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Abstract

Silicon is the basic material for semiconductor industry and laser direct writing in the
bulk of silicon has attracted people’s attention since 20 years ago. However, the research of
laser-matter interaction inside silicon is limited and the formation process of the subsurface
modification is not clear enough. In addition, the attempts in the past decade to generate
waveguides inside silicon are not satisfactory. Based on this situation, this dissertation has two
objectives. The first one is to study the fundamental process of laser-matter interaction and have
a better understanding of the material modification process inside silicon, and the second one is
to write straight and curved waveguides inside silicon and characterize these waveguides. The
first objective will be achieved through a comprehensive experimental study on the physics
behind the nanosecond (ns) laser writing process. The experimental study will involve generating
subsurface modifications inside silicon and characterize the modifications by optical microscopy,
SEM, TEM, and Raman spectroscopy. The second objective will be achieved through laser
transverse writing and by shaping the laser beam through a pair of cylindrical lenses and
focusing the shaped beam inside the silicon.

It is found that permanent modifications are made with tightly focused ns pulses at 1.55
um wavelength inside silicon without damaging the front surface. Examinations of the modified
zone using Raman spectroscopy and TEM reveal a disturbed crystal structure with defects and
strained areas. For the first time, high resolution TEM images show a direct evidence of
amorphous silicon inside ns laser induced modifications. A quantitative analysis based on Raman
spectra of the modified zone indicates that the amorphous silicon accounts for only a small
percentage of the total modification. More work is needed to determine the effects of laser

parameters on the amorphous transition inside silicon. Nanosecond laser transverse writing of



different types of waveguides inside silicon are demonstrated, such as straight waveguides,
curved waveguides with different radii, and straight-curved waveguides. A nearly circular
transverse guide-profile is formed with the shaped beam. The waveguides are found to support
single-mode propagation for 1.55 um wavelength light. The loss is found to be about 3 dB/cm
for straight waveguide and can be larger for curved waveguides depending on the curvature. The
knowledge gained from this research will enable us to have a better understanding of laser-matter

interaction inside silicon and pave the way for its future applications in the semiconductor field.
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Chapter 1 - Introduction

1. Background

Silicon is the basic semiconductor material for numerous applications, such as photovoltaics,
sensors, and microelectronics. In the 1970s, the empirical Moore’s law predicted that the size of
transistors should be comparable to one of the atoms in the 2020s. The latest improvements in
quantum computing are expected to achieve this milestone [1]. These advancements are related
to the extraordinary development of “silicon-on-insulator” (SOI) lithography that allows the
fabrication of functional micro- and nanodevices for guiding, modulating, emitting, and detecting
light in silicon [2-4].

However, SOI technology has several constraints. First, to fabricate 3D architectures, one needs
to do the layer-by-layer deposition; second, an extremely clean environment is necessary; and
finally, it often takes plenty of time to do the fabrication. Laser direct writing in the bulk of
silicon has been an attractive alternative for the SOI technique since 1996 [5-7]. In the following
20 years, numerous researchers have put effort on the study of interaction between laser and
silicon [8-10].

The theoretical and experimental work in [11-15] has revealed the basic physical processes that
govern the laser-silicon interaction. This novel understanding subsequently provided multiple
possibilities for making new devices within silicon [16-23]. As one example, 3D laser writing in
the bulk of silicon has led to inscriptions of many functions including waveguides, data storage,
holograms, microfluidic channels, gratings, and surface textures [19-28]. Achievements like
these mark the beginning of a new era of laser. Nowadays, the next generation of uJ-class mid-
infrared lasers have been a reality [29,30]. The new lasers definitely provide more possibilities

for studying this topic [31].

Despite the success over the past years, 3D laser writing to generate functional modifications
inside silicon is still far behind what has been achieved with dielectrics. Therefore, significant

amount of work is needed to advance the fundamental understanding of 3D laser writing inside



silicon and to realize its full technological potential. In the following, an overview of the
literature in laser modification and waveguide writing inside silicon will be made, which will

lead to the proposed research.

2. Literature Review

Laser-induced subsurface modifications inside silicon is a well-known phenomenon [11,19]. The
subsurface modification technology is based on tightly focusing short laser pulses inside the bulk
of silicon, thereby creating localized changes to its crystal structure [21]. One of the most
successful applications of subsurface modifications in silicon is dry and nearly debris-free wafer
dicing [32, 33]. Since silicon is the material of choice for the semiconductor industry, it is of
great interest to further develop the subsurface modification technology for silicon. Previous
work reports two-photon—induced subsurface modification of Si using an erbium-doped fiber
laser pulsed at 3.5 ns [16]. The crystal structure of the laser induced subsurface modifications in
Si is presented in [21]. Investigations of the properties of the subsurface modifications generated
by ns laser pulses can be found in [39]. Local modification in bulk Si with sub-100-fs laser
pulses is achieved in [18] with single pulses tightly focused at the center of silicon spheres using
extreme solid-immersion focusing. A wide variety of material changes inside silicon induced by
pulsed laser were discovered, including voids [34,35], high pressure phases [36], dislocations
[27,28,37,38], hydrostatic compressive strain [27,28,37,38], cracks [22], amorphous silicon [21],

as well as polycrystalline features [6,19].

One attracting application of the laser induced subsurface modifications is writing waveguides
inside silicon [20,24]. Generally speaking, the application is based on laser-induced structural
modifications that manifest a refractive-index contrast with the surrounding unmodified regions
inside silicon [24]. Despite the importance of silicon (Si) in the microelectronics industry and its
growing importance in photonics, studies on waveguide writing in this material are limited.
Depressed-cladding waveguides inside bulk silicon written by ns laser pulses are achieved in
[26]. Waveguides can also be written using femtosecond (fs) pulses as demonstrated in [11],
even though the induced modifications are generated only at the SiO/Si interface. Waveguides
deep into bulk Si are first reported with 350 fs laser pulses at a wavelength of 1550 nm in [19,20]

where a 10™* refractive-index change in magnitude is seen.



In general, two methods can be used to write waveguides in Si: longitudinal and transverse [40].
The advantage of the longitudinal writing is that the waveguides have a symmetric cross section;
however, the waveguide length is limited by the objective-lens focal length [40]. In the transvers
writing, the waveguide length is not restricted by the working distance of the objective lens, but
the waveguide profile takes an asymmetric droplet-like shape [40]. An advantage of the
transverse writing method is that it provides more flexibility for writing waveguide paths with
complex shapes, i.e., shapes other than linear paths. Semicircular, or curved, waveguide paths are
one example. The theory of bending loss in curved waveguides is established in [41-45].

In summary, the past decades have seen some achievements in the field of laser induced
modifications and waveguide writing inside silicon; however, many problems remain to be
solved. The first problem is related to the difficulty to produce uniform modifications inside
silicon induced by a pulsed laser. When laser pulses are focusing inside the silicon, the extreme
high temperature and pressure at the focusing spot often result in complicated material change,
such as melting, microexplosion, re-solidification and phase change [46]. A fundamental study
of this process is essential for the development of high performance silicon devices. The second
problem is how to overcome the drawback of the short working distance of an objective lens and
to write long waveguides inside silicon. The third one is that the shape of the focusing spot is
often droplet like in transverse writing, and the effect is stronger considering the high refractive
index of silicon (~3.5). The resulted elongated cross section shape of the waveguides should be

avoided through beam shaping.

3. Research Objective

This dissertation tries to answer this question: How can we take advantage of the laser to make
modifications inside silicon and how to extend the modifications into meaningful devices such as
waveguides? This question is approached from various angles: What are the modifications inside
silicon? What are the properties of the modifications? What is the formation process of the
modifications? Can we control the structure of the modifications? Is it possible to write
waveguides inside silicon? If yes, what is the performance of the waveguide? Can we reduce the

loss of the waveguides? Can we make waveguides besides straight shapes?



The research objective is twofold. The first objective is to study the fundamental process of the
laser-matter interaction and have a better understanding of the material change inside silicon.
The second objective is to write straight and curved waveguides inside silicon and characterize
these waveguides and extend to more complicated shapes.

4. Outline of the dissertation
The dissertation is organized as follows.
Chapter 1 constitutes background information, a literature review, and the research objectives.

Chapter 2 presents the work on the characterization and control of laser induced modification

inside silicon.

Chapters 3 and 4 present the work on the waveguide writing inside silicon.

Chapter 5 presents the work on the complex waveguides writing inside silicon.

Chapter 6 presents the work on the structural changes of nanosecond laser modification inside

silicon.

Chapter 7 is the summary and outlook.
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Chapter 2 - Characterization and Control of Laser Induced

Modification Inside Silicon

This work was published in the paper “Characterization and control of laser induced
modification inside silicon,” Xinya Wang, Xiaoming Yu, Hongyu Shi, Xianhua Tian, Maxime
Chambonneau, David Grojo, Brett Depaola, Matthew Berg, Shuting Lei, Journal of Laser
Applications 31 (2), 022601

Abstract

Internal modification of silicon is important for wafer stealth dicing. In this paper, we report
experimental and simulation results of three-dimensional (3D) modification inside silicon wafers
using laser pulses with 1.55 um wavelength and 3.5 ns pulse duration. Permanent modification is
generated inside silicon by tightly focusing and continuously scanning the laser beam inside
samples, without damaging the front and back surface. Cross sections of these modifications are
observed after cleaving the samples and are further analyzed after mechanical polishing followed
by chemical etching. The shape of the modification is found to depend on the input beam shape,
laser power, and scanning speed. With proper conditions, nearly circular modification is

obtained, which has potential application for waveguide writing inside silicon.

1 Introduction

When high-intensity laser pulses are focused inside a wafer, each laser pulse results in the
production of a subsurface modification. After laser processing, applying tensile stress
perpendicularly to this modified-layer, silicon wafer can be separated easily into individual chip
without creating any damage to the wafer surface comparing with the conventional blade dicing
method. This technology is called “stealth dicing” (SD), and is attracting attentions as a novel

dicing technology in semiconductor industries.

The dicing saw is used in conventional dicing of Si wafer. The wafer could be contaminated

since this is wet process [1-6]. Besides, large transverse intensity will cause chipping and



microcracks in cut end-faces [7]. Moreover, laser ablation [8, 9] or laser thermal breaking have
also been used to do dicing [10,11]. The disadvantage of this method is that it will generate heat
and debris pollution and affect device property and reliability. In addition, laser ablation
generates microcracks and laser thermal breaking results in low end face accuracy. As for the SD
method, there is no damage at the surface layer of a wafer where actual devices are formed.
There is no debris contamination and thermal effect. Several groups have reported modifications
by pulsed laser inside silicon [12-14]. The relevance of SD to meet the highest possible
performance in dicing is a strong motivation to study in detail the formation process of

subsurface modifications.

In this paper, we investigate the formation of modification inside intrinsic silicon wafers. The
wavelength of the fiber laser in this study is 1.55 pm and the pulse duration is 3.5 ns. By tightly
focusing the laser beam with spherical aberration (SA) correction, we write continuous lines
inside the samples and analyze their cross sections. The shape of subsurface modification is
found to depend on the laser pulse energy, scanning speed, repetition rate and input beam shape.
This work provides information for future development of stealth dicing technologies.

2 Experimental Details

A=155um,7~3.5ns HWP PBS

| 1 L] \ M1
I I L
4
X

Objective Silicon

Fig. 1. Experimental setup. M1 and M2 are gold mirrors. HWP and PBS are half-wave plate and

polarizing beam splitter, respectively.

The experimental arrangement is depicted in Fig. 1. The samples used in this study are (100)-
oriented, 1-mm thick intrinsic silicon wafers. The intrinsic samples have a resistivity of >200
Q-cm. The laser source (MWTech, PFL-1550) generates pulses at 1550 nm wavelength, and is
operated at various repetition rates ranging from 20 to 150 kHz. The pulse duration is T = 3.5 ns

(full width at half-maximum). The maximum pulse energy is 20 pJ. The output beam is
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collimated and has a 1/e2 diameter of 6 mm. The beam is focused with an infrared objective lens
(NA = 0.85, Olympus, Model LCPLN100XIR), which has SA correction for silicon thickness
between 0 and 1 mm (adjustable). At the focus, the beam is spatially Gaussian-shaped with a
theoretical diameter at 122 of [(2w) 0=1.22 M(NA=2.2 um) with Rayleigh lengths z R(air)
=2.6 um and z R (Si) = 9.2 um in air and silicon, respectively. The wafers are cleaved into
small pieces of about 20x20 mm2, which are mounted on a motorized XYZ stage (Newport,
Model ILS100PP). The focal depth is controlled by moving the sample along the laser beam’s
axial direction, and modification is induced by scanning the sample transversely at a constant
speed. The focus on the front surface is determined when white-light plasma radiation from
surface damage is observed, and the desired depth (d) is reached by moving the sample towards
the objective by d/n, where n = 3.5 is the refractive index of silicon at 1.55 pum. The sample after
laser writing is cleaved perpendicularly to the scanning direction and the cross sections (in the
(110)-plane) are observed with a visible-light optical microscope. The cleaved surface is then
polished and examined with the microscope again. The polished surface is put in a 50 wt. %
KOH solution and etched for 5 minutes in an ultrasonic bath. Then the sample is observed with
the microscope. In this study, damage is not observed on either front or back surface of the
silicon samples. Here, the term “modification” refers to any permanent change in the sample

after laser treatment, and “damage” refers to significant modification, such as cracks and voids.

3. Results and discussion
3.1. Optimal focal depth with spherical aberration (SA) correction

S — v
(a) | (o) B | (c) ‘ |

l

460 pm
400 um

f 3 |

Fig. 2. Cross sections of modification lines in silicon at various depths with pulse energy of (a) 2.0
K, (b) 1.5 pJ, and (c) 1.0 wJ. The focusing lens is corrected for spherical aberrations at a depth of

11



0.5 mm inside silicon (correction collar). Regions in black color and aligned vertically are laser-

induced modification. Narrow vertical lines in red color are depth measurements.

Since the difference in refractive index between air and silicon is large, and the beam is focused
deep inside the material which extremely increases the spherical aberration, it is necessary to
correct spherical aberration. The objective lens used in this study has a correction collar and can
compensate aberration in silicon with thickness up to 1 mm. To facilitate later characterization of
induced modification, modification is generated in the middle of the samples, and therefore the
correction collar is set at 0.5 mm throughout the experiments. However, setting the correction at
0.5 mm does not guarantee optimal focusing at this depth (shown below), since the lens might be
designed for a wavelength different from our laser wavelength. To get this optimal focusing depth,
continuous lines are made at various depths with 50 um increments, at a constant speed of 1 mm/s.
The samples are then cleaved perpendicularly to the writing direction, and the cross sections are
examined with a visible-light microscope. Fig. 2 shows the results for three pulse energies. Regions
in black color and aligned vertically are laser-induced modification, and the structures seen outside
these regions are caused by the cleaving procedure. Modification is observed within a wider depth
range, from 350 to 550 um, when the pulse energy is 2.0 uJ. When the energy is reduced to 1.0
pJ, only two modifications at 400 and 460 pum can be observed. No modification is seen when the
pulse energy is reduced to 0.4 pJ, in very good agreement with similar experiments performed

with analogous laser facilities [13, 14].

C—

Z (ulm) .
Intensity (a.u.)

[] 50 100 150
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X (um)

Fig. 3. Calculated focal intensities at various depths inside silicon with the consideration of

refractive index mismatch. Z = 0 corresponds to a depth of 430 um. The intended focal depths
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are Z =-100, -50, 0, 50 and 100 um for (a)-(e), respectively. Intensities in all the images are

normalized to the peak intensity in (c).

To understand the results in Fig. 2, we calculate the focal shape at various depths, with the
consideration of refractive index mismatch. We use the PSF Lab software [18] to obtain focal
intensity profiles. The objective lens is assumed to be perfectly corrected for 430 um thick
silicon, and intensities at various depths are calculated, as shown in Fig. 3. We can see that at
the depth corresponding to the correction depth (430 um), the focus is a diffraction-limited spot
size consistent with estimation (Fig. 3(c)). When the foci are shifted by about 50 pum ((b) and
(d)), the foci are elongated and the peak intensities drop to about 70% of the peak intensity in
(c). Further shifting the depth causes even longer foci and lower (35%) peak intensities. This
shows that a shift in depth as small as 50 pum can cause reduction of peak intensities and as a
consequence disappearance of laser-induced modification, in consistence with the experimental
results shown in Fig. 2. We put the laser focus in the optimal depth range of 400 to 460 pm in

the following experiments.

3.2. Observation of modification after polishing and KOH etching

(a) (b) (c)

100 pm

Fig. 4. Cross sections of laser-modified regions after (a) cleaving, (b) polishing, and (c) chemical
etching. The laser light is from top to bottom.

Some groups[14-16] directly observe modifications in the bulk. Here, we choose to observe the
modification by cleaving the sample, without the limitation in terms of resolution of infrared

microscopy. A drawback of this method is that it induces undesired alteration to the samples
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(Fig. 2). This might be indistinguishable from the modification caused solely by the laser. To
avoid confusion, we apply the polishing-and-etching method that is commonly used in the study
for dielectrics [21] and has also been used for silicon recently [18]. The sample from the
previous experiment (Fig. 2(b), also shown in Fig. 4(a)) is mechanically polished. Interestingly,
the modified regions completely disappear after polishing, as shown in Fig. 4(b). A similar
behavior is also reported for femtosecond laser writing [15]. For the samples machined by the
highest pulse energy (3.75 pJ) and a much slower scanning speed (0.01 mm/s), modification
also disappears after polishing (results not shown here). These findings suggest that the laser-
induced modification in this study might merely be local change of density [15], not significant
damage such as cracks and voids, because otherwise one would expect to see some type of
irregularities on the polished surface. The change of density manifests itself after the
disturbance during the sample cleaving procedure, and therefore modified regions can be
observed in Fig. 4(a). After polishing, we etch the sample by 50 wt.% KOH solution for 5
minutes in an ultrasonic bath. The laser-modified regions reappear as shown in Fig. 4.
Meanwhile, the alteration caused by cleaving is absent. Similar etching selectivity is reported in
dielectrics [22].

3.3. Morphology of resultant modification

3.3.1 The influence of pulse energy on modification morphologies

0.5u] 1.0 3751

7‘}'—?-!7.' ’ B

100 um

Fig. 5. Laser-induced modification at the same depth (430 um) and with increasing pulse energy

(Upper row is after cleaving, and lower row is after polishing and etching). Numbers above the
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modified regions represent pulse energy in pJ. The scanning speed is Imm/s. The laser light is

from top to bottom.

The absorption of 1.55 um wavelength light in silicon is a two-photon absorption process. The
nature of absorption is complicated since the difference between the photon energy (0.8 eV) and
the bandgap (1.1 eV) is small. Previous work shows that the heating of silicon by the laser may
cause the bandgap to shrink, leading to linear absorption [16]. Therefore, it is necessary to

quantify the size and volume of the absorption regions.

For this purpose, we focus the beam at a fixed depth of 430 um and write lines with increasing
pulse energy. The cross sections treated after the polishing-etching procedure are shown in Fig.
5. As expected, the modifications become larger with increasing pulse energy. The shape of
modification is an inverse triangle when the pulse energy is high. We make a simple estimate and
find that the energy density in the modified volume is between 0.5 to 4.6 kJ/cm?, orders-of-
magnitude below the damage threshold (MJ/cm? in glass) for cracks and voids. While using
high-order photo-ionization from longer wavelengths can achieve tighter focusing, other
mechanisms, such as plasma defocusing [20], might impair the effectiveness in realizing high
energy density. It is critical to understand the fundamental mechanisms in the laser-energy

deposition process in order to further improve the stealth dicing technique.
3.3.2 The influence of laser scanning speed on modification morphologies

50mm/s 40 30 20 10

=

Fig. 6. Modifications at various scanning speed (Upper row is after cleaving, and lower row is
after polishing and etching). Pulse energy is 1.5 pJ and repetition rate is 20 kHz. The laser light is

from top to bottom.
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Laser scanning speed affects the modification morphologies at the same energy density since the
speed is related to the number of pulses absorbed by the material based on the equation N=RS/V,
where N is the pulse number, R the pulse repetition rate, S the beam focal spot size and V the
laser scanning speed [23].

With fixed pulse energy, repetition rate and focal spot size, the scanning speed is the only
parameter that can be varied in order to control the modification shape. Modification length and
width at various scanning speeds are shown in Fig. 6. At a low speed (0.1 mm/s), we can observe
the modification with the width of 12.5 pum and 68.9 um, respectively. In particular, at the speed
of 10-30 mm/s, the modifications break to several parts. Furthermore, with the speed increasing
to 50 mm/s, the modification is almost circular (the length and width are 8.9 pum and 11.3 pum,
respectively), which has potential application for waveguide writing inside silicon. Therefore, we

can tune the scanning speed to control the modification length and width.

3.3.3 The influence of repetition rate on modification

Fig. 7. Modifications at various repetition rate (Upper row is after cleaving, and lower row is
after polishing and etching). The pulse energy is 1.5 uJ and the scanning speed is 1 mm/s. The
laser light is from top to bottom.
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With fixed scanning speed, pulse energy and focal spot size, the repetition rate affects the

modification shape.

In Fig. 7, scanning speed is set to 1mm/s, pulse energy is kept at 1.5 yuJ , and the focal spot
diameter is 2.2 um. For 120 kHz, the length and width of modification are 62.9 um and 11.9 pm,
respectively. For 20 kHz, the length and width of modification are 54.2 um and 8.7 pm,
respectively. Comparing results at 20 kHz and 120 kHz, the repetition rate has a 6-fold
difference, while the difference in modification size is significantly less pronounced than varying
the pulse energy (Fig. 5). So pulse energy affects morphology of modifications more than

repetition rate.

3.3.4 The influence of input beam shape on modification

b
0754 1.0 1.25
I p—
" , —
objective >tiicon 100 ym |

Fig.8. a, Schematic diagram of the experimental setup with a slit. b, Modifications with and
without slit. Upper row is without slit, and lower row is with slit. From left to right, the pulse
energy is 0.75, 1.0, and 1.25 pJ, respectively. The repetition rate is 20 kHz, and the scanning speed

is 10 mm/s. The laser light is from top to bottom.

The dependence of modification morphology on input beam shape is also investigated. Since the
sample is translated transverse to the writing beam to form the modification, the cross section is
related to the shape of the focal volume. Typically, the focal intensity distribution of a beam
focused into a silicon wafer is several times larger in the axial direction than the transverse

directions, potentially resulting in highly asymmetric waveguides. To obtain a circular cross
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sectional profile, one can employ multiple scans of the writing beam across the sample, shifting
the beam transversely between each pass [23]. Several methods have been used in the past to
shape the writing beam’s focal volume [24]. The simplest of these is to use a physical slit before
the objective, effectively reducing the NA in one dimension [25]. In our experiment, we create a
slit by two paralleled razor blades. In Fig. 8a, the slit width is set at 1000 um. We compare the
morphology of modification with and without slit under three different pulse energies (0.75, 1.0
and 1.25 yJ ), as shown in Fig. 8b. It can be seen that the morphology of modification without a
slit is much more elongated than with a slit. An aspect ratio close to 1 is expected to be reached
if we change the slit width and pulse energy. However, it might be not easy because the
refractive index of 3.5 of silicon is so high that the slit width has to be very small, provoking too

much energy losses.
3.3.5 Modifications under the SEM

To observe the laser treated areas using SEM, we made some modifications under a few selected
conditions. We can see more details from the SEM images in Fig. 9 compared to the optical
images included in this study. The modifications after cleaving are clear, but with some
additional damage (e.g. cracks) caused by cleaving. After polishing and etching, the cracks
disappear. Comparing a2, b2 and c2, we can see that the modifications are much longer when the
scanning speed is Imm/s than the one for the speed of 50mm/s. Also, some deep cracks appear at
the modified site for the speed of 50 mm/s, indicating that material modification at this speed is
more prone to etchant attack. Another possible reason for the enhanced contrast in Fig. 9(b2) is
the change of silicon microstructures that reduces electron reflection in the SEM. Interestingly,
the highest image contrast is obtained at a low energy dosage, suggesting the existence of an
optimal combination of pulse energy, repetition rate and scanning speed that can enhance the
internal modification. Line-shaped structures aligned horizontally in Fig. 9(a2) and (c2) are
likely caused by the polishing process. Further characterization of laser modified areas will be
conducted in the future to examine their 3D profile and study any changes in physical solid phase

and optical and electrical properties.
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Fig.9. SEM images (Upper row is after cleaving, and lower row is after polishing and etching).
al, a2: The pulse energy is 1.5 pJ, the repetition rate is 100 kHz and the scanning speed is 1
mm/s. b1, b2: The pulse energy is 2 pJ, the repetition rate is 20 kHz and the scanning speed is 50
mm/s. ¢1, c2: The pulse energy is 2 pJ, the repetition rate is 20 kHz and the scanning speed is 1

mm/s. The inset images are taken from an optical microscope.

4 Conclusion

In conclusion, we use a fiber laser with 1.55 um wavelength and 3.5 ns pulse duration to
generate permanent modification inside intrinsic silicon wafers. Spherical aberration is found to
be important and needs to be corrected for tight focusing at desired depth. While laser-induced
modification can be clearly observed after cleaving the samples and exposing the cross sections,
this modification disappears after mechanical polishing, suggesting the absence of severe
damage such as cracks and voids. The morphology of subsurface modification is found to
depend on the laser pulse energy, scanning speed, repetition rate and input beam shape. More
specifically, the length and width of the modification increase with the increasing pulse energy
and repetition rate, but decrease with the increasing scanning speed. The aspect ratio of the
modification is affected by the shape of input beam.
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Chapter 3 - Nanosecond laser writing of straight and curved

waveguides in silicon with shaped beams

This work was published in the paper “Nanosecond laser writing of straight and curved
waveguides in silicon with shaped beams,” X Wang, X Yu, M Berg, B DePaola, H Shi, P Chen,
L Xue, X Chang and S Lei, Journal of Laser Applications 32 (2), 022002

Abstract

We demonstrate a method for transverse writing of optical waveguides in a crystalline silicon wafer
using a nanosecond laser with a shaped beam profile that is formed by a pair of cylindrical lenses.
In contrast to traditional writing methods, this method avoids forming asymmetric waveguide
profiles. Both straight and curved waveguides are written with a nearly circular transverse guide-
profile and are found to support single-mode propagation for 1550 nmwavelength light. The

propagation loss for this wavelength is also measured.

1. Introduction

The use of lasers to write waveguides in dielectrics, especially glass, is well-established, e.g., see
[1-6]. Generally, the method is based on laser-induced structural modifications that manifest a
refractive-index contrast with the surrounding unmodified regions in the dielectric [7-15]. Despite
the importance of silicon (Si) in the microelectronics industry and its growing importance in
photonics, studies on waveguide writing in this material are limited. Previous work reports two-
photon—induced internal modification of Si using an erbium-doped fiber laser pulsed at 3.5 ns [16].
With a similar method, elongated structures are reported in [17]. Investigations of the properties
of the internal modifications generated by ns laser pulses are presented in [18-20]. Direct writing
of single-mode waveguides in Si with ps laser pulses is demonstrated in [21]. Depressed-cladding
waveguides inside bulk silicon written by ns laser pulses are achieved in [22]. Waveguides can
also be written using femtosecond (fs) pulses as demonstrated in [12], even though the induced
modifications are generated only at the SiO2/Si interface. Waveguides deep into bulk Si are first

reported with 350 fs laser pulses at a wavelength of 1550 nm in [23, 24] where a 10~ refractive-
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index change in magnitude is seen. Local modification in bulk Si with sub-100-fs laser pulses is
achieved in [25] with single pulses tightly focused at the center of silicon spheres using extreme

solid-immersion focusing.

In general, two methods can be used to write waveguides in Si: longitudinal and transverse [6]. In
longitudinal writing, the sample is translated along the writing-beam propagation direction. The
advantage of this method is that the guides have symmetric profiles and their transverse size is
determined by the focal-spot size of the objective lens used to concentrate the laser light. That
means, however, that the waveguide length is limited by the objective-lens focal length and
spherical aberration that may distort the focal shape. The waveguides presented in [17, 22 - 24],
which use longitudinal writing, are typically less than several millimeters in length. In transverse
writing, the sample is translated perpendicular to the writing-beam propagation direction [6]. Thus,
the waveguide length is not restricted by the working distance of the objective lens but the
waveguide profile takes an asymmetric droplet-like shape. This shape is due to the Gaussian profile
of the writing beam at its focal waist, with a diameter of D = 2w, and confocal parameter of b =
2nwd /A, where wy is the 1/e? waist radius and X is the wavelength.

For focal-spot diameters of a few micrometers, there is a large difference between D and b. The
asymmetry becomes particularly severe when the waveguide size D is increased, which would
reduce the efficiency of fiber butt coupling in conventional telecommunications setups [3]. In this
Letter, we use the transverse method and a beam-shaping technique from [26] that uses a pair of
cylindrical lenses to astigmatically shape a ns-pulsed laser beam to write waveguides with a more
circular cross section. We demonstrate both straight and curved waveguides. To our knowledge,
this is the first time that high quality waveguides are written deep inside monocrystalline Si using

the transverse method with such astigmatic beam shaping.

For an astigmatically focused Gaussian beam with the major axis in the x direction, minor axis in
the y direction, and propagation along the z direction, the beam radius along the x or y directions

is R, and R,,, respectively. The spot diameter in the x-z plane is
2
Dy = 2w = 1.22~ 1)

while the confocal parameter is
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b = 2nw3/A. (2)
The spot diameter in the y-z plane is taken as

Dy =D, =~ 3)

xR,
and b is the same as in the x-z plane. By tuning the ratio of R, and R,,, we can achieve
D,=b (4)
resulting in a circular spot-profile in the y-z plane. From Egs. (2) and (4), we have
R, 0.61m

Including the refractive index n of the Si sample, Eq. (5) becomes
R, 0.61mn
R, NA ©)
y

Figure 1(a) and (b) shows, respectively, the calculated cross-sectional distributions of laser
intensity at the focal point in the y-z and x-z planes where R, and R, satisfy Eq. (6). The
distributions are generated from the formulae based on [26] modified to account for the refractive
index of Si. Because of the difficulty in direct measurement of beam profile in the yz and xz planes,
measurements in the xy plane at different z positions are made for verification with the calculated
profiles. The favorable comparison between the measured and theorecitally predicted profiles (not
shown here) indicates that the real beam profile near the focal point should match these in Fig.
1(a) and (b). As seen from Fig. 1(a) and (b) the intensity distribution is more circular in the y-z
than in the x-z plane. In the following experiment, the beam is scanned along the x-axis so that
the waveguide cross-section is determined by this nearly circular profile, as shown by the
modification in Fig. 1(c). Note that a similar beam profile can be generated with a slit [6]. We
choose a cylindrical lens pair here because more laser energy can be delivered to the Si than with

a slit.
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2. Experimental details

©

&

10 pm

z (um) z (um)

A =1.55um,

(d) T3.51ns P HWP PBS
= - ‘ M
Laser %

NA =0.85 N
CL1 CL2 Objective Silicon

Fig. 1. Waveguide writing in Si. Shown in (a) and (b), respectively, are the calculated laser beam
profiles near the focus of the objective in the y-z and x-z planes displaying a near circular and an
elliptical Gaussian structure. In (d) is the experimental arrangement we use for waveguide writing
consisting of a polarizer (P), half-wave plate(HWP), polarizing beam splitter (PBS), mirror (M),
cylindrical lens pair (CL1, CL2), and microscope objective. In (c) is an image of the cross section
of a waveguide in Si (after a chemical etching process) in the y-z plane made with this method.
The scanning speed for this example is 50 mm/s with a pulse energy of 1.25 puJ and laser repetition
rate of 20 kHz.

The experimental setup is depicted in Fig. 1. (d) and the samples used throughout the study are
(100)-oriented, 1-mm thick intrinsic Si wafers with a resistivity of >200 Q-cm. We use an IR laser
to write the waveguides due to the low light-absorption of Si in the IR region. Specifically, the
laser source (MWTech, PFL-1550) has a wavelength of A =1550 nm and produces pulses of length
T = 3.5 ns (full width at half-maximum) and can be operated at various repetition rates with a
maximum pulse energy of 20 pJ. The output beam has a 1/e? diameter of 6 mm. A half waveplate

in conjunction with a polarizing beam splitter is used to control the pulse energy by rotation of the
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waveplate. Following reflection from two mirrors to allow for fine beam-alignment, the beam is
shaped by a pair of cylindrical lenses. These are separated by a distance of |f;| — |f>|, where f; =
30 cm (f, = -3 cm) is the focal length of CL1 (CL2). The beam is then focused into a Si sample by
a microscope objective (NA = 0.85, Olympus, Model LCPLN100XIR) that is corrected for
spherical aberration. At focus in the x-z plane, the beam has a theoretical diameter at 1/e? of
2w, = 1.22 1/NA = 2.2 um, with Rayleigh lengths of zz = 2.6 pm in air and zz = 9.2 um in Si.

In the y-z plane, the spot radii along the y and z directions are both 9.2 um.

Silicon samples of 20x20 mm? in size are mounted on a motorized XYZ stage (Newport, Model
ILS100PP). The focal depth in the Si sample is controlled by moving the sample along the laser
beam propagation direction (z direction), and the waveguide is written by scanning the sample
along the x direction at a constant speed, see Fig. 1(d). To achieve a desired writing depth in the
Si sample, the focus is first positioned on the illuminated surface by observing plasma emission.
Then, the desired writing depth (d=0.5 mm) is obtained by moving the sample toward the
objective by d/n, where n = 3.5 is the refractive index of silicon at A =1550 nm. Then, the Si
sample is scanned along the x direction to form an extended waveguide structure with the length
of 5mm. The sample scanning speed is 50 mm/s and the laser-pulse energy is varied from 1.0 to

2.0 yJ.

3. Results and discussion

To examine the cross section of the resulting waveguides, the sample is cleaved perpendicular to
the scanning direction, i.e., along the y direction such that the cleaved surface is in the (110)-plane.
This surface is then polished and immersed in a 50 wt. % KOH solution and etched for 5 minutes
in an ultrasonic bath. Then, the cleaved surface is observed with a conventional optical microscope.
We find that the cross section of the modified region inside the Si is close to circular in shape when
the pulse energy is 1.25 pJ, and the scanning speed is 50 mm/s, as shown in Fig. 1(c). The colors

in the cross section may originate from light diffraction due to microstructures under white-light
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illumination. We observe modification only within the Si sample and none on either the front

(illuminated) or the back (exit) surface of the samples.
Waveguide
A =1.55 ym, CW | ' |
Laser, LDM 1550
ND filter  Objective
NA=0.2

Silicon
IR camera

Fig. 2. Experimental arrangement used to characterize the waveguide performance. The same
laser is used as in Fig. 1 except it is operated in CW mode. A neutral density filter is used to
attenuate the beam intensity and the light transmitted through the waveguide is recorded with an
InGaAs sensor. Note that from comparison with Fig. 1(d), the waveguide extends along the x

direction.

To further characterize the waveguide, we measure its numerical aperture (NA) by coupling into
it a CW beam from the A =1550 nm laser using another microscope objective with NA = 0.2, see
Fig. 2. The light emerging from the waveguide is then recorded with an InGaAs camera at a
distance of L from the waveguide exit. The far-field (L = 2.6 cm) and near-field (L = 3 mm)
intensity distributions of light from the waveguide can be measured and an example of this is
shown in Fig. 3(a) and (b). The far-field distribution is then fit to a Gaussian profile as shown Fig.
3(d), yielding a mode waist radius of a=1 mm for the 10 um diameter waveguide in Fig. 1(c). The
NA of the waveguide is then determined by NA = a/L = 0.038 [22]. Lastly, by approximating
the laser-induced modification to be step-like in refractive index following [27], we estimate the
refractive-index change An from NA=v2nAn to be An = 2.0 x 10~*. Note that this value for An
is comparable to that found by others [22]. The v- number of the waveguide is ~ 1.54, which

implies that the waveguide operates in a single mode for this wavelength.
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Fig. 3. Characterization of the waveguide performance. In (a) and (b) are the far-field and near-
filed light intensity distribution emerging from the waveguide in relation to the measurement
arrangement of Fig. 2, respectively. In (c) is the simulated far-field light intensity distribution. The

distribution of (a) is fit (solid line) to a Gaussian profile in (d).

To determine the loss of the waveguide, we measure the power of the laser light before and after
passing through the waveguide. We calculate the damping loss by the relationship a =
10log (P,/P,)/d, where d is the waveguide length, P; is the input power, and P, is the output
power from the waveguide. Subtracting the Fresnel reflection (3.2 dB) and the coupling loss
(14.4dB), the typical value is 2.8 dB/cm. The scattered loss is included in the damping loss. Based
on our calculation, since our sample is a wafer, not a cylindrical rod, the loss caused by the non-
guided light is found to be negligible. In addition, a numerical simulation of the beam propagation
based on the calculated refractive index profile is performed using the software “BeamPROP”
[28]. The result in Fig. 3(c) is in good agreement with the measured far-field profile in Fig. 3(a).
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Side-scattered light

Fig. 4. Writing of curved waveguides. Surface marks on the Si sample indicating the location of
the curved waveguides beneath are shown in (a). The radius of curvature of these waveguides is
22 cm. Shown in (b) is the far-field intensity of guided light exiting the curved waveguide.
Observation of the side-scattered light along the waveguide is presented in (c). The red arrow

indicates the light propagation direction.

To further demonstrate the light guiding capability of our transverse method, we write a curved
waveguide. The sample is mounted on a rotation stage (Newport, SR50PP) and operated at a speed
of 0.175 rad/s. The radius of curvature of the resulting waveguide is 22 cm with a scanning speed
of 38.5 mm/s resulting in an arc length of the waveguide segment of 30 mm. Also, the waveguide
is written at the same depth as the straight waveguides. To help locate the position of these curved
waveguides, marks are scribed on the Si sample surface, as shown in Fig. 4(a). Then the loss of
the waveguide is calculated by measuring the input power and out power, the same method as used
for the straight waveguides. The result is 3.3 dB/cm, which is similar to the value measured for the
straight waveguide. Figure 4(b) shows the far-field intensity distribution of the guided light
emerging from a curved waveguide. Notice that the quality of the profile, i.e., Gaussian like, is
similar to that of the straight waveguide in Fig. 3(a). Also notice that the side-scattered light in
Fig. 4(c) clearly shows that the light is confined to propagate along the curve. That observation

supports the conclusion that both the straight and curved guides support single-mode propagation.

It should be noted at this point that the typical loss of waveguides written in bulk silicon with

different pulse durations is about a few dB/cm as reported in the literature, which is more than one
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order of magnitude higher than that of glass waveguides [29]. A major source of waveguide loss
can be attributed to light scattering from defects generated in the laser writing process. In addition,
dopant in silicon may affect the structural formation of the laser written waveguides. It is shown
in one of our previous studies [18] that at a high doping level, linear absorption of light by the
initial free carriers before the focus reduces the pulse energy reached at the focus and thus the size

of the induced modification.

In general, to realize the full potential of this technique and manufacture waveguides with a large
refractive-index contrast and improved performance, further work is needed. In particular, it is
necessary to have a more complete understanding of the physical processes involved from
nonlinear absorption to the nature of material modification/damage. For example, do the material
modifications result from the Si being changed from single crystalline to polycrystalline or perhaps

amorphous states?

4. Conclusion

In summary, we demonstrate that a transverse-writing method involving a shaped beam can
produce straight and curved waveguides. The elliptical Gaussian mode created by a pair of
cylindrical lenses enables control of the beam waist dimension in the direction perpendicular to
the beam scanning direction through the sample. Thus, waveguides with a symmetric profile can
be written. In order to demonstrate the potential of the method, a curved waveguide in Si is written,
featuring a loss of 3.3 dB/cm. This method suggests the possibility that complex waveguide
networks could be laser-written in Si, e.g., by combining the translation and rotation writing modes
described here, which could have applications in silicon photonics, MEMS devices,
optoelectronics, microfluidics, lab-on-chip devices, etc.
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Chapter 4 - Curved Waveguides in Silicon Written by a Shaped

Laser Beam

This work was published in the paper “Curved Waveguides in Silicon Written by a Shaped Laser
Beam,” X Wang, X Yu, MJ Berg, P Chen, B Lacroix, S Fathpour and S Lei , Optics Express 29
(10), 14201-14207

Abstract

We demonstrate, for the first time, the direct writing of curved optical waveguides in
monocrystalline silicon with curve radii from two mm to six cm. The bending loss of the curved
waveguides is measured and a good agreement with theoretical values is found. Raman
spectroscopy measurements suggest the formation of inhomogeneous amorphous and
polycrystalline phases in the laser-modified region. This direct laser-writing method may advance

fabrication capabilities for integrated 3D silicon photonic devices.
1. Introduction

Laser writing of optical waveguides inside dielectrics, especially glass, has been well developed
in the past decades [1,2]. Generally, the waveguide is generated by producing a refractive-index
contrast between the laser-induced structural modifications and the surrounding unmodified
regions [3-5]. Two-photon—induced internal modification of Si was studied by Verburg et al. [6].
Investigations of the elongated structures and internal modifications formed by ns laser pulses
were reported in [7-10]. Single-mode waveguides written inside Si with ns, ps and fs laser pulses
were also demonstrated in [11-15]. Temporal contrast of the ultrashort pulses is proved to be a

critical driving parameter in the process of modification formation [16].

Longitudinal writing and transverse writing are two commonly used methods to write waveguides
[1]. The waveguides lengths are often less than several millimeters in the longitudinal writing

because of the limitation of the lens focal distance [7,10-15]. On the other hand, the transverse
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method provides the possibility of writing long waveguides without the restriction of lens working
distance. However, the cross-sectional shape of the waveguide is usually asymmetric in the
transverse method. Fortunately, this drawback could be overcome by using shaped beams
[2,17,18].

An advantage of the transverse writing method is that it provides more flexibility to write
waveguide paths with complex shapes, i.e., shapes other than linear paths. Semicircular, or curved,
waveguide paths are one example, which we demonstrate here. We study the performance of the
curved waveguides, specifically with regard to the bending loss. The theory of bending loss in
curved waveguides is established [19-24]. Marcuse [21] developed the first loss formula for optical

fibers with a constant radius of curvature.

Our previous work has shown the possibility of transverse writing of waveguides inside silicon by
shaped beams [20]. In this paper, we write curved waveguide paths with different radii and
measure the bending loss caused by the curvature. We compare our measurements with calculated
results based on the theory and find that they are in good agreement. Finally, we conduct Raman

spectroscopy of the waveguides and show the formation of amorphous and polycrystalline silicon.

2. Experimental setup

The silicon wafers used in this study are intrinsic, (100)-oriented, and 1-mm thick. The resistivity
is greater than 200 Q-cm. The experimental arrangement used for writing is shown in Fig. 1. The
wavelength and the pulse duration of the laser (MWTech, PFL-1550) are 1550 nm and 3.5 ns,
respectively. The repetition rate is 20 kHz and the maximum pulse energy is 20 pJ. The diameter
of the output beam is 6 mm. A pair of cylindrical lenses, CL1 and CL2, are used to shape the
beam. The distance between the two lenses is |f;| — |f>|, where f;(30 cm) and £, (-3 cm) are the
focal lengths of the two lenses, respectively. A spherically corrected objective lens (Olympus,
LCPLN100XIR, NA = 0.85) is used to focus the beam into the silicon sample. At the focal point
in the x-z plane, the focal spot size is 2w, = 1.221/NA = 2.2 um, and the Rayleigh length is z,
=2.6 um in air and zz = 9.2 um in Si. Along the y and z directions, the spot radii are both 9.2
pum [20].
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Fig. 1. Experimental arrangement used for transverse writing of semicircular, i.e., curved
waveguides. The combination of a polarizer (P), half-wave plate (HWP), and polarizing beam
splitter (PBS) is used to tune the output power. Other optical elements include mirrors (M), and
two cylindrical lenses (CL1) and (CL2). A Si wafer sample is mounted on a rotation stage with the

rotation axis parallel to the z-axis as shown.

The silicon samples in our experiment are 40x40 mm? in size and they are mounted on a motorized
rotation stage (Newport, SR50PP), which itself is mounted on an XYZ translation stage (Newport,
ILS100PP). The laser light is focused at the depth of 0.5 mm. Curved waveguides are written by
rotating the silicon sample. The laser writing speed for all the curved waveguides with different
radii is kept at 38.5 mm/s by controlling the angular speed of the rotation stage. The use of the
rotation stage ensures that the waveguides are written by the same beam profile [20]. The rotation
stage is rotated through 90° for each waveguide and a total of 14 of quarter-circle waveguides are
written with radii of curvature ranging from 0.2 cm to 6 cm. Each waveguide is buried in the silicon
at a depth of 0.5 mm. Marks are scribed on the sample surface to aid locating the waveguides in

later analysis.

3. Results and Discussion

Figure 2 shows three of the 14 curved waveguides written with this method. The radii are 0.5 cm,
2.5 cm, and 5 cm. To obtain this figure, we couple a continuous wave (CW) laser beam by an
objective (NA = 0.2) at A = 1550 nm into each waveguide at the locations indicated by the red

arrows at the bottom of Fig. 2. A portion of the light scatters out of the waveguide during
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propagation due to material defects in the waveguide. We image this scattered light with an IR
camera and objective lens (NA=0.3) across the portions of the wafer surface where the illuminated
waveguide resides, i.e., portions of the x-y plane. Because the field of view of the objective lens
is not sufficient to cover the (90°) arc length of an entire waveguide, multiple images are taken
and then stitched together manually to form a mosaic revealing the entire waveguide. Figure 2
clearly shows that light is confined and propagates along these curved waveguides, exhibiting a
gradual decay in intensity along the arc. It should be noted that the diverging light exceeding the
acceptance angle of the waveguide diffracts out of the waveguide and thus does not contribute to
the decay of the guided light. Notice that the light decays faster in waveguides with a smaller radius
of curvature. As far as we know, this is the first time that multiple curved waveguides of different

radii inside silicon are written by a shaped laser beam.

Next, we measure the bending loss of the curved waveguides of different radii [20]. The total loss
a of a curved waveguide is expected to be the sum of the damping loss of a straight waveguide a
with the same length as the curved waveguide plus the bending loss a;, caused by the curvature,
I.e., « = ag + ay,. To determine ag, we write a group of straight waveguides in Si with lengths
equal to the arc length of the curved waveguides. Then, the power of the laser light through each
of the straight and curved waveguide is measured. The damping loss is calculated by the equation
a = 10log (P,/P,)/d, where d, P, and P, are the waveguide length, input power and output
power, respectively. We measure the input power P; at the entrance side of each waveguide and
the output power P> at the exit side using a power meter. In this calculation, the loss due to the
Fresnel reflection at both the front and back face (3.2 dB) and the coupling loss due to the NA
mismatch between the objective lens and the waveguide (14.4 dB) are subtracted from the total
loss. Note that scattering loss is included in the damping loss. By subtracting the measured
damping loss of a straight waveguide og with length d from the a measured for a curved waveguide
with arc length d, the bending loss oy, is determined. The dependence of a3, for curved waveguides
on the radius of curvature R is shown in semi-log scale in Fig. 3 where the dots in the plot are the
measurement results. For improved accuracy, we repeated these measurements five times for each

of the 14 waveguides.
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Far-field

&

R1=0.5cm

Fig. 2. Curved waveguides with different radii written in Si by the method in Fig. 1. Three
waveguides in a single Si sample are shown with radii, R1=0.5 cm, R2=2.5 cm, and R3=5.0 cm as
labeled. Infrared light is coupled into each guide from the bottom of the figure shown by the red
vertical arrows. The light scatters as it travels along a waveguide arc and this scattered light is
imaged with an IR camera over a limited field of view. By stitching together multiple images, a
mosaic is formed revealing the entire waveguide arc length. Examples of single constituent images
of a mosaic are shown via the remaining red arrows displayed. Note the decay of scattered light
along a given waveguide as the light propagates up from its coupling point at the bottom of the
figure. The top left image is the far-field (2.5 cm to the end facet of the waveguide) light intensity

distribution from the curved waveguide with R = 2.5 cm.

To give context to our loss measurements, we compare to the theoretical treatment of bending loss
in a curved waveguide given by [19]. The theory relates to a curved waveguide with a circular core
cross-section of radius a and waveguide curvature radius R, where the bending loss is given by

(simplified version of Eq. 3.6-7 in [19]) as:

_2Rq3

2qa h 2 -t
a(R) == () € 9" (1)
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Eqg. (1) includes waveguide and mode parameters g = /% — n3k, h = n?k3 — p2,andV =

J(ha)? + (qa)?, where ky = ®/. and w is the laser angular frequency, and c is the speed of

light in vacuum. Here, n, and n, are the refractive index of core and cladding, respectively. Using
the values A = 1.55 um a = 5.0 um, n; = 3.502, n, = 3.500 appropriate for our sample, we

obtain the propagation constant # = 1.419 x 107 based on Eq. 3.3-26 in [19], i.e.

Jir1(ha) _ Ki+1(qa)
ha ) a (aa) (2)The red

line in Fig. 3 represents Eq. (1) and one can see that the measurements for a;, are in a good

agreement with the R dependence of the theory.

104

scattering loss
° measurement

o 1 2 3 4 5 & 7 8

R [cm]
Fig. 3. Dependence of the bending loss ay, with curvature radius, R for the curved waveguides.
The red curve is Eg. (1) while the blue line shows the scattering loss ag (not bending loss) of a

straight waveguide written with the same conditions as the curved waveguides.

In particular, notice in Fig. 3 that the measured bending loss a4, for the curved waveguides
exhibit two clear trends that are also exhibited in Eq. (1). For R approximately larger than one
cm, the plot shows a negative linear trend for «;,, which given the semi-log scale of the plot
implies that a;, decays exponentially with increasing R. This is logical because as the radius of
curvature approaches infinity, the bending loss should vanish as the waveguide becomes straight
in that limit. Conversely, for R approximately less than one cm, we see a non-linear trend in Fig.

3. Again, due to the semi-log scale, this implies a hybrid exponential and power-law dependence,
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the detail of which is revealed by reference to Eq. (1), i.e., the exponential R-dependence in the

last term in Eq. (1) combined with the inverse /R dependence in the first term. In other words,
as the radius of curvature of the waveguide decreases, the bending loss grows precipitously,
which in practical terms may limit the miniaturization of devices with such waveguides. The
blue dashed line in Fig. 3 shows the scattering loss of a straight waveguide written under the
same conditions as for the curved waveguides. Notice that this line crosses that of Eq. (1) at R =
1.4 cm, which means that when R > 1.4 cm, the primary loss mechanism is the scattering loss

inherit to straight waveguides, while when R < 1.4 cm bending loss dominates.

To better characterize the curved waveguides written with this method, Fig. 4 shows Raman
measurements of the Si material in the vicinity of the R = 2.5 cm waveguide cross section (y-z
plane). The sample is cleaved perpendicular to the waveguide. The cross-section of the waveguides
was examined under the Raman microscope directly without further processing to avoid any
modification of the modified zone. The sample is characterized with a Raman microscope
(Renishaw, inVia) at three positions indicated on the inset optical image. The position termed
reference signal in Fig. 4 is an unmodified region of the Si sample. This measurement shows the
typical Raman features of crystalline Si (c-Si) peaked at 520 cm™. Two additional measurements
were taken within the waveguide cross section, i.e., where the writing laser has modified the
material, and are called position 1 and position 2. Here, features representing amorphous Si (a-Si)
at 400-500 cm™! are seen along with decreased crystallinity due to the formation of
polycrystalline Si (poly-Si) at 510 cm™. Specifically, the spectrum corresponding to position 1 in
Fig. 4 has a slightly asymmetrical shape about 520 cm™, which could be due to poly-Si (peak at
510 cm, slightly below c-Si at 520 cm™). The spectrum for position 2 shows the signature of a-
Si (wide broadening from 400 to 500 cm?). In principle, one could extract information about the
ratio of laser-induced a-Si and poly-Si with respect to c¢-Si from these measurements [25]. We
estimate that a-Si and poly-Si is no more than a few percent of c-Si based on the theory in [25],
although a more precise estimate is not obtained here. Nevertheless, these results mean that the
inner region of the waveguide consists mostly of c-Si with a small percentage of disturbed

crystalline structures and is consistent with previous studies [26,27].
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Fig. 4. Raman microscope spectra in the vicinity of a curved waveguide cross section. The
different spectra correspond to the positions indicated in the microscope image. The profiles are

normalized based on the assumption that the profiles should overlap beyond 1100 cm™

4. Conclusion

We have shown a new method to write semicircular curved waveguides of different radii in silicon
with a shaped nanosecond laser beam. The bending losses of the waveguides are measured,
showing good agreement with the theoretical prediction. For the fabrication conditions used here,
the dependence of the bending loss on curvature radius exhibits an approximate exponential decay
for radii greater than one cm and a hybrid exponential/power-law increase for radii less than one
cm. Raman spectra of the waveguides demonstrate that a small percentage of amorphous and
polycrystalline silicon is generated during the writing process. Our work is a step forward towards
the goal of a single-step fabrication process of complicated waveguide structures in silicon for
telecommunications applications as one example. Yet, our results show that future work is needed
to fully develop this new method and write waveguides with more complicated shapes and better
performance. In particular, we envision that a better understanding of the physical mechanism of

the waveguides formation process will inform future improvements.
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Chapter 5 - Complex Waveguides in Silicon Written by a Shaped

Laser Beam

Abstract

We demonstrate, for the first time, the direct writing of complex optical waveguides in
monocrystalline silicon. Straight-curved waveguides are successfully written inside silicon by a
pulse nanosecond laser. The loss of the complex waveguides is measured. This direct laser-writing

method may advance fabrication capabilities for 3D integrated silicon photonic devices.

© 2022 Optical Society of America under the terms of the OSA Open Access Publishing
Agreement

1. Introduction

Laser writing of optical waveguides inside dielectrics has been well studied in the past decades
[1,2]. The waveguide is formed by generating a refractive-index contrast between the laser-
induced structural modifications and the surrounding unmodified regions [3-5]. Two-photon—
induced internal modification of Si was studied by Verburg et al. [6]. Investigations of the
elongated structures and internal modifications formed by ns laser pulses were reported in [7-10].
Single-mode waveguides written inside Si with ns, ps and fs laser pulses were also demonstrated
in [11-15]. Temporal contrast of the ultrashort pulses is proved to be a critical driving parameter
in the process of modification formation [16].

There are two commonly used methods to write waveguides, i.e., longitudinal writing and
transverse writing [1]. The waveguides lengths are limited to several millimeters in the
longitudinal writing because of the shortness of the lens focal distance [7 -15]. On the other hand,
the transverse method provides the possibility of writing long waveguides without the restriction
of lens working distance. However, the cross-sectional shape of the waveguide is usually
asymmetric in the transverse method. Fortunately, this drawback could be overcome by using
shaped beams [2,17,18].
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The transverse writing method has an advantage in that it provides more flexibility to write
waveguide paths with complex shapes. Unlike straight waveguides, the bending loss of curved
waveguides cannot be ignored. The theory of bending loss in curved waveguides has been studied
in [19-24]. In the year of 1976, Marcuse published the first loss formula for optical fibers with a

constant radius of curvature [21].

The possibility of transverse writing of waveguides inside silicon by shaped beams has been
reported in our previous work [20]. In this paper, waveguide paths with complicated shapes are
studied. The straight-curved waveguides have been successfully written and characterized inside

silicon. The waveguides are proved to be able to guide light, and their loss is measured.

2. Experimental Details

To write waveguides with complicated shapes, we will start from a simple one, J-shape. The J-
shape waveguide consists of a straight part and a quarter circular part. The silicon wafers used to
write the waveguide are intrinsic, (100)-oriented, and 1-mm thick. The resistivity is greater than
200 Q-cm. The experimental arrangement used for writing is shown in Fig. 1. The wavelength and
the pulse duration of the laser (MWTech, PFL-1550) are 1550 nm and 3.5 ns, respectively. The
repetition rate is 20-150 kHz and the maximum pulse energy is 20 pJ. The diameter of the output
beam is 6 mm. A pair of cylindrical lenses, CL1 and CL2, are used to shape the beam. The distance
between the two lenses is |f1| — | f2], where £;(30 cm) and £, (-3 cm) are the focal lengths of the
two lenses, respectively. A spherically corrected objective lens (Olympus, LCPLN100XIR, NA =
0.85) is used to focus the beam into the silicon sample. At the focal point in the x-z plane, the focal
spot size is 2w, = 1.22 1/NA = 2.2 um, and the Rayleigh length is zz = 2.6 um in air and z; =
9.2 um in Si. Along the y and z directions, the spot radii are both 9.2 um.
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A = 1550 nm,
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Fig. 1. Experimental arrangement used for transverse writing of waveguides. The combination
of a polarizer (P), half-wave plate (HWP), and polarizing beam splitter (PBS) is used to tune the
output power. Other optical elements include mirrors (M) and two cylindrical lenses (CL1) and
(CL2). A Si wafer sample is mounted on a rotation stage with the rotation axis parallel to the z-

axis as shown.

The silicon sample in our experiment is mounted on a motorized rotation stage (Newport,
SR50PP), which itself is mounted on a XYZ translation stage (Newport, ILS100PP). The laser
light is focused at the depth of 0.5 mm. The straight part of the J-shape waveguide is written by
moving the sample linearly, while the curved part is written by rotating the silicon sample by
90/180 degrees. The use of the rotation stage ensures that the waveguides are written by the same

beam profile.

3. Results and Discussion

To characterize the waveguide, we will measure its numerical aperture (NA) first by coupling into
it a CW beam from the A =1550 nm laser using another microscope objective with NA = 0.2,
using the setup shown in Fig. 2. The light emerging from the waveguide is then recorded with an
InGaAs camera at a distance of L from the waveguide exit. The far-field (L = 2.6 cm) and near-
field (L =3 mm) intensity distributions of light from the waveguide can be measured. The far-field

distribution is then fit to a Gaussian profile, yielding a mode waist radius of a. The NA of the

waveguide can then be determined by NA =%. Lastly, by approximating the laser-induced
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modification to be step-like in refractive index, we estimate the refractive-index change An from

NA=+v/2nAn.

Next, we will measure the loss of the waveguides. The damping loss can be calculated by the
equation « = 10 log (P, /P,)/d, where d, P, and P, are the waveguide length, input power and
output power, respectively. We will measure the input power P at the entrance side of the
waveguide and the output power P, at the exit side using a power meter. In this calculation, the
loss due to the Fresnel reflection at both the front and back face and the coupling loss due to the

NA mismatch between the objective lens and the waveguide will be subtracted from the total loss.

Waveguide

A =1.55 ym, CW

Laser, LDM 1550
ND filter ~ Objective

NA=0.2

IR camera

Fig. 2. Experiment setup for characterizing the waveguide.

Fig. 3 shows a waveguide which includes both a straight part and a quarter circle. The length of
the straight part is 3 mm and the radius of the quarter circle is 1.5 cm. The input light is coupled
into the waveguide from the entrance as the red arrow shows. The light scatters as it travels along
a waveguide arc and this scattered light is imaged with an IR camera over a limited field of view.
The green arrow shows the joint of straight part and curved part. By stitching together multiple
images, a mosaic is formed revealing the entire waveguide arc length. The inset is the far-field
image of the output light. The loss of the waveguide is calculated as 4.4 dB/cm and the joint loss
is 0.2 dB.
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Fig. 3. Straight-quarter circle waveguide. The input light is coupled into the waveguide from the
entrance as the red arrow shows. The light scatters as it travels along a waveguide arc and this
scattered light is imaged with an IR camera over a limited field of view. By stitching together
multiple images, a mosaic is formed revealing the entire waveguide arc length. The inset is the far-

field image of the output light.

To have a more complicated shape, we extend the curved part to a half-circle. The length of the
straight part is 3 mm and the radius of the curved part is still 1.5 cm. Fig. 4 shows the waveguide.
The scatted light of the waveguide proves that the waveguide is able to guide light. The loss of the
waveguide is 4.5 dB/cm. And the damping loss is 0.2 dB. This proves the repeatability of our

method.

Fig. 4 Straight-half circle waveguide. As in Fig. 3, the input light is coupled into the waveguide

from the entrance as the red arrow shows and the inset shows a far-field image of the output light.
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4. Conclusions

Straight-curved waveguides with two different circular angles are reported in the paper. The
waveguides are proved to be able to guide light. The loss of the waveguides and the joint point
between the straight and the curved segments is measured to be 0.2 dB. The waveguides inside
silicon are not limited to the mentioned shapes. More complicated shapes will be necessary for
higher integration density in the future. Our work is a step forward towards the goal of a single-
step fabrication process of complicated waveguide structures in silicon for telecommunications
applications as one example. Yet, our results show that future work is needed to write waveguides
with more complicated shapes and better performance.
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Chapter 6 - Structural changes of nanosecond laser modifications

inside silicon

Abstract

Structural changes of waveguides written in the bulk of silicon by a nanosecond laser is
investigated. Raman and TEM measurements of waveguide cross sections reveal highly localized
crystal deformations. Raman results prove the existence of amorphous silicon inside modifications,
and the percentage of amorphous silicon is calculated based on the Raman spectrum. For the first
time, the HRTEM images directly show the appearance of amorphous silicon inside nanosecond
laser induced modification. This may explain the origin of the positive refractive index change
associated with the written waveguides. The modifications consist of highly confined regions of
silicon with a disturbed crystal structure accompanied with strain.

1. Introduction

Silicon is the most important material in the semiconductor industry and provides the basis for
modern optical and electro-optical technologies. One of the prime desires in the communications
industry today is the merging of electronic and photonic devices on the same chip [1,2]. In order
to achieve this goal, direct writing of optical elements using ultrashort laser pulses is a promising
approach [3-5]. However, in contrast to glasses or other dielectrics, direct writing inside silicon
involves several difficulties, including strong spherical aberrations and pronounced nonlinear

interaction.

Within the last two decades, numerous attempts have been performed to overcome these
limitations [9-12]. Localized modifications in the bulk of silicon using ultrashort laser pulses have
been demonstrated [13—16]. Direct writing of single-mode waveguides in Si with picosecond laser
pulses is demonstrated [21]. Waveguides can also be written using femtosecond (fs) pulses as
demonstrated [12], even though the induced modifications are generated only at the SiO2/Si

interface. Waveguides deep into bulk Si are first reported with 350 fs laser pulses at a wavelength
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0f1550 nm [2324], where a 10 * refractive index change in magnitude is seen. Local modification
in bulk Si with sub-100-fs laser pulses is achieved [25], with single pulses tightly focused at the
center of silicon spheres using extreme solid-immersion focusing. Besides using ultrashort pulses,
longitudinally written waveguides inside silicon by nanosecond laser are reported [17]. Depressed-
cladding waveguides inside bulk silicon written by nanosecond laser pulses are achieved [22].
Both straight and curved waveguides are written inside silicon by transverse ns laser writing [19,
31]. Investigations of the properties of the internal modifications generated by nanosecond laser
pulses are presented [18-20].

The past decades have seen achievements in the field of laser induced modifications and
waveguide writing inside silicon; however, many problems remain to be solved. One problem is
related to the structural changes of the modifications inside silicon induced by a pulsed laser. When
laser pulses, especially ultrashort pulses, are focused inside silicon, the extreme high temperature
and pressure at the focusing spot often result in complicated material changes, such as melting,
explosion, shock wave, and resolidification. Past research has shown many different material
changes inside silicon induced by pulsed lasers, including voids[26, 27], high pressure phases [28],
dislocations [10,29], hydrostatic compressive strain [10,29], cracks [26 ], and polycrystalline
features [13,28,30]. Another problem is concerned with the light guiding mechanism of the
waveguides created inside silicon. One could wonder about the origin of the positive refractive
index change associated with the written waveguides. Given the higher refractive index of
amorphous silicon n,_g; = 3.73, compared to the one of crystalline silicon n._g; = 3.48 (at 1.55
um wavelength), one could expect a partial amorphization of the material for explaining the
waveguiding properties [30]. However, there has been no direct evidence showing the amorphous

silicon inside nanosecond laser induced modifications and waveguides.

A better understanding of the material changes inside ns laser induced modifications is important
to provide guidance for the next generation of silicon devices. It is critical to understand the
mechanism of light guiding of the waveguides inside silicon and make low loss waveguides

possible.
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In this paper, we investigate the structural changes of ns-laser written waveguides in silicon by
means of Raman microscopy and TEM. Our Raman results prove the existence of amorphous
silicon inside modifications, and the percentage of amorphous silicon is calculated based on the
Raman spectrum. For the first time, the HRTEM images directly show the appearance of
amorphous silicon inside ns laser induced modifications. Such amorphous silicon may be

responsible for a positive refractive index change in the range of 1073,

2. Experimental setup

A =1.55pum,

7~3.5 ns P HWP PBS
- - M
Laser Silicon  x

Fig. 1. Experimental setup for transverse ns laser writing inside silicon.

Objective
NA=0.85

The experimental setup for laser modification inside silicon is shown in Fig 1. The laser is a fiber
MOPA (master oscillator power amplifier) laser (MWTechnologies, Model PFL-1550) delivering
laser pulses at 1.55 um center wavelength and 3.5 ns FWHM (full-width-at-half-maximum) pulse
duration. The pulse repetition rate is 20-150 kHz and the pulse energy is 20 pJ. During waveguide
writing, a spherically corrected objective lens (Olympus, LCPLN100XIR, NA = 0.85) is used to
focus the beam into the silicon sample. The focal spot size is 2w, = 1.221/NA = 2.2 pm, and
the Rayleigh length is zz = 2.6 um in air and zz = 9.2 um in Si. The relative position between
the sample and the objective lens will be controlled using an XYZ translation stage (Newport,
ILS100PP). The writing direction is perpendicular to the beam propagation axis. After laser
inscription, the sample will be cleaved to observe the cross section of the waveguide by an optical
microscope. Raman spectroscopy will be used to determine the composition of the modification.
Lamella samples will be prepared from the modification for TEM analysis to reveal the atomic

scale microstructure of the modification.
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The writing parameters to be changed include pulse energy and pulse repetition rate. The writing
speed is fixed at 1 mm/s. The experimental design is shown in Table 1.

Table 1 Nanosecond laser writing conditions.

10 20
10 60
10 100
6 20
6 60
6 100
2 20
2 60
2 100

3. Raman Analysis

3.1 Raman spectrum analysis and curve fitting to determine the ratio of the amorphous
silicon

In order to investigate the origin of the induced refractive index change, Raman microscopy is
applied at a wavelength of 532 nm using a 100x objective with NA = 0.85 (Renishaw
inViaRaman microscope). 2D mappings are obtained by scanning with a step size of 1 um in the
x and y directions. The sample is characterized with a Raman microscope at three positions for
every modification. An optical image of the cross section of a laser modified zone is shown in

Fig. 2, together with the Raman spectrum and the curve-fit Gaussian and Lorentzian components.

One can determine the ratio of the amorphous silicon in the modifications by curve fitting of the

Raman spectrum. In the case of silicon with mixed amorphous- monocrystalline phase

composition, the spectrum includes a broad low-frequency component peaking around 480 cm™

which is from the amorphous phase, and a narrow peak near 520 cm™ which is from the

crystalline phase. The total scattering intensity I(w) in the frequency region can be written as
(w) = I[(w) + I4(w)

where I.(w)is the intensity of the line produced by the crystalline phase, and I, (w) is that of the

amorphous phase line [32].
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3.2 Results of Raman analysis

Based on the above theory, we wrote a python program to analyze the percentage of the
amorphous and crystal silicon in the laser induced modifications. The modification in Fig. 2a is
written with the pulse repetition rate of 20 kHz, pulse energy of 10 pJ, and scanning speed of
1mm/s. The optical image shows that the modification is not uniform. A heavily modified part in
the cross center is found, and the Raman spectrum from this position is analyzed by our self-
made program. The results are shown in Fig. 2b. The original Raman data (blue line) are split
into two parts, the crystalline part (Lorentzian Component) and the amorphous part (Gaussian
component). The analysis is done in python using a fitting module called Non-linear Least-
Squares Minimization and Curve-Fitting for Python (Lmfit) [33]. Based on our calculation, the

percentage of the amorphous silicon is 50.1% at this location.
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Fig 2. (a) The laser modification inside silicon. (b) The Raman spectrum at the intersect of the
two lines in (a). The blue curve is the original data, the orange dashed line is the Gaussian fit
(amorphous silicon) and the green dashed line is the Lorentzian fit (monocrystalline silicon).

To better understand the distribution of the amorphous silicon in the modified zone, 2D mapping
of the Raman spectrum has been done. Fig. 3a shows the optical image of the modification
written with the pulse repetition rate of 20 kHz, pulse energy of 6 uJ, and scanning speed of 1
mm/s. This cross sectional view shows that the modification is elongated and non-uniform. The
2D mapping of the peak intensity at 480 cm, an indication of amorphous silicon in the modified
zone, is shown in Fig. 3b. The 2D mapping proves that amorphous silicon is created by ns laser

writing, but it is non-uniform in the modified zone. A quantitative analysis at each pixel of the
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2D mapping produces another 2D mapping, shown in Fig. 3c, for the percentage of amorphous
silicon in the modified zone. The highest percentage of the amorphous silicon is about 3%. The

samples with other 8 writing conditions also show similar results.

Fig. 3. (a) The optical image of the modified zone under the following conditions: pulse repetition
rate=20 kHz, pulse energy=6 pJ, scanning speed=1 mm/s, (b) The intensity distribution of peak

480 cm™1, (c) 2D distribution of the percentage of the amorphous silicon.

4. TEM Analysis

To better characterize the modification in terms of its structural changes, TEM analysis has been
done. As illustrated in Fig. 4a, one waveguide is written in the silicon wafer and a lamella is
extracted along the x-z plane in the middle of the cross section of the modification. Fig. 4b shows
an SEM image of the cross section of the waveguide along the x-y plane and the position of the
lamella (in yellow rectangular area). The waveguide is written with a pulse repetition rate of 20
kHz, pulse energy of 10 pJ, and scanning speed of 1mm/s. after removing the surrounding
materials by FIB with subsequent thinning, a lamella as shown in Fig. 4c is formed. The lamella
is about 10 pum x 10 um in the x-z plane and about 100 nm thickness in y-direction. Fig. 4d shows
the SEM image of the lamella with more details. From Fig. 4c to Fig. 4d, the lamella has been
rotated (see the yellow arrow). Fig. 4d shows that the modifications are highly non-uniform.
Pockets of severe modifications in dark color seem to appear in random locations against the

lighter background, which is in its crystalline form. The long curly thin lines in the upper right
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corner and the faint line patterns in other areas are believed to be caused by micro strains. Some
cracks can be found in the laser modified region, but it is believed that they are formed after
thinning, due to the inherent stress distribution after laser writing. Fig. 4e zooms in on one of the
severely modified areas in the lamella. The laser modified region is also observed by high-
resolution transmission electron microscopy (HRTEM). Fig. 4f is one example of the TEM results.
The material in the Fig. 4f is roughly divided into two parts. The upper part is mainly amorphous
silicon and the lower part is mainly crystal silicon. Fig. 4g and 4h are HRTEM images of the red
and green rectangular area in Fig. 4f, respectively. The Fig. 4g clearly shows that the atoms of the
silicon are randomized. And Fig. 4h shows that the atoms are regular as the original crystal silicon.
The inset FFT images of i and j provide solid evidence for the above claim. For the first time, the
HRTEM results directly show the appearance of amorphous silicon inside ns laser induced

modification.

The amorphous silicon is probably one reason for the light guiding ability of the waveguide, since
the refractive index of amorphous silicon is higher than that of the monocrystalline silicon.
However, it may not be the only reason, because the amorphous silicon in the modification is not

uniform and the percentage is low.
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Fig 4. (a) A 3D illustration to show the location of the lamella with respect to the waveguide
written inside silicon. (b) The cross section of the waveguide and the location of the lamella (in
yellow box). (c) The lamella to be analyzed by TEM. (d, e, f) The TEM image of the modification.
(9) The HRTEM image of part A and its corresponding FFT (inset i), (h) The HRTEM image of
part B and its corresponding FFT (inset j).

5. Conclusions

We investigated the structural changes of ns laser induced modifications in bulk silicon. This study
was performed by Raman microscopy and TEM. The measurements reveal a permanently induced
transition from monocrystalline silicon to silicon with disturbed crystal structure. The Raman
results prove the existence of amorphous silicon inside modifications and the percentage of the
amorphous silicon is calculated based on the Raman spectrum. For the first time, the HRTEM
images directly show the appearance of amorphous silicon inside nanosecond laser induced
modification. This may explain the origin of the positive refractive index change associated with

the ns laser written waveguides. It is believed that the amorphous silicon in combination with
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defects are responsible for a positive refractive index change in the range of 1073, To better
understand the material change inside modifications, more experiments with different writing
conditions are needed. Our work is a step forward towards the goal of a single-step fabrication
process of complicated waveguide structures in silicon for telecommunications applications as one
example. Yet, our results show that future work is needed to write waveguides with more
complicated shapes and better performance. In particular, we envision that a better understanding
of the physical mechanism of the modifications formation process will inform future
improvements.
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Chapter 7 - Summary and Outlook

This dissertation tries to answer this question about how to take advantage of the laser to make
modifications inside silicon and how to extend the modifications into meaningful devices such as
waveguides. The dissertation studies the fundamental process of the laser-matter interaction and
the material change inside silicon. It is shown that a better understanding of laser-matter

interaction is important for developing novel laser processing techniques.

The major achievements of this dissertation are the following:

We generate permanent modifications inside silicon by tightly focusing and continuously
scanning the laser beam inside samples, without damaging the front and back surface. Cross
sections of these modifications are observed after cleaving the samples and are further analyzed
after mechanical polishing followed by chemical etching. The shape of the modification is found

to depend on the input beam shape, laser power, and scanning speed.

We demonstrate a method for transverse writing of optical waveguides in a crystalline silicon
wafer using a nanosecond laser with a shaped beam profile that is formed by a pair of cylindrical
lenses. In contrast to traditional writing methods, this method avoids forming asymmetric
waveguide profiles. Both straight and curved waveguides are written with a nearly circular
transverse guide-profile and are found to support single-mode propagation for 1550 nm

wavelength light.
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We demonstrate, for the first time, the direct writing of curved optical waveguides in
monocrystalline silicon with different curve radii. The bending loss of the curved waveguides is
measured and a good agreement with theoretical values is found. Raman spectroscopy
measurements suggest the formation of inhomogeneous amorphous and polycrystalline phases in

the laser-modified region.

We write straight-curved waveguides with different angles. The waveguides are proved to be
able to guide light. The loss of the waveguides and that at the connection point between the
straight and curved portions are measured. The waveguides inside silicon are not limited to the
mentioned shapes. More complicated shapes will be necessary for higher integration density in

the future.

We investigate the structural changes of ns laser induced modifications in bulk silicon. This
study is performed by Raman microscopy and TEM. The measurements reveal a permanently
induced transition from monocrystalline silicon to silicon with disturbed crystal structure. The
Raman results prove the existence of amorphous silicon inside modifications. The percentage of
the amorphous silicon is calculated based on the Raman spectrum, which is location dependent
and ranges from 0 to 50%. For the first time, the HRTEM images directly show the appearance
of amorphous silicon inside nanosecond laser induced modification. This may explain the origin

of the positive refractive index change associated with the ns laser written waveguides.

Our work is a step forward towards the goal of a single-step fabrication process of complicated

waveguide structures in silicon for telecommunications applications as one example. Our results
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show that future work is needed to fully develop this new method and write waveguides with
more complicated shapes and better performance. In particular, we envision that a better
understanding of the physical mechanism of the waveguide formation process will inform future

improvements.

Recommendations for future work:

How to get uniform modifications? The modifications in the previous work are mostly non-

uniform. Uniform modifications are important to get waveguides with lower loss.

How to control the refractive index of the waveguides inside silicon? There is no doubt that the
writing conditions and the material have important effects on the refractive index. The previous
work just measures the loss of the waveguide and calculates the refractive index of the

waveguides after finishing. Rarely work has been reported how to control the refractive index.
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