near the optical axis. This might be caused by the lower thermal
conductivity of amorphous silicon near room temperature [175], compared with diamond
cubic silicon [149].
A recent molecular dynamics study of the solidification of a subsurface melt and vapour in
silicon, predicted both recrystallization and amorphization [176]. This provides supporting
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evidence that a thermal damage mechanism can explain the features that were observed
by tem.
The fact that melting and resolidification was found to be an important material
modification mechanism, explains why simulations of subsurface melting were capable
of predicting the existence and length of the modifications with reasonable accuracy (see
chapter 6). This mechanism was included in the numerical model (see section 3.2.6).
Pressure-induced phase changes
Based on the sad and Raman spectroscopy data presented in sections 7.5 and 7.6, pressureinduced phase transformations were found to be a contributing damage mechanism. High
pressure phases were detected along one of the defect lines shown in figure 7.19. As these
lines are expected to originate from the overlap of adjacent resolidification fronts, this
implies that the silicon at the location where the high pressure phases are present has been
molten. Since resolidification is a relatively slow process (see section 2.5), the formation of
the high pressure phases presumably occurred after the laser pulse. Therefore, it is unlikely
that a confined microexplosion induced by the laser pulse, to which the formation of high
pressure phases during previous experiments on dielectric materials has been attributed
(see section 2.6), has been responsible for their formation.
According to the phase diagram of silicon [177], Si-ii can be directly formed from
the liquid phase, when pressures similar to the required pressures for solid-solid phase
transitions are present. Si-ii will transform into Si-iii/Si-xii upon (partial) release of the
pressure (see section 2.2). Consequently, the formation of high pressure phases from a
melt is plausible. A possible explanation for the generation of high pressures is that liquid
silicon was trapped by surrounded material that had already been resolidified. Since liquid
silicon is denser than diamond cubic silicon [178], this would result in insufficient space
for the silicon to recrystallize in its diamond cubic form.
The numerical model can only accurately compute pressures while the material is in the
solid phase. Since the high pressure phases were found at locations where the silicon has
been molten, these locations were already predicted to be in a modified state by the model.
Therefore, the presence of these phases does not invalidate the simulated shapes of the
subsurface modifications.
Formation of voids
Voids were detected along the optical axis during the analysis of fracture planes (see
section 6.8). However, they were not identified in tem lamellae, which poses the question
whether the voids are a direct result of the laser-material interaction. Since the voids that
were found on fracture planes were randomly distributed, their absence from the tem
lamellae that were produced may be a matter of chance.
Matching voids were generally found on both sides of the fracture planes. Moreover,
previous measurements by infrared laser scanning confocal microscopy suggested that
the voids were already present before fracturing [55]. Based on the above, the voids are
likely to be a direct result of the laser-material interaction, although the possibility that
nanometre-scale particles escaped from the sample during fracturing cannot be ruled out.
The excess material due to the void formation has to be accommodated for, either by
(1) an increase in density elsewhere in the bulk of the material or (2) deformation of the
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outer contour of the sample. No evidence for effect (2) was found during the analysis of
laser-processed samples. An increase in density could be caused by the presence of strain
or by a transformation of Si-i to a denser packed phase. Si-iii/Si-xii phases, which were
found to be present in the laser-processed samples (see section 7.6), have a density of
approximately 2.55·103 kg/m3 at atmospheric pressure [106], compared with 2.33·103 kg/m3
for Si-i (see section 3.5). High density amorphous silicon can also accommodate for the
excess material due to the presence of voids.

7.8 Summary

7

Electron-transparent lamellae were produced by focussed ion beam milling and mechanical
polishing for analysis by transmission electron microscopy. These lamellae contained crosssections along or perpendicular to the optical axis. The transmission electron microscopy
results are consistent with the result from the simulations that melting and resolidification
is the primary damage mechanism, as anisotropy related to preferential solidification
directions was detected.
Several types of modified silicon were found, namely diamond cubic silicon with a
changed orientation, diamond cubic silicon with a high concentration of defects, amorphous
silicon and high pressure phases. Variations between different modifications were detected,
in spite of the use of identical processing conditions. To identify the material structure
of the subsurface modifications, selected area diffraction and Raman spectroscopy were
employed. Both analysis techniques confirmed the presence of one or more high pressure
phases. Based on the Raman spectroscopy results, Si-iii/Si-xii phases were found to be
present.
The fact that high pressure phases were detected implies that pressures exceeding
8.8 GPa have been induced by the laser process, if the phase transformations followed
one of the known pathways. The high pressure phases were found at a distance of about
200 nm from the optical axis, where the silicon has presumably undergone melting and
resolidification. Therefore, a different mechanism than a confined microexplosion is likely
to be responsible for their formation.
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In this chapter, the answers to the research objectives listed in section 1.6 will be summarized.
Moreover, suggestions for future research are given.

8.1 Conclusions
Objective: to investigate the suitability of ultra-short pico- to femtosecond
pulses for the formation of subsurface modifications in crystalline silicon.
The shortest pulses that were successfully used to generate subsurface modifications in
silicon had a pulse duration of 2 ns. The research on creating bulk modifications using 6.6 ps
pulses with a wavelength of 1030 nm had a negative outcome, which is consistent with recent
studies employing femtosecond pulses with moderate pulse repetition frequencies [62, 63].
Excessive two-photon absorption above the focus was identified as the cause for the
failure of using picosecond laser pulses. The process boundary for the pulse energy is
governed by the required energy to melt a volume of material below the surface. For a
fixed pulse energy, the instantaneous power of the laser beam will eventually become too
high to confine the two-photon absorption to the vicinity of the focus, when decreasing
the pulse duration. This effect becomes relevant at power levels below the critical power
for self-focussing due to the Kerr effect.
Two-photon absorption at undesired locations does not only result in a direct loss of laser
energy. The photo-ionized carriers further enhance the laser energy absorption. Moreover,
plasma-induced defocussing of the laser beam will occur, preventing the laser energy from
being selectively absorbed near the geometrical focus of the beam. Plasma defocussing is
caused by the dependence of the refractive index on the density of electron-hole pairs.
Objective: to develop a multiphoton subsurface modification method for
crystalline silicon, which is capable of producing modifications near the focus
of the laser beam.
Based on the results of numerical simulations, it was found that previously reported
difficulties to create modifications at any desirable depth inside a silicon wafer [62–66],
were not due to a physical limitation. However, it was found that a limited window for
the pulse duration exists, depending on the wavelength and the parameters of the optical
system including the focussing objective. By combining a relatively long pulse duration of
3.5 ns with a wavelength of 1549 nm, multiphoton-induced subsurface modifications were
successfully created at various focus depths.
Of particular interest is the result that nanosecond pulsed erbium-doped fibre lasers,
operating in the optical communications C-band, perform satisfactorily for the multiphoton
process. This wavelength window is ubiquitous in telecommunications, resulting in a good
availability of components.
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The multiphoton process has been compared with the use of a photon energy near
the band gap of silicon. Advantage of exclusively employing multiphoton absorption for
the generation of an initial electron-hole plasma, is that free carriers will not be created
throughout the entire path of the laser beam inside the silicon wafer. Hence, energy losses
and plasma-induced defocussing of the laser beam can be prevented. Additionally, based
on simulation results, the multiphoton process is expected to be more robust when varying
the focus depth or running the laser source at high pulse repetition frequencies.
Objective: to develop a numerical model to simulate the laser-material interaction inside crystalline silicon that is sufficiently accurate to select suitable laser
processing conditions.

8

A model was proposed that is based on a two-temperature model to simulate the response
of the material to the absorption of laser energy and a nonlinear Schrödinger equation to
model the propagation of the laser beam.
The numerical results showed that for the processing conditions that were investigated,
thermal melting and subsequent resolidification is likely to be the primary damage
mechanism, implying that an energy density of 6.97 · 10−3 µJ/µm3 is required for the
formation of a subsurface modification.
The model was capable of predicting which laser sources are suitable for the formation
of subsurface modifications. Moreover, a reasonable agreement between the numerical
predictions of the modification geometry and the actual shapes was found.
Objective: to develop an experimental set-up to produce subsurface modifications in crystalline silicon using different processing conditions.
An experimental set-up was developed to focus laser pulses inside silicon samples. Four solid
state lasers were incorporated in the set-up, to collect experimental data using different
processing conditions. Two of these sources were fibre lasers, as they provide pulses with a
sufficiently high pulse energy and have an excellent beam quality. A microscope objective
was selected to focus the laser beam, which combines a relatively high numerical aperture
with a reasonable working distance.
Wavelengths of 1061, 1064 and 1549 nm, together with pulse durations of 2–460, 8
and 3.5 ns respectively, were all found to be suitable for the synthesis of subsurface
modifications. These conditions cover single-photon absorption, two-photon absorption
and a combination of both. The pulse energies varied between a few tenth of a microjoule
and several microjoules, depending of the choice of the pulse duration and the desired size
of the modifications. The required laser pulses for all processes that were investigated in
this work can be generated by common industrial laser sources. This makes it economically
feasible to integrate the laser processes in industrial equipment.
Objective: to develop analysis methods to identify the geometry and material
structure of subsurface modifications in crystalline silicon.
It was found that infrared microscopy is suitable to detect the presence of subsurface
modifications in a non-destructive manner. A ct-scan of subsurface modifications did not
show any contrast. To obtain quantitative information about the shape of the modifications,
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fracture planes containing modifications were analysed by optical microscopy, laser scanning
confocal microscopy and scanning electron microscopy.
To acquire detailed information about the material structure of the subsurface modifications, electron-transparent lamellae were produced by ion beam milling and mechanical
polishing. These lamellae were analysed by transmission electron microscopy. The analysis
results were consistent with the result from the numerical simulations that melting and
resolidification is the primary damage mechanism.
The types of modified material that were found are amorphous silicon, crystalline silicon
with defects or a changed orientation and high pressure phases. The high pressure phases
were identified by Raman spectroscopy as Si-iii/Si-xii. These phases were detected at a
location where the material has presumably been molten during the laser pulse, implying
that a different mechanism than a confined microexplosion is responsible for their formation.
A hypothesis is that liquid silicon, which has a higher density than diamond cubic silicon,
was trapped during the solidification process. Consequently, insufficient space is available
for the liquid silicon to recrystallize to its original diamond cubic structure. Within the
known pathways of phase transformations in silicon, the presence of high pressure phases
implies that the pressure during the laser process has exceeded 8.8 GPa.
Objective: to assess the suitability of subsurface modifications, obtained using
different processing conditions, for the dicing of crystalline silicon wafers.

8

It was found that the subsurface modifications that were produced, using all processing
conditions which were investigated, can be employed for wafer dicing. The geometry and
positioning of the modifications had a large influence on the outcome of the dicing process.
Suboptimal processing conditions cause the fracture plane to switch to a preferential
cleavage plane of the silicon crystal. The best kerf geometry was obtained when the laser
modifications cover a large part of the intended fracture plane.
Pulses of several hundred nanoseconds combined with a wavelength of 1061 nm, were
found to result in the formation of large subsurface cracks. Such cracks have a positive
effect on the required separation force. However, since some of these cracks will also be
present near the edges of the separated dies, they are expected to have a negative impact
on the die strength.
Based on the analysis of fracture planes, the functions of the modifications during the
dicing process were identified. That is, the modifications initiate crack growth inside the
wafer and are likely to guide the propagation of cracks along the desired fracture plane.

8.2 Recommendations
A number of opportunities for future work have been established. These include recommendations to improve the accuracy of the results presented in this thesis, to extend
the parameter range that was investigated and to investigate applications of subsurface
modifications beyond wafer dicing. An overview of the recommendations is given below.
Improve the usability of ultra-short pulses
It is worthwhile to investigate methods to improve the usability of ultra-short pulses for
the production of modifications inside silicon, to establish whether such pulses result in
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different modifications compared with a nanosecond process. Pulses of a few nanoseconds
are short enough to limit the effect of diffusion during the pulse. However, ultra-short
pulses could allow for higher pressures to be generated or induce non-thermal melting.
A number of solutions may be investigated to improve the confinement of the energy
absorption during subsurface processing with ultra-short pulses: (1) to use a focussing
objective with a higher numerical aperture than 0.7, (2) to employ higher-order nonlinear
absorption than two-photon absorption and (3) to create a temporal confinement of the
laser pulse.
Solution (1) is related to the fact that the laser intensity above and below the focus will
decay faster when using a higher numerical aperture. This results in less multiphoton
absorption of laser energy outside the focus.
To implement solution (2), one could consider increasing the wavelength beyond 1549 nm.
The longest wavelength that was previously evaluated is 2.4 µm [66], which corresponds
to a three-photon process. As the lattice absorption in silicon is limited until a wavelength
of 6 µm [94], it is possible to employ even longer wavelengths. However, at wavelengths
of 1.5 to 6 µm, the Kerr coefficient of silicon is close to or above its value at 1549 nm [90].
Therefore, self-focussing due to the Kerr effect may restrict the usability of long wavelengths,
as high instantaneous laser powers are required to induce higher-order nonlinear absorption.
Moreover, the spot size will increase at longer wavelengths, which has a negative effect on
the confinement of the laser energy absorption.
Solution (3) is based on the use of ultra-short pulses that, as given by the Fourier
transform, have a relatively large bandwidth. By making different wavelengths follow
different paths through the material towards the focus, the pulse duration outside the
focus will be increased compared with the duration in the focal spot [173, 174].
Improve the accuracy and capabilities of the numerical model
To improve the numerical model, it is recommended to enhance the availability of reliable
material data under conditions of high temperatures and carrier densities. An approach to
address this issue could be to first perform sensitivity studies concerning the influence of
inaccuracies in the material data. Secondly, methods to accurately measure the parameters
that were found to have the largest influence on the model outcome could be developed.
Based on a comparison of simulations with experimental data on the shape of subsurface
modifications, the largest errors in the material properties are expected to be present in
the data that affect the results for pulses of several hundred nanoseconds.
Improvements to the beam propagation model could also be considered. Within the
present capabilities of computer systems, a rigorous solution of Maxwell’s equations on a
nanosecond scale, coupled with a model for the behaviour of the material, is a formidable
task. It is however worthwhile to investigate the use of a unidirectional propagation model
that does not require any assumptions regarding the angles of the rays with the optical
axis. This would be especially beneficial to the modelling of the behaviour of the beam
at the outer edge of the liquid volume inside the wafer, due to the high gradients in the
optical properties that arise in this area. Moreover, it is of interest to simulate the effect
of temporal focussing of the beam, which is discussed above as one of the solutions to
improve the usability of ultra-short pulses. To include this phenomenon, it is necessary to
remove the assumption of monochromaticity from the propagation model.
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Finally, the results of the two-temperature model could be coupled to a model to simulate
the crystal growth during the resolidification of molten silicon, to assess the feasibility of
predicting the exact crystal structure of the subsurface modifications.
Extend the capabilities of the experimental set-up
Experiments have so far been performed on thin wafers with a thickness of 160 µm. Since
the performance of the processing strategies based on wavelengths of 1061 and 1549 nm is
expected to differ for modifications at a depth of several hundred micrometres below the
surface, it is of interest to investigate larger focus depths. To prevent spherical aberrations
when focussing deep inside silicon, it is recommended to equip the experimental set-up
with a microscope objective that contains a variable coverslip correction, preferably with
some form of automated control.
Moreover, it is desirable to increase the degree of automation of the set-up, e.g. concerning
the alignment of the samples, to be able to efficiently process large numbers of samples.
This would enable the die strength and separation force to be reliably measured, as these
quantities are stochastically distributed.
Finally, real-time measurements of the subsurface modification process are of interest.
Measurements during the process can provide additional data to assess the correctness
of the simulations of various physical phenomena, including the extent of the subsurface
melt. A method for real-time measurements is to employ a second laser beam to probe the
process, e.g. to measure the refractive index distribution inside the material by infrared
interferometry [62].
Additional research on analysis techniques
Uncertainties exist in the results of the destructive analysis methods, as the possibility that
the destructive sample preparation affected the measurement results cannot be ruled out.
Therefore, further research on non-destructive analysis techniques is recommended.
So far, only infrared microscopy was found to be capable of detecting the presence of
subsurface modifications in a non-destructive manner. However, no detailed information
about the geometry of the samples could be extracted using infrared light. Possible
improvements to the infrared microscopy include using coherent instead of incoherent
light and applying confocal microscopy instead of regular optical microscopy.
Additionally, since a ct-scan was not capable of detecting subsurface modifications in
silicon, it is worthwhile to investigate the use of a synchrotron. Synchrotron radiation allows
for the three-dimensional analysis of the properties of silicon with high resolution [179].
Finally, the transmission electron microscopy results indicated that molten material
resolidifies into both undamaged and damaged crystalline silicon. This observation leads to
two recommendations for future research. First, for comparison with numerical modelling,
it would be beneficial to identify the exact extent of the molten volume. As crystalline
silicon without defects cannot be distinguished from the base material, this information
could not be extracted from the transmission electron micrographs. A potential solution
to this issue is to create laser modifications inside highly doped wafers, as the analysis
of the transport of the dopant might enable the molten zone to be identified. However,
it is necessary to ensure that the free carrier absorption as a result of ionized impurities
does not prevent the successful fabrication of subsurface modifications. Secondly, it is
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recommended to investigate the exact types of lattice defects that are present, to establish
their effect on the material properties of the modifications.

8

Investigate applications beyond wafer dicing
It is of interest to study the suitability of subsurface modifications in silicon for other
applications than wafer dicing. The use of laser-induced subsurface modifications in silicon
for optical applications has been proposed [64, 66]. A first step in this direction would be
to identify the optical properties of subsurface modifications, including the changes to the
refractive index.
Apart from optical applications, laser modifications have shown to be capable of reducing the resistivity of polycrystalline silicon covered with dielectric material [180, 181].
Therefore, it is worthwhile to investigate the electrical properties of tracks of laser-induced
subsurface modifications, to find out whether resistivity changes can also be induced inside
(poly)silicon.
Finally, it is recommended to investigate the sensitivity of the laser modifications to
specific etchants. If the response of the laser-induced modifications is different compared
with the unmodified material, this implies that subsurface modifications in crystalline
silicon could be applied for selective etching.
For applications in which exact control over the optical or electrical properties of
subsurface modifications is required, the repeatability of the process is important. However,
different crystal structures of modifications were found despite the use of identical processing
conditions. Therefore, it is recommended to investigate the causes of the observed variations
in the crystal structure and develop measures to eliminate these causes.
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Laser-Induced Subsurface Modification of Silicon Wafers
Wafer dicing is the technology to separate wafers into individual components
known as dies. New developments in the semiconductor industry, such as die
stacking and the development of microelectromechanical systems, present
significant challenges to the dicing process.
A promising wafer dicing method is laser-induced subsurface separation,
as it is dry and debris-free. This method consists of two steps. First, subsurface modifications are created inside the wafer by pulsed lasers, without
inducing any damage to the surface. Secondly, a force is exerted on the
wafer, causing it to separate along the laser-induced modifications.
The objective of this thesis is to investigate the laser-material interaction
during the formation of subsurface modifications in crystalline silicon. Based
on experiments and numerical simulations, laser processes are proposed
that are suitable for integration in industrial equipment.
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