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1. INTRODUCTION

Since the invention of pulsed laser sources, the application of non-
contact precise micromachining has become a substantial part of the
ever-growing photonics industry and scientific research field. Lasers have
emerged as indispensable tools, transforming the landscape of various
industries with their precision and versatility. As the lasers are conti-
nuously under development, having higher average power and repetition
rates, the need for optimizing their performance and energy delivery to
the material has become increasingly evident. In some cases, having a
standard Gaussian beam has become a bottleneck for various microma-
chining tasks: cutting, drilling, as well as more complex structuring of
various materials on the surface or in the bulk. The bell-shaped spatial
intensity distribution of such beam has a negative impact on various
materials due to increased heat affected zone (HAZ) which is even more
problematic for fluences much higher than the material’s optical damage
threshold [1]. The Rayleigh length is another limiting factor, especially
in transparent material processing where longer focal zones are desired.
One of the key advantages that beam shaping brings to micromachin-
ing is the more efficient utilization of power deposition in the material.
By customizing the laser beam profile to match the requirements of the
task at hand, it becomes possible to concentrate energy precisely where
it is needed, minimizing waste and maximizing the effectiveness of the
laser [2]. This targeted energy deposition not only enhances the accuracy
of material removal but also contributes to the overall cost-effectiveness
of the process. General knowledge from light engineering can be applied
not only in the enhancement of laser processing but also in imaging,
microscopy, and other various fields of optics, not limited to the visible
or infrared wavelength range [3].

This research focuses on the development of beam-shaping
elements designed to modify laser light into a more complex
field. The first and major part of the thesis is about the employment of
geometric phase elements in application for high-power laser beam shap-
ing to enhance specific material laser micromachining tasks: generation
of complex field Bessel-type beams; employment of elongated focal line
Bessel-like beams for rapid stealth dicing; and transforming the initial
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Gaussian beam to a more complex intensity field in the transverse plane
at the focal zone having additional unique polarization properties. In
the second part of this thesis, beam shaping knowledge is applied in the
terahertz spectral range, where experiments are conducted to find the
optimal manufacturing process of diffractive and metasurface elements.
The manufactured elements are later used to construct structured THz
beams, which are tested in the imaging.

To fully elucidate the field of interest of the thesis, the work material
is structured in such a way as first to cover the foundation knowledge
in the field of interest needed to understand the subject of the disserta-
tion. The second chapter of this work is dedicated to the theoretical
background of light properties, essential for understanding laser optics
and material micromachining. Topics such as light diffraction in free
space, nonlinear high-intensity pulsed light interaction with material,
and beam shaping importance are presented. The third chapter de-
scribes methods used to numerically simulate beam propagation, as well
as ultrashort pulsed laser systems that were used in experimental ver-
ifications. The fourth chapter covers the results of the investigation
on non-diffracting Bessel-type beams and their customized versions in
applications for complex focal zone engineering and utilization in fast
laser dicing of transparent materials. The fifth chapter is dedicated
to the research of vector beam shaping, where the state of the polar-
ization plays an important role in structuring the beam’s intensity pro-
file. A special case of flat-top intensity distribution (Super-Gaussian)
beam generation is investigated. The final sixth chapter is devoted
to exploring laser manufacturing of beam-shaping elements for the tera-
hertz frequency range, showing possible uses of optical imaging utilizing
diffractive and metaoptics made using ultrashort laser micromachining
technology.

1.1. The aim of the dissertation

This thesis focuses on beam shaping of laser light, altering it to a
more complex structured field. The aim of this dissertation is to be split
into two parts.

Firstly, it was set to explore and investigate near-infrared laser beam
shaping capabilities using the geometric phase elements, applying them
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for the enhancement of various material micromachining cases.

Secondly, the aim of the research was expanded by transferring the
knowledge of beam shaping and material micromachining to produce
structured terahertz radiation beams by manufacturing different shaping
elements with potential application in imaging.

1.2. Dissertation tasks
To achieve the aim, several tasks were set:

1. To employ and develop numerical modeling of laser beam diffrac-
tion by using geometric phase optical elements. Conduct beam
shaping simulations in free space utilizing diffraction paraxial ap-

proximation in combination with Jones matrix formalism.

2. To investigate the Bessel beam shaping technique for creating new
and unique invariant beams utilizing spatial phase mask displace-
ment — a division into halves with controllable spatial shifts. Cha-
racterize obtained beam intensity patterns numerically and ex-
perimentally employing a spatial light modulator and high-power
ultrashort laser systems. Inspect induced material modifications
on the surface and in the bulk of transparent material made by
the created Bessel-type beams.

3. To create elliptic Bessel beam using modified axicon phase-split
mask of two opposite zones in pair. Numerically investigate and
find optimal parameters of the phase splitting defined by opening
angle and phase difference between the zones. Experimentally test
manufactured geometric phase element having selected parameters

set for inducing controlled micro-cracks in transparent material.

4. To investigate the superposition of orthogonal polarization state
beams utilizing customized spatially variable waveplate made as
geometric phase element. Numerically explore intensity and po-
larization state distributions in the focal zone of the beams. Con-
duct experimental beam inspection, create and investigate mo-
difications in bulk of transparent material and on the surface of
semiconductor and thin metallic film.
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. To explore manufacturing of terahertz beam shaping elements
based on the ultrashort laser ablation technique using laser sys-
tem of A = 1030 nm wavelength. Find optimal laser processing
parameters for creating diffractive optical elements from silicon
and distributed C-shaped metasurfaces from thin stainless-steel
foil.

1.3. Scientific novelty and relevance

. A novel design of geometric phase elements having spatially trans-
posed axicon phase patterns was proposed to generate new custom
Bessel-like beams. These types of modifications led to superpo-
sition of many multi-order Bessel beams with different amplitude
coefficients, resulting in multi-peak, ring-shaped, or elongated cen-
tral peak intensity distributions. The latter case was successfully
applied in the directional fracturing of thin glass.

. It was demonstrated that the optimization of the axicon phase
pattern by dividing it into two relatively shifted pairs leads to a
case when an elliptical central peak of a Bessel-like beam can be
created. This optimized phase distribution realized in geometric
phase elements was used to replace conventional glass axicons in

high-power rapid glass dicing applications.

. For the first time, the concept of spatially variable waveplates with
a hollow center was demonstrated. Utilization of such elements
in the laser microfabrication system led to a generation of flattop
beams in the focal zone of an optical system at the highest intensity
plane by using standard focusing lenses. Variation of beam inten-
sity cross-section is achieved by changing input beam size without
needing to replace beam shaping elements: from Gaussian-like to
ring-shaped patterns can be created.

. It was experimentally demonstrated that the use of hollow cen-
ter space variant waveplates enables the creation of vector flat-top
beams of hyper-lemon polarization singularities, having topologi-
cal charges of I, = % « N, where N is the winding (slow axis
modulation) number. This novel implementation employing geo-
metric phase elements is suitable for high-power applications under
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various numerical aperture focusing conditions.

. It was demonstrated that the near-infrared beam shaping tech-
nique can be transferred to a different electromagnetic wave spec-
trum of terahertz irradiance. The conducted micromachining ex-
periments of silicon reveal possible manufacturing of diffractive
elements suitable for up to 6 THz frequency. The production of
flexible beam shaping elements over the large aperture (> 50 mm)
made from stainless steel foil was employed to create metasurface-
based zone plates, with potential application frequency ranging
from as low as 90 GHz to 2.5 THz. The demonstrated production
of complex beam shaping elements paves the way for creating more
compact imaging systems.

1.4. Statements to be defended

. The induced asymmetry in axicon phase masks can generate an
elliptical Bessel-beam central core to produce directional material
cracking, which is important in stealth dicing applications. The
investigated spatial shifting of axicon halves produces ellipticity of
the central core of 1.05 when spatial shift is equal to 0.25 phase
period, sufficient for directional cracking in the bulk of a glass.

. The parametric study of azimuthal phase modulation produces a
range of values suitable to achieve directional material cracking.
The splitting angle of v = 17° and the phase difference of Ay =
5m /4, a Bessel-type beam with the ellipticity of 1.19 can be created
which can be efficiently used in stealth cracking applications.

. The hollow center spatially variable waveplates can be utilized to
efficiently create vector flat-top beams having hyper-lemon polar-
ization singularities with topological charges of I. = % * N, where
N is the modulation number of the slow axis.

. By adjusting the beam diameter and hollow center of S-waveplate
ratio, the beam intensity distribution at the lens focus can be
continuously changed from Gaussian to flat-top or ring-shaped.
A small ratio results in minimal beam alteration, creating a bell-
shaped intensity distribution at the focal point. The increase of
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this ratio flattens the intensity peak, and further increases will
lead to the ring intensity distribution. The specific ratio 1.45 for
the ideal geometric phase element of order N = 2 can generate
a flat-top beam with <5% peak-to-valley intensity variation. The
proposed optical scheme utilized a single geometric phase element
to achieve a continuous change of intensity distribution.

. Ultrashort pulse laser ablation using a A = 1030 nm wavelength

and galvanometer scanner can be used for precise and rapid fab-
rication of terahertz diffractive elements from silicon and optical
elements based on metaelements from stainless steel foil. The ap-
plicable frequencies are up to 2.5 THz for metaelements and up
to 6 THz for silicon-based elements, with the achievable ablated

surface quality of ~ \/40.

1.5. Approbation

The main results were published in 7 scientific peer-reviewed papers
[A1-A7] and 12 conference proceedings [B1-B12]. Other 3 publications
that were not directly related to the dissertation [C1-C3]. Results were

presented by the author at 12 international and national conferences

[D1-D12]. Conference presentations by the co-authors are excluded.

[A1]

[A2]

Scientific peer-reviewed papers on the dissertation topic
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E. Nacius, O. Ul¢inas, S. Orlov, V. Jukna, Polarization
singularities for shaping of vector flat-top beams in uti-
lization for high-power laser micromachining of various ma-
terials, Optics & Laser Technology, 177, 111133 (2024).
DOI: 10.1016/j.optlastec.2024.111133

eve—

vicius, E. Nacius, D. Jokubauskis, K. Ikamas, A. Lisauskas,
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2. THEORETICAL BACKGROUND

2.1. Light propagation in transparent media

The understanding of light’s properties has been under exploration
since the early days of our era. Greek philosophers attempted to explain
the physical properties of light, and later the science of optics was revived
during the Renaissance period, when more scientists began to study
light and derive mathematical models. One of the first advances was
the formulation of Snell’s law, which establishes a relationship between
the angles of incidence and refraction [4]:

nq sin(a) = ng sin(f), (2.1)

where nq is the refractive index of the first medium, no is the refractive
index of the second medium, « is the angle of incident light ray, 5 is
the angle of refraction. This law can be used to explain why light bends
when it passes from one medium to another with different refractive
indexes, and it is a fundamental law of optics and has many applications
in the real world. For example, it is used in the design of lenses and
mirrors, which are used in a wide variety of devices, such as telescopes,
microscopes, and other more complex optical imaging systems.

The understanding of light as a wave began with C. Huygens’ formu-
lation of the wave propagation principle. This concept was further solid-
ified by T. Young’s double-slit experiment. Through the contributions
of physicists like A.J. Fresnel, J. Fraunhofer, and others, mathematical
expressions were developed. These expressions allowed for the precise
prediction of light behavior, including how a beam would diffract after
traveling a certain distance, interact with an opaque obstacle, or produce
an interference pattern on a screen. The wave theory, along with later
work by J.C. Maxwell, laid the foundation for the electromagnetic the-
ory of light. This theory established light as an electromagnetic wave
comprised of electric and magnetic fields oscillating perpendicular to
each other and the direction of propagation [5].

The advent of quantum mechanics in the early 20-th century fur-
ther expanded the understanding of light propagation. Quantum op-
tics, pioneered by M. Planck and A. Einstein, provided insights into
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the particle-like nature of light, known as photons. Despite this wave-
particle duality, the wave theory remains a crucial tool for explaining
light behavior in transparent media at macroscopic scales. Quantum op-
tics, on the other hand, addresses light interactions at the microscopic
level. Together, these theories provide a comprehensive framework for
understanding light.

Contemporary research has seen a significant expansion in the explo-
ration of light propagation in transparent media. This has been driven
by the development of coherent light sources, advanced materials, and
new technologies. The invention of the laser, for instance, opened the
field of photonics, leading to numerous novel applications of light ma-

nipulation and its interactions with materials.

2.1.1. Diffraction of scalar light
Spherical Waves

Light propagation can be analyzed as a spherical wave phenomenon.
Huygens’ principle states that any source can be considered to be made
up of many point sources [6]. Each of these sources oscillates in the
field according to the formula exp(—jwt) , where ¢ is time and w is the
oscillation frequency. It takes time v/r for a wave to travel a distance
r, from the source at speed v, creating a new wavefront with the same
phase value as the original source at time v/t. This spherical field can
be described as [5]:

E(t,r) = E(r)exp[—jw(t — r/v)] = E(r) exp(—jwt + jkr) (2.2)

where k = w/v = 2mw/)\ is wave number, A is wavelength - distance
between two wave fronts (see Figure 2.1). In the spherical wave expres-
sion, energy from the light source radiates equally in all directions with
a radius of r. The expression for a spherical wave is [5]:

E(tr) = Eff) exp|—j(wt — k) (2.3)

If the observation plane P is sufficiently far away from the source
S, the spherical expression can be approximated using the Cartesian
coordinate system in zyz space (depicted in Figure 2.2), expressing the
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Primary
source

Secondary =,
sources \/J

Figure 2.1: Principle sketch explaining nature of spherical wavefront
from a primary source, emerging as the new fronts formed from sec-
ondary sources. Author’s image.

distance as:

2 2
T —x0)% + (y; —
"= \/212 + (i —20)* + (yi — y0)? = Zi\/l + (i — o) : (yi — o)
5
(2.4)

With this expression, a spherical wave can be simplified to a plane

wave when the distances z; are relatively large and the angle 6§ =
V(s = 20)2 + (i — y0)2)/27 is small

Figure 2.2: Cartesian space used to find light propagation from source
plane S to observation point P on screen at distance r and small angle
f. Author’s image.
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When solving light propagation problems, complex expression cal-
culations can be simplified and accelerated in numerical modeling by
applying the paraxial approximation [7]. This approximation assumes
that light propagates at small angles (sinf ~ #). In practice, this is
useful for numerically solving propagation problems, as it simplifies the
mathematical calculations. However, if the angle 6 is sufficiently large,
the paraxial approximation can distort the results and deviate from the
real ones. Therefore, when modeling and analyzing light propagation, it
is necessary to evaluate whether it is possible to use the approximation.

Fourier optics

The problem of light propagation can be solved using mathematical
expressions of Fourier transformation [8]. Here, we can define the con-
cept of "spatial frequency", which means the decomposition of a set of
plane waves in space (as depicted in Fig. 2.3). This concept is analogous
to the "temporal frequency" concept used in the analysis of temporal sig-
nals, where the wave oscillations are important with respect to time. The
concept of spatial frequencies is used in the field of Fourier optics, where
light beams emitted from a source are analyzed using mathematical ex-
pressions [9]. Spatial frequencies are expressed inversely proportional to
the distances between the same phase planes of waves - wavelengths, in

x and y coordinates as:

f$:77

1
Az
1
o=+ (25)

<

The distance OH would be linked by the sum of the components of
both expressions:

A=Azcos ZHOA,
A= A\ysin ZHOA. (2.6)

Then the full spatial frequency is described as:

1 1 1
f:X:\/)\*%‘i‘)\*%:\/f:%*‘fyz (2.7)
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Figure 2.3: Principle sketch defining spatial frequencies A\, and A,.
Adapted from Ref. [5].

These spatial frequencies are important for further expressing the rela-
tionship between the light emitted by the source and the image observed
on the screen. One can imagine a one-dimensional light source (slit) of
length a that emits light with amplitude E(x) in the z-axis direction.
Then, from the source origin E(x;,0) to the point on the screen E(x;, y;),
the expression for the light rays would be [5]:

- 2., .9

. 22 + 4
E(xi,yi) = _7)\Jz< exp [Jk? (Zi + 7@2”% )
1 (]

a/2 X
X E(x,)exp <—j27rwo> dz,, (2.8)
—a/2 )\Zi

where K is a constant, considering that the slit is a certain number
of point sources, and considering the condition 23/\z; << 1 [5]. By
performing mathematical analysis [8], this expression can be understood

as a Fourier transform, which is defined as

G(f) = Floao)} = [ glao) exp(-i2nfa)dz  (29)

and by adding

g(wo) = E(x0) (2.10)



to the Eq. (2.8) and Eq. (2.9) the final expression can take such form [5]:

i + 7
2,

Zi

E(zi,y;) = —% exp ljk (zi + F{E(x0)}. (2.11)

(2

In summary, the light amplitude distribution on the screen is the
result of the Fourier transform of the source. Fourier optics is often used
in the analysis and design of optical systems because it links the spatial
and spectral parts of light. Knowing one of these domains, it is possible
to calculate the other through the Fourier transform relationship.

Another concept of optical systems analysis is the use of impulse
response (point spread) function, which is often used to evaluate light
propagation [8]. This function describes the final result of a light signal
passing through the system. An ideal optical system can reproduce
or transfer an image from a source to an observation plane without
changing (distorting) properties of it. If an infinitely small source is
imaged as an infinitely small point on the screen, the impulse response
function will be an infinitely narrow function - a delta function §(z,y).
However, in reality, optical systems are not perfectly ideal. Therefore,
by using impulse response calculations, it is possible to find the result
of light propagating through an optical system [5,10]:

w(xs, i) = (x4, yi) * h(zs, yi), (2.12)

where g(x;,y;) is the source function, wu(x;,y;) is the resulting image,
and h(z;,y;) is the impulse response function. Mathematically, this is
the convolution of the source and impulse response functions [5].

The use of the convolution property in Fourier space simplifies the
mathematical evaluation. The convolution in Fourier space is just the
multiplication in that domain. The Fourier transform of the impulse re-
sponse function h(z,yo) is called the transfer function H(fz, f,). Thus,
such analysis in the spatial frequency domain is described as [5]:

U(fmfy) :G(fz7fy)H(fx7fy)' (2'13)

In general, when analyzing the propagation of light through optical
systems, the following factors are also very important: the distance be-
tween the source and plane of interest, the step size in z direction, the

mesh grid size of the transverse xy space, since numerical modeling of
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light propagation can more effectively find the desired result and avoid

numerical artifacts [11].

Diffraction models and approximations

Diffraction models are used to calculate the full propagation of light
beams, allowing us to determine the light distribution on a screen at a
certain distance. One of the main analytical models that fully describes
light diffraction is the Rayleigh-Sommerfeld solution [10,11]. If a light
source in the plane Uj(xg,yp) at initial coordinates zy and ¥, then the

image on the screen Us(x;,y;) is expressed by the following integral:

)exp(Jk:rlg)
12

A
Us(xi, yi) = By /Ul(xo,yo dxodyo (2.14)

2

r12 is the position between a point from the source plane to the point in

the observation plane, hence it can be expressed as:

r12 = \/Z2 — 1‘0 2 4 (yl — yQ)Z. (2.15)

The expression from Eq. (2.14) is a general description of the
Huygens-Fresnel principle, mentioned at the beginning of this chapter.
In the general case, it is an integral expression of superposition, and if
the source and screen planes are parallel, this expression can be written
as a convolution integral [10]:

2(zi, yi) —/ Ui (0, yo)h(zi — xo, i — Yo)dzodyo, (2.16)

where the impulse response function is

z exp(jkr)
h(zi, yi) = ji)\T’ (2.17)
here r = /22 + 22 + y2. Using the Fourier convolution property, equa-
tion (2.16) can be transformed into a transfer function:
H(fs. f,) = exp(ibo/T= O = (0 )?) (2.18)

The Rayleigh-Sommerfeld diffraction solution is the most accurate ana-
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lytical form, provided that the distance r is much larger than the wave-
length of light. The square root term in Eq. (2.15) significantly com-
plicates the search for analytical solutions and numerical simulations,
making the calculation process longer. By introducing approximations,
we can simplify this part and speed up the simulation without losing the
necessary information. Using the binomial expansion and choosing only
the first two terms and approximating 15 &~ z, we arrive at the Fresnel
diffraction formula [11]:

' exp(jkz) (jkz) /
UQ(%,.%) = J)\Z Ul manO

x exp{ 3 (@i = 0)? + (5~ 0)?] pdsodyn. (219

Then, the impulse response function is:

exp(jkz ik
h(zi,yi) = I;i‘]z) exp Bz («2 + yQ)] (2:20)

and the transfer function is:
H(fo, fy) = exp(ikz) exp [irAz(f2 + f2)] - (2.21)

The Fresnel approximation has limitations when the area of interest
is close to the source, as there is a distortion of the results due to the
simplification of the square root, approximating the spherical wave to a
parabolic one. Often, to assess whether this approximation can be used
in modeling, the Fresnel number Np is evaluated [11]:

A2

Np =
F )\Z,

(2.22)
where A is the characteristic size of the aperture, A is the wavelength of
light, and z is the distance from the aperture to the observation point.
Fresnel number is a dimensionless quantity that characterizes the tran-
sition between the near-field and far-field diffraction regimes. If the Np
number is close to or less than 1, then the condition is considered sat-
isfied and the area under consideration is in the Fresnel zone. However,
if this indicator is higher, the results will be inaccurate.

When considering far fields, the Fraunhofer diffraction approxima-

tion can be used, which is in principle a scaled version of the Fourier
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transform [11]:

- exp(jkz) [Jk 2 2]
UZ(xuyl) - J)\Z exp 22’( +y )

—j27
Az

X/ U1($o,yo)exp[ ($i$o+yiyo)}d$0dyo- (2.23)

The Fraunhofer diffraction expression is convenient for quickly solving
image formation behind a lens since it is in principle a far-field result.
The Fresnel number condition can also be applied here, according to
which the most accurate results are obtained when Ngp << 1. The
considered diffraction calculation expressions can be schematically rep-
resented in Fig. 2.4.

Rayleigh—Sommerfeld
Integral Region

Fresnel Region

I [
I IFraunhofer Region

z

Figure 2.4: Principle sketch of the main three diffraction regions,

depending on the distance z from the aperture A taken as a source.
Adapted from Ref. [10].

2.1.2. Polarization properties

So far, light propagation has been considered as the propagation
of a monochromatic scalar wave in an ideal isotropic medium, without
taking into account the electric and magnetic vectors. However, these
vectors are also very important in modeling and analyzing the properties
of light. The full properties and propagation of light as an electromag-
netic wave are described by Maxwell’s equations [12]. In general, if the
medium under consideration does not have magnetic properties and is
homogeneous, only the electric field vector, E(x,y, 2), is included in the
description of the propagation of polarized (vector) light, the state of
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which is additionally included in the wave equation from the expression
in Eq. (2.2) (the z component can also be neglected for simplicity since
it becomes important only when considering light propagating at large
angles [10,13]):

E = (E,ex + Eyey) explj(kz + wt)] (2.24)

here ex, e, are arbitrary vectors on z and y axes. E, and E, field
components are then expressed relative to each other as [13]

Ex = LYz0,
Ey = EyO eXp(j¢)7 (2'25)

where F;o and E,o are amplitudes of electric fields in x and y axes, and
¢ is phase difference, determining the state of polarization (SOP).

Linear polarization is when the phase difference between the vectors
are ¢ =0 or ¢ = [13]:

E = (E,0ex £ Eypex) cos(kz + wt) (2.26)

Circular polarization will be when ¢ = +7/2 and Ey = Ey0 = Eyo. If
the difference ¢ is negative, then circular polarization is defined as the
direction of rotation clockwise, if the difference is positive - counterclock-
wise. The state of elliptical polarization will be intermediate between
linear and circular and will have a ¢ difference not equal to 0, £7/2 or
T

E = Eycos(kz + wt)ex = Epsin(kz + wt)ey (2.27)

All the main SOPs can be visualized in three-dimensional space, as de-
picted in Fig. 2.5 [13]. A more complete description of polarized light
is possible through Mueller matrices [14], which also cover the states of
partially or depolarized light, but is not relevant in this work, as only
the fully polarized coherent laser light is considered.
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Figure 2.5: Representation of polarization states a) linear horizontal,
b) linear vertical, c¢) linear at 45°angle, d) circular left, e) circular right,
f) elliptical right with major axis A and minor axis B, with inclination
angle . Author’s image.

Jones vectors

When modeling the propagation of polarized coherent light, it is
sufficient to define and consider only the basic states of polarized light,
which can be conveniently expressed in terms of Jones matrices [14,15].
The full polarized electric field vector is described as:

E E —j
g (Pr) _ (Froexp( J.‘b”*’) (2.28)
Ey EyO eXp(_.](by)
here E.q, Eyo are amplitudes, ¢, , - phases with difference ¢ = ¢, — ¢,.

The general form of linear polarization to z axis will be

o
Ex = (2.29)
0
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and to y axis:

E, = ((1)) . (2.30)

Linear polarization with an angle of 45° to x axis:

B = ! (2.31)
xy—ﬂ ] . .

The right circular and left circular SOPs are expressed as

E 1 1

Rc_ﬁ _J )

Eic = L ! 2.32
=51 2.32)

The general vector for the elliptical polarization state, for intermediate
states between linear and circular polarization, when ¢ # nw and ¢ #*
(n+ 1/2)7, is described as [14]:

ExO
E= ‘ (2.33)
Eyo exp(jo)
The inclination angle « is [see Fig. 2.5(e)-(f)]:
1 _1 [ 2E0Eygcos ¢
=t —— | - 2.34
« 9 an ( Ego _Ezo ( 3 )

These basic expressions are convenient for numerical modeling of the
propagation of vector laser beams due to their simplified description of
polarization states and are further useful for evaluating how the polar-
ization can change after the beam passes through an optical element
that can alter it.

Polarization transformations

Polarized light can change its SOP when passing through an
anisotropic media [13]. If a transparent medium has birefringence prop-
erties, the light beam passing through it acquires a phase delay between
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the electric field components, which will change the polarization state.
For example, a vertically linearly polarized beam can become an el-
liptically or horizontally linearly polarized beam. An element that can
change the polarization state of light passing through it is called a phase
(retardation) plate. Such an element is in principle a lossless birefrin-
gent crystal, the optic axis z of which is in the plane of the plate (see
Fig. 2.6). The ordinary and extraordinary waves that make up the light
propagate differently through the element, since the refractive indices
ne and n. differ depending on the reference to the optical axis.

Y

o<

l

Figure 2.6: Representation of a phase plate of thickness [ with the
optic axis z at an angle 6 to the horizontal direction. Author’s image.

Then, in general, any polarization-changing element can be described
as a rotation matrix M and the Jones vectors can be used to find the

polarization state after it [14,15]:
Eout = MEin (235)

where E;, and Eqyut are the expressions of the incident electric field and
the field after the element. The parameters describing the element M
are the angle of the slow axis (the angle of the optical axis with respect
to the incident wave) 6 and the delay (retardance) . Then the general
expression for the element is [13,14]:

(el? —1)sinf +cos®  e¥sin?f + cos?
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Usually, some of the most commonly used element examples are the
half-wave and quarter-wave plates. When the retardance between the
ordinary and extraordinary waves is ¢ = m (¢ = A/2), and the rotation
angle is 6, we will have the Jones matrix of the half-wave plate [14]:

(2.37)

Mirwp — | (COS(ZG) sin(26) )
sin(260) — cos(26)

Using this element, the polarization of the transmitted light will remain
linear, but its angle with the x axis will rotate by 26. The quarter-wave
plate has a wave retardation of ¢ = 7/2 (¢ = A/4) and its general
expression will be [14]:

1 [1+jcos(20)  jsin(26) ) (2.38)

Mqwp = —=
? V2 ( jsin(20) 1 —jcos(20)

Such a plate would convert linear polarization to circular polarization

and vice versa.

Stokes parameters

In practice, it is impossible to directly measure the polarization state
when the electric field components oscillate in time. However, there is a
way to evaluate and analyze the state of a polarized field using Stokes
vector S [13]:

So
s— | (2.39)
So

S3
here the Stokes parameters are:
So = |Eul? + | By
S1 = |Eu|? = B,
Sy = |Egs|* — |E1ss)?
S3 = |Erc|® — |Erc|® (2.40)
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The parameters S1, So, and S3 each describe the difference of intensities
in two orthogonal polarization modes. In addition, a general definition
can be given for the additional parameter Sy, which describes the inten-
sity of the total field [13]:

Sg =57+ 55+ 53 (2.41)

The Stokes vector can be used to calculate several different param-
eters that describe the polarization state of light, such as the degree of
polarization, the angle of polarization, and the ellipticity. The degree of
polarization is described as [16]:

o VS04 (52)° 1 (5)?
B (So) '

If P = 1, then the light is fully polarized and with P = 0 it would
be completely depolarized. In intermediate values, the field would be

(2.42)

partially polarized.

Poincare sphere

All polarization states can be represented on a sphere called the
Poincaré sphere for complex vector fields [13]. This sphere helps to bet-
ter understand all polarization states and how they can change as waves
propagate through a retarding element. Figure 2.7 shows the Poincaré
sphere with normalized Stokes vectors. The equator corresponds to the
linear polarization state, when there is no phase difference between the
E, and E, fields. Vertically and horizontally linearly polarized fields
would be on opposite sides of the equator. At the poles, when the phase
difference is a quarter wavelength or 7 /2, there are circular polarization
states, which are either at the north or south pole depending on the di-
rection. Points on the same meridian line will have the same azimuthal
angle in the polarization ellipse, and points on the same latitude will
have the same ellipticity in polarization.

36



O3
S__1m
~¢ v
A I 62
01 D
L

Figure 2.7: Representation of Poincaré sphere with normalized Stokes
vectors o1, 02,03. Adapted from Ref. [13].

2.1.3. Pancharatnam-Berry (geometric) phase

When examining the change in polarization states on the Poincaré
sphere when moving from one point (A) to another point (C) through
point (B) along a closed contour (see Figure 2.8), an interesting phe-
nomenon is observed, where an additional phase change J is observed.
This phenomenon was first described by the Indian scientist S. Pan-
charatnam [17], and a general formulation applicable to quantum physics
was formulated by M. Berry [18]: a wave (particle) moving in a system
adiabatically (slowly) changes polarization (state) when going around a
closed contour, it acquires an additional phase change, which depends
on the half of the spatial angle 6 = w/2. This phenomenon arises only
due to the change in the geometric path, and is therefore sometimes
simply called the geometric phase.

One example could be the use of a half-wave plate. Since its retar-
dance is A/2, if a left circularly polarized wave passes through it, the
polarization state will change to right circularly polarized. Depending
on the rotation angle 6 of the optical axis, the wave will acquire an
additional phase A¢. Continuous optical axis rotation of birefringent
material from 0 to m will result in continuous phase change from 0 to
27 [19] (see Fig. 2.9). This effect is later employed in geometric phase
element beam shaping applications, presented in 2.3.4 subsection.
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Figure 2.8: Polarization state changes, represented as red and blue
arrows, when moving from point A to point C through point B illustrated
on the Poincaré sphere. Adapted from Ref. [19].
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Figure 2.9: The dependence of phase delay on the rotation angle
of birefringent material with respect to the incident beam, where the
polarization of the incident field FE;, is left circular and changes to the
opposite polarization (right circular) E,,;. Author’s image adapted from
Ref. [19].

2.2. Light-matter interaction

When the first laser was invented in 1960 [20], the field of photonics
began to develop rapidly, enabling faster research into linear and non-
linear optics and the creation of new laser technologies for contactless
material processing. Early research on the interaction of laser light with
material showed that a strong light pulse on the order of 10 TW/cm?
can damage optical elements irreversibly, forming defects on the surface
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or in the volume of a transparent material. This opened up a new era
in photonics, which led to the development of a high-precision material
processing technology for various materials: dielectrics, semiconductors,
and metals [21]. Although the interaction of a material with a strong
ultra-short light pulse is a complex process when considering material
micromachining it can be divided into three main parts: electron plasma
generation, energy absorption in the material, and structural changes in
the material after energy relaxation [22].

2.2.1. Nonlinear photoionization in transparent material

Transparent media do not interact with the electromagnetic field
itself in a weak field and are also called dielectrics. Most dielectrics
are transparent in the visible and near-infrared spectral regions. In this
region, there are also the most powerful ultrashort pulsed lasers, but the
energy of their photons is not enough for electrons to be transferred from
the valence band to the conduction band due to the much larger band
gap F, than the photon energy of that spectrum. For example, the band
gap in fused silica glass is 9 eV. If we try to excite this material with
a Yb:KGW laser source (central wavelength A = 1.03 nm, one photon
energy E,;, = 1.2 eV) [23], one would need at least several photons that
would transfer their energy to force the electrons to be transferred from
the valence band to the conduction band [24]. So, in order to cause
an effect, it is necessary to "force" the transparent material to absorb
much lower energy photons. This energy absorption is enabled by the
nonlinear multiphoton photoionization process, which is expressed as a
probabilistic event that depends on the radiation intensity [25]:

P(I)=onIY (2.43)

where N is the number of photons absorbed simultaneously, I is the
intensity, and oy is the multiphoton absorption coefficient. For ex-
ample, multiphoton ionization in fused quartz requires N photons that
satisfy the condition Nhw,y, > E4, where Ej is the band gap and wyy, is
the laser radiation frequency. Multiphoton absorption is the dominant
mechanism when the radiation intensity is low and the frequency is high.
However, at higher intensity and lower frequency, nonlinear absorption
proceeds via tunneling. This phenomenon occurs when the strength of
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the exciting electric field is so high that the valence and conduction band
levels are distorted, and the electron has a probability of tunneling to
a higher energy level. The nature of the ionization mechanism can be
described by the Keldysh parameter, which is expressed as following [26]:

Wph [mecnegEy
YK = —\—75
e I

(2.44)
where wy,y, is the radiation frequency, I is the intensity, m. is the effective
electron mass, e is the electron charge, ¢ is the speed of light, n is
the material refractive index, ¢y is the dielectric constant, and E, is
the band gap. The introduction of the Keldysh parameter allows one
to better understand what kind of photoionization process takes place
during the interaction in the material. When the parameter v << 1.5,
tunnel ionization dominates, when vx >> 1.5, multiphoton ionization
determines the interaction, and when the parameter is yx = 1, both

processes occur simultaneously. The photoionization schemes are shown

YA

Figure 2.10: Mechanisms of nonlinear material absorption under the
influence of ultrashort pulses: multiphoton ionization (a), tunneling ion-
ization (b), avalanche ionization (c) - absorption of free carrier radiation

energy followed by impact ionization. Author’s image adapted from
Ref. [27].

Conduction
band
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During multiphoton and tunnel ionization, the average kinetic en-
ergy of electrons increases due to the absorption of free carriers. If a hot
electron that has absorbed energy and risen to the conduction band has
enough energy, it can still knock out new electrons from the valence band
and thus create impact ionization, resulting in two excited electrons at
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the conduction band minimum. These two electrons can continue to
absorb energy, and this process becomes the cause of avalanche break-
down [22,28]. As long as the electrons are excited by a strong external
electric field of the laser pulse, the electron plasma density increases
until it reaches the density of the laser light frequency and begins to
directly absorb the incoming radiation. For 1 pm wavelength laser radi-
ation, the plasma frequency will match the laser frequency when the free
carrier frequency reaches 10%! cm™3, this limit is known as the critical
density of free electrons. It is generally said that optical breakdown in
a material occurs when the number of free carriers reaches this criti-
cal limit. In a glass, optical breakdown is achieved at the intensities of
103 W/cm? [21].

Typically, the thermal relaxation time of the material lattice is on
the order of 10 ps or longer, so that the absorbed radiation energy is
transferred to the surrounding molecules around the damage zone. If
the pulses are much shorter - less than a few ps - they take less time
to reach optical breakdown and have a higher intensity, which causes
the ionization in the material to occur and end faster than the heat has
time to dissipate, so there is a smaller heat affected zone (HAZ). For this
reason, ultra-short pulses can be used to create a variety of damage to
materials with very high precision (a few microns) and to change their
properties both in volume and on the surface [21].

2.2.2. Types of induced defects in bulk of silica glass

After the nonlinear interaction process in a transparent medium
(glass), different material damage results are possible, depending on the
process parameters: refractive index change, anisotropic nano gratings
or micro-voids can be formed [29]. Such a division into separate regimes
helps to better understand each of them and to predict the window of
laser parameters in which it is possible to perform micromachining and
obtain the desired effect. Typical damage classification is refractive in-
dex change (type I), birefringent damage (type II) or micro-void or crack
formation (type III) in silica glass (see Fig. 2.11). The properties of the
formed structures will depend on the radiation parameters (wavelength,
pulse duration, energy, repetition rate), material properties (bandgap,
thermal properties, chemical composition), and focusing conditions (nu-
merical aperture, focusing lens properties).
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Figure 2.11: Illustration of typical bulk damage types in fused sil-
ica glass: a focused laser pulse within the material volume (a) induces
nonlinear absorption and ionization, generating electron-hole pairs, with
electrons gaining additional energy and triggering an avalanche process
(b); in the plasma, all accumulated energy is transferred to the mate-
rial’s lattice (c); classification of damage based on the impact (energy
density delivered) (d). E, denotes the bandgap energy. Author’s image
adapted from Ref. [29].

Refractive index change

In-depth studies of material damage were initiated when the first ul-
trashort pulses were generated in laboratory conditions, and it was ob-
served that intense laser radiation focused in glass can change the prop-
erties of the material - for example, isotropic refractive index change [30].
It was observed that with low pulse energies and high scanning density
by near-threshold femtosecond laser irradiation, it is possible to write
smooth tracks of increased refractive index [31]. Due to the fast in-
teraction of laser pulse and excited electrons, the surrounding space in
the material lattice does not have time to heat up and the irradiated
region cools rapidly after the radiation ends, forming a volume of den-
sified material. In this region, the refractive index can increase slightly
up to An =~ 0.0035 [31] and this is sufficient for the light subsequently
introduced into the written channel to propagate as a waveguide, due to
total internal reflection [32]. In one case, it is possible to have all types
of damage by varying only the pulse energy: when the pulse energy is
E, = 100 nJ with tight NA = 0.6 focusing A = 800 nm wavelength,
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7 = 100 fs pulse duration, a uniform refractive index change can be
achieved in fused silica [33]. Examples of laser written waveguides are

An>0
Laser E /

shown in Fig. 2.12.
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Figure 2.12: Example of direct laser writing of waveguides by inducing
refractive index changes in the bulk of a glass. Adapted from Ref. [34].

Such uniform change in the refractive index is used to directly write
waveguides in glass, through which light can propagate and be controlled
and manipulated in various ways. This process is being rapidly improved
and tested for application in the production of optical communication
devices [35].

Birefringent nanogratings

Increasing the pulse energy to the range of 150-500 nJ under the same
conditions mentioned above for changing the refractive index, there is
a regime where irradiated space is made birefringent [33,36,37]. These
are the so-called type II defects, caused by higher energy pulses, which
are characterized by periodic nanogratings, typically formed in fused
silica glass or other oxygen-rich glasses [38,39]. These gratings are pe-
riodic self-organized rarefactions and densifications of the material and
are formed perpendicular to the electric field vector of the incident pulse,
their period is typically A = \/2n, where A\ is wavelength, n is refrac-
tive index [40,41] (see Fig. 2.13). The mechanism of formation of these
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nanogratings is not fully agreed upon, but two primary models have been
proposed for the formation of nanogratings. The first model relies on the
formation of electron plasma and light field interference that modulates
the electron plasma density periodically, leading to subsequent modula-
tions within the material [42,43]. The second model explanation tells
that nanograting formation is the result of the growth of small, asym-
metric nanoplasmas. These nanoplasmas are believed to amplify due
to field enhancement effects with each successive laser pulse and even-
tually merge into planar nanoplasma structures and then evolve into

nanopores [44].

Figure 2.13: SEM images of a) cross section of formed nanogratings in
bulk of fused silica. Reprinted from Ref. [40]. b) Side view of nanograt-
ing area where k is denoting direction of writing pulse, c¢) and d) show
nanograting orientation dependence on the writing pulse polarization £
along direction S. Adapted from Ref. [45].

Recently, there was reported a subtype of this nanograting regime,
called type X nanogratings [44]. These nanogratings are distinguished
for their low loss (scattering) compared to the ordinary type II modifica-
tion, especially in shorter wavelength range, beyond visible light range,
see the comparison in Fig. 2.14. For this direct writing regime, reduced
fluence and pulse densities are needed. The modified glass volume con-
sists of slightly elongated nanopores, which have smaller dimensions and
therefore reduce light scattering of shorter wavelength (see Fig. 2.15).
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Figure 2.14: Comparison of transmission of type II (a) and type X
(b) inscribed nanogratings. In (c) the type X transmission spectrum is
improved in visible and near UV range compared to type II modification.
Adapted from Refs. [44,46].
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Figure 2.15: SEM images of polished fused silica sample with revealed
nanopores under different numbers of writing pulses. Adapted from
Ref. [44].

The formation of periodic nanogratings and nanopores is influenced
by chemical changes in the material lattice. In the initial stage, ap-
proximately 250 fs after the interaction between the laser pulse and the
material begins, the first defects are created [47]:

—Si-0-Si=—=Si-+-0—Si= (2.45)
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where = Si- is a defect center, and -O — Si = is a non-bridging oxygen-
silicon bond. Further interaction with light leads to the dissociation of
oxygen into separate atoms, disrupting the original silicon lattice struc-
ture [47]:

=Si-+-0-Si=—=8i-"Si=+0"+ ¢ (2.46)

here, = Si-t Si = is a defected Si bond, O is a separated oxygen atom,
and e~ is a free electron. The initial defects formed in random locations
grow in size with each subsequent pulse, aligning perpendicularly to the
polarization direction of the beam.

This nanograting formation regime is in a narrow direct writing pa-
rameter window, so any imperfections or process deviations during ac-
tual formation can affect the final result. For example, it has been
observed that there is a quill effect, where the morphology of the writ-
ten structures depends on the translation direction during direct laser
writing due to the pulse front tilt [48]. A recent study also found that
the asymmetry of the writing beam can significantly affect the properties
of the formed periodic structures [49], as well as the temporal contrast
of pulse train coming from a laser source will make different impact on
writing the birefringent nanostructures in bulk [50]. Direct laser writing
of nanogratings is an attractive technology because it allows modifying
the fused silica glass with five degrees of freedom, where in addition to
the spatial formation of structures in xyz coordinates, the phase delay
(retardance) and fast/slow axis are additionally manipulated. The for-
mation of these structures is applied in the manufacturing of flat optical
retarders, as well as in research for development for the storage of large
amounts of information in fused silica [46,51, 52].

Micro voids

If applying ultrashort radiation under the same conditions as before
from Ref. [33], but increasing the pulse energy above 500 nJ, results in
stronger damage to the glass: it is possible to structurally disassemble
the material lattice, breaking the bonds between molecules, thus form-
ing, for example, microvoids or microcracks in the transparent medium.
Very powerful pulses can create strong defects, thus distorting the origi-
nal substrate, therefore, radiation parameters are usually used to create
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the necessary defects with minimal destruction of the surrounding mate-
rial. Microvoids or microcracks are formed when electrons have absorbed
a large amount of excess energy that is used to break the bonds between
lattice atoms and an explosion wave can be formed, which distorts a
certain area of space in the material. The result is an empty space area
where there is no material, or it is rarefied (see Fig. 2.16) [53,54]. The
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Figure 2.16: Top and side views of inscribed micro voids in fused
silica glass with different pulse energies. Adapted from Ref. [54].

rarefied material spots or induced micro-fractures can be used as weak
points in the separation process, i.e. in glass cutting applications [55]
which will be covered more in-depth in the following subsection.

It is worth noting, that the discussed I-III type damages in glass
can also be formed with other laser and optical setup parameters, when,
for example, the focusing conditions are different, so the pulse energy,
duration or other parameters are found and adjusted experimentally
[56,57].

2.2.3. Laser micromachining

The three types of damage studied are commonly encountered when
working with glasses in their bulk. However, ultrashort laser microma-
chining is also possible with any other materials (metals, semiconduc-
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tors, polymers, plastics) on their surface or in bulk if it is transparent for
the wavelength since strong radiation can excite electrons, which, having
formed a plasma region, transmit energy to lattice and inducing defects,
evaporating or otherwise changing the properties of practically any ma-
terial [58]. Some of the most common examples of laser micromachining
processes are surface ablation, drilling and marking [59], cutting [60],
welding [61]. Each process can be implemented with different irradiance
parameters and focusing conditions.

Surface ablation

Laser ablation is, in principle, an evaporation of the material surface
when focused intense radiation heats the material, and sudden sublima-
tion begins [58]. When the focal zone of the focused beam is directed
onto the material surface, linear or nonlinear (depending on the absorp-
tion of the material) energy absorption of the material electrons takes
place, and these, having acquired a lot of energy from the electric field
of the beam, form free electron plasma. After the electric field is gone,
the excess energy is dissipated in the surrounding space, dissembling the
material lattice with rapid evaporation [58]. After the end of the pulse
impact, a crater is left on the surface of the material (see Fig. 2.17).

Redeposited
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Figure 2.17: Example of laser ablated crater on silicon substrate using
a single pulse of Gaussian beam at 358 fs pulse duration and 3 J/cm?
fluence. Author’s image, obtained with scanning electron microscope.

The ablation process is a widely investigated topic, the two tem-
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perature model is often employed to conduct numerical simulations of
various material ablation [62]. The width of the created crater depends
on the focusing conditions, material and laser irradiation properties -
the size of the focused spot, wavelength, pulse duration, and energy of
the pulse [63]. The fluence parameter F' describes effectively absorbed
energy and can be used to experimentally evaluate the optical dam-
age threshold of any material as well as to find the optimal ablation
regime [64]:

where D is width of focused beam, E is pulse energy.

The affected surface area usually changes its optical properties and
is visible to the naked eye. The surface at the bottom of the evapo-
rated material area becomes rougher, more scattering light. The chem-
ical, electrical or mechanical properties can also change, therefore, by
purposefully causing changes in the initial material, it is possible to se-
lectively and very precisely change the properties of the material. For
example, selective surface ablation is one of the most suitable processes
for cleaning conductive paths from a metal-coated glass substrate, thus
forming channels on transparent samples [65]. The same principle can
be used to perform surface marking, where laser-written structures have
different reflective or transmission properties [66].

Laser cutting

Laser cutting is another application of laser micromachining that
separates the initial samples into smaller ones. Material separation can
be done as repetitive inline ablation, evaporating the material along a
trajectory, or by evaporating a certain depth of material and thus form-
ing weak points where the material can later be broken off along [67,68].
It is also possible to form bulk damage in the volume of transparent ma-
terial under two steps: initiate cracks that cause directional stress in the
material (type III defects), and if they are correctly positioned in a line,
form a fracture line [55,69] and then apply force to mechanically break
it, - performing so-called stealth dicing, as depicted in sketch in Fig.2.18.
Laser cutting is particularly advantageous where high precision and a
small heat-affected zone around the cut line are required, compared to
mechanical separation processes, and it is also non-contact [60]. An
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Figure 2.18: Principle sketch defining stealth laser dicing and braking
in two main steps: (a) the elongated focal beam is positioned at the right
height in z axis, and (b) the induced microcracks are orientated along the
cutting trajectory (step one). After laser contouring, the glass sample
is mechanically broken into two pieces (step two). Author’s image.

example of such a process is shown in Fig. 2.19.
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Figure 2.19: Example of transparent material cutting by inducing
microfractures in bulk. (a) The laser-modified region across the whole
thickness of the sample (b) creates weak points by which the substrate
can be separated by mechanical force. (c¢) View of sidewalls after sepa-
ration, (d) front view of cut edge. (e)-(f) Macro photographs of samples
before and after breaking. Author’s image.

Micro welding

Laser microwelding is a process that uses a laser to locally melt a re-
gion of material and join it to another sample. In this process, a tightly
focused beam forms a hot plasma region in a volume of a few tens of
micrometers, in which the excited electrons relax and transfer energy
to the material lattice, locally reaching and exceeding the melting tem-
perature, forming a molten zone [70,71]. If this zone is formed at the
joint of two transparent or one transparent and one opaque material,
the molten material will adhere to the other sample, and the samples
will bond upon rapid cooling. Figure 2.20 shows an example of laser
micro welding. The successful welding can be seen visually if there are
micro gaps between two glass pieces — white light interference is visible,
and from the colors of interference fringes, it can be used to determine
the preexisting gap [70-72]. After laser welding, this gap vanishes where
tracks are created, indicating that the two glass substrates are joined
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together in optical contact [71]. This microwelding technique is often
employed in transparent microfluidic chip manufacturing, where multi-
ple layers of glass can be joined to make buried fluidic channels [73].

Figure 2.20: Example of transparent material laser welding, where
(a) weld seam cross-section is shown and (b) top view of welded seam.
Due to the gap between two surfaces, white light interference is visible,
which disappears when two materials are joined. (c)-(d) Photographs of
two welded glass samples. Author’s image.

2.3. Laser beam shaping

The laser micromachining of various materials is essential in many in-
dustrial applications [74]. The ultrashort pulsed laser sources are evolv-
ing rapidly towards the direction of increasing average power and pulse
repetition rate, and the energy of a single pulse is more than enough
for the ablation of the material, the efficiency of the laser micromachin-
ing process can be greatly enhanced by distributing the energy in the
spatiotemporal domain [75]. Therefore, the different laser beam shap-
ing techniques have increased interest in the fields of laser microma-
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chining and light-matter interaction research [76]. On the other hand,
light structuring also plays an important role in other specific appli-
cations [77-79]: photonic communications [80, 81|, imaging enhance-
ments [82-84], tomography [85], light sheet microscopy [86], and mi-
croscopy across a wide range of the electromagnetic spectrum.

In general, there are many types of laser beams, generalized as
TEM,,, modes, whose amplitude, phase, or polarization distributions
can have a critical impact on certain processing tasks. Any real elec-
tromagnetic wave (mode) exists only if it satisfies the Helmholtz equa-
tion [87]:

(VZ+E)E(r) =0, (2.48)

where E is the electric field, k is the wave number, and V? is the Lapla-

cian operator.

Different types of laser sources can emit many different modes, and
the general wave equation describing m,n modes in the Cartesian coor-

dinate system is [87]:
exp[¢(2)],

Emn(l’,y) =H, <\/j$> H, (\ify) exp l_ <$2u—;y2>
(2.49)

here H,, and H, are Hermite polynomials. When m and n are equal

to zero, we have the TEMgy mode, also known as the Gaussian beam,
which is the fundamental mode emitted by solid-state ultrafast pulsed
lasers having stable resonators [88]. For the Gaussian beam, when mode
numbers m and n are equal to zero, the intensity distribution is expressed

as [87]:

2
I(r,z) = |E(r,2)|* = Iy <w0> exp (—272> (2.50)

w(z) w2(z)

where wy is the beam waist radius at the Rayleigh range, when z is equal
to 0, and w(z) is the beam radius at a distance z:
911/2
z
1+<)] (2.51)
20
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and the wavefront radius will be:

R(z) ==z

1+ (?)2] . (2.52)

The wavefront will have one radius before the focus, the opposite sign
after the focus, and will be flat in the middle of the focus. This change
in phase front is described by the Gouy phase [89]. The spatial intensity
distribution of a Gaussian beam at the waist is shown in Fig. 2.21.

wavefronts
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Figure 2.21: Principal sketch of a spatial intensity distribution of a
Gaussian beam at the waist. Author’s image adapted from Ref. [87].

A Gaussian beam emitted from a laser source has convergence (nar-
rowing) and divergence (widening) beyond the focal zone. As the beam
propagates away from the laser due to diffraction, it expands and di-
verges, so a parameter has been introduced to estimate the divergence
angle [87]:

W
An ideal beam is considered to be one with zero divergence - the beam
is then considered to be collimated, but in reality, this value is not
zero. Lenses can be used to change the divergence, so the beam can be
narrowed (focused) or expanded (defocused). In laser processing, it is
usually necessary to focus the beam to achieve the required intensity and
small spot size at the focus. The size of the focused Gaussian spot will
depend on the focusing conditions and the wavelength of the radiation.
If we consider the incoming beam to be collimated, using the thin lens

formula in the paraxial approximation, we will find the spot size as [87]:

_2)f
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where f is the focal length of the lens, A is the wavelength, and wy is
the beam waist before the lens. The depth of field of the focused beam
around the focal plane will be [87]:

por = 2 (f)Q. (2.55)

s wo

DOF corresponds to twice the Rayleigh range length, where the beam
expands by a factor of v/2. Knowing these basic beam parameters and
the properties of the optical system, it is possible to estimate in advance
the size of the spot that will be focused on the surface of the material.

2.3.1. Modified profile beams

With the development and increasing power of laser sources, the
Gaussian beam has become a bottleneck in some processes due to its
bell-shaped intensity distribution. This is because too much energy or
its accumulation can negatively affect the processed materials at the
center of the beam or on the sides. This is a drawback that causes
more powerful energy pulses to create surrounding damage zones in the
materials, thus reducing the quality and accuracy of laser processing
due to uneven intensity distribution [90]. To address this, the field
of beam shaping research has gradually developed, which studies the
formation and propagation of various beams, with potential applications
in materials processing, where the Gaussian beam is transformed into a
beam of different structure, suitable for improving ablation, cutting or

other processes [58].

Higher-order modes

The Gaussian beam is the lowest-order mode of a laser. Higher-order
modes, which can have different values of the m and n parameters from
Eq. (2.49), can be used to create beams with more complex intensity
distributions [91]. In Cartesian coordinates, Hermite-Gaussian modes
can be formed by independently changing the amplitudes in the z and
y directions (see Fig. 2.22) [92]. By manipulating coordinate systems,
parabolic or elliptic beams can be formed (see examples in Fig. 2.23)
[93,94].

In Cartesian coordinates, the full amplitude expression for a TEM,,,,,
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Hermite-Gaussian beam is given by [87]:

B,y 2) = Eo <“’0> H,, (@) H, (\/53/>

w(z) w(z) w(z)

X exp [_ (ii(i)f)

x exp|—ikz — jk(z? + %) /2R(2) + i(m +n + 1))E(2)], (2.56)

where w is the beam waist width, R is the radius of curvature, £ is the
Guoy phase, and H,,, and H,, are the m-th and n-th Hermite polynomi-
als. Since these modes are described in a rectangular xy coordinate sys-
tem, the coordinates can be separated into individual functions. A mn
mode will have m+1 maxima in the x direction and n+ 1 maxima in the

y direction. If the waves under consideration are in a cylindrical coordi-

Figure 2.22: Examples of Hermite-Gaussian modes having m and n
modes, respectively. Adapted from Ref. [95].

nate system, their propagating modes can be described by the Laguerre-
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Figure 2.23: Examples of the transverse intensity distribution of (a)
Ince-Gaussian beams in an elliptical coordinate system, (b) transverse
cross-sections of parabolic beams. Adapted from Ref. [93].

Gaussian analytical solution (see mode examples in Fig. 2.24) [91]:

E \/57“ Il 27”2
Elp(r,z,¢) = (w<2)> <'LU(Z)> eXp[—TQ/wQ(’I“)} LIL” <w2<r)>

X exp {— (—jerz/(Q(z2 + 212{)))}
x exp[—jlo +j(2p + |I| + 1) arctan(z/zg)], (2.57)

here [ is the azimuthal modulation number, p is the radial node, and L,
is the Laguerre polynomial. The azimuthal phase modulation gives the
beam a topological charge - a helical twist of the wavefront as the beam
propagates [96]. The topological charge here is expressed as the number
of closed turns of the wavefront by [ as the wave propagates a distance
of A (phase from 0 to 27), and such beams are also called vortex beams,
carrying orbital angular momentum (OAM) [97] (see Fig. 2.25). Orbital
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Figure 2.24: Examples of Laguerre-Gaussian modes with various [
and p mode numbers. Adapted from Ref. [95].

angular momentum is a widely studied property of beams, since this
momentum can be transferred by light to bodies, and has applications,
for example, in microscopic particle manipulation [98].

Figure 2.25: Phase front and intensity distribution examples of vortex
beams carrying OAM, when [ # 0. Adapted from Ref. [99].
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Super-Gaussian (flat-top) beams

Another beam profile that has attracted wide interest is the Super-
Gaussian beam (also known as flat-top or top hat in other similar
matches) [100-102]. The main characteristic of this beam is a flat inten-
sity distribution over a large area of the beam, which is very attractive
in laser micromachining [see examples in Fig. 2.26(a)-(c)]. Since the
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Figure 2.26: Intensity profile comparison of (a) Gaussian beam with
Top-hat (flat-top, Super-Gaussian) beam. Due to different transverse
distributions, the flat-top beam may improve overlapping (b) and reduce
HAZ in micromachining (c¢). On the other side, (d) the desired spatial
intensity distribution is limited due to diffraction, depending on the
Super-Gaussian order N. Adapted from Refs. [90,102].

material’s response during processing depends on the beam intensity at
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that point, a more uniform distribution ensures a more uniform heat dis-
tribution, especially where it is necessary to form flat-bottomed craters
or grooves or where selective surface ablation is required [90,103]. The
Super-Gaussian beam profile can generally be described by raising the
exponent from Eq. (2.50) to the power of N [102]:

(1'2 +y2)]N (258)

E(x,y) = Egexp [— o

The larger the order number N, the larger the flat area and steeper the
walls. As the order IV approaches infinity, the distribution cross-section
would approach a rectangular shape. However, it is only possible to
generate beams with perfectly steep walls and a flat top in a very lim-
ited propagation zone, since the spatial frequency components quickly
phase out, so such a beam is not a free-space propagating mode [see
Fig. 2.26(d)] [102,104].

2.3.2. Non-diffracting (invariant) beams

Another family of beams that satisfy the wave equation is that of
non-diffracting or propagation-invariant beams [105,106]. Analogously
to the case of TEM modes, different beams can be formed in different
symmetry coordinate systems: Bessel beams can be formed in cylindri-
cal coordinate systems [107], Mathieu beams in elliptical systems [108],
Weber beams in parabolic systems, and self-accelerating Airy beams
that vary with the z coordinate [109,110]. All of these beams have elon-
gated focal line and have the property of self-healing [111], since they can
recover from an obstacle and maintain their transverse intensity distri-
bution as they propagate [112], and are widely studied in optical imag-
ing [84,113], particle manipulation [114], laser micromachining [115,116],
optical communication [117].

Bessel beam

The Bessel beam is a solution to the wave equation in cylindrical
coordinates, whose electric field is described as [105,118]:

E(r,¢,z) = Egexp(jk.z)Jn(kyr) exp(£jne), (2.59)
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where, Fy is the amplitude, J,, is the n-th order Bessel function of the
first kind. The zero-order Bessel beam has an intensity maximum at
the center and zones of lower-intensity concentric circles around it (see

Fig. 2.27). An ideal Bessel beam has infinite energy and cannot be

) k c)

P
>
N

Figure 2.27: Modeled images of (a) Bessel beam intensity distribution
in the near field, (b) principal sketch of plane waves traveling on the
surface of a cone at angle 0, which result in (c) ring-shaped far field
distribution. Author’s image.

formed under real conditions, but a Bessel-Gauss beam can be formed
in the laboratory, which is in principle a Bessel beam transformed in
a limited space from an initial Gaussian beam [75]. If we superimpose
many plane wave vectors on the surface of a cone in the direction of
propagation, we would in principle obtain a Bessel beam, since it is
the result of the interference of such waves. Under real conditions, this
can be achieved by passing the wave through a ring-shaped aperture,
and due to diffraction, the wave passing through it will interfere and
create a Bessel distribution on the screen. Another, more effective way
is to use an axicon - a conical lens that can directly transform a Gaussian
beam into a Bessel-Gauss beam [106,119,120]. This transmissive optical
element changes the flat phase front of the incoming beam to a cone-
shaped with a tip angle of . = (n — 1)«, where n is the refractive index
of the material from which the axicon is made, « is a base angle. Behind
such an element, the wave propagates at an angle 5, called the Bessel
cone angle [87]:

tan f = |ZT‘ (2.60)

Based on this angle and the radius of the incoming Gaussian beam, it

is possible to estimate the length of the zone over which a Bessel-Gauss
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beam can be formed [87]:

R

— i (2.61)

Zmazx

The focal line length of a Bessel-Gauss beam behind an axicon may

be several centimeters, depending on the apex angle. This may require a
lot of energy to reach the required fluence levels in laser micromachining,
therefore usually a spatial compression setup, consisting of a pair of
convex lenses is used (see Fig. 2.28). In Eq. (2.59), the n-th order in

BSE L, L,

- ' ~

J’é_’
X F4

Figure 2.28: Principal optical scheme example of using 4f optical
system to spatially compress the Bessel-Gauss beam made with any
beam shaping element (BSE). The compression in longitudinal space is
according to (f1/f2)?, while in transverse space the compression depends
on the ratio f1/f2, where f; and fo are the focal lengths of the lenses
L1 and L2, respectively. Author’s image.
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part exp(xjn¢) also indicates that this beam can have OAM. When
n has a non-zero value, the Bessel beam is transformed into a ring-
shaped beam with helical phase front [121]. Additionally, it is possible
to perform superpositions of such beams and obtain new and interesting
intensity distribution beams [122,123] (see Fig. 2.29):

Emn(r;¢,2) = En(r,¢,2) + En(r, ¢, 2). (2.62)

A few examples of superposed Bessel beams are depicted in Fig. 2.29.
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Figure 2.29: Examples of coaxial superposition of different higher-
order Bessel beams, where m and n represent order number. Author’s
image.

Airy beam

Another member of the non-diffracting beam family that has at-
tracted a lot of attention is the so-called Airy beam. This beam is
special in that its central intensity maximum bends parabolically as the
beam propagates, and the general expression for the field of such a beam
is [87,110]:

T 22 jxrz jz3
Er)=Ail— - —— - - —— 2.
(r) = Al <m0 k228 | P\ 2k T 12k348 (263)

where Ai is the so-called Airy function, depicted in Fig. 2.30. Beams

with this bending property are also called self-accelerating beams. This
property is widely applied, from laser micromachining forming curved
sidewall cuts [124,125], to optical imaging or trapping [126].

63



Xz (side) xy (top)

Propagation distance (pm)

20 0 20 0 10
Transverse Distance (pm)

Figure 2.30: Intensity distribution of an Airy beam in longitudinal
and transverse coordinates. Adapted from Ref. [124].

2.3.3. Structured vector beams

In the context of beams and their possible variants, scalar cases have
been considered, but there are also beams whose distributions contain
more than one polarization state or whose polarization states are differ-
ent in different parts of the xyz space [127]. Such beams can be used
in more complex optical communication [128], since they have an addi-
tional degree of freedom of varying polarization, and can also be used in
laser micromachining, where the polarization state is different in mul-
tiple areas of the beam and the induced defect may give advantages in
the process over a simple single-polarization state beam [129].

Cylindrical vector beams

In addition to the earlier discussed standard polarization states (lin-
ear, elliptical, or circular), the laser beam can be rearranged so that
the SOPs would be different at each point in the field. One of the first
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methods to do this was to use phase plates cut at the desired angle
and assembled into a single optical element - the so-called g-plate [130].
Such an element with differently oriented optical axes will rotate the
beam polarization (for example, linear) at different angles. From this,
azimuthally or radially polarized beams can be obtained (see Fig. 2.31).
In the case of azimuthal polarization, the polarization state of the beam
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Figure 2.31: (a) Q-plates, where ¢ describes axis winding order, and
(b) obtained vector beams of first, second, and third orders. Adapted
from Refs. [95,131]
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changes in azimuth relative to the center and forms a picture similar
to linearly arranged states in concentric circles. In the case of radial
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polarization, on the other hand, the polarization vectors at different
points of the beam are directed radially from the center to the outside
or vice versa [132]. These states have found application in confocal mi-
croscopy [133] and laser micromachining [134], since the light focused
at a large angle additionally acquires the influence of the z polarization
component and changes the final beam intensity.

Complex polarization field beams

Polarized beams can be transformed not only into states with a regu-
lar arrangement but also with a more complex and intricate patterns. If
the beam contains all types of polarization states, it is generally called
a Poincaré beam, since when all the beam states are plotted on the
already examined Poincaré sphere, the entire surface of the sphere is
covered [135,136] [see Fig. 2.32(a)]. The map of polarization states
can be very diverse, some beams can have so-called polarization singu-
larities [137,138]. The polarization singularities are vector extension of
scalar optical vortices and are similar to the phase singularities of optical
vortices, as they have undefined state in the center (C-point) [139], they
similarly have various topologies and charges [140,141], which are clas-
sified into different types ("lemon", "star", "monstar’, etc.), each having
its own specifics [see Fig. 2.32(b)] [13,142-147].

2.3.4. Tools for amplitude, phase and polarization control

Laser beam shaping is an integral part of micromachining, as the
initial beam can be transformed to improve processing. There are many
different methods for beam shaping: these can be amplitude [148,149],
phase [150], or polarization control [151]. The simplest way to change
the beam structure is to place an obstacle in the propagation space.
In this way, it is possible to filter out unnecessary parts of the beam
and thus modulate the amplitude [68]. However, this primitive method
has the drawback of energy loss and low overall throughput, which may
not be sufficient to create defects in the material. Therefore, more pre-
cise and efficient beam shaping methods use phase and/or polarization

manipulation.
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Figure 2.32: Representation of (a) a vector beam having multiple
polarization states across transverse space (left) imaged on Poincare
sphere (right), (b) schematic representation of beams with polarization
singularities: C-point (center of the singularity) in blue circle and black
polarization ellipses, where left image shows "star" shaped singularity
with —1/2 topological index, and the right image with "lemon" shaped
+1/2 topological index singularity. Adapted from Refs. [13,136].

Diffractive optical elements

One of the first methods to transform a Gaussian beam into a beam
with a different intensity distribution by manipulating the phase was to
create diffractive optical elements [152-154]. Their operating principle
is based on a difference in optical paths, as a result of which the trans-
mitted light beam experienced a different phase delay and formed a new
distribution behind the element [155]:

Ap = nd, (2.64)

where n is refractive index and d thickness of the material. The operating
principle of diffractive elements can be understood from the example of
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a Fresnel lens (Fig. 2.33). Here, as the light propagates through a glass
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Figure 2.33: Design of a diffractive Fresnel lens with surface ra-
dius curvature R based on the principle of equal optical path difference.
Adapted from Ref. [156].

of uneven thickness d, it refracts differently at different points of the
element and a phase difference A¢ between the waves is created, and
behind the element the light focuses, and thus we have an analog of a
simple refractive lens. This method was later greatly improved, and it
became possible to produce not only standard form diffractive elements
but also unique, complex shape profiles that can generate the desired
intensity distribution behind the element [154].

Spatial light modulator

Light beams can also be shaped using active elements, one of the
most widely used examples being an optical light modulator. Its light
control is based on the rotation of liquid crystals with respect to the
incident light. Liquid crystals have birefringent properties and, upon
application of an electric field, can change their angle, thereby changing
the phase of the reflected light [157-160]. In this way, a matrix of liquid
elements can be encoded so that individual pixels have a unique phase
and, as a whole array, give the same effect as an optical element.

Spatial light modulators (SLMs) are a type of optical device that can
control the amplitude, phase, or polarization of light in a spatially vary-
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ing manner. They are widely used in a variety of applications, including
laser beam shaping [150], optical microscopy [161], and holography [162].

There are two main types of SLMs: reflective and transmissive. Re-
flective SLMs use a mirror surface to reflect the incident light. The
liquid crystal material is deposited on top of the mirror, and the electric
field applied to the liquid crystal can change the angle of reflection of
the light. This allows the SLM to modulate the phase of the reflected
light (see example in Fig. 2.34).

Transmissive SLMs use a glass or plastic substrate to transmit the
incident light. The liquid crystal material is deposited between the sub-
strate and a transparent electrode. The electric field applied to the
liquid crystal can change the refractive index of the liquid crystal, which
in turn changes the phase of the transmitted light.

a) —_— — b)
1 Wave front
Incident Reflected
light light
Cover glass surface Transparent
== electrode
©: % f7 S %—\Liquid crystals |
|_— Electrodes Y
Silicon base

Figure 2.34: (a) Principal sketch of reflective spatial light modulator.
The incident light is reflected with a modified phase front due to rotated
birefringent liquid crystals. Author’s image. (b) A representative image
of a reflective spatial light modulator with an active pixel matrix.

Subwavelength metamaterials

Another interesting principle of beam shaping is the use of subwave-
length structures to manipulate waves. Subwavelength metamaterials
are a type of artificial material that is engineered to have properties
that are not found in natural materials. These properties are achieved
by creating structures that are smaller than the wavelength of light. The
size of these structures allows them to interact with light in a way that
is not possible for natural materials [163-165]. These structures of var-
ious shapes can change the properties of the passing wave due to their
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asymmetry [166,167].

Metamaterials can be used to manipulate the propagation of light
in a variety of ways. They can be used to control the phase, amplitude,
and polarization of light [168]. They can also be used to create new
types of optical phenomena, such as negative refraction and invisibility
cloaking [169]. An example of a metamaterial-based optical element
designed for laser beam shaping is depicted in Fig. 2.35.
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Figure 2.35: (a)-(e) Subwavelength size asymmetric structures made
of TiO2 nanofins on a glass substrate. (f) Simulated transmission spectra
of designed metalens (g), scale bar is 40 pm. SEM images of the fabri-
cated element, with a scale bar of 300 nm (h). Adapted from Ref. [167].

Geometric (PBP) phase optical elements

Light control can also be achieved using the previously discussed geo-
metric (Pancharatnam-Berry) phase effect [170]. Birefringent nanograt-
ings inscribed into a fused silica substrate at the desired angle in differ-
ent positions can change the phase and, consequently, the polarization
of the passing wave. Nanogratings are inscribed by direct laser writ-
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ing and thus new optical elements can be fabricated: lenses, gratings,
custom shaping elements, etc. [44,132,171]. The phase control through
grating angles is described as [155]:

™

Ag 3

(ne + ny)d + 26, (2.65)
where 6 is the grating rotation angle, n. and n, are the refractive in-
dices for extraordinary and ordinary waves. The main principle of direct
laser writing and examples of such elements are depicted in Fig. 2.36.
These elements are unique in that the structures are inscribed only in

E
g

30nm

Figure 2.36: Principal illustration depicting manufacturing of geo-
metric phase elements: type II or type X nanogratings are inscribed in
the bulk of fused silica. Simultaneous control of focus in zyz space and
orientation of the nanogratings by rotating linear polarization angle is
demonstrated. Adapted from Ref. [172].

the glass volume, without changing the surface, and therefore have a
very high optical breakdown threshold reaching 2.2 J/cm? at 1030 nm
wavelength (212 fs regime) or 63.4 J/cm? at 1064 nm wavelength (10 ns
regime) [173]. These values are very close to the material optical dam-
age threshold from which they were made (in this case fused silica), thus
exceeding the damage threshold of an SLM by several orders. Another
advantage is a high transmission for visible and NIR spectrum, as the
inscribed nanogratings under type X regime scatter light minimally and
efficiently transform radiation [44,174]. In this thesis, the geometric
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phase elements will be used as the main beam-shaping optical elements

for applications in ultrashort laser micromachining.
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3. METHODOLOGY

The results of this dissertation are based on numerical modeling and
experimental work with laser systems. Initially, in the early stages of the
work, numerical modeling was employed to design and simulate beam
propagation in free space utilizing (geometric) phase optical elements
by using propagation models presented in the literature review section.
The results were analyzed, with most of the attention focused on how
the intensity, phase, or polarization states of an ideal Gaussian beam
are transformed. Then, various numerical simulation cases were tested
using the SLM to ensure that the results of numerical simulations were
replicable in the laser systems. Based on the selected numerical model-
ing and SLM-tested results, experimental work was conducted, during
which geometric phase elements were fabricated and tested in powerful
ultrashort pulse laser systems. The laser-matter interaction of the newly
formed and unique ultrashort laser beams was investigated. The samples
were inspected using measurement equipment. The presented numerical
modeling algorithms and laser ablation of materials experiments using
an ultrashort pulse laser system were also employed to develop the beam
shaping elements for THz radiation.

3.1. Numerical modeling of GPEs and THz elements

Numerical beam propagation modeling was conducted using "Mat-
lab" (Mathworks, Inc.) programming environment. A diffraction model-
ing package based on Fresnel and Rayleigh-Sommerfeld diffraction inte-
grals was developed, refined, and commonly used in the laboratory. This
numerical tool enabled us to simulate even complex phase, polarization
distribution beams. The simulation results presented in the fourth and
fifth chapters of the dissertation and the analysis of quantized phase
masks discussed in the sixth chapter were done using this tool.

Numerical modeling of geometric phase elements

The principal diagram of numerical modeling steps is visualized in
Fig. 3.1. An initial mesh grid of 512 x 512 pixels was created with
a pixel size of 6 pm. Then, a Gaussian amplitude distribution beam
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Figure 3.1: Principal diagram of numerical GPE modeling shown in
steps: allocate mesh grid of N x M size; define Gaussian amplitude
distribution beam with electric field components E, and Ey; apply the
(geometric) phase mask on both E, and E, components; the last step
was either the application of diffraction propagator to observe the change
in the electric field distribution after propagation of certain z; distance,
or the phase mask is converted to a map of nanogratings angles, and
retardance used for manufacturing the element.

with electric field components E, and FE, was created. The central
wavelength of the ultrashort pulse laser was A = 1030 nm; therefore,
we also used this wavelength for numerical simulations. The z and
y components are required to apply the change of polarization state
due to the spatial distribution of birefringent material using the Jones
matrix formalism [taken from Egs. (2.29) to (2.32)]. This also allows
the analysis of the beam polarization state spatial distribution. In the
next step, an optical element was defined and applied to the incoming
beam. This step changes the beam properties such as amplitude, phase
or polarization state. For all the presented cases, the retardance was
selected as A/2, mimicking a half-wave plate with a spatially varying
orientation angle. Then, by applying a diffraction propagator with the
use of a Fresnel or Rayleigh-Sommerfeld diffraction integrals, the spatial
distribution of electric field F, and FE, components are retrieved at a
defined position z; on z axis. The calculation of F, was omitted because

a low numerical aperture focusing was used in the experiments.

The geometric phase element was converted to a map of linear po-
larization angles to be used in the nanograting inscription process with
a relation: A

Dwriting = T(b - g (3.1)
This relation arises because the nanogratings’ inscription angle follows
the rotation angle of the linear polarization. Since the direction of the
nanogratings is perpendicular to the linear polarization vector, it follows
the relationship ¥yriting = 0/2 — m/2, where 6 represents the geometric
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phase. Moreover, the geometric phase depends on the relationship 6 =
A¢/2 [from Eq. (2.65)].

Numerical modeling of silicon-based THz elements

A similar numerical modeling procedure was used for generating
phase masks of THz elements from silicon. A principal diagram is de-
picted in Fig. 3.2. A mesh grid of 1000 x 1000 pixels was created with

Diffraction . q
W Diffraction results at z,

_ﬂ Element fabrication

Figure 3.2: Principal diagram of numerical THz element modeling,
shown in steps: allocate mesh grid of N x M size; define Gaussian am-
plitude distribution beam of single polarization component, apply the
quantized phase profile, and apply the diffraction propagator to retrieve
the resulting field at the defined distances z;. The phase profile can be
recalculated to an ablation depth distribution used for element fabrica-
tion.

Meshgrid of N Gaussian Quantized
N x M pixels beam » phase profile

a pixel size of 30 pm. The incoming beam was a scalar ideal Gaussian
beam with a central wavelength of 0.5 mm, corresponding to 0.6 THz.
The defined continuous profile phase mask ®(r) was converted to a mul-
tilevel mask by quantizing to N step-like profile:

B(r) = %ﬂ {Nwz(:’y) - N V(Qxﬂy)H (3.2)

where ¥(x,y) is a continuous phase profile of the designed element and
the brackets | | represent a rounding operation, with N being the integer
number of levels in the phase mask. The resulting phase profile ®(r) can
be height encoded using the relation A®(r) = 2mw(n — 1)h(r), where h(r)
are local near-wavelength variations in surface height, n is the refractive
index of the material. With the applied diffraction propagator, we have
retrieved the beam intensity distribution at the desired plane on the z
axis. Lastly, the map of a quantized phase profile was used to encode a
fabrication algorithm for silicon ablation.
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3.2. Experimental setups of laser systems

The experimental work was conducted using three different laser se-
tups utilizing three different laser sources. The main parameters of each
laser are described in Table 3.1. The low-power CW diode-pumped

Model, manufacturer MGL-ITI-532, Pharos SP, Carbide,
CNILaser Light Conversion  Light Conversion
Active medium Nd:YAG Yb:KGW Yb:KGW
FEmission type continuous wave pulsed pulsed
Wavelength A, nm 532 1028 1030
Mulse duration FWHM 7, ps - 0.158 — 15 0.358 — 10
Max. average power P, W 0.1 6 4
Repetition rate f, kHz - 4-200 60-1000
Max. pulse energy E,, j1.J - 30 — 1500 4 - 50
Beam quality factor, M? <14 < 1.3 <1.2

Table 3.1: Main parameters of the laser sources used in experimental
setups.

solid-state "MGL-III-532" laser was used to illuminate the spatial light
modulator, which served as a dynamic tool for quick experimental veri-
fication of numerical modeling results. The SLM could not be used for
high-power ultrashort laser irradiance because of its low optical dam-
age threshold. The other two ultrashort pulse lasers, "Pharos SP" and
"Carbide," were used to perform laser micromachining tests with beams
produced with the help of GPE’s, and were also used to manufacture

THz elements.

Optical setup with spatial light modulator

The principal optical setup used in the fourth chapter employing
SLM and low-power continuous wave laser is depicted in Fig. 3.3. The
optical setup with SLM consists of a low-power CW laser producing a
linearly polarized Gaussian beam of 3 mm width, which was used to
illuminate a phase-only reflective spatial light modulator "PLUTOVIS-
A" (HOLOEYE Photonics AG) having 1920x1080 px resolution. The
beam is reflected off the SLM with a transformed phase front, and it is
spatially compressed with an optical 4f system, consisting of a pair of
lenses with focal lengths f; = 300 mm and fo = 100 mm. The compres-
sion ratio in transversal and longitudinal coordinates are fi/fo = 3 and
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Figure 3.3: Principal optical scheme employing a low-power CW laser
and spatial light modulator used as a beam shaping tool. Low power
continuous wave laser of 532 nm wavelength is used as the source, BP
- Brewster polarizer, M - mirrors, L1, L2 and L3 — plano-convex lenses
of 300 mm, 100 mm and 200 mm focal lengths, respectively, 10X - 10
times magnifying microscope objective, CCD - imaging camera.

(f1/f2)? = 9, respectively. The reflected beam is then imaged onto a
CCD camera ("WinCamD-LCM", DataRay, Inc.) with a pair of two ele-
ments: a f3 = 200 mm lens and a 10X magnifying microscope objective,
working as another, magnifying 4f system. The imaging system con-
sisting of these components was placed on a motorized linear translation
stage ("7T175-150", Standa) to capture the three-dimensional structure
of the diffracted field by scanning along the z axis.

Ultra short pulse laser systems

Experimental GPE testing and THz element fabrication were con-
ducted using laser systems, shown in Figure 3.4. The laser system from
Fig. 3.4(a) was used to obtain experimental results presented in fourth
(Bessel-type beam generation) and sixth (THz element manufacturing)
chapters. The system consisted of: laser source "Pharos SP"; four linear
translation stages: xy 50x50 mm travel stage "ANT90-XY" (Aerotech
Inc.), 50 mm travel z stage "ANT90-L-Z" (Aerotech Inc.) and 300 mm
travel additional x axis "PRO165-LM" (Aerotech Inc.); galvanometer
scanner "IntelliScan 14" (ScanLab) paired with f = 100 mm focal length
telecentric F-theta lens; fume extractor and air blower for dust removal;
sample holder connected to a vacuum pump ensured that the samples
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Figure 3.4: Photographs of USP laser systems: (a) setup used for
Bessel-type beam experiments (fourth section) and THz element fab-
rications (sixth section); (b) setup used to obtain results in the fifth
section. Note that the photography in (a) was made after changing the
laser source.

would remain in place.

The principal optical scheme used for Bessel-type beam experiments
is depicted in Fig. 3.5. The laser source was used to produce a lin-
early polarized Gaussian beam of 9 mm width (at the intensity level

2 spatially compressed to 3.5 mm width using a mechanical

of exp~
variable beam expander from Altechna). The power of the laser was
controlled with a A\/2 half-wave plate and a Brewster polarizer. The \/4
quarter-wave plate converted the incoming linear polarization to circu-
lar, which illuminated GPE afterward. A pair of lenses (f; = 150 mm
and fo = 8 mm) was used to construct a 4f imaging system, which
compresses the beam 18.75 times to increase the maximal fluence for
micromachining of transparent materials. The beam was imaged onto
an imaging camera "UI-5240CP" (IDS) by a single-lens imaging system
utilizing a 40X magnifying microscope lens. The micromachining of
transparent samples was performed in the same setup after the spatial
intensity distribution analysis of the beam was finished and the imaging
system was removed.

For the manufacturing of THz elements, the same laser system was
used, but for this case, the additional z axis was used to move the
sample holder under the working area of the galvanometer scanner. The
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Figure 3.5: Optical scheme used for Bessel-type beam experiments
consisting of an ultrashort pulse laser "Pharos SP" with central wave-
length at 1028 nm, a pair of A\/2 waveplate and BP - Brewster polarizer
was used as an attenuator for power control, \/4 used for circular po-
larization conversion, M - dielectric mirrors, GPOE - geometric phase
element, L1 and L2 - plano-convex lenses of 150 mm and 8 mm focal
lengths, S - transparent glass sample, 40X - 40 times magnifying micro-
scope objective.

optical setup depicted in Fig. 3.6 was used for rapid ablation. The
most important part of this optical branch is the galvanometer scanner,
which has a pair of lightweight mirrors. With the ability to rotate them,
the laser beam can be scanned at high speed in x and y directions,
reaching several meters per second. It can greatly reduce fabrication
time compared to moving stages having larger inertia. In a pair with
a telecentric F-theta lens of f = 100 mm focal length, the laser beam
can be focused into a spot of approximately 19 pm in diameter, over
54 x 54 mm working field size.

The laser system shown in Fig. 3.4(b) was used to obtain experi-
mental results presented in the fifth chapter. The system consists of lin-
ear zy stages having 200x200 mm travel "V-731" (Physik Instrumente)
paired with 5 mm travel z stage "ANT130V" (Aerotech Inc.) and a
sample holder on top, connected to a vacuum pump. Figure 3.7 depicts
the principal optical setup used for this study. Two beam propagation
paths are presented. The first path is for micro-machining of the sam-
ples, and the second one, behind flippable mirror M2, is for the imaging
of the beam. The laser power was attenuated by a rotatable half-wave
plate and a pair of Brewster polarizers. A quarter-wave plate was used
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Figure 3.6: Principal optical scheme of laser ablation system: USP
"Pharos SP" laser emitting 9 mm width Gaussian beam [at exp(—2)
level], a pair of A/2 waveplate and BP - Brewster polarizer was used
as an attenuator for power control, A/4 used for circular polarization
conversion, M1-M2 are dielectric mirrors, the galvanometer scanner was
"IntelliScan 14" (ScanLab), F-theta lens was with f = 100 mm focal
length. The substrate was put on an additional perforated glass plate
to protect the sample holder from laser light as the substrate would be
ablated through.

to convert a linear polarization beam to circular polarization. The lens
L1 was used to focus a laser beam for material processing. The focal
length of L1 was f = 8 mm or f = 50 mm, depending on the material
to be processed. A Glan polarizer and a rotatable quarter-wave plate
were used for the Stokes parameter measurements in the beam imag-
ing optical branch, following the technique described in [175]. Another
f =8 mm focal length lens L2 was used in combination with the micro-
scope objective that has a magnification 50x to obtain the magnification
of the focal point of the beam and the imaging on the CMOS camera
"UI-5240CP" (IDS). This optical path was crucial for the adjustment of
the laser beam size to obtain the desired beam intensity distribution at
the focus.

Another important system part was a fixed magnifying telescope
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Figure 3.7: Principal optical setup used in fifth section: "Carbide"
laser source, A\/2 - half-wave plate, BP - Brewster polarizer, A/4 - quar-
ter wave plate, T'L1 - a plano-concave lens of f = —50 mm, GPE —
Geometric phase element, T'L2 - a plano-convex lens of f = 100 mm,
L1 is focusing lens of f = 8 mm or f = 50 mm focal length, 50x -
magnifying microscope objective in pair with L4 lens (f = 200 mm) and
CMOS camera is used for beam intensity measurements, M1 — M3 are
dielectric mirrors.
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constructed out of TL1 (f = —50 mm) and TL2 (f = 100 mm) lenses.
A GPE was put inside the telescope and could be slid along the optical
axis as needed for the application. This solution provided easier control
of the ratio between the input beam and the aperture of the element,
as it will be covered in the fifth section. The slight divergence angle in
the constructed telescope can be neglected (angle of incidence less than
0.2°).

In all the presented laser systems, a system control application,
"SCA" (Workshop of Photonics), was used. This software combines the
work of the laser and translation, rotation stages, as well as other mo-
torized optical components, and lets to program complex fabrication
algorithms.

3.3. Manufacturing of geometric phase elements

The geometric phase elements investigated in this study were fab-
ricated using a commercial laser system developed by "Workshop of
Photonics" (WOP). The fabrication technology was developed by Prof.

81



P. Kazansky’s team at the University of Southampton in collaboration
with WOP and is patented [176]. The production system is based on
an ultrashort-pulse laser source and a 5-axis positioning system. Three
axes correspond to linear motion in the xyz coordinates, while two addi-
tional rotational axes are responsible for polarization rotation, enabling
the alignment of the nanogratings orientation and the control of laser
power to achieve the desired retardance value. By increasing the number
of recorded layers, the retardance can be adjusted from a few nanome-
ters up to at least 2000 nm. The standard substrate used is fused silica
glass with a diameter of 1 inch or smaller. An example of a fabricated

element and the production system is shown in Fig. 3.8.

| &

Figure 3.8: A photograph of a standard manufactured geometric phase
element (on the left) and commercial laser manufacturing system pro-
duced by Workshop of Photonics (on the right).

3.4. Equipment for sample inspection

The experimentally obtained samples were inspected by using the

following laboratory equipment:

e Optical microscope Olympus BX51 paired with MPlanFL objec-
tives from 5X to 50X magnification (NA ranging from 0.15 to 0.75).

e Optical microscope Nikon Eclipse LVIOOND paired with Plan
82



Fluor objectives from 5X to 50X magnification (NA ranging from
0.15 to 0.8).

Birefringence microscope "Exicor Microlmager" (Hinds Instru-

ments).
Optical confocal profiler "S neox" (Sensorfar).

Scanning electron microscope "Axia ChemiSEM" (Thermo Fisher
Scientific Inc).

Power meter for element transmission measurements "NOVA II"

(Ophir).
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4. TRANSFORMATIONS OF BESSEL-TYPE BEAMS
IN AIM FOR TRANSPARENT MATERIAL MICRO
PROCESSING

The Bessel-type beams and their variations are attractive choices in
applications where high aspect ratio modifications in transparent ma-
terials are needed [177-179]. The elongated and narrow central part of
the zeroth-order Bessel-Gauss beam perfectly fits for high width/depth
ratio material modification creation in various transparent materials
[116,180-182]. These invariant beams have found many suitable appli-
cations in transparent material processing, such as Bragg grating writ-
ing [183], generation of microchannels [75] or microcracks formation [184]
that can enhance glass cutting processes [55].

Yet the simplest method to experimentally produce a Bessel-Gauss
beam is with the use of an axicon [120], a conical lens that has a sharp tip
at the center [119]. However, to generate high-quality, modulation-free
Bessel beam a precisely manufactured axicon is required, otherwise, any
irregularities, especially in the tip sharpness, may critically worsen the
properties of the beam. For instance, the round tip of the element will
produce axial intensity modulation and central core distortions [185] that
may become so severe that the produced material modification will not
be homogeneous. If beam axial intensity modulation has high contrast,
it may even produce separated damages along the propagation axis.
Therefore, there is a need to have a beam shaping alternative which could
not only shaped distortion-free beams, but also could suffer high laser
power. For this reason, the employment of geometric phase elements
can serve as a great Bessel beam shaping technique, in utilization for

glass cutting.

4.1. Concept of spatial dislocations in axicon phase mask

The material related to this thesis chapter was published in papers
[A1], [A6] and [A7].

In this first part of the research, the axicon is customized and pro-
duced as a geometric phase element, mimicking the phase mask of the
concentric grating map. The ability to control nanograting orientation,
therefore the phase, enables to manufacture custom axicons, for exam-
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ple, having distorted phase patterns. This opens up the possibility to
create unique beams using a single element instead of combining a few

conventional ones.

Analytical solution of beams generated by superposition of
spatially displaced halves

One of the approaches to find new fanciful invariant beams is via
the spatial displacement of the axicon halves. The phase profile with
which the axicon alters the incoming beam is expressed by a transmission
function [120, 186]:

T(r) = exp (—2i7rr> , (4.1)

To

where r = /22 + y2, 7o = 2n/ (ksin,) is the distance at which phase
jumps from 0 to 27, it also defines the cone angle of the phase front.

By using phase masks of the axicon that are split into two halves to
experimentally recreate unique non-diffracting intensity patterns that
resemble the analytically obtained solutions of spatially displaced and
superposed Bessel beams. Hence, the original transmission function is
split into two equal parts at the center of the axicon mask, ending with
one having only negative and another only positive x values. The intro-
duced spatial shift by p of both sides in opposite directions in respect to

the x axis results in the transmission function in the form:

i 2
exp \/xQ—l—(y—i-%p?“o) , <0
70

— 2 2
exp \/$2+< —%pT‘()) , >0
To

(4.2)

here x,y are coordinates of the mask, p is the parameter of the dis-
placement between two halves of the initial phase mask. This number
is measured in fractions of the circular grating period 9. Examples of
spatial phase profiles with three different p parameters (0, 0.5, and 1)
are shown in Fig. 4.1.

To analytically investigate the field structure, consider finding so-
lutions using Fresnel integral expression in cylindrical coordinates and
the transmission of n-th order Bessel beam [5]. In this case, it takes
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Figure 4.1: Examples of the resulting phase mask of a diffractive opti-
cal element, where p is a displacement parameter, expressed in fractions
of circular grating period r¢ (distance between 0 and 27 values). The
subplots on top represent the same cross-section of the phase distribu-
tion at the tip of the resulting DOE.

form [150]:
mexp [ik (2 + p?/2z
B(p,g,2) =21 R+ 7/2) (43)
x _z: an(—1)" exp(ing)

D
X /0 P'T(p")Jn (kpp'/2) exp (ikp’Q/ QZ) dy’,

where a,, is:
1 2 / . / /
"= /0 A (¢') exp (—ing’) d¢'. (4.4)

Considering two parts of the transmission separately and using non-

a

displaced cylindrical coordinates of their centers, the following expres-
sions a,, for the left (x < 0) and right (z > 0) phase masks are derived:

9 sin (25

an, =w, x>0, (4.5)
2 (—1)" sin (2

an:( );m(z), <0

Now, the diffraction from two parts of the mask can be calculated, how-
ever, the expressions are valid only in the shifted coordinates. To express
fields in the coordinates (r, ) of the center of the resulting mask, the
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so-called addition theorem for the Bessel functions is used [12]:

Jn (Ap) exp (ing) = Z Im ()\pro) Intm(Ar) (4.6)

m=—0Q0

X exp [iny + im (¢ — ¢o)] .

Here, the angle ¢9 = £7/2 for the right (4) and left (—) sides corre-
spondingly, and A = kp'/z, see Eq. (4.3). Using Eq. (4.6) and rewriting
Eq. (4.3) with Egs. (4.5) as

> 4sin ("7)

E(r,p,z) x Z

m,n=—00

xexplitn-+migl [ AT

k / k /2
X Jptm ( Zp ) exp <Z2pz ) dy’,

where p is an integer number and ¢ is the Kronecker’s function. The

n 5m+n,2u (_i)m+n (4'7)

proportionality is used to simplify the equation and lose the constant
term in the equation. Estimation of the leading part of the integral
using the stationary phase method is done. The stationary point of the
integral is at p’ = 27z/(kro) [150]. So, approximately, Eq. (4.7) can be

rewritten as

8 2272
E(r,p,z) x fexp <z;:é> (4.8)
> 4(=1)¥
X Z {277571,0 + ()5n,2u+1:|
Hyn=—00

. 27r .
X (—0)* Jop—n (7p) Jou (m) exp (2iuep) ,

where a relation sin (n7/2) = (—1)"d,.2,+1 (n # 0) with v being also an
integer number, was used. Finally, rewriting Eq. (4.8) as

8z 2272
E(r,¢,2z) o< 1/ - OXP <1k2> (4.9)

2rr .
X Z P)Jou (To> exp (2ipyp),

p=—00
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where coefficients A, (p) are

Aulp) = i [27T5n,0 + A=

n=—oo

5n,2u+1 JQ/an (ﬂ'p) . (4.10)

Firstly to note, the presence of only even order non-diffracting Bessel
vortices in Eq. (4.9), so the beam profile has inversion symmetry and the
values at azimuths ¢ and ¢ + 7 coincide. Second, from Eq. (4.10) comes
A_, # A, and the expansion coefficients demonstrate an oscillatory
behavior as p changes. Analysis reveals that in general, the diffracted
field is always a superposition of many even-order Bessel non-diffracting
beams. The amplitude of the zeroth-order Bessel beam is Ay = 27 .Jy(7p)
and this term is always present in the expansion, except the cases when
Ap = 0. In the region of interest (p € [0,2]) this happens for p ~ 0.765
and p =~ 1.755 etc. As a result, no electric field is present in the center
of the diffracted field in those two cases. For the first zero p ~ 0.765,
the situation is similar to a coherent addition of two Bessel vortices with
topological charges —2 and 2 (as depicted in example in Fig. 2.29).

4.1.1. Numerical modeling and experimental results
Numerical modeling and comparison of the results

The presented analytical solution is only valid for plane wave illu-
mination, i.e., beams with infinite energy, the apodization effects of the
initial beam are not accounted for. By introducing the initial Gaussian
beam intensity distribution, the numerical modeling is executed, com-
paring the results with the experiment. The spatial displacement pa-
rameter p was changed in steps of one quarter up to p = 2, and profiles
of transverse intensities were evaluated over the full length of the Bessel
zone. The parameter ry, which describes an effective Bessel angle, was
ro = 80 pm. This is equivalent to a half-angle 8. = 0.74° of the Bessel
beam cone. Results of numerical simulations are presented in Fig. 4.2.
For the comparison, the experimental data, which was obtained with
the SLM, is depicted in Fig. 4.2, too. Transverse intensity distributions
of resulting patterned non-diffracting beams were measured in the mid-
dle of the Bessel zone. Additionally, the far-field intensity distributions
of all beams together with the used phase masks are also presented in
Fig. 4.2.
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Figure 4.2: Intensity patterns of non-diffracting beams as a function
of the spatial displacement between two halves of axicon masks. The
displacement p is given in steps of the quarter period. The phase pe-
riod rg = 80 pm is selected so, that the Bessel beam cone half-angle is
0. = 0.74°. The bottom row depicts the intensity distribution of experi-
mentally generated by using a spatial light modulator.

As expected, the results of numerical simulations are in line with
the analytical predictions. When no displacement (p = 0) is present,
one observes a generation of a zeroth-order Bessel-Gauss beam of high
quality, i.e. the transverse intensity profile consists of a central peak
surrounded by concentric rings. The far-field structure is expectantly a
ring-like intensity distribution. An introduction of the relatively small
spatial shift p = 0.25 results only in a small transverse intensity modu-
lation that is mostly visible on the outer ring. The central peak obtains
slight ellipticity, i.e., elongates in the direction of the spatial shift. Mod-
ulation of the spatial spectrum is observed - the ring is separated visibly
into two halves, with an intensity nearly zero on the k, axis at k; ~ 0.

The displacement between half-masks of a half period causes more
radical distortions in the beam transverse intensity pattern to appear -
the intensity of the central core is not highest in the profile anymore. The
analytical analysis shows that the natural cause for that is the decreasing
amplitude of the zeroth-order Bessel beam in the superposition Eq. (4.9),
whilst amplitudes of higher-order Bessel beams increase, see Eq. (4.10).
The central peak is surrounded by rings that have a strong intensity
modulation and the first ring intensity peaks are higher than the central
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spike, see Fig. 4.2. The region of near-zero intensity at the intersection
of negative and positive = half-planes is clearly visible.

As predicted in the analytical analysis section, the displacement of
p = 0.75 causes the zeroth-order Bessel beam to disappear, therefore an
intensity minimum is at the center of the beam appears and a phase sin-
gularity with the topological charge of m = 2 is present, see Ref. [122].
Four interconnected intensity peaks forming a ring are observed. If the
displacement becomes equal to the full period (p = 1) - the pattern
of the resulting non-diffracting beam is transformed into a double-peak
structure and the two central minima are formed. An analytical inves-
tigation reveals that two adjacent vortices of opposite signs form this
structure, while the total topological charge is zero.

When the value of p is further increased, two separate peaks appear
in the transverse profile. This happens for p = 1.25, see Fig. 4.2. Mov-
ing on to the displacement p = 1.5, the analytical formulas predict an
appearance of Bessel vortices with topological charges —4 and 4, and
as it is near to the second zero of the amplitude Ag the previously ob-
served morphology of the resulting intensity distribution is replicated
with higher variability in the azimuthal modulation. Once again, the
central peak is very weak.

Analogically to the previously discussed cases with displacements
p = 1 and p = 1.25, two distinct intensity extremes for p = 2 are
observed, see Fig. 4.2. In this case, the distance between them is big-
ger and two pairs of single-charged vortices with opposite signs are ob-
served. Because of that, the elliptically shaped profile of the resulting
non-diffracting beam is now more expressed. A careful analysis reveals
that due to the periodicity in A, (p) coefficients in Eq. (4.10) such double-
peaked structures in the transverse profile are observed when the dis-
placement p is nearly integer. Increasing the displacement p parameter
even further, the extremes are even more separated and new pairs of
single-charged vortices with opposite signs do appear. Thus, a control-
lable double-peaked Bessel-type beam can be created.

Beams shaped using manufactured GPEs

The most promising for specific laser micromachining applications
cases are those with displacement values of p = 0,0.25,1 and 1.25.
Therefore, the GPEs were designed to mimic the phase masks of DOE
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with the mentioned displacements. The experimentally measured dis-
tributions for the slow axis of actual manufactured GP elements are
depicted in Fig. 4.3. Important note, that the geometrical phase ele-
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Figure 4.3: Images of slow axis distributions in fabricated GPEs for dif-
ferent spatial displacements p for a whole element (top row) and zoomed
in centers of elements (bottom row), when (a) p = 0, (b) p = 0.25, (¢)
p =1, (d) p=1.25. Images were obtained using a birefringence micro-
scope.

ment designed with displacement p = 1.25 [see Fig. 4.3(d)] is fabricated
with the central part of the element being empty. No nanogratings are
inscribed in its very center. This area is approximately 80 pm in radius,
and the phase should change here up to w. The clear aperture of the
element was 8 mm while the beam width [at the intensity of exp(-2)] was
3.5 mm, therefore the unwritten part is minuscule compared to the full
element and beam diameter. Another nuance about manufacturing of
such a complex pattern of concentric gratings-based slow axis is that it
is difficult to accurately measure the retardance profile for final GPE, as
the element would distort the measurement of birefringence data to due
to initiating diffraction. Therefore, before the final inscription, a single
layer of the proposed axicon pattern is made to find relevant retardance,
and by extrapolating the number of writing layers to the amount of sev-
eral layers, the final element is set to be manufactured.

It was noticed that a very sharp change in the orientation of the
nanogratings cannot be replicated very precisely in the GPE manufac-

turing process, because it induces unwanted material stress and impacts
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the birefringence in the element. The quality of fabrication is drasti-
cally decreased in these parts and as a consequence, the accuracy and
efficiency in the shaping of the incoming beam are lost. However, it was
observed that the absence of the tip allows the material to relax, and
material stress does not propagate far in this case. Numerical simula-
tions have also revealed that the small empty area in the center of the
GPE does not change the beam quality substantially, because the area
that is empty amounts only to 1/5000 part of the whole element. Be-
sides, simulations reveal that GPE manufacturing errors (irregularities)
resulting in the phase will produce larger errors in the beam intensity
than the absence of the very tip. The measured diffraction efficiencies
of the uncoated GPEs are 86%), 84%, 82% and 74% for values of the dis-
placement p = 0, p = 0.25, p = 1 and p = 1.25, respectively (taking into
account of Fresnel reflections from both surfaces). The diffraction effi-
ciency of the GPEs should reach up to 90% for simpler masks. Further
iterative optimizations to the writing procedure may also increase the
overall efficiency. Additionally, the anti-reflection coatings can enhance
the overall performance by minimizing the losses. The efficiency slightly
drops for other GPEs because of the non-concentric rings present in the
design. Also, the fast changes in angles of the nanogratings (see the
xz = 0 line) together with empty areas in the centers of elements have
an impact on the efficiency. The retardance of the GPE is very uniform
and equal to A/2 over the full fabricated area, which is very close to the
similarly fabricated GPE with the same volume nanogratings inscription
technique in Ref. [187].

Experimentally obtained intensity distributions of generated non-
diffracting beams with GPEs for different values of displacements are
depicted in Fig. 4.4. Pictures reveal the high quality of non-diffracting
beams created using fabricated GPEs. These results are consistent with
previous experiments. The zeroth-order Bessel-Gauss beam generated
by GPE with p = 0 is of high contrast. The central peak remains of the
same size in the whole focal zone and no axial intensity modulation is
present. In contrast to the axicon-produced beams, no extensive beam
cleaning is required [see Fig. 4.4(a)].

The second element, which has a displacement of p = 0.25, produces
a non-diffracting beam with slightly higher modulation in the first ring
when compared to the numerical simulation, but the overall pattern
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Figure 4.4: Experimentally measured intensity patterns of non-
diffracting beams generated by GPEs in the zy plane (first column)
and in the yz plane (second column) for different values of p: (a) p =0,
(b) p=0.25, (c) p=1, (d) p = 1.25. The length of the Bessel zone in
the air for each beam is 332 pm.

closely resembles our expectations [see Fig. 4.4(b)]. The axial intensity
has a smooth profile with no major irregularities. Non-diffracting beams
generated with GPEs for values p = 1 and p = 1.25 are also of high
quality and demonstrate a good agreement with previous numerical and
experimental investigations [see Fig.4.4(c)-(d)].

4.1.2. Analysis of laser induced modifications in transparent media

The generated beams using GPEs were employed to induce modi-
fications in a transparent material. Specifically, a Schott D263t glass
of 0.5 mm thickness was micromachined. Pulse durations were varied
from 158 fs to 5 ps FWHM (temporally stretched by phase modulation
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induced by a laser compressor). The energy of the pulses coming out
from the laser was fixed to 120 pJ and was enough to damage not only
the surface of the material but also induce volume material modification
in the bulk of the transparent sample with a single pulse.

These material modifications were analyzed with an optical micro-
scope and are displayed in Figs. 4.5-4.6. The dependence of surface
modifications in Schott D263t glass on pulse duration and the spatial
displacements are depicted in Fig. 4.5. For the shortest duration (158 fs)

158 fs 1ps 3 ps 5 ps

Figure 4.5: Reflection microscopy images of surface modifications
on Schott D263t glass with single-shot Bessel-type beam generated by
GPEs, pulse energy - 120 nJ. Rows represent axicons of different spatial
displacements (a)-(d) p = 0.25, (e)-(h) p = 1, (i)-(1) p = 1.25, while
columns represent different pulse durations: (a), (e), (i) 158 fs; (b), (f),
(3) L ps; (c), (g), (k) 3 ps; (d), (b), (1) 5 ps.

of pulsed non-diffracting beams, the surface modification spreads over a
relatively large area. Multiple rings of non-diffracting beams are clearly
visible. The cause for that is the multiphoton absorption mechanism,
which is observed in parts of the sample illuminated by the intensity dis-
tribution of the incident beam. The band gap of the borosilicate glass
is approximately 4.2 eV, whereas the central wavelength of laser pulses
is 1028 nm. This wavelength approximately translates to 1.2 eV photon

94



energy, therefore 4 photons are involved in the multiphoton absorption
process. More information on the borosilicate glass and its laser micro-
machining is presented in Refs. [188,189].

An increase in the pulse duration reduces the intensity of the beam,
but the fluence is unchanged, therefore the effect of impact ionization
starts to have a large influence on the morphology of modifications. The
reduction of surface damage by outer rings is visible. Pulses with the
longest duration of 5 ps modify the sample only in the central part of
the beam. For example, for an invariant beam produced by GPE with
p = 1.25 only three spots are visible on the surface and the structure
closely resembles the most intense part of the beam in Fig. 4.4(d). A
non-diffracting beam with p = 1 modifies the surface only in two spots,
compare that with Fig. 4.4(c). Surface modifications induced by the
beam with p = 0.25 consist of a multi-peak structure.

Volume modifications were recorded by imaging the depth of the ma-
terial with an optical microscope and results are depicted in Fig. 4.6.
The short pulse duration has no pronounced effect on volume defect gen-
eration, much stronger volume modifications are visible when the pulse
duration is longer. As expected, longer pulses induce larger material
stress and microcracks inside the volume of the glass and can be pro-
duced at the cost of greatly reduced surface damage. Results reveal that
the microcracks in the glass produced by non-diffracting beams do repli-
cate a 3D profile of the beam: it remains unchanged at different depths.
This suggests that the shape of the microcrack depends on the profile
of the beam intensity and can be controlled. For instance, microcracks
produced with a beam shaped by p = 0.25 displacement GPE and pulse
of 5 ps duration are extended on one line. It means that the specific
asymmetry of the beam causes them to favor one direction of cracking
[see Fig. 4.6(d)]. This peculiar cracking case looks promising and will be
investigated thoroughly in its application to the cutting of thin glasses

in the next section.

The last two cases of spatial displacement (p = 1 and p = 1.25) are
somewhat similar. Non-diffracting beams have also produced microc-
racks and their spatial distribution and direction are also influenced by
the pattern of beam intensity, however, due to a more complicated dual
and multi-peak structure, the cracks did not join into a single crack-

ing line, instead, they have multiple directions of cracking or in some
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Figure 4.6: Reflection microscopy images of volume modifications in
Schott D263t glass of 0.5 mm thickness at 200 pm depth with single-
shot Bessel-type beam generated by GPEs, pulse energy - 120 pJ. Rows
represent axicons of different spatial displacements (a)-(d) p = 0.25,
(e)-(h) p = 1, (i)-(1) p = 1.25, while columns represent different pulse
durations: (a), (e), (i) 158 fs; (b), (f), (j) 1 ps; (c), (g), (k) 3 ps; (d),
(h), (1) 5 ps.

cases, the cracks are not positioned on the same line [see Figs. 4.6(d) and
4.6(h)]. The dual peak Bessel beam was also studied in Ref. [190], where
it was shown that the formed microcracks do produce distinct cracking,
and sometimes possible to use them in the micromachining of transpa-
rent samples. However, the beams shown in this study having p > 1,
are more suited in creating double or multi plasma channels and could
have potential use outside micro fracture assisted transparent material
dicing.

Glass dicing using a non-diffracting beam produced by GPE of
p = 0.25

As reported in the previous section, a directional cracking was ob-
served made with the non-diffracting beam generated by GPE with the
displacement of p = 0.25 for the energy of 120 pJ and 5 ps FWHM pulse
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duration. Upon a closer investigation of the beam intensity profile, a
distinct asymmetry was found, see Fig. 4.7. Although the center part

5 0 -5
Coordinates, pm
Scanning direction ————»

SRR EER Y

Figure 4.7: (a) Intensity distribution of the non-diffracting beam, pro-
duced by the GPE with displacement p = 0.25. The red line connects
the most intense beam peaks. The blue line is perpendicular to the red.
Intensity distributions in cross-sections at those two lines are depicted
on the right using the same colors as the lines. The measured asymme-
try of the central peak as ratio of red and blue lines is 1.05. (b) Images
by optical microscope of dependence of volume microcrack orientation
on the rotation of the intensity profile of the beam. The separation be-
tween shots in the scan line (pitch) is 10 pm. The energy of 4 ps pulse
is 240 nJ.

of the beam resembles the zeroth-order Bessel beam, the first ring has
a distinct modulation. The ring is split into four peaks, and two peaks
have higher intensity than the other two. The line connecting the two
most intense peaks and the center of the beam is tilted by 36° in respect
to the x axis. The beam intensity profiles are depicted in Fig. 4.7(a). On
the left-hand side, the distribution of transverse beam intensity is de-
picted. There are two lines connecting peaks on the ring with the same
intensity. On the right, intensities of the beam in two cross-sections are
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depicted: on red and blue lines. The intensity in the first ring is almost
two times higher for the red line than that on the blue. This implies an
asymmetry in the profile of the beam, which was measured to be 1.05,
meaning that the central spot along the red line was 5% wider than at
the perpendicular blue line. This slight asymmetry is mainly responsible
for the distinct direction of crack formation. Therefore, this asymme-
try can be systematically applied to generate controllable microcracks
inside the transparent materials. The control of the crack direction is
of high importance in the process of glass dicing/cutting, where these
cracks formed by spatially shifted beams connect, enabling the much
more efficient and controllable way to separate glass samples into two
pieces, than using centrosymmetric beams [191].

Elliptically asymmetric non-diffracting Bessel-like beams can achieve
good efficiency, speed, and high quality in glass dicing [116,192]. For
this reason, experiments were performed on the control of the direc-
tion of microcracking. Schott D263t samples of the same thickness of
0.5 mm were used. The optical setup used for the imaging of a beam
was reassembled: a 4f system now consists of a pair of plano-convex
lenses with focal lengths 75 mm and 8 mm. Thus, a longer Bessel zone
is created (1.3 mm in the air, at exp[—2] intensity). This enables illumi-
nation through the full thickness of the glass sample with a single shot.
A longer Bessel zone also reduces variations in the axial intensity profile
inside the sample, but requires higher pulse energy.

During the experiment, several scan lines of glass modification were
produced, where consecutive laser shots were separated by 10 pm pitch,
which corresponds to approximate crack length. The scanning speed
was limited to 20 mm/s, to avoid position inaccuracy in transverse co-
ordinate due to limited performance of the moving stages. Each line
differs from another by the angle between the red line in the beam pro-
file and the scan direction. A selection of three fabricated scan lines is
presented in Fig. 4.7(b). The middle scan line represents the case where
the direction of the translation of the beam is parallel to the x axis of
the element, while the top and bottom rows represent the rotation of the
GPE by 36° clockwise and counter-clockwise, respectively. The linear
dependence of the formed crack direction on the angle of GPE rotation
is clearly evident. As expected, the cracks are formed and connected in
the last scan line, where the most intense beam intensity peak has the
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same direction as the scanning direction. A conclusion can be made that
the rotation of the element by 36° in the counter-clockwise direction in
respect to the translation direction enables laser micromachining of the
continuous line of interconnecting cracks.

As the investigation has revealed in section 4.1.2, short pulses are
suboptimal for this application because most of the energy is absorbed
during the interaction with the front surface, consequently, no cracking
was observed in the volume of the sample. While the 5 ps pulses did
generate cracks, this process was not consistent over the full length of
the sample. A careful choice of parameters together with numerous
experiments has selected the 4 ps duration pulses as optimal for the
production of cracks over the full length of the sample without induction
of excessive surface damage.

Additionally, the dependence of sidewall roughness on the pulse en-
ergy was analyzed. An example is given in Fig. 4.8(a), where optical
microscope images of the front surface of the separated glass pieces are
presented. The pulse duration was 4 ps and the energy of the pulsed
beam was changed from 240 1J to 390 pJ. As discussed, the GPE was
rotated by 36° so that interconnecting cracks were produced along the
cutting line. It was found that the energy threshold for the cracks to
interconnect over the full length of the sample was at around 270 nJ [see
Fig. 4.8(b)]. The most consistent interconnection of cracks was achieved
with 330 pJ, because higher energy pulses tended to excessively damage
the surface of the sample, while lower energy pulses may have slight
waviness of the crack, so the quality of the cut would decrease. The
glass breaking procedure was conducted by mechanically breaking using
two pairs of fingers, replicating the four point bending procedure as it
was reviewed in Ref. [60]. The quality of the cut was determined by
examining the surface roughness (measured as root-mean-square value
of height) of the cut sidewall and peak-to-valley values as the highest
and the lowest points on the surface (depicted in Fig. 4.9), measured by
optical confocal profiler. It was found that the surface roughness was
also optimal for the pulse energy of 330 J and equal to 0.52 pm. Side-
wall roughness estimations of cleaved surfaces produced with remaining
pulse energies are 3.31 pm (at 240 pJ), 1.77 pm (at 270 pJ), 0.79 pm
(at 300 nJ), 0.68 pm (at 360 pJ) and 1.17 pm (at 390 pJ). The peak-
to-valley values also correlate with roughness, as the lowest roughness
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Figure 4.8: Reflection microscopy images of the glass top surface show-
ing produced dicing lines with different pulse energies (a), side view of
the cleaved sample surfaces (b). The black arrow represents the pulse
propagation direction.

would also have the lowest peak-to-valley at 330-360 pJ pulse energy
cuts, having 3.52 pm and -3.3 pm, and 2.94 pm and -2.89 pm, respec-
tively. Lower energy pulses do not produce cracks over the full length
of the sample, or small waviness of the crack may appear, while the
high energy pulses start to deteriorate the surface of the sample, and
secondary peaks of the beam intensity profile may start to modify the
volume of material greatly reducing the quality of the cut. However, the
presented results of stealth dicing are not defined as the ideal set of pa-
rameters. The process could be improved by adjusting the pitch, Bessel
zone length versus pulse energy, or employing a laser source capable of
burst regime. The burst pulse operation of the laser may enhance the
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Figure 4.9: Profiler measurement data of roughness (Ra) and peak-to-
valley values on the side wall surfaces of diced samples by using various
pulse energies.

deposition of the energy to the material for certain parameters of the
pulse train, as was demonstrated for transparent materials [55] and also
metals [193]. However, even without the best energy deposition efficien-
cies, the additional material transformations can improve the desired
effect, such as heat affected zone [194,195], or initiate zigzagging of the
crack formation [196].

4.2. Axicon phase split and optimization for controlled micro fractures

The results in previous section confirmed that the controlled direc-
tional microcrack formation in transparent material is achievable using
an asymmetric Bessel-type beam, as there may be many different ap-
proaches for this technique [68]. Now let’s intentionally find the opti-
mized axicon mask with azimuthal phase modulation and test it specif-
ically for glass stealth dicing, where directional cracking in volume of
a glass along the cutting trajectory is needed. It is known that phase
modulation of the beam transforms the beam’s intensity distribution
into a more complex pattern, for example, by superimposing multiple
various order Bessel beams, as illustrated in Fig. 2.29.

For a full study of optimized dicing using a systemically found asym-
metric Bessel-type beam, numerical simulation is employed to investi-
gate the intensity distribution of the invariant beam. The axicon phase
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pattern is split azimuthally into uneven quarters, with induced phase
shifts in opposite pairs to break the symmetry of the circular grating
(phase mask pattern of an axicon), as shown in Fig. 4.10. By inves-

Figure 4.10: Example of axicon phase mask division into two opposite
pairs having two defining parameters: opening angle v and phase differ-
ence Ay between the zones.

tigating the parameter field of opening angle and phase difference, the
aim is to find the optimal modified axicon phase pattern to generate an
elliptic peak with relatively high contrast, with a following experimental
verification using a manufactured GPE.

4.2.1. Numerical modeling and parameter optimization of the
asymmetric spot

Analytical solution of Bessel-type beam made by azimuthally
modulated axicon phase mask

To introduce azimuthal phase modulation, firstly let’s take the trans-
mission function of the axicon from Eq. (4.1), and rewrite in the form
[177]:

Tox(p) = exp (—iBp) , (4.11)

where p = /22 + 2 is radial coordinate, 3 defines the speed of the
phase change over the p and is determined by the cone angle of the
axicon. For small axicon cone angles f = 27 (n — 1) a/A, where X is
wavelength, n and « are the refractive index of the axicon and the base
angle respectively.

To investigate the influence of phase distortion on the beam intensity
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distribution and optimize it to achieve the asymmetric Bessel-Gauss
beam, numerical modeling was conducted. The petal-like phase jumps
as a phase distortion are introduced, and two additional parameters are
included to define those phase jumps: phase-cut angle v and phase jump
Ap:
Oa for 7/2§¢§7T_’7/27
T+y/2<¢ < —v/2,
¢ (o) = (4.12)
AQO’ for 77/2<¢§7/2a
T—y/2<¢<m+7/2,
where ¢ is azimuthal angle. The modified transmission function reads

Trnod(p, @) = exp [—iBp +ip(9)], (4.13)

For analytical analysis of the generated beams, let’s find solutions of the
beam propagation equation that express the Fresnel integral in cylindri-
cal coordinates [5,150]. The solution takes the form of the following:

2mexp [ik (2 + p?/22)]
iz

X Z an(—1)" exp(ing)

n=—oo

D/2 / / / . /2 /
< | P Toz(p)Jn (kpp'/2) exp (lkp /22) dp’,

E(p,$,7) = (4.14)

where n is the order of Bessel function, k = 27/ is wave number, D /2

- the radius of the aperture and a,, is:

1

2w
an = %/0 A (¢') exp (—ing’) d¢'. (4.15)

The angular function A (¢') is defined as

A(¢) = exp [ip (¢)] - (4.16)
Combining the expression from Eq. (4.16) with the expression (4.15) to
get:
21(5”72 (_1)n+1 QiGiAcp sin l,yn + eféifyn + 6%i'yn
an = A | (3] | } (4.17)

n

103



where p is an integer number and § is Kronecker’s function. The leading
part of the integral in Eq. (4.14) can be estimated using the stationary
phase method [150]. The stationary point of the integral is at p’ = Sz/k.
The expression for electric field then can be written as:

z 232
E(p,¢,z) x 8?exp (12@) (4.18)
X Y an(=i)" exp(ing) J, (Bp) -

n=—oo

Substitution of Eq. (4.17) in Eq. (4.18) results in

E(p, ¢,2) x —i\/%exp (1'2;61{:2) (4.19)

00 {QieiA‘P sin (yu) + e_iw} — eH

>

pr=—00 H
x (=1)" exp(i2ue)Joy (Bp) ,

Firstly, note that the sum in Eq. (4.18) will lead to the sum of
only the zero-order and even-order Bessel functions. This leads to the
beam profile having an inversion symmetry and, therefore, the values
at azimuths ¢ and ¢ + 7w coincide. Second, from Eq. (4.19) follows
a—_, # ay, and the expansion coefficients demonstrate oscillatory be-
havior as p changes. Analysis reveals that, in general, the diffracted
field is always a superposition of zero-order and many even-order Bessel
non-diffracting beams. The amplitude of the zeroth-order Bessel beam
is ag = 2{y[—1+ exp(ip)] + 7} and this term is always present in the
expansion, except for the cases where v = 7/2 and ¢ = 7.

Numerical modeling examples

Numerical simulations of beam propagation in free space were carried
out by illuminating an ideal Gaussian beam to an axicon phase mask
(equivalent to a base angle of 1.6° made out of fused silica, having re-
fractive index n = 1.45). The numerically calculated Fresnel diffraction
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equation with the modified transmission function will be:

(ikz) +D/2
By = S0 [ [
1)\2 D/2

(z =2’ + (y —¢)?
2z

(4.20)

X exp lik ] dz'dy/,
where D/2 - the radius of the aperture, Tp,(2/,y',0) = exp(—(x? +
v?) /(wrw g /V2In2)?) - modified axicon transmission function at the
plane of incidence (z = 0), E(x,y, z) - electric field amplitude distribu-
tion at a distance z from the axicon. Several examples of simulation
results are depicted in Fig. 4.11. Numerical results show that petal-like
phase distortion on the axicon phase may generate an elongated cen-
tral beam spot. For example, then the azimuthal phase-splitting angle
is v &~ 18° and phase difference Ay = 7, one can obtain an elongated
central beam spot depicted in Fig. 4.11(c). The increase in the mask
splitting angle v leads to a greater elongation of the central beam spot.
However, the two opposite side peaks on the first surrounding distorted
Bessel beam ring also increase, reducing the intensity contrast between
the central and side peaks [see Fig. 4.11(d)]. With even larger angles,
the side peaks become dominant, and when such beams are used in ma-
terial cracking the cracking direction starts to be complicated having
multiple directions [68,190], therefore this situation should be avoided.
It was observed that the intensity of the side peak can be reduced by
adjusting the phase difference Ay, as shown in Fig. 4.11(e)-(f). These
few examples demonstrate that optimization of parameters ¢ and v can
lead to the optimal where elongation of the central spot is observed while

the intensity of the side peak is still relatively low.

2D parameter field of elongated core variants

The optimization of the beam profile by varying the cut angle and
phase shift of the phase screen was done on numerically simulated beams.
Two criteria of the intensity profile were chosen for optimization: elliptic-
ity and contrast. The ellipticity parameter £ was evaluated by approxi-
mating the central peak of the beam as an ellipse and taking a ratio of
the lengths of the major and minor axes [see Fig. 4.12 (a)]. The contrast
parameter C' was calculated taking a difference between the intensities of
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Figure 4.11: Numerical modeling of an ideal diffractive axicon with
phase pattern division into two opposite areas with a phase difference
of ¢ and splitting angle v and the resulting simulated beam transverse
and longitudinal intensity distributions in focal planes xy and yz

the central I; and side peak I, then the difference was normalized to the
intensity of the central peak C' = (I; — I2)/I; as shown in Fig. 4.12 (b).
The two-dimensional parameter field was obtained by numerical simula-
tion of the beam propagation from Eq. (4.20) with varying parameters
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Figure 4.12: Determination of transverse beam intensity parameters:
a) ellipticity parameter £ is a ratio of the major and minor axis lengths,
b) contrast parameter C is the difference between the central I; and side
peak I, intensities normalized to the central peak intensity.

of v and ¢ of the phase mask from Eq. (4.12), the results are depicted
in Figure 4.13. Cases when the central peak intensity is equal or lower
than the side lobe intensity as is shown in the Figure 4.12(b) the result
was omitted in the depiction of the results in Figure 4.13, i.e. cases of
C < 0 are removed. Nevertheless, the ellipticity of the central peak in-
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Figure 4.13: Parameter fields of modeled Bessel-type beam ellipticity
(a) and contrast (b) dependencies on the axicon phase split angle v and
phase shift ¢. The green solid line covers an area for suitable vy and
(p parameters, omitting undesirable values of low contrast C' < 0.4 and
ellipticity £ < 1.15. White area corresponds to negative contrast C' < 0,
where side central peak intensity is equal or lower than the side lobe
intensity, therefore this parameter field was omitted.

creases and is even higher when contrast is negative, the higher intensity
of the side lobes will not produce directional controllable one-directional
cracking of the material. The modeling results reveal that the contrast
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and ellipticity parameters are inversely proportional, meaning that the
highest ellipticity is obtained with the trade-off to contrast. Therefore,
another constraint was added on the beam intensity distribution. From
previous experimentation experience and references from [192,195], it is
known that the contrast should not exceed C < 0.4 to avoid impact-
ing the side lobe on the cracking direction and the ellipticity should be
high, for example £ > 1.15, to be able to control the cracking direction.
As it was presented in the first part of this section, even an approx-
imate ellipticity of £ =~ 1.05 provided with directional cracking using
the asymmetric beam. However, higher value of £ would ensure that
the direction of the cracking has stronger emphasis, possibly improving
dicing quality on the side walls. Having this in mind, the acceptable pa-
rameter field becomes a narrow zone constrained by the green solid line
in Fig. 4.13. In this parameter space, varying the values of the pair ~
and ¢ is expected to give the best results, accounting for the trade-offs.

Some examples taken from the calculated parameter field are de-
picted in Figure 4.14. For simplicity, at a fixed value ¢ = =, only

y=14° y=20° y =26°

— = 8
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X axis
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Figure 4.14: Cross-section examples with various v at fixed ¢ = 7,
taken from simulation results of two-dimensional parameter field. The
ellipticity parameters and the constant parameters were calculated to
be £ =[1.08, 1.15, 1.34, 1.59] and C' =[0.73, 0.55, 0.38, 0.2] for v =[8°
14° 20° 26°], respectively.

increasing the angle v improves the elongation of the spot, where, for
example, at v = 14°, the ellipticity is £ = 1.2 and at v = 26° the £ is
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greater than 1.4. However, in reverse, the contrast becomes too low to
be successfully used in micromachining, as the side peaks would create
unwanted defects outside the center spot. The best case for further ex-
periment was selected to be in v = 17° and ¢ = %77 taken from inside
the green solid line plot in Fig. 4.13. The particular case was chosen to
increase the cut angle + to reduce the need for higher fabrication preci-
sion of the beam shaping element. A larger angle v reduces the relative
area where the phase changes dramatically, while keeping the reduced
sensitivity to the phase change.

4.2.2. Generation of controlled micro fractures for stealth dicing

Measurement of produced invariant beam using GPE

The experimentally measured focal zone of the produced beam is

shown in Figure 4.15 with a comparison to numerical modeling. The

) Phase split axicon mask< Transverse intensity, xy Longitudinal intensity, yz

Modeling

Experiment )

0

Figure 4.15: Comparison results between numerical modeling of best
case phase-split axicon generated beam and experimentally measured
beam intensity distribution made by GPE. The best case was selected
to have p = %71’ and v = 17° values, thus producing an elongated beam
spot with an ellipticity of £ = 1.19 and contrast of C' = 0.61.

experimental data greatly match numerical modeling, as the produced
Bessel-like beam has a slightly elongated transverse central intensity
pattern which is translated along the focal line without any strong dis-
tortions. Only the side peaks on the surrounding rings have a higher
level of disruptions, but they cannot be taken into account because of
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the high contrast of the central peak. The nonlinear absorption by the
material also relaxes the contrast criteria for micromachining purposes,
therefore the only intense central peak intensity slightly elongated distri-
bution is most important in the stealth dicing micromachining purposes.
The ellipticity and contrast of the beam generated using the GPE were
measured to be £ = 1.19 and C' = 0.61, respectively, with a focal line
length of 0.7 mm (at exp[—2| intensity). The transmission efficiency of
the GPE was measured to be 90% for the uncoated element. The anti-
reflective coating on both surfaces could potentially minimize Fresnel
reflections and increase the possible transmission to at least 97% in this
case. It is worth mentioning, that the previously presented GPE axicon
(without spatial shift, p = 0) had 86% transmission. This difference of
slightly lower diffraction efficiency may be dependable on the retardance
deviation from the expected \/2 value after the inscription process.

Laser beam-matter interaction

In the laser-matter interaction experiment, a 0.5 mm thick D263T
glass substrate was used. Firstly, the dependence of the induced material
modification on the impulse length was investigated. Optical modifica-
tions were made to the sample with different impulse lengths using a
fixed 200 pJ impulse energy. The results are shown in Fig. 4.16. Shorter
impulse lengths (1 ps and less, at FWHM) produced strong surface mo-
difications with barely any visible effect in most of the material. Sig-
nificant volume modifications were observed at impulse lengths greater
than 1 ps. Modifications in the sample volume were generated most
effectively when using 4-6 ps impulse duration. However, the defects
induced by longer pulse duration showed worse results due to decreased
peak power. Consequently, a pulse duration of 6 ps was selected for
further experiments.

The appropriate regime for transparent material stealth cutting was
found by making modifications lines throughout the length of the sample
with 8 pm pitch between shots while changing pulse energy, as this
distance was the average crack length made with a single shot, and using
20 mm /s scanning speed. The smaller pitch between the shots would also
be sufficient for further dicing process, but it would possibly increase the
sidewall roughness and limit scanning speed, while utilization of bigger
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Figure 4.16: Microscope images of the glass surface and volume under
different pulse durations (at FWHM): 158 fs (a), 1 ps (b), 2 ps (c), 4 ps
(d), 6 ps (e). The pulse energy was fixed at 200 pJ.

pitch could be the cause of cracks not interconnecting and failure of

dicing.

Attempts in stealth dicing

To proceed with the dicing process, the GPE was oriented in a way
that the major axis of the elliptical peak would be in parallel to the
scanning direction as shown in Fig. 4.17 and the focal line of the beam
was positioned along z so that it would initiate micro-fractures along
the entire thickness of the sample as expected, similarly to a previous
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case depicted in Fig. 2.18. At the next step, the samples were broken
by two pairs of fingers, using the four point breaking procedure.

.......

Figure 4.17: Microscope images of the glass volume when 200 pJ pulse
energy and 6 ps pulse duration was used. The orientation of the crack
is consistent with the major axis of the elliptical spot of the beam de-
picted in the dashed red line. The length of the crack is measured to be
approximately 8 pm.

The optimal dicing process window was obtained by fabricating lines
with different pulse energies varying from 130 pJ to 210 pnJ as shown in
Fig. 4.18.

With pulse energies less than 130 pJ, the inscription of orientated
micro fractures did not occur on the entire thickness of the sample at
a fixed pitch, therefore the separation would result in a failure leading
to uncontrolled cracking when breaking or would require more breaking
force. The best results were obtained when the pulse energies were
selected between 150 pnJ and 170 pJ [as depicted in Fig. 4.18(b)-(c)]. In
this regime, the roughness of the sidewalls of the separated pieces were
R, = 0.53 ym and R, = 0.47 um, respectively, (as depicted in the plot
in Fig 4.19).

The lowest values of peak-to-valley were measured to be 1.29 pm and
-1.03 pm. By increasing pulse energy to 190 nJ, the mechanical break-
ing would require less force, but the quality of the cutting would also
decrease significantly, due to stronger induced fractures in the material,
resulting in greater roughness of the side walls. The same implies on
210 pJ case [Fig. 4.18(e)] where not only the strong modulation on the
side walls is observable, but also the defects made on the glass surface
are much stronger and undefined direction cracks in the bulk would ap-
pear more likely, overcoming the elongated beam effect. The breaking
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Figure 4.18: D263T (Schott) 0.5 mm thick glass cutting results. Top
two rows show microscope images of the surfaces and separated sidewalls
with increasing pulse energy from 130 pJ to 210 pJ at a fixed pulse
duration of 6 ps (FWHM) and 8 pm pitch. The bottom row represents
measured profiles for better surface morphology visualization.

forces were not measured during the experiments, but they are expected

to be in similar range as presented in Ref. [60].
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Figure 4.19: Profiler measurement data of roughness (Ra) and peak-to-
valley values on the side wall surfaces of diced samples by using various
pulse energies.

4.3. Summary of the results

A concept of axicon phase division into two halves and physical shift-
ing was proposed, numerically simulated, and experimentally verified.
By dividing the axicon phase masks into two halves and physically shift-
ing them in opposite directions by the spatial displacement parameter
p (measured in fractures of distance between phase values of 0 and 27),
distorted or multi-peak invariant Bessel-type beams can be generated.
Numerical modeling with changeable p shifts revealed that the increasing
shifting distance induces larger distortion of the central peak, splitting
it into multi-peak transverse intensity distribution.

It was observed that, the broken symmetry in the phase mask pro-
duces a slightly distorted-elongated beam intensity pattern with dis-
placement parameter p = 0.25. The results from the experiment reveal
that this intended displacement is the key factor for inducing micro-
fractures in the bulk of a glass with a 36° angle to the normal of dis-
placement axis, with an ellipticity of £ ~ 1.05.

The further systematic analysis of introduced azimuthal phase cuts
of an axicon mask was employed to find optimal beam shape with a
desirable more expressed asymmetry of the central beam peak. In nu-
merical modeling, two parameters of phase-cuts were optimized to find
the best case: by altering the phase-cut angle to v = 17° and the extent
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of the phase difference Ay = 57 /4, the elliptical beam with an ellipticity
of £ =1.19 and contrast of C' = 0.61 was formed.

It was analytically found that for both utilized Bessel-type beam
shaping cases, the resulting invariant beam is a coherent superposition
of zero-order and even higher-order Bessel beams. In the first case, the
amplitudes are flexibly controlled by the spatial displacement parameter
p, while in the second case, the outcome is controlled by altering the
phase-cut angle v and the extent of the phase different A.

The both obtained asymmetric beams were manufactured as GPEs
and used in experiments of stealth dicing 0.5 mm thick D263t glass.
For the spatially displaced axicon case (p = 0.25), an invariant beam
of 1.3 mm Bessel zone in air (at exp|[—2| intensity) was created and
by using 4 ps (FWHM) pulse duration. Attempts were made to execute
stealth dicing at 10 pm pitch and 20 mm/s scanning speed. With 330 nJ
pulse energy, the best quality of the dicing was found. The lowest mea-
sured roughness of sidewalls was found to be approximately 0.52 pm with
peak-to-valley values of 3.52 pm and -3.3 pm, respectively. In the second
case of best dicing results were obtained by using azimuthally modulated
axicon, an invariant beam of 0.7 mm Bessel zone in air (at exp[—2] in-
tensity) was created and by using 6 ps (FWHM) pulse duration, 8 pm
pitch with 170 nJ pulse energy, at 20 mm/s scanning speed. The ob-
tained lowest roughness was 0.47 pm and peak-to-valley of 1.03 pm and
-1.09 pum, respectively. The dicing outcome of systematically obtained
beam shows better results overall: more expressed ellipticity is account-
able for better alignment of fractures, along cutting trajectory, resulting
in lower roughness, and especially, in peak-to-valley measurements.

Both cases confirm that the inscription of geometric phase elements
proves to be reliable technology for high-power beam shaping applica-
tions, with potential uses in material micromachining tasks. Elements
made with spatial shift of p = 0, p = 0.25, p = 1 and p = 1.25, had
measured diffraction efficiencies of 86%, 84%, 82% and 74%, respec-
tively. And azimuthally modulated axicon GPE was measured to have
90% transmission. The additional 7% could be added if the elements
had anti-reflective coatings. The transmission losses are dependable on
not only the inscribed retardance deviation but also on the complexity
of the slow axis pattern. Steep slow axis changes may result in zones of
correctly undefined birefringence and retardance.
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5. APPLICATIONS OF VECTOR FLAT-TOP BEAMS
WITH POLARIZATION SINGULARITIES IN
MATERIAL PROCESSING

The transformation from a Gaussian beam to a flat-top beam in
transverse coordinates is a relevant topic in laser material processing.
Although there are many different methods to achieve this transforma-
tion, each method has its own drawbacks. The amplitude modulation
method is straightforward and yields good results, but its efficiency is
low [197]. On the other hand, phase control is complex because the
formed flat-top beam does not propagate far, it diffracts and phases
out, and the desired intensity structure deteriorates, making experimen-
tal implementation challenging [174,198].

A potential solution is the superposition of vector beams, where
beams with different SOPs interfere constructively. Their summation
can create a more complex structured vector beam, which, for exam-
ple, can have polarization singularities. In this chapter, leveraging this
idea, beams with polarization singularities are used as a means to form a
flat-top vector beam (Super-Gaussian) in the focal plane using inscribed
birefringent nanogratings. This approach aims to create an efficient and
flexible optical element that does not require a complex optical scheme
compared to other methods [101,199]. The flexibility of such an ele-
ment is shown, where the transformation between Gaussian, flat-top,
and doughnut-shaped beam intensity distributions is changed only by
the relative variation of the incoming beam diameter to the element. The
examination of the operation of the element is done both numerically
and experimentally showing the propagation properties and polariza-
tion distribution of the formed beam, followed by examples of various

material laser processing.
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5.1. Forming vector flat-top beams with polarization singularities

The material related to this thesis chapter was published in paper

[A2].

Constructive interference of two orthogonal polarization
beams

It was noticed that polarization singularities might be constructed
by the interference of polarization vortices [200]. It can be achieved by
modifying the vortex beam-generating element: the incoming laser beam
propagates through the optical element consisting of two circular zones,
one with inscribed nanogratings and one without. The central part of the
element is an unmodified silica glass, whereas the outer zone is inscribed
as spatially variable waveplate, known as the S-waveplate [132,197].

The division of this element into two parts will produce two circular
polarization beams rotating in opposite directions. They can be defined
as two perpendicular states of light, as the interference between them
is not observed. Therefore, analysis can be performed by the sum of
intensity distributions, as was done similarly in [201] by decomposing
into radial and azimuthal polarization states, but only for tightly focused
beams.

The advantage of this proposed concept is that the superposed beam
can be focused with any lens or microscope objective. The focal points
of the individual parts of the beams are very close to each other and,
therefore, overlap. By adjusting the unmodified center and modified
zone overlap with the input Gaussian beam ratio, one can expect a
change in the energy distribution between the counter-rotating circular
polarization parts, which will influence the outcome.

To describe beam shaping conditions at which the transition to polar-
ization singularity occurs, a Gaussian beam is used as an input radiation
and introduces a ratio parameter o, which defines the Gaussian beam
radius and the unmodified part of the element radius ratio. Defining the

Gaussian beam and ratio parameter as:

7x2+y2 1
2
Ejc=e¢ ™0 , oc=— (5.1)
+1 r
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where wy is the radius of the input Gaussian beam at an intensity level
of e72, and r is the radius of the unmodified central zone of the shaping
element. Here, x and y are the transverse coordinates.

The resulting transmission Jones matrix is described as:

(1 0
for  0<p(z,y) <,
0 1
M(x, y) = o (5.2)

cosNy sin Ny for  plz.y) > r

sin No —cos Ny

where p(z,y) = v/z? + y? is the radial coordinate, ¢ is the azimuthal
angle and N is the winding (slow axis modulation) number. The total
field after the GPE will be:

1
: for 0<p(z,y) <,
N
Eout(z,y) =€ "0 . (5.3)
eTilNy ,  for p(x,y) >r.
Fi

A general concept of this beam shaping technique is given in Fig. 5.1.
Intensity distributions of the beams are depicted in the focus of the
lens. The crucial parameter o is responsible for the transformation of
the beam from Gaussian to doughnut shape. The parameter o shows the
ratio between the unmodified part of the beam that generates the bell-
shaped intensity distribution and the area that generates the circular-
shaped intensity distribution. If the ratio tends to zero, this means
that most of the beam goes through the element unchanged and the
bell-shaped intensity distribution is observed. When the ratio is very
large, the element works as a vortex generator and the ring intensity
distribution is observed. When the ratio is just right, a flattening of the
beam intensity distribution is observed, which will be shown later that
there are polarization singularities.
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Figure 5.1: Principal sketch demonstrating the operation of the ge-
ometrical phase element. The red curves represent the total intensity
cross-section consisting of constructive interference of the inner beam
(blue curve) and the outer beam (green curve) parts. Black dashes rep-
resent nanogratings orientation in the element

Analysis of intensity and polarization distribution

To analyze the beam transformation after the focusing lens, the De-
bye vector approximation is employed [202], which can be summarized
as follows. First, the wavefront of the beam just after the exit pupil has
a spherical shape with a radius of f, which is the focal length of the
lens. Second, each diffracted light ray is considered a plane wave and
propagates toward the geometric focal point of the lens; thus, it is rep-
resented by a wave vector k. Lastly, the cosine direction cos(f,n) ~ 1,
where n is the normal vector of the diffraction aperture and 6 is the
angle of the propagation direction of the diffracted ray and the optical
axis. The electric field distribution at an arbitrary point in the focal
region is given in Cartesian coordinates by

C .
E(rg) = o //Q T (52, 8y) exp [ik (szx0 + syYo + 5220)] AL (5.4)

where C'is a constant, k = 27 /) is the wave number, A is the wavelength
of incident light, and € is a solid angle of the objective aperture. Only
within this spatial angle 2, diffracted light rays are considered to prop-
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agate towards the focal point and contribute to the formation of a focal
spot. The vector s = (s, Sy,5) is the dimensionless direction vector
along a light ray that reaches the focal point, located at ro — (0,0,0).
The T(sg, sy) is the electric field distribution at the exit pupil (i.e. on
the reference Gaussian sphere). In the case where the aperture of the
optical lens is symmetric, it is convenient to recast the direction vector
s as s = (sin# cos g, sin @ sin @, cos ), where the meridional angle 6 is
0 < 0 < arcsin NA and ¢ is the azimuthal angle in the focal plane. The
solid angle () expressed in these coordinates gives d{) = sin 6dfde.

With this in mind, the following standard expression for the electric

field in the focal plane is

C H'maz 27
E(ro) = a/0 /0 sin 6 Pout (6, 0)B(6, ¢)

X exp [ik (zp cos 0 + xq sin 0 cos ¢ + yo sin 0 sin ¢)] dfdy,

(5.5)

here 0,4, = arcsin NA, P, (0, @) is the polarization state of the elec-
tromagnetic vector field in the focal plane and B(#, p) = v/cos# is the
apodization factor. The polarization state P, (0, ) is related to the
electric field in the input E, (0, ) as Pout (0, 0) = L(6, 0) B (0, @),
where L(0, ¢) is a lens operator 3 x 3, converting the polarization state
of the input plane to the proper polarization state in the focal plane.
This operator can be expressed as L(f, ) = R71(6,0)C(0, 0)R(8, ¢),
where R(6, ¢) is an operator changing the coordinates from Cartesian
to polar.
cosep sing 0
R(0,¢) =| —sing cosgp 0 (5.6)
0 0 1

and C(#, ) is a lens operator
cosf 0 sinf

C0,p) = 0 1 0 (5.7)

—sinf 0 cosf



The explicit expression for L, (6, ¢) is

1+(cos @—1) cos? ¢ (cosf—1) cos psin ¢ sin 6 cos p
L(@, QO) = | (cosf—1) cos psing 1+(cos@—1)sin? ¢ sin@sinp (58)
—sin 6 cos ¢ —sinfsin ¢ cos 0
Lastly, since the birefringent element acts on circularly polarized vector

states e, introducing an operator P

14
V2 V2
_ 1 i
P= VARG 0o [, (5.9)
0 0 1

which converts from Cartesian basis to circular basis and express L(0, ¢)
in this basis as

cos? g — sin? %e%‘/’ sin 96”’/\/5

L(Q, QD) = — sin? %e_%“’ cos? g sin He_i‘f’/\/ﬁ . (510)
—sinfe~ % /1/2 —sin 0e’? /1/2 cos @

Knowing this expression, let’s find the components FE.(p,¢) and
E_(p,¢) and E,(p,p) of the electric field in the focal plane. For this
task, use Eq. (5.3) and substitute it into Eq. (5.5) and use the fact that
the GPE contains two zones. Multiplying Eq. (5.10) with the expression
E,u+ and assuming e_ for p < r and e, for p > r results in the following
integral expressions for individual field components in the focal plane
(z2=0)

E.(p,¢) = /07“ Vcos 0 cos? gjo (kppsin @) sin d6

— iNe(N+2)ie / " Veos Bsin? gJN+2 (kppsin 0) sin 00

E_(p,@) =e 2% /OT Vcos 0 sin? gJQ (kppsin @) sin 6d6

+ iVelNiv /OO Vcos 0 cos? gJN (kppsin @) sin d6

E.(p,p) = 27247 /OT Vcos Osin 0.7, (kppsin @) sin d6

— 92N HL(N+D)ig /OO VeosOsinfJy 1 (k,psinf)sin0dl, (5.11)

here, r = fsin,.
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By numerical simulation of these equations, one can accurately cal-
culate the intensity and polarization distribution of the beam in the
sharp-focusing regime. For moderate numerical apertures (in this ex-
perimental verification, it was NA = 0.2, thus sinf = 0.2, leading to
sin? §/2 ~ 0.01 and 62 ~ 0.04 therefore) Eq. (5.11) can be approximated
to:

Ei(p,p) =~ / Vcos 0 cos? gJo (kppsin @) sin 6d6

o0 0
E_(p,¢) = zNeN“"/ Vcos 6 cos? §JN (kppsin @) sin 6d6

E.(p,¢) =~ 0. (5.12)

The electric field in the focal plane has a form expressed as

E(0,¢) = e fi(p) + VeV fo(p), (5.13)

which is a general expression of the higher-order polarization singulari-
ties [139,203]. Equations for a reversed input polarization field (i.e.ey
for p < r and e_ for p > r ) can be derived similarly. The derivation is
omitted here for the sake of brevity.

Under a moderate focusing regime the Debye vectorial focusing anal-
ysis can be reduced to two scalar Rayleigh-Sommerfield diffraction in-
tegrals for different polarization beams [12], whilst the beam intensity
is equal to the superposition of the perpendicular polarization beam

intensity, and can be written in the form:

Ei(x,y,z

>\
I= yE+\2 + \E_P. (5.14)

where ' = /(x — 2/)2 + (y — y/)2 + 22 is the length from the source
point (2’,y') at the GPE to the observation point (z,y) at z distance
from the GPE. In doing so, the polarization redistribution resulting from
wavefront curvature is not accounted for, but it simplifies the analysis
and explanation of the presented method. Moreover, it allows the usage
of freely available diffraction codes [204].

The application of equation (5.14) for the analysis of a focused Gaus-
sian beam after passing through the designed GPE can be performed by
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separating the problem into two parts. The first part is the analysis of
the focused Gaussian beam with the obscured circular iris of size r, and
the second part is the analysis of the outer part of the Gaussian beam
altered by the vortex phase. As the polarization state coming out of the
element is all circular, but the inner part and outer part rotate in dif-
ferent directions, one can consider them as independent, perpendicular
states. This allows us to avoid interference between them. Calculations
can be done by modifying the Rayleigh-Sommerfield diffraction integral
from Eq. (5.14):

L(x,y) :eik\/m
I(.T,y, Z) = |E+($,y,2’)’2 + \E_(x,y,z)|2
(5.15)

where L is the lens phase that focuses the beam. N is the modulation
order and ¢ is the azimuthal angle. The total beam intensity distribu-
tion is the sum of the individual counter-rotating polarization intensity
distributions.

5.2. Numerical modeling of hyper lemon polarization structures in
vector flat-tops

For numerical modelling, three modulation orders N = [1, 2, 3] with
three o case were investigated: from Gaussian-like beam in the focal
plane to flat-top and ring-shaped distribution.

Results with modulation order N =1

Numerical modeling results with birefringence axis modulation N =
1, depicted in Fig. 5.2. In this case, one expects to observe a polarization
singularity, known as lemon [205]. This is the so-called C-point singular-
ity. As the topological number N = 1, the expected topological charge
of the C-point singularity is I. = 1/2, see [139,203]. For each selection
of the ratio o, the radius of the hollow center r is adjusted to obtain
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Figure 5.2: Designs of the geometrical phase elements - their birefrin-
gence axis (a) and retardation (b) for o = 0.87 (first column), o = 1.09
(middle column) and ¢ = 1.45 (third column). Numerically evalu-
ated normalized intensity distributions in the longitudinal plane (c), the
transverse plane (d), and in the cross sections x and y of the transverse
plane (e). The winding number is N = 1. The retardance is 7 = \/2,
and GPEs are designed for wavelength A = 1030 nm. The numerical
aperture in the simulations was NA = 0.2.
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certain beam-forming conditions. The slow axis distribution is repre-
sented by the color map in Figure 5.2(a), while the retardance is shown
in Figure 5.2(b). The birefringence axis distribution clearly shows the
change in the axis over the azimuthal angle that should produce the first-
order vortex phase, because the retardance depicted in Figure 5.2(b) is
equal to half of the wavelength in that region, see Eq. (5.3). The circle
in the center shows the unaltered region of the element, where the cir-
cular polarization (es) beam E;,. passes through the element without
any alteration. Note the change in the diameter of the circular spot,
which is responsible for the beam shape transition. The propagation
in the free space is depicted as the laser beam intensity distribution
in the focal region of the lens in Figure 5.2(c). Figure 5.2(d) presents
the transverse intensity distribution in the focal plane, while the white
ellipses represent the numerically obtained polarization states at each
point. Figure 5.2(e) shows the cross-section of the intensity distribution

along one transverse axis.

Different columns show different ratios o to obtain three different
distinct beam shapes. It was found that with the ratio ¢ = 1.09 the
generated beam intensity in the focus flattens the most, while changing
the ratio o to 0.87 the bell-shaped intensity distribution is obtained.
Increasing the ratio o, the doughnut-shaped intensity distribution beam
is obtained. The intensity contrast between the maximum intensity and
the center of the doughnut-shaped intensity distribution can be increased
by increasing the o parameter. It is interesting to note that the ratio o
changes not only the overall intensity distribution but also the state of
polarization throughout the field. The distribution of the polarization
state is complex and resembles the polarization singularities examined
in [139]. A clear example of a visible singularity is the beam generated in
the ratio 0 = 1.45. The center of the beam has a non-zero intensity, and
the polarization state there is circular. The higher-intensity surrounding
part has a nearly linear, constantly varying angle of polarization field.
This particular distribution of the polarization state is similar to the so-
called lemon-shaped polarization singularity field (C-point singularity of
1/2 index) [146,147].
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Results with modulation order N = 2

Next, the winding number N was increased twice by designing three
geometrical phase elements, see Fig. 5.3. With a higher order of slow
axis modulation N = 2, as depicted in Figure 5.3(a), the GPE converts
the outer part of the input beam into a topological charge m = 2 vortex
beam. The ratio o required to generate the flat-top intensity distribution
is also higher (o0 = 1.45). The ratio o increases because a higher-order
vortex is created and has a larger radius in the transverse plane. This
fact also results in a decrease in the maximum intensity of the vortical
field when compared to the unmodified part. For this reason, the gener-
ation of a flat-top beam should require the diameter of the vortical part
to increase to match the intensity of a beam passed through the central
part of the GPE, see Figure 5.3(a,b).

The numerically obtained intensity distributions in the longitudinal
plane are given in Figure 5.3(c). For a lower value of o, the Gaus-
sian beam dominates the profile of the combined beam. However, the
intermediate value of o results in a cross-like intensity distribution. A
further increase in the parameter ¢ makes the vortical contribution more

significant.

The combined beam has a larger focal spot size, maintaining a flat-
top intensity distribution, while the peak-to-valley intensity variation
value is less than 5%. Similarly to the previous case (from Figure 5.2),
adjustment of the ratio o provides different intensity distributions in
the focal plane. In Fig. 5.3(d)-(e), the intensity distribution is shown
together with the distribution of the polarization states combined. Here,
at 0 = 1.45, the polarization field is azimuthal at the periphery of the
beam, whereas the central part is circularly polarized with elliptical
states of polarization between the zones. The higher ¢ introduces not
only an increased influence of the doughnut-shaped intensity but also
the state of the polarization field for the larger area of the beam. The
distribution of the polarization states also resembles the C-point singu-
larity with index I = 1, see [206]. Therefore, as expected, an increase
of 1/2 in the singularity index of C-points is observed from the previous

case.

126



90

-90
515
€
cC
@
(]
c
5 o
=
Q
[0)
14
1 mm
I 0
1
3
I 0.8
N
:‘é
g 0.6
£
0.4
3 3
© \
1
X E 0.2
= (
c i
] 7
£ Tesssll!
NARNRSRESo 0o ssn 0
S ANNANSRSESEn Y 1))
- ® 1
RS 0.8
]
@ 0.6
g 0.4
S
(@] 0.2
10 0 10 10 0 10 10 0 10
X, Y, um X, Y, um X, Y, um

Figure 5.3: Designs of the geometrical phase elements - their birefrin-
gence axis (a) and retardation (b) for o = 1.21 (first column), o = 1.45
(middle column) and o = 1.81 (third column). Numerically evaluated
normalized intensity distributions in the longitudinal plane (c), trans-
verse plane (d), and in the cross sections = and y of the transverse plane
(e). The winding number is N = 2. The retardance is 7 = A\/2, and
the GPEs are designed for the wavelength A = 1030 nm. The numerical
aperture in the simulations was NA = 0.2.
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Results with modulation order N =3

Lastly, let’s further increase the winding number N, it is now N =
3, and design three geometrical phase elements, see Figure 5.4(a,b).
Analogically to the first two cases, a part of the incoming beam will
be converted to a vortex with topological charge m = 3 (see Fig. 5.4).
The increase in topological change increases the diameter of the beam
in the focal plane and reduces its maximal intensity. For this reason,
three different values of the parameter o are selected. The numerically
estimated longitudinal intensity distributions are given in Fig. 5.4(c).
They reveal that the selection of parameters o for this particular case
gives three different scenarios. In the first one, the Gaussian beam in the
combined beam dominates over the vortical part, see the first column in
Fig. 5.4(c). The next case represents well-adjusted vortical and Gaussian
parts in the combined beam, whereas the last column in Fig. 5.4(c) is
the case when the circularly polarized vortex dominates.

The intensity distributions in the focal plane are given in Fig. 5.4(d).
Together with the intensity distributions, the polarization ellipses are
plotted. The distribution of the polarization state in the combined beam
becomes even more complex, as the patterns of polarization ellipses have
more complicated distributions. This polarization distribution, as ex-
pected, again resembles the polarization singularity of the C-type with
a topological index of I = 3/2, compared with Refs [139]. As expected
from the theoretical section, the increase in the slow axis modulation or-
der results in the polarization distribution of the beam, which resembles
the C-point singularity of the topological index (1. = % * N).

In Fig. 5.4(e) the transverse cross-sections in the = and y axes are
shown. The best flatness of the flat-top beam is obtained for the ra-
tio 0 = 1.74. As the doughnut-shaped intensity distribution increases,
while the center bell-shaped intensity does not increase so rapidly, the
combined flat-top beam has at least a peak-to-valley intensity variation
10%.

From the comparison of all three examples, it can be concluded that
the best case for generating flat-top intensity vector beams is achieved
with the NV = 2 order GPE with the ratio ¢ = 1.45. Although the flat-
top beam produced has a relatively subtle increase in intensity with a
small variation in intensity at the top of the profile, it is applicable for
various transparent material processing tasks. This, together with other
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constructed beams, do not have pre- or post-focus hot spots, which is

advantageous for many transparent material processing applications.

5.3. Experimental verification of the concept

Experimental intensity measurements

For the experiments, two GPEs were manufactured from selected two
particular cases, investigated in the previous section. As the main aim is
the realization of vector flat-top beams, two particular numerical designs
were selected: one is with winding number N = 1 and the second with
N = 2, when vector flat-tops are created with tolerably small intensity
oscillations in the central part of the beam. The case with the winding
number N = 3 has oscillations in the central part that are much stronger
and might not be suitable for laser micromachining purposes, therefore
it was not considered for the experiment.

The experimentally measured diameter of the laser beam was 2w, =
3.24 mm at the intensity level exp(—2). Therefore, the hollow parts of
two designed and manufactured GPEs were adjusted to this particular
diameter and the ratio o was chosen to achieve flat-top vector beam pro-
files. The retardance and birefringence axis measurements of the GPEs,
along with the intensity distribution measured in the focal zone, are pre-
sented in Figure 5.5. The slow axis distribution clearly shows the change
in angle to azimuth, while the central part is almost constant. The re-
tardance distribution shows a constant retardance of 515 nm, which
translates to A/2 for the fundamental wavelength of the laser. Because
the central part of the GPE was left unchanged, it was also observed
a contrast between the part of the element with inscribed nanogratings
and that which was unmodified.

The experimentally obtained beams show a close resemblance to the
numerical experiment (Figs. 5.2 and 5.3). Thus, both versions of flat-
top beams were successfully generated in the focal plane with some small
irregularities caused by the manufacturing imperfections and other de-
viations in the optical setup. The laser beam phase front and intensity
distribution modulation could have contributed to the observed inten-
sity irregularities. This did not allow for recording a clear profile of the
X-shaped intensity distribution in the xz plane, as seen in the numerical
simulation. The measured focal spot size for the focused Gaussian beam
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Figure 5.5: Characterization of manufactured GPEs with winding
numbers N = 1 (second column) and N = 2 (third column) — the first
row is the slow axis, and the second row is the retardance. Experimen-
tally measured intensity distributions in the longitudinal plane (third
row) and in the transverse focal plane (fourth row). Cross-sections in
the x and y directions in the focal plane (fifth row). The first column
is the Gaussian beam without a GPE. An aspherical lens of f =8 mm
was used to focus the beam. Intensity distributions are individually nor-
malized
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was measured to be approximately 5 pm. In the case of the combined
beam with the winding number N = 1 beam, it is 8 pm, and for the
N = 2 case, it is 16 pm FWHM, see the last row in Figure 5.5. Most
importantly, the flattest intensity experimentally recorded is created at
the focal plane having the highest intensity, without the pre- or post-
focal zone intensity peaks. Although, it is obtained in a shorter focal
zone range than the Rayleigh length is.

For the sake of curiosity, the performance of the two geometrical
phase elements was investigated under imperfect conditions. For this
purpose, the size of the incoming Gaussian beam was increased (by slid-
ing the GPE towards the end of the fixed beam expander). As expected,
this change produced a doughnut-shaped combined beam since the input
beam width was slightly increased to generate the circular-shaped beam
with a non-zero intensity in the center. The resulting intensity distribu-
tions for these two cases are given in Figure 5.6. They closely resemble
the results predicted by numerical simulations, despite some asymmetry
of the intensity patterns originating from the aberration of astigmatism,
which was studied in [207]. The overall transmission efficiency for both
manufactured elements was measured to be approximately 92%, with
losses of 7% attributed to Fresnel reflections from the uncoated surfaces
of the elements. Therefore, only the loss of 1% could be attributed
to negligible transmission losses. No zeroth-order diffraction peak was
observed in the focal zone of the lens. For subsequent light-matter in-
teraction experiments, the average power for the Gaussian beam case
was reduced by 8% to achieve the same irradiance level before the focus

lens.

Verification of polarization singularities presence using Stokes
parameters

From the experimental point of view, it is relatively problematic
to measure complex polarization structures, as it is relatively easy to
estimate them numerically. The complex distribution of the beam po-
larization depicted in Figures 5.2-5.4 could be experimentally verified
using Stokes parameters or polarimetry measurements.

Therefore, the Stokes parameters were numerically estimated and vi-
sualized for the cases under investigation in Fig. 5.7. Stokes parameters
S1 and Sy present the linear polarization distribution of the beam, while
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Figure 5.6: Experimentally measured intensity distributions in the
longitudinal plane (first row) and the transverse focal plane (second
row). Cross-sections in the z and y directions in the focal plane (third
row). An aspherical lens of f = 8 mm was used to focus the beam.
Intensity distributions are individually normalized.

S3 present the circular polarizations of the beam. As expected from
theoretical considerations, the overlap of the two circular polarization
beams with opposite rotation directions generates linear polarization,
which is most noticeable in the periphery of the combined beam. Note
that the Stokes parameters S; and Se have opposite signs on the dif-
ferent sides of the combined beam. This means that the polarization
rotates 90° when the azimuthal angle rotates fully. This can also be
seen in Fig. 5.2, where the numerically estimated polarization distri-
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Figure 5.7: Comparison of Stokes Si, So, and S3 parameters be-
tween numerical simulation and experimental measurements of gener-
ated beams.

bution is given. The center of the beam has a pronounced circularly
polarized state (S3) in the combined beam, which is contributed by the
unaltered central part of the GPE, which forms the bell-shaped intensity
distribution that does not overlap with the electric field of the doughnut
intensity distribution of the counter-rotating polarization beam.

A clear indication of the azimuthally polarized beam is visible in
the Stokes parameters S; and Sy when the second order (N = 2) is
used to produce a flat-top beam. The distributions of the perpendicular
states of linear polarization are located every quarter of the azimuthal
angle, and the distributions S; and Ss are rotated by 45°with respect to
each other. This can also be seen in Fig. 5.3, where a flat-top beam is
created. The center of the beam still has circular polarization, because
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of the same reasoning as in the N =1 case.

The experimental findings are given in the same Figure 5.7. They
verify the successful fabrication of GPEs capable of generating flat-top
beams with additional vector field properties, as predicted by numerical
simulations. These results validate the numeric approach and pave the
way for the utilization of GPEs utilizing hyper-lemon polarization singu-

larities in various non-linear optics and material processing applications.

5.4. Analysis of various material processing

The next part involves investigating the interaction between the ma-
terials and the combined laser beams by inducing volume modifications
in transparent glass and surface ablation of silicon and thin metallic
coating deposited on a glass substrate. Different materials are used in
tests in order to better understand possible advantages and disadvan-

tages of the proposed beams in material processing

Comparison in glass welding

One of the most intriguing applications of ultrashort laser irradia-
tion is in-volume modification of transparent materials. The intensity
pattern of the laser beam can significantly affect the process parame-
ters and outcomes. Therefore, it was investigated and compared the
in-volume modification process using the generated flat-top beams with
the standard Gaussian beam.

Initially, two 0.7 mm thick D263T glass pieces were cleaned and
placed in optical contact. The laser beams were focused near the contact
plane of the glasses to generate a molten pool that propagated toward
the direction of the incoming laser light (as shown in Figure 5.8). The
optimal welding regime for the Gaussian beam was determined to be
using a NA = 0.2 focus lens, a scanning velocity of v = 10 mm/s, the
shortest pulse duration of 358 fs from the laser, and variable average
power at a fixed laser repetition rate of 1 MHz. The focusing conditions
and laser parameters optimal for glass welding were taken similar to the
ones published in Ref. [208]. The measurements of formed molten pools
were done by inspecting the cross-sections with an optical microscope
with backlight illumination. The width was measured from the most left
edge to the most right edge at the widest position. The heights were
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measured from most top positions down to the bottom edge at the focal
position.

P=368W P=313W P=258W P=202W

100 pm

Figure 5.8: Microscope side view images of D263T glass molten pools,
formed by different focusing laser beams in volume at the intersection
of two samples being in optical contact. The mean power P is changed
(indicated), while the constant repetition rate of 1 MHz and the scan-
ning speed of v = 10 mm/s are used. Black dashed lines represent the
intersection of two glass plates.

Analysis of the side-view images of the molten pools (the graph of
measured dimensions is depicted in Fig. 5.9) reveals that the Gaussian
beam caused severe cracking when the mean power reached P = 3.13 W.
At lower power levels, the height and width of the molten pools were
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Figure 5.9: Measurement of width and height of created molten pools
with different beam shapes.

245 pm and 140 pm for P = 2.58 W and 180 pm and 125 pm for P =
2.02 W, respectively. In contrast, no visible material destruction was
observed when using lemon polarization singularities generated by N =
1 and N = 2 GPE, even at the highest average power of P = 3.68 W.
The widths of the molten material formed by the lemon polarization
singularity created by the GPE with N = 1 were 90 pm, 105 pm, 113 pm,
and 132 pm, corresponding to the increase in mean power levels. For the
case of hyper lemon, created with a GPE having the winding number
N = 2, the widths are 70 pm, 82 pm, 128 pm, and 140 pm, respectively.

Despite the larger widths, the heights of the molten pools formed
by GPE with N =1 and N = 2 are comparable to those produced by
the Gaussian beam. For case N = 1, the heights are 170 pm, 192 pm,
271 pm, and 289 pm, corresponding to the increase in the mean power
levels. For case N = 2, the heights are 138 pm, 180 pm, 223 pm, and
267 pm, respectively.

These results indicate subtle differences in the shapes of the plasma
channel and the molten pool. For the case N = 2, the melted ma-
terial pools tend to have slightly narrower but larger height profiles,
particularly at lower power levels. The most significant advantage is the
avoidance of glass cracking with slightly larger dimensions of the molten
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pool shaped by beams generated by GPE with N =1 and N = 2.

This conducted experiment mainly considers the properties and com-
parison of molten material shapes. Although, the shear tests to evaluate
bonding strength were not conducted, it can be stated that the samples
were successfully welded, similarly to a presented picture in Fig. 2.20.

Thin film selective ablation

In the subsequent phase of laser microprocessing experiments, the
focus lens was replaced with a plano-convex lens with a focal length of
f = 50 mm, resulting in a reduction in the numerical aperture to as
low as NA = 0.02. The aim was to selectively remove a thin metallic
chromium coating (coating thickness < 10 nm) deposited on a glass
substrate. An experiment was carried out to compare the removal of
the thin film using different beam shapes, the results are depicted in
Figures 5.10 and 5.11. The laser repetition rate was set to 60 kHz while
maintaining the shortest pulse duration of 358 fs. Optimal pulse energy
values were determined, enabling a clear visualization of the properties of
the removed thin film, depending on the total number of pulses applied.
The number of shots varied from one to 2000 pulses in a single spot.
For the Gaussian beam and the first-order GPE, the pulse energy was
fixed at E, = 6 pJ, while for the second-order GPE, the pulse energy
increased to Fj, = 21 pJ due to the larger spot size and reduced fluence.
The laser beam and material interaction results at the light transmission
regime exhibited clear distinctions for a higher number of applied pulses.
When the number of consecutive shots reached at least 100, the Gaussian
beam peak induced defects on the glass substrate, while the flatter beam
intensity generated by the first-order GPE element effectively prevented
this issue. Similar results were obtained with second-order GPE, where a
large area of the metallic coating was removed without inscribing defects
on the glass layer.

The use of a doughnut-shaped beam with non-zero intensity in its
center for the removal of thin films shows quite similar results for high
number of shots (see Figure 5.11). The single-shot ablation experiment
shows uniform defect formation throughout the beam area. The two-
pulse results show the ability to generate a smaller than the beam spot
at the center of the cleanly ablated surface, replicating the intensity
profile of the constructed beam shape. The increase in the number of
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Figure 5.10: Microscope transmission and reflection images of re-
moved thin chrome film on a glass substrate with different beam shapes
in the focal plane. The focus lens of f = 50 mm is used. Keeping the
constant pulse energy, the number of shots was changed as indicated in
the pictures

laser shots (10 and more) shows a high-quality removal of the coating
without damaging the glass substrate over a larger area than that of the
produced Gaussian and flat-top beams.

These experimental tests demonstrate the ability of lemon-
polarization singularity-generated vector flat-top beams produced by
GPEs to selectively ablate thin metallic coatings in comparison to those
of Gaussian beams. The uniform intensity distribution of such lemon
polarization singularities reduces the risk of material damage and en-
ables the precise removal of thin films without affecting the underlying
substrate. Similarly, doughnut-shaped beams with non-zero intensity in
the center can also be used for high-quality thin-film removal applica-
tions. The results obtained show the potential and advantages of using
a hollow-center GPE with the ability to adjust the beam profile in the
focal plane.
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Figure 5.11: Microscope transmission and reflection images of re-
moved thin chrome film on a glass substrate with beam shapes hav-
ing reduced center part intensity in the focal plane. The focus lens of
f = 50 mm was used. Keeping the constant pulse energy, the number
of shots was changed according to the picture

Silicon surface ablation

In the last experimental part, ablation with varying consecutive shots
on a pure silicon substrate was conducted (525 pm thickness, high re-
sistivity, cut at (100) crystal plane). The same focusing conditions as
for the flat beam case were used, except that the pulse energy was in-
creased to E, = 46 pnJ. Scanning electron microscope images of ablated
craters are depicted in Fig. 5.12. Analysis of the ablated material craters
as a function of the increasing number of shots reveals distinct differ-
ences among the three beam shapes on a low number of shots. The
crater generated by a single shot using the Gaussian beam exhibits a
slightly different (narrower) profile than that formed by the first-order
GPE, with an affected zone approximately 32 pm in width. However,
second-order GPE produces a larger modified surface area, with a width
of 45 pm. When increasing the number of shots from 2 to 20, noticeable
differences emerge. The crater induced by the Gaussian beam tends to
deepen and narrow due to tapering effect and higher fluence, whereas
the bottom morphologies of craters formed by the first- and second-order

GPEs remain relatively flat and uniform, with minimal irregular micro
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Figure 5.12: SEM images of ablated craters on silicon with different
beam shapes: Gaussian and flat-tops of N =1 and N = 2 orders. The
constant pulse energy of E, = 46 pnJ was used for every beam case.

bumps. At higher pulse numbers, the effects of the flatter beam intensity
distribution become less pronounced. The steepness of the burr and wall
values are comparable for all three beam cases, indicating that the ad-
vantages of a flat-top beam are primarily evident in surface modification
morphology due to the Gaussian-like side lobe intensity shape.

5.5. Summary of the results

The concept of hollow center spatially variable waveplate was pro-
posed as a way to create vector flat-top beams having polarization sin-
gularities at the focal plane under low numerical aperture focusing con-
ditions. Numerical modeling and experimental results verify creating
vector beams with the expected presence of hyper-lemon polarization
singularities having topological charges of I. = % * N, where N is the
winding number.

The presented vector flat-top beams are generated as the construc-
tive superposition result of two orthogonal polarization state beams.
The intensity distribution in the focal zone does not have the pre- or
post-intensity peaks. The uncomplicated implementation of proposed
GPEs in the optical scheme, and versatile adjustment of element center
diameter versus beam diameter as ratio o, provides the ability to dynam-
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ically change beam shape from Gaussian-like to flat-top and ring-shaped
intensity distribution, without the need for additional optical elements,
only using conventional focusing optics.

The flat-top forming conditions for various slow axis modulation
numbers N were determined as: ¢ = 1.09 (for N = 1), 0 = 1.45 (for
N =2), and 0 = 1.74 (for N = 3). The increasing modulation order
N at flat-top and constant focusing conditions creates larger diameter
beams, but it reduces the flatness of the intensity distribution, when
N > 3. The best case is obtained with the geometric phase element of
N =2 and o = 1.45 providing a flat-top beam with <5% peak-to-valley
intensity variation.

For the first time, distinct application of polarization singularities
was experimentally demonstrated in laser microprocessing: glass weld-
ing, thin metallic film removal, and silicon ablation applications. Flat-
top intensity distribution offers enhanced control over heat deposition
and material modification, enabling the production of more precise and
uniform structures compared to Gaussian beams. Glass welding ex-
periment revealed the ability to create welded seams of 289 pm height
without inducing fracturing of a glass at P = 3.68 W average power
when VA = 0.2. Selective ablation of a thin metallic coating (< 10 nm
thick) on a glass substrate demonstrated that the flat-top intensity dis-
tribution avoids creating damage by the fatigue effect to the substrate
over a Gaussian beam case, even at high number (> 2000) of repetitive
pulses in a single spot, when the spot size was 16 pm at 21 pJ pulse
energy, 358 fs pulse duration. While the silicon ablation tests showed
that obtained flat-top beams advantages are mainly observed at surface
structuring, when repetitive pulse number is low (< 20). Higher pulse
repetition number in a single spot (> 100) creates qualitatively deeper
craters, due to the Gaussian-like intensity side lobes, the tapering effect
occurs making the morphology of narrowed ablated structures similar.

Lastly, the presented geometric phase elements can be implemented
as a very suitable choice for high-power and high-transmission beam
shaping of flat intensity distribution at the focal plane technique, not
limiting by the numerical aperture. The transmission of the uncoated
manufactured elements was 92%, whereas the anti-reflective coating
would increase it to up to 99% giving near-perfect performance.

142



6. MANUFACTURING BEAM SHAPING ELEMENTS
DESIGNED FOR THZ FREQUENCIES

In previous chapters, the beam shaping technique using nanograt-
ings inscribed by direct laser writing was examined. The knowledge and
similar methods of beam modification can also be applied to significantly
longer electromagnetic wave spectra, specifically in the terahertz range
from 0.1 THz to 10 THz, corresponding to wavelengths from 3 mm to
30 nm. Laser ablation can remove materials with micron-level preci-
sion, which is much smaller than the wavelength used in the mentioned
range [209-211]. Generally thinking, with the same 1030 nm wavelength
ultrashort pulse laser, it is possible to inscribe nanogratings in fused sil-
ica and manufacture geometric phase elements for application in the VIS
and NIR ranges, as well as employ ablation of various materials to create
beam-shaping elements to manipulate the electromagnetic field in the
terahertz frequency range [210,212-214].

Terahertz waves are unique in that they propagate through mate-
rials without causing ionizing changes, unlike X-rays [215]. This ra-
diation is often used in spectroscopy, imaging, and optical communica-
tion [216,217]. In the practical implementation of THz imaging systems,
special attention must be given to miniaturization and optimization,
enhancing functionality, reducing power consumption, and increasing
user convenience [218]. This involves overcoming several significant chal-
lenges related to the low power emitters, the reliability of sensitive detec-
tors, and finding effective design and technological solutions for passive
optical components such as mirrors, lenses, and beam splitters [219].
Typically, these elements are quite bulky, so identifying solutions based
on flat optics could lay a solid foundation for developing compact imag-
ing systems and suggest pathways for efficient, lightweight designs. This
section aims for investigating beam shaping capabilities utilizing two
different methods - employing production of silicon-base diffractive ele-
ments and manufacturing flexible metasurface elements (metaelements)
from thin stainless steel foil, with the intended use in imaging.
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6.1. Silicon diffractive optics for shaping THz waves

The material related to this thesis chapter was published in papers
[A3], [A4] and [A5].

Terahertz elements are made from a wide variety of materials, in-
cluding plastics, metals, semiconductors, and even wax [220,221]. One
widely used material is silicon, which is readily available, extensively
manufactured, and commonly used in the electronics industry. Silicon
is a well-studied material in terms of light-matter interaction [222-225]
and is one of the most important components in electronic devices due
to its physical and mechanical properties. Additionally, silicon is trans-
parent in the THz range and has a high refractive index (n = 3.48); it
can be excited by visible radiation and used as an active element for
THz waves [226]. Therefore, this material was chosen as the basis for
further modification using laser ablation to alter the surface profile and
employ it for phase control of THz waves [84,209,227].

6.1.1. Modeling of various flat diffractive elements

The radiation emitted from THz sources can be the same TEMgg
mode, possessing the properties discussed earlier. To transform these
waves into a more complex, structured beam, it is necessary to apply,
for example, diffractive elements, similar to those used for visible or
NIR light [84,228]. Arranging elements with sub-wavelength or near-
wavelength thickness in a specific spatial pattern can create phase shifts
in an optical ray passing through, resulting in the desired constructive
interference of transmitted waves at a particular observation point. This
concept is implemented using binary or multilevel diffractive elements,
where the phase delay is calculated as (n — 1)t for a material with a
refractive index n and a local thickness ¢ of the substructure [227].

For this purpose, the fabrication and applicability of several different
optical elements for beam shaping and imaging were examined. The
production and application of Fresnel zone plates, Fibonacci, axicon,
and Airy elements were selected for study at 600 GHz frequency by
ablating 0.525 mm thick silicon substrates. The first designed element
is a phase zone plate with the transmission function:
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where f = 10 mm is the paraxial focal length (similar designs are in-
vestigated in Refs. [224,227]. The quantized phase mask is depicted
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in Fig. 6.1(a). The generation of the Bessel THz beam was performed
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Figure 6.1: Modeling of 8-level phase masks (left) and cross-sections
of quantized element profiles, where blue area resembles silicon substrate
profile (right): (a) lens (zone plate) mask; (b) axicon mask having § =
0.4, (c) binary Fibonacci mask, (d) asymmetric Airy mask.
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using a linear phase function:

_ 27sin

p(r) = /o + 42, (6.2)

where § = 0.4 rad, see Fig. 6.1(b) for quantized phase mask.

The binary aperiodic Fibonacci lens was created by implementing a
procedure described in ref. [229] using Fibonacci sequences with ngeq =
7. The element is a binary phase plate comprising parts of the surface
with phases 0 and 7 [see Fig. 6.1(c)].

The Airy beam can be constructed with a cubic phase transmission
profile:

®ar(r) = a(a® — ), (6.3)

where a = 7 x 10" m~3 [see Fig. 6.1(d)]. This design represents a phase
mask plate of eight levels (N = 8) of diameter 20 mm, which together
with a zone plate (f = 10 mm) is dedicated to generating an Airy beam
in the range of up to 10 mm.

6.1.2. Experiments and application
Manufacturing flat DOEs by laser ablation

Following the numerical modeling, a laser ablation experiment was
conducted. The laser system used in the ablation experiments is depicted
in Methodology section in Fig. 3.6.

Firstly, to remove the required material according to the modeling,
an experiment was performed to determine the optimal ablation param-
eters. The spot size of the laser system used in the experiments at focus
was approximately 19 pm. Based on this, suitable ablation parameters
were identified at a fixed, the shortest pulse duration available from the
laser (158 fs): the optimal pulse energy, overlap density of pulses between
adjacent shot positions and parallel scanning trajectories (hatching), as
well as the number of repetitions required to precisely achieve desired
depths were determined. An algorithm was coded for the experiment,
in which square areas were ablated within a large parameter matrix:
from the initial experiments, the effective spot size was determined to
be 19 pm at 9 pJ energy. In the experiment, the pulse energies were var-
ied from 9 11J to 49 pJ, corresponding to energy densities of 5.73 J/cm?
to 31.19 J/cm?. The pulse density along and parallel to the scanning
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line was chosen to be close to the spot size: distances between adjacent
shots ranged from 1 pm to 15 pm (pitch), and hatching density varied
from 5 pm to 20 pm. The photographs of silicon sample containing a
large array of different parameter sets is depicted in Fig. 6.2.

mE R

=

Figure 6.2: Photograph of silicon piece, used to fabricate large array
of different processing parameters set. The single square size is 400 x
400 pm.

From the large parameter matrix, the most suitable variants for pulse
density were selected at a fixed scanning density of 200 mm~' (74%
overlap), with a distance between parallel scanning lines of 10 pm (47%
overlap). These parameters were chosen to avoid significant oxidation
or other visibly noticeable defects on the silicon substrate while also en-
suring that the ablation duration was not excessively long, aiming for
a reasonable element production time. For final tests before produc-
tion, only pulse energy and the number of repetitions were varied (see
Fig. 6.3).

The plots show dependencies of the depth and roughness of the ab-
lated areas as a function of the number of scans with various fluences.
The plot in Figure 6.3(a) shows a linear function of the number of scans
for all fluences, where higher fluence would result in a bigger amount
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of removed material (depth). As this is a naturally expected result, it
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Figure 6.3: (a) Depth and (b) roughness of the bottom depen-
dence after ablation on different numbers of scans with various fluences:
5.73 J/cm?, 12.1 J/em?, 18.46 J/cm?, 24.83 J/cm?, 31,19 J/cm?. The
other laser parameters were fixed at 158 fs pulse duration, 74% overlap
pulse density, 47% overlap between hatching lines, at 50 kHz laser rep-
etition rate.

is further important to select the appropriate regime for the manufac-
turing process so it would not take extended time for fabrication. With
5.73 J/cm? fluence, the depth after 100 passes was 68.6 pm giving an av-
erage of 0.686 pm per pass, for 12.1 J/cm? the average was 1.32 pm, for
18.46 J/cm? the average was 1.997 pm, for 24.83 J/cm? the average was
2.92 pm and for 31.19 J/cm? the average was 3.51 pm per single pass.
Increased fluence gives a higher removal rate with a trade-off to sur-
face quality - increased roughness [see Fig. 6.3(b)]. The roughness was
also measured as increasing value with the number of scans together,
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depending on the fluence.

It was observed that at 5.73 J/cm? and 12.1 J/cm? fluences, ac-
ceptable quality but shallow depths were achieved: Ra = 0.47 pm and
Ra = 0.54 pm, respectively, at N = 40. Conversely, at 24.83 J/cm? and
31.19 J/cm? fluences, greater depths were obtained but with poorer edge
and bottom quality resulting in higher roughness values, Ra = 1.09 pm
and Ra = 1.45 pm respectively, at N = 40. For the final parame-
ter choice, 18.46 J/cm? fluence was selected for further manufacturing.
Having the final fabrication parameters, the depth of 25.25 pnm of each
and consecutive N-th step was achieved with repetitive scan number of
13 x N. With such energy density, the roughness for the deepest area
of 176 pm was Ra = 1.25 pm, which is relative to A/400 for 0.5 mm
wavelength (0.6 THz). Using this parameter set, the fabrication time
at 50 kHz laser repetition rate with 74% pulse overlap at 250 mm/s
scanning speed would take 5-7 hours, depending on the size of ablation

area.

Measurements of the intensity fields

All the manufactured silicon-based multilevel elements were experi-
mentally tested using the THz continuous wave system: electronic mul-
tiplier chain-based emitter ( Virginia Diodes, Inc.) to produce radiation
of 0.6 THz frequency. Delivered through a converging lens of f = 12
cm, it was collimated to illuminate the focusing elements, and the data
obtained are compared with numerical estimates in Figure 6.4.

The diffractive silicon-based multilevel lens (Fresnel zone plate)
[shown in Fig. 6.4(a)] consists of concentric rings, the so-called Fres-
nel zones, which are spaced at such distances that light constructively
interferes with the focal point located approx 8.5 mm from the element,
as expected. An experimental investigation of the lens focusing perfor-
mance was carried out by measuring the intensity distribution along the
optical axis xz and in the focal plane zy perpendicular to the direction
of THz light propagation. The zone plate functions quite well in the
focal plane, the full width at half-maximum of the focused Gaussian
beam is 0.27 mm, while the FWHM of the collimated beam amounts to
11.8 mm. The intensity of the focused beam increases 65 times.

In the same principle, the next element under investigation was the
axicon dedicated to generating a Bessel beam. The experimentally
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Figure 6.4: Manufactured diffractive optical elements (DOE) and their
cross-sections, along with experimentally observed intensity profiles and
those predicted from numerical simulations, for a) a Fresnel zone plate,
showing a distinct focus in both plots, b) a Bessel axicon, generating a
"needle"-shaped THz beam, c) a Fibonacci lens, demonstrating bifocal
characteristics, and d) an Airy zone plate, where the beam follows a
parabolic trajectory with reciprocal paths visible in the experimental
plot.

obtained two-dimensional THz Bessel beam profiles are given in Fig-
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ure 6.4(b). A total of five focal points are registered. The distance
between focal points increases (from approx 0.2 mm to 1.5 mm) with
the distance in the direction of beam propagation. Furthermore, as the
beam expands, the FWHM increases with each focal point, to 1 mm,
1.1 mm, 1.9 mm, 2.2 mm, and 3.7 mm, accordingly. These experimental
results are confirmed by numerical simulations, even though, the data
reveals some deviations between numerical expectations and experimen-
tal observations. It might be guessed that this is caused by interference
between the incident and reflected signals or by some not-perfect optical
alignments in the experimental setup.

Next, the Fibonacci beam shaping element was examined. The ex-
perimental results and their comparison with the theoretical model are
presented in Figure 6.4(c). As can be seen, the element forms two fo-
cal points in both cases, where the intensity in the second focus is 25%
higher than in the first. Furthermore, FWHM in the first focus was
found to be 0.27 mm. This could be caused by interference between the
incident and reflected signals.

Finally, the performance of the Airy element was tested, see Fig-
ure 6.4(d). As depicted, the experimentally measured performance is
in close line with what is expected from the numerical estimates: the
Airy beam formed in the transverse and longitudinal planes displays a
parabolic trajectory, which is an inherent feature of the Airy beams.
The beam in the transverse plane is scanned at the point of maximal
longitudinal intensity and behaves as expected, although the edges are
slightly distorted as a result of some deviations from the paraxial trajec-
tory. It can be seen that in this case, the Airy element was also combined
with the zone plate. These results show that the zone plate behind the
Airy zone plate slightly deflects the incident beam. Furthermore, the
spatial resolution and quality of the scanned images were reported to be
much better when an Airy zone plate is combined with a conventional
zone plate. Therefore, verification experiments and numerical examina-
tion allowed to infer that the fabricated elements perform well and are
well-suited to for precise investigation and benchmarking.

Imperfections of manufacturing

It is worth noting that manufacturing inaccuracies have minimal im-
pact on the effective performance of the elements. When closely compar-
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ing the theoretical and experimentally obtained profiles (see Fig. 6.5),
the initial (shallowest) steps closely follow the theoretical model, while

the deeper steps exhibit lower manufacturing precision. This is due to
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Figure 6.5: Closer comparison of manufactured (a) Axicon and (b)
Airy elements to the numerical models: cross-sections of the (c) axicon
and (d) Airy step profiles, measured with optical profiler.

the presence of a natural taper angle (usually between 10° and 15°)
caused by ablation with a Gaussian beam, which has a bell-shaped in-
tensity distribution. With each subsequent pulse (or repetition), the
material is removed in a non-uniform manner, carving into an already-
formed V-shaped groove. Due to the taper angle, part of the radia-

152



tion is reflected off the walls, narrowing the ablation area. As a re-
sult, at the positions of the deepest steps, the step width becomes
vanishing small, resembling more of a V-shape and failing to reach
the precise intended depth [see Fig. 6.5(c)-(d)]. Another reason for
the discrepancy in focal distributions is that the simulation used the
Rayleigh-Sommerfeld diffraction integral with a spherical-point-source-
based propagator, which is a paraxial approximation. However, due to
the long wavelengths of THz radiation and the comparable size of the
optics, a nonparaxial diffraction simulation method would be required
for more accurate results, this issue is comprehensively covered in paper
[A3]. Finally, a closer look at the Airy element profile reveals that seven
steps were ablated instead of eight. This occurred due to an error in the
manufacturing process when a software error caused the laser system to
stop fabrication. Despite this, the experimental results are sufficiently
high-quality to allow further testing of this element.

Imaging behind an obstacle

Distinct properties were observed when examining the Airy beam:
due to its nonparaxial nature and the natural curvature of its focal zone
along the z axis, an imaging experiment was conducted to compare the
beam’s propagation behind an obstacle, with the detector registering
radiation passing through the target. Three configurations were com-
pared: the Airy element alone, the Airy element combined with a lens,
and a Bessel beam formed by an axicon. The imaging setup and results
are presented in Figure 6.6. The obstacle was placed at a distance of
z = 1 mm behind the last element in the setup before the object, with
other distances selected optimally based on prior experimentation. A
metal plate, impermeable to THz radiation, was used as the obstacle in
all three setups. During the experiment, progressively larger areas of
the optical element in front of the sample were obscured by the metal
plate.

As revealed in the experimentation [see Fig. 6.6(a)], when a single
Airy lens is used, the image of the target remains clear even when almost
the entire optical element is blocked by the metal obstacle. The smallest
resolved stripe period is 1.2 mm. These results align with the numeri-
cal estimates provided in the same figure. Minor discrepancies may be
attributed to slight misalignment in the system and imperfections in
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position estimates. These findings confirm the self-healing properties of
the Airy beam, offering the potential for THz structured light imaging
even in the presence of an opaque object.
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Figure 6.6: Performance of the nonparaxial Airy phase mask in THz
imaging behind the obstacle in two setups: with the single nonparaxial
zone plate (a) and two on paraxial zone plates (b), where O denotes an
obstacle. Performance of the nonparaxial Bessel phase mask in the same
THz imaging behind the obstacle setup (c). The color bar is normalized
to the maximum value of the signal for each setup. The position of the
obstacle is depicted on top of four columns on the right, starting from
the almost uncovered object (middle, ~ 10% is covered) and ending with
the most covered object (right, ~ 60% is covered).

Even more promising results are observed when a combination of the
nonparaxial cubic phase mask and the nonparaxial zone plate is used [see
Fig. 6.6(b)]. The target slits remain visible, even when more than half
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of the illuminating element is blocked. Surprisingly, high resolution is
still achieved, with the smallest resolved stripe period being 0.7 mm.

Lastly, the performance of the Fresnel axicon was examined, as the
structured THz illumination it generates is also nondiffracting and self-
recovering. During experimentation with the Bessel lens [see Fig. 6.6(c)],
when small portions of the generating element were blocked, the target
image remained clearly visible. The smallest resolved stripe period was
0.8 mm (1.6)\). However, as larger areas of the element were blocked,
the image quality deteriorated, eventually fading into noise. Numerical
simulations demonstrated similar behavior, though some recognizable
images remained in the background. This deviation is likely due to
experimental uncertainties in the generated structured light. Overall,
the cubic phase plate outperformed the Bessel-generating element in
this benchmark.

To sum up, it was observed that the performance of the single Airy
phase mask decreases as more of the structured illumination is blocked,
with spatial resolution increasing from 2\ to 3.2\ and contrast fluc-
tuating around 30 (a.u.). Surprisingly, in the second experiment, the
combination of the Airy phase mask and the zone plate exhibited even
better performance, with spatial resolution remaining constant at 1.6\,
regardless of the percentage of the element blocked. However, the con-
trast dropped from 30 to 20 as more of the illuminating element was
covered. Lastly, the spatial resolution of the Bessel beam illumination
decreased from 1.6\ to 3.2, and its contrast dropped sharply, with no
images recorded when a large portion of the element was covered. When
30% of the element was obscured, the Bessel illumination showed a sig-
nificant reduction in contrast, whereas the Airy beam and the Airy beam
with the zone plate showed contrast less affected by the percentage of
the block.

More extensive experimental research on THz imaging with the dis-
cussed beams is presented in publications [A3] and [A5], and is not
further elaborated on in this section due to the scope of the topic.

6.2. Flexible meta optics

For the control and shaping of THz waves, metasurfaces (or meta-
elements) can be used in a manner similar to that of VIS or NIR ra-
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diation. It has been demonstrated that metamaterials offer vast design
flexibility for flat optical elements, allowing for the manipulation of elec-
tromagnetic wave properties, including propagation, polarization man-
agement, and control over material refractive index dispersion [230,231].
Metaelements are typically fabricated through lithography or nanoim-
printing methods, and can be made from a variety of materials such as
silicon, dielectrics, or metals [91,232,233]. One widely used type of meta-
surface is the split-ring resonator (SRR), which operates based on the
electric field generated by dipoles or quadrupoles arising from charge car-
rier oscillations under external electromagnetic illumination [234,235].
In the THz spectrum, SRRs are typically on the scale of several tens of
micrometers and can be easily fabricated using a laser ablation process.
In this subsection, the production of inverse SRRs from a thin 25 pm
stainless steel foil is investigated, with the aim of demonstrating flexible
and reliable THz beam profile engineering through mechanical bending
of a C-shaped metasurface.

6.2.1. Design of inverse split ring resonators

The most common type of SRRs consists of a conductive periodic
structure deposited on a transparent substrate, with dipole formation
occurring at the gap of the ring element [236]. Alternatively, inverse
SRR or complementary SRR (CSRR) structures, composed of periodic
C-shaped openings in the conductive layer, can also be fabricated. In
these structures, the dipole forms at the opening on the side opposite
to the conductive gap [237]. It is important to note that the dipole can
be generated by charge carrier interactions with either the magnetic or
electric components of the external radiation, or both, depending on
how the incident radiation is applied [238]. Therefore, the ability to
adjust the opening angle, radius, and width of the C-shape provides
three additional degrees of freedom for manipulating electromagnetic
waves.

The complementary metasurface’s openings were systematically ar-
ranged in a recurring design based on the Fresnel equation, functioning
as a zone plate [top panel of Figure 6.7(a)], allowing for focusing and
manipulation of the THz beam [239]. The gap position and cutout
angle of the CSRRs (denoted by ¢ and 6, respectively) were adjusted
according to their location on the metasurface to achieve the required
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phase shift for each CSRR. Each subzone of the zone plate was pop-
ulated with identical CSRR meta-elements, ensuring a 7/2 phase shift
between neighboring zones. Additionally, the radius of the openings, R,
and their width, ¢, were varied to further optimize the focusing element.
It is worth noting that the detected signal is due to radiation re-emitted
from the metasurface. In this case, the ratio of excitation to re-emission
power depends on the metasurface’s rotation angle and ranges from 6%
to 10%.

Figure 6.7(b) presents a schematic representation of the THz beam
engineering setup designed for investigating the metallic metasurfaces.
The system utilizes an adjustable InP Gunn diode oscillator, capable of
delivering tunable frequency radiation within the range of 93.8 GHz to
94.1 GHz, along with passive optical components and a bow-tie diode
serving as the THz sensor. In Figure 6.7(c), the layout of the THz
imaging setup is depicted, incorporating two additional paraffin lenses.
These lenses are used to collimate the THz beam after it passes through
the target and then focus it onto the detector.

6.2.2. Manufacturing of flexible optical elements

To fabricate C-shaped metasurfaces from stainless steel foil, an ex-
periment similar to the previously presented silicon ablation setup was
conducted. The goal was to determine the optimal laser and fabrication
parameters while maintaining high shape accuracy and efficient process
time. Experimental studies on the ablation of steel and other metals
using ultrashort pulsed lasers is a well-researched topic, aimed at find-
ing optimal parameters for ablation or other highly precise structures
made from base materials [240-242]. Since metal reflects the majority of
NIR radiation and is a good conductor with many free charge carriers,
excessive heating under high fluence or repetition rate can have adverse
effects on the sample, such as deformation, or oxidation, which should
be avoided [243,244].

The experiment for selecting laser parameters was also performed
at a fixed, the shortest pulse duration available from the laser (158 fs),
with the goal of identifying the optimal pulse overlap density, fluence,
and number of repetitions. An algorithm was coded for the experiment,
which involved ablation of multiple single C-shapes with varying sets of
parameters on 25 pm stainless steel foil. The pulse density was varied
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Figure 6.7: Metallic metasurface design and THz imaging setups. (a)
Design of the metallic C-shaped complementary split-ring resonators
metasurface, its geometry, and enlarged view of the meta element de-
picting the parameters to be varied: the letter ¢ denotes the thickness of
the opening, 0 - the cutout angle, R is the radius, and ¢ depicts the posi-
tion of the gap. (b) Schematic layout of the THz beam engineering setup
dedicated to the evaluation of metallic metasurface design effect on the
polarized light. The radiation of power of around 40 mW with an elec-
tric field polarized along the y axis emitted from an adjustable frequency
InP Gunn diode oscillator source (GQ-440KS, Spacek Labs) S is colli-
mated by f = 10 cm parabolic mirror (PM) as the beam diverges. The
metasurface focuses the beam onto a focal point where a polarization-
sensitive InGaAs-based bow-tie-shaped detector D is placed. The photo
of the enlarged active part of the detector is depicted in the bottom
inset. A high resistivity silicon beam splitter BS of 525 pm thickness is
placed between a parabolic mirror and metallic metasurface to reduce
the standing wave effects between the emitter and metallic metasurface.
(c) THz imaging setup employing the THz beam engineering. The setup
contains two additional paraffin lenses (PL1 and PL2) dedicated to col-
limating the THz beam after it passes through the target T and then
focusing it into the detector.

1 in 100 mm™"' steps, corresponding to

from 100 mm~™' to 500 mm™
a pulse step size from 10 pm to 2 pm. The pulse energy was varied

from 3 pJ to 30 pJ, in 3 pJ steps, corresponding to a fluence change
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from 2.12 J/cm? to 21.16 J/cm?. Finally, it was necessary to determine
the sufficient number of repetitions required to fully ablate the desired
structures through the sample. The number of repetitions was varied
from 20 to 260, in steps of 20. After the first iteration of the experiment,
the most suitable results were selected, and the experiment was repeated
with a narrowed parameter space. The results of the second iteration
are presented in Figure 6.8.

After narrowing the parameter space, a fixed pulse density of 200
mm~! was chosen, while the selected fluence values were 2.12 J/cm?,
6.35 J/cm?, and 10.58 J/cm?. These parameters were chosen because at
higher fluence and density, significant surrounding material damage was
observed, including oxidation, deformation due to excess heat, and the
formation of sticky dust that could not be removed even with ultrasonic
cleaning. Figure 6.8(a) shows that at low fluence, full material abla-
tion through the sample only occurred at a high number of repetitions,
around 200. At higher fluence values, clean and uniform through-cutting
was achieved earlier, at around 160 [at 6.35 J/cm? in Fig. 6.8(b)] and
120 repetitions [at 10.58 J/cm? in Fig. 6.8(c)]. However, at 10.58 J/cm?,
there was a higher occurrence of burns and dust, which was more diffi-
cult to remove in an ultrasonic bath or could not be removed at all. The

2. At this energy density, no

final selected fluence level was 6.35 J/cm
significant deformation or oxidation of the samples was observed. It was
also noted that a through-cut was achieved after 120 repetitions, but
additional repetitions resulted in a more uniform cutting edge with less
variation in width. When the number of repetitions exceeded 200, there
was little further change, and increasing the number of scans ensured
that all structures were cut, while the widening due to repeated ablation
was negligible. Lower fluence values with a higher number of repetitions
could also be suitable for production, but the choice of parameters was
based on achieving a reasonable production time and sufficient process-
ing quality. The duration of manufacturing a single 2 inch size element
at 6.35 J/cm? fluence would take approximately 3 hours. Based on the
selected optimal processing parameters, various meta-elements could be
produced by modifying only the initial design drawing.
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Figure 6.8: Microscope images in reflection and transmission regimes
of stainless steel foil of 25 pm thickness ablation experiment. At fixed
pulse density of 200 mm~' and pulse duration of 158 fs, the other pa-
rameters were: (a) 2.12 J/cm?, (b) 6.35 J/cm? and (c) 10.58 J/cm?
fluences. The repetition number was changed from 40 to 200 in steps of
40.

6.2.3. Testing performance of manufactured elements

The primary aim was to assess how variations in different CSRR
metaelement parameters influenced the focusing abilities of the meta-

160



surface, as shown in the center of Figure 6.9. Initial parameters, opti-
mized for the target frequency, were derived from previous studies by
another group [245]. To design the most efficient focusing metasurfaces
for operation around 94 GHz, numerical simulations were conducted by
varying the cutout angle, with a focal length of f = 20 mm, a radius of
R = 240 pm, and an opening width of ¢ = 60 pm [see Figure 6.9(a)].
The cutout angles of two distinct metaelements were varied while main-
taining a constant relative phase shift of 7/2. Additionally, using the
optimal cutout angle determined from simulations, the effect of vary-
ing the CSRR metaelement radius R was explored [see Figure 6.9(b)].
Lastly, the CSRR opening width ¢ was varied between 30, 60, 75, and
90 pm for the parameters of f = 20 mm, R = 240 pm, and cutout
angles of ;7 = 40° and 6y = 135°. These metasurfaces were also ex-
perimentally tested. The results, matching the simulations and shown
in Figure 6.9(c), indicate that the best focusing was achieved with an
opening width of ¢ = 75 pm. Metasurfaces with all three optimized pa-
rameters were subsequently used for further studies of structures with
varying focal lengths and the impact of metasurface bending on focusing

performance.

Four metasurfaces with focal lengths of f = 10, 20, 30, and 40 mm
were fabricated, and their focusing performance was evaluated both ex-
perimentally and theoretically. The experimentally obtained THz beam
intensity distribution along the optical axis is displayed in the main
graph of Figure 6.10, represented by symbols. Theoretical modeling of
the metasurface operation and THz light propagation properties, per-
formed using the FDTD method, is depicted by solid lines. As shown,
the intensity of the beam focused by the f = 20 mm focal length meta-
surface exhibits a significantly higher intensity compared to the other
designs with focal lengths of f = 10 mm, f = 30 mm, and f = 40 mm.
The performance of a single CSRR metaelement is governed by its nu-
merical aperture (NA), where radiation is modulated by the CSRR’s
directrix and non-spherical wave emission. Short focal distances (large
NA) result in modulated beam amplitudes due to paraxial design and
aberrations, while longer focal distances reduce these effects and show
conventional Gaussian beam behavior. Increased focal distances also ex-
pand beam size and Rayleigh distance, but intensity decreases, especially
when constrained by the production size of the metasurfaces.
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Figure 6.9: The dependence of CSRR metasurface focusing perfor-
mance on different metacell geometrical parameters. (a) Simulation of
the intensity distribution along the optical axis, obtained by varying
cutout angles 07 and 6. Intensities along the x-axis at the focal plane
are displayed in the inset. The optimal pair of angles §; = 40° and
0 = 135° was selected for the following simulations. (b) Simulations
of intensity distribution along the optical axis for the CSRRs metaele-
ment radius R ranging from 230 pm to 250 pm. Intensities along the z
axis at the focal plane are displayed in the inset. The optimal radius of
R = 240 pm was selected for the following simulations. (c) Illustration
of the experimentally measured (symbols) and simulated (solid line) in-
tensities along = axis at the focal plane for the varying opening widths
of the metaelements, noted by the letter ¢ at the central image. The
inset denotes the simulated transmission spectra of the CSRR structure
at the focal point, the blue dashed line represents the frequency used
during the experiments. In all cases, fixed parameters are displayed in
the insets of the relevant panels.

The experimental results for metasurfaces with an optimal focal
point of 20 mm (depicted in Figure 6.10) show good alignment with
theoretical models, though experimental data reveals Fabry-Perot oscil-
lations not predicted in simulations. These arise from standing waves in
the experiment. The flexibility of the CSRR structure offers further tun-
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Figure 6.10: Focusing performances of the complementary C-shaped
split ring resonators-based metasurface with different focal lengths (f =
10, 20, 30, and 40 mm) at 94 GHz. The main graph—experimental
results (symbols) and simulation results (solid lines) of the beam profile
distribution along the optical axis for metasurfaces of the different focal
lengths. Top left inset—the performance of the metasurface lens with
the focal length of 20 mm: top half represents experimentally obtained,
and bottom half depicts simulated intensity distribution of THz beam
along the optical axis. Note the standing wave effect occurring in the
experimental part. The blue line indicates the focus position of the
analyzed CSRR structure. The upper part of the top right inset—THz
beam intensity distribution in the focal plane, corresponding to the blue
dashed line of the top left inset. The top half depicts experimental results
and bottom half-theoretical simulations. The bottom part corresponds
to the intensity beam profile along the x-axis at the focal point of the
metasurfaces with different focal lengths, where the experimental results
are marked as symbols and theoretical simulations are depicted as solid
lines.

ability through mechanical bending, unlike standard SRRs. As bending
increases, the signal decreases but focusing is maintained, as shown for

163



A —0—F=10mm —Q— F=20mm F=40mm
1.00 |
5
E’; L Bending
> f =
o715] } d
|
@
£ I
T
N 050}
©
£
(o]
=
025 o~
" 1 " 1 " 1 " 1 " 1 " 1
04 05 06 07 08 09 10
d/L
. o V(mm) g
_ . 8 .
4 |
4JFlat |
- |
_2|e= . asd ™ &
£ T ~{0E B8
g 7] 8E | =
- | > o
x .2 \Bent ! . £
N JSdA =072 I
-4 ! 0
. T I T I T I - T I T —_— 0
6 11 16 21 26

Z (mm)

Figure 6.11: (a) Measured intensity dependence upon bending meta-
surfaces of different focal lengths. The inset depicts a visualization of
the bent metasurface. The letter L denotes the diameter of the unbent
metasurface and d is the distance between two opposite ends of the de-
formed plate. The bending level is represented as a ratio of d/L. (b)
Intensity distribution of the THz beam along the optical axis xz: the
top half represents results when the metasurface was flat and the bot-
tom half when the metasurface was bent. The dashed blue lines indicate
the focus position. Note the change of the focal distance and intensity
occurring due to bending, giving additional adjustment ability. Insets
on the right side represent beam intensity distribution in the focal plane
xy for the cases when the metasurface is flat and bent, respectively.

metasurfaces with different focal lengths in Figure 6.11. Even at maxi-
mum bending, the signal remains functional, allowing flexible tuning of
THz optics, which is beneficial for compact imaging systems. Therefore,
these fabricated elements were further tested in imaging experiments;
however, to avoid expanding the scope, this is further discussed in pub-
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lication [A4].

The demonstrated manufactured meta elements can also be imple-
mented for use in higher THz frequencies. A comparison of three meta
elements made for 100 GHz, 250 GHz, and 2.5 THz resonant frequencies
are depicted in Figure 6.12. The C-shaped features must have smaller

a) b) c)
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Figure 6.12: Comparison of manufactured meta elements designed for
different frequencies: (a) 100 GHz, (b) 250 GHz, and (c) 2.5 THz. The
top row shows images of whole manufactured elements, and the middle
and bottom rows reflection and transmission microscope images under
5X magnification.

dimensions for application in the higher frequency range. For example,
in Figure 6.12(a), the meta element contains C-shapes of approximately
55—-60 pnm widths. For efficient use in 250 GHz, the widths of the features
must be as small as 30 pm [see Figure 6.12(b)]. For use in 2.5 THz, the
manufactured C-shapes were in widths of 8-18 pm [see Figure 6.12(c)].
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Such a higher deviation of width was due to unideal diffraction-limited
spot size. The astigmatism of the focused beam makes different cutting
widths in orthogonal directions. Therefore, the potential efficiency of
such an element would be decreased. To overcome this issue, an ideal
diffraction-limited beam should be used, i.e. having a lower M? fac-
tor. As well as the numerical aperture or shorter wavelength (second or
third harmonics) must be used. However, due to the limitations of the
existing optical system, the numerical aperture cannot be increased be-
cause of the fixed input aperture of the galvanometer scanner, as well as
the fixed focal length of the F-theta lens, and the operating wavelength
is only 1030 nm. Theoretically, with an upgraded fabrication system,
these problems could be solved and the potential cut width of the fea-
tures be as narrow as a few microns, meaning that it would be possible

to manufacture elements for higher frequencies than 2.5 THz.

6.3. Summary of the results

Ultrashort pulse laser ablation using A = 1030 nm wavelength is
capable of producing diffractive beam shaping elements from silicon for
terahertz frequencies with high precision. The roughness of the ablated
material directly depends on both fluence and the number of repetitions,
ranging from as low as < 0.5 pm (at low fluence of 5.73 J/cm? and 40
number of scans) to over 2 pm (at high fluence of 31.19 J/cm? and 100
number of scans) and lets to control the removed material depth within
typical 2 pm accuracy.

The all experimentally produced silicon-based elements had the sur-
face roughness of 1.25 pm at the deepest zones, which corresponds to a
surface quality of A/400 for a 0.6 THz wave. Theoretically extrapolating
this value, it allows for the production of elements suitable for the up to
6 THz spectrum and beyond, maintaining a processed surfaces quality
of no less than \/40.

The observed differences of manufactured elements and theoretical
models in terms of taper or missed single phase step, can be neglected,
as the shaped beams still produce the wanted field distributions, at a
lower efficiency.

In the imaging experiment, significant improvement was observed
when the Airy element paired with a zone plate. Imaging through the
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target slits remained visible, even when more than half of the illumi-
nating element is blocked. High resolution was still achieved, with the
smallest resolved stripe period of 0.7 mm. This improvement could be
subject to the accelerating (bending along focal zone) nature of the Airy
beam.

Laser ablation is also a highly advantageous technology for manu-
facturing THz metaelements consisting of complementary split-ring res-
onators. By employing A = 1030 nm wavelength USP laser source in pair
with galvanometer scanner together with F-theta lens of f = 100 mm,
several zone plates were manufactured from 25 pm thick stainless steel
foil. The production from this thin material enables the making of com-
pact and flexible alternative beam shaping elements for as low as 94 GHz
frequency and up to 2.5 THz.

The limiting factors for production beyond 2.5 THz frequency is the
diffraction limited spot size at the focal plane of the optical system. The
possible improvement could utilization of shorter wavelength irradiation
(second or third harmonic), aberration reduction or using higher numeri-
cal focusing conditions. However, the last factor is limited to the existing
F-theta lens compatibility for production area over 50.8 x 50.8 mm field.

The quality of metasurface element production can be controlled and
improved by using lower fluence levels with high repetition rates giving
higher scanning speed, thus avoiding significant material deformations
and oxidation while keeping reasonable production time of several hours.
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7. GENERAL CONCLUSIONS

The first statement to be defended is based on these conclusions:

1. The utilization of axicon phase masks having spatially shifted

halves enables to create distorted, multi-peak invariant Bessel-
type beams. The increased spatial shift p in the opposite direction
induces larger distortion of the central peak, splitting it into a
multi-peak transverse intensity distribution with a larger physical
distance between the peaks.

. The broken symmetry in the phase mask produces a slightly
distorted-elongated beam intensity pattern with displacement pa-
rameter p = 0.25. This intended displacement is the key factor for
inducing micro-fractures in the bulk of a glass with a 36° angle to
the normal of displacement axis, with an ellipticity of £ ~ 1.05.
Dicing experiment revealed that it is possible to separate 0.5 mm
D263t glass, with the roughness of sidewalls of approximately
0.52 pm with peak-to-valley values of 3.52 pm and -3.3 pm, by
using 1.3 mm Bessel zone beam (in air, at exp[—2] intensity) at
4 ps (FWHM) pulse duration, 330 nJ pulse energy, 10 pm pitch
and 20 mm/s scanning speed.

. The optimized azimuthal phase modulation can be employed to
find optimal beam shape with a desirable asymmetry of the cen-
tral peak, by altering the phase-cut angle v and the extent of the
phase difference Ay. Accounting for this, the elliptical Bessel-type
beam with an ellipticity of £ = 1.19 and contrast of C' = 0.61 was
formed utilizing a manufactured GPE of v = 17° and ¢ = 57/4 and
employed in the stealth dicing experiment, by using 6 ps (FWHM)
pulse duration, 8 pm pitch with 170 pJ pulse energy, at 20 mm/s
scanning speed. The obtained lowest roughness was 0.47 pm and
peak-to-valley of 1.03 pm and -1.09 pm, respectively. The dic-
ing outcome of systematically obtained beam shows better results
overall: more expressed ellipticity is accountable for better align-
ment of fractures, along cutting trajectory, resulting in comparable
roughness but lower peak-to-valley values.
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4. The analytic investigation manifests that for both utilized Bessel-
type beam shaping cases, the resulting invariant beam is a coherent
superposition of zero-order and even higher-order Bessel beams.

5. The utilization of geometric phase elements proves to be a reli-
able and efficient technique for high-power beam shaping, reach-
ing for up to 74% — 90% transmission for uncoated elements at
A = 1030 nm wavelength. The transmission losses of the produced
element are dependable on not only the inscribed retardance de-
viation but also on the complexity of the slow axis pattern. Steep
slow axis changes may result in zones of correctly undefined bire-

fringence and retardance.

The second and third statements to be defended are based on these

conclusions:

6. The novel concept of hollow center spatially variable waveplate
makes a way to efficiently create vector flat-top beams having
hyper-lemon polarization singularities with topological charges of
I. = % x N, where N is the winding (modulation) number. The
measured transmission can be as high as ~ 92% without anti-
reflective coatings at A = 1030 nm wavelength.

7. The presented vector flat-top beam shaping technique generates
the flattest intensity distribution at the focal plane without the
pre- or post-intensity peaks, independently of focusing conditions,
using the constructive superposition result of two orthogonal po-
larization state beams.

8. The uncomplicated implementation of proposed elements in the
optical scheme, and versatile adjustment of element center diam-
eter versus beam diameter as ratio o, provides the ability to dy-
namically change beam shape from Gaussian-like to flat-top and
ring-shaped intensity distribution, using only a single geometric

phase element.

9. The flat-top forming conditions for various slow axis modulation
orders N were determined as: o = 1.09 (for N = 1), o0 = 1.45 (for
N =2),and 0 = 1.74 (for N = 3). The increasing modulation or-
der N at flat-top under constant focusing conditions creates larger
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10.

11.

diameter beams, but it reduces the flatness of the intensity distri-
bution, when N > 3. The best selected ideal case is obtained with
the geometric phase element of N = 2 and o = 1.45 providing a
flat-top beam with <5% peak-to-valley intensity variation.

The experimental light-matter interaction results reveal that vec-
tor flat-top beam intensity distribution in accountable for im-
proved selective surface ablation of thin metallic coating (< 10 nm
thick) — avoiding damage to the glass substrate even at high num-
ber (> 2000) of repetitive pulses in a single spot, when the spot
size was 16 pm at 21 pJ pulse energy, 358 fs pulse duration.

The silicon ablation tests showed that obtained flat-top beams ad-
vantages are mainly observed at surface structuring, when repeti-
tive pulse number is low (< 20). Higher pulse repetition number
in a single spot (> 100) creates qualitatively deeper craters, due
to the Gaussian-like intensity side lobes, the tapering effect occurs
making the morphology of narrowed ablated structures similar.

The fourth statement to be defended is based on these conclusions:

12.

13.

14.

Ultrashort pulse laser ablation using A = 1030 nm wavelength is
capable of producing terahertz diffractive beam shaping elements
from silicon and metaelements from stainless steel foil of 25 pm
thickness. The possible applicable range for silicon-based man-
ufactured diffractive elements can be up to 6 THz, maintaining
a processed surfaces quality of no less than A/40, when surface
roughness is 1.25 pm, using fluence of 18.46 J/cm?, at 358 fs pulse

duration.

Utilization of A = 1030 nm wavelength USP laser source in
pair with galvanometer scanner together with F-theta lens of
f = 100 mm, allows manufacturing of compact and flexible com-
plimentary split-ring resonator-based beam shaping elements for
as low as 94 GHz frequency and up to 2.5 THz.

The limiting factors for production beyond 2.5 THz frequency is
the diffraction limited spot size at the focal plane of the opti-
cal system. The possible improvement could utilization of shorter
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wavelength irradiation (second or third harmonic), aberration re-
duction or using higher numerical focusing conditions. However,
to maintain a rapid fabrication process, the galvanometer scanner
is essential. But it is limited by input aperture size and to the
minimal available F-theta lens focal length with working field size,
which should not be lower than the size of metaelements being
2 inches (50.8 x 50.8 mm).
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8. SANTRAUKA

8.1. Ivadas

Su ultratrumpyjy impulsy lazeriy iSradimu ir pastoviu tobulinimu,
bekontaktis tikslus lazerinis mikroapdirbimas tapo svarbi, sparciai au-
gancios fotonikos pramonés ir moksliniy tyrimy srities dalis. Lazeriai
tapo nepakeic¢iamais jrankiais, dél savo tikslumo ir universalumo. To-
buléjant impulsiniams lazeriams, jy vidutiné galia ir pasikartojimo daz-
niai vis didéja, o poreikis optimizuoti jy veikima ir energijos perdavima
medziagai tampa vis akivaizdesnis. Kai kuriais atvejais standartinis
is lazerio iSspinduliuojamas Gauso pluostas tampa problema jvairioms
mikroapdirbimo uzduotims jvykdyti: pjovimui, grezimui ar sudétinges-
niy struktury kurimui i$ skaidriy ar neskaidriy medziagy. Tokio pluosto
varpo intensyvumo formos pasiskirstymas erdvéje gali sukelti nepagei-
daujama apdirbimo kokybés suprastéjimg dél Silumos paveiktos zonos,
ypatingai tada, kai energijos tankis yra gerokai didesnés uz medzia-
gos pazeidimo slenkstj [1]. Reléjaus (Rayleigh) ilgis yra dar vienas
ribojantis veiksnys, ypac¢ stebimas pjaunant skaidrias medziagas, kai
reikalinga ilgesné zidinio zona. Vienas i pagrindiniy pluosty forma-
vimo privalumy lazeriniame mikroapdirbime yra efektyvesnis energijos
perdavimas medziagai. Pritaikant lazerio pluosto intensyvumo skirstinj
pagal atliekamos uzduoties reikalavimus, tampa jmanoma tiksliai kon-
centruoti energija ten, kur jos reikia, taip sumazinant nuostolius ir pa-
didinant mikroapdirbimo efektyvuma [2]. Toks tikslus energijos per-
skirstymas gali ne tik pagerinti apdirbimo tikslumag, bet ir prisideda
prie bendro proceso ekonomiskumo, pasiekiant didesnius greicius bei is-
naudojant didesnj lazerio potenciala. Zidinio zonos inZinerija gali buti
taikoma ne tik lazerinio apdirbimo patobulinimui, bet ir vaizdinimo uz-
duotims, mikroskopijai bei kitoms sritims fotonikoje, neapsiribojant regi-
mojo diapazonu, bet taip pat tinkant ir terahercy bangy spektrui. [3].

Sioje  disertacijoje  pagrindinis démesys skiriamas
pluosty formavimui, kuris gali pagerinti jvairiy medziagy
mikroapdirbimo procesus bei vaizdinimg teraherciniy bangy
ruoze. Pirmoji dalis apima geometrinés fazés elementuy (GFE) naudo-
jima, tinkamy didelés galios lazerio spindulio formavimo taikymams,
siekiant pagerinti specifinius medziagy apdirbimo uzdavinius: Beselio
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tipo pluosty kurimas greitam ir kryptingo skilimo valdymo stikle
procesui; pradinio Gauso pluosto transformavimas j sudétingesnj
intensyvumo lauka su unikaliomis poliarizacijos savybémis. Antroji
darbo dalis skirta pluosty formavimo pritaikymams teraherciniy
dazniy diapazone bei specialiy elementy gamybai eksperimentiniam
patikrinimui naudojant silicj bei plieno folija. Sis darbas suskirstytas
i pagrindinius skyrius, kuriuose aptariama pagrindiné informacija,
reikalinga minéty problemy supratimui. Antrasis skyrius skirtas
teoriniam Sviesos savybiy aptarimui, butinam lazeriy optikos ir me-
dziagy mikroapdirbimo supratimui. Aptariami tokie reiskiniai kaip
sviesos difrakcija laisvojoje erdvéje, netiesiné intensyviy pulsuojanciy
Sviesos saveika su medziaga bei pluosty formavimo svarba bei budai.
Trecéiajame skyriuje pristatoma tyrimy metodika, kurig sudaro skai-
tinio modeliavimo ir eksperimentiniy darby dalys. Paaiskinami naudoti
difrakcijos modeliai bei aprasomos lazerinés sistemos, su kuriomis
buvo vykdyti eksperimentiniai tyrimai. Ketvirtasis skyrius apima
nedifraguojanciy Beselio tipo pluosty ir jy variacijy taikymus unikaliy
zidinio zony kurimui su potencialiu pritaikymu greitam lazeriniam
skaidriy medziagy pjovimui. Penktasis skyrius skirtas vektorinio
pluosto formavimui, kur poliarizacijos busena vaidina svarby vaidmenj
formavimo rezultatuose. Nagrinéjami ploksc¢ios virsunés (dar vadinami
yFlat-top“ ar ,Super-Gauso®) pluostai, turintys ploks¢ia intensyvumo
skirstinj zidinyje, atvejai. Paskutinis Sestasis skyrius nagrinéja
elementy gamybg ir pritaikyma teraherciniy bangy spektro diapazone,
gamybai panaudojant ta patj artimosios infraredinés Sviesos lazerinj

saltinj.

8.1.1. Darbo tikslas ir uzdaviniai

Siame darbe pagrindinis démesys skiriamas lazeriniy pluosty forma-
vimui, sukuriant sudétingesnés struktiiros skirstinius. Sios disertacijos
tiksla galima padalinti j dvi dalis.

Pirma, buvo numatyta istirti pluosty formavimo galimybes naudo-
jant geometrinés fazés elementus, tai pritaikant jvairiy medziagy lazeri-
niame mikroapdirbime.

Antra, tyrimo tikslas buvo prapléstas pritaikant pluosto formavimo
ir medziagy mikroapdirbimo zinias strukturizuotai terahercinei spindu-

liuotei formuoti, pagaminant skirtingus pluostus formuojancius elemen-
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tus is silicio ir plieno folijos, su potencialiu pritaikomumu vaizdinime.

Siekiant jgyvendinti tiksla, buvo iskelti sie uzdaviniai:

1. Naudojantis skaitiniu lazerio pluosto difrakcijos modeliavimu, at-
likti sklidimo simuliacijas laisvojoje erdvéje, panaudojant tiriamus

pluostus formuojancius elementus.

2. Istirti Beselio-tipo pluosty formavimo technika, naudojant pusiau
padalintos aksikono fazinés kaukeés ir erdviskai paslinkty jos daliy
modelj. Skaitmeniskai ir eksperimentiskai istirti gautus pluosty
intensyvumo skirstinius, kartu panaudojant erdvinj sviesos modu-
liatoriy bei didelés galios ultratrumpuyjy impulsy lazerine sistema.
Istirti suformuoty pluosty ir skaidrios medziagos saveika bandinio

pavirsiuje ir turyje.

3. Sukurti elipsinj Beselio-tipo pluosta, panaudojant aksikono kaukés
azimutine moduliacija. Skaitmeniskai istirti ir rasti optimalius fa-
zinés kaukés zony padalijimo parametrus, apsibréziant azimutinj
kampa ir faziy skirtuma tarp zony. Eksperimentiskai istestuoti
pagaminta geometrinés fazés elementa, pagal optimalius pasirink-
tus parametrus, sukeliant kontroliuojamus mikrojtrukimus skai-

drioje medziagoje.

4. Istirti statmeny poliarizacijos buseny pluosty superpozicija, nau-
dojant nemodifikuoto centro erdviskai strukturuotg bangine
plokstele, pagaminta kaip geometrinés fazés elementy. Skait-
meniskai iSnagrinéti intensyvumo ir poliarizacijos buseny pa-
siskirstyma pluostuose, zidinio zonos aplinkoje. Atlikti eksperi-
mentinius pluosty matavimus, sukelti ir istirti suformuotas modi-
fikacijas jvairiose medziagose: stikle, silicio pavirsiuje bei plonoje
metalo dangoje.

5. Istirti terahercinés spinduliuotés pluostus formuojanciy elementy
gamybg naudojant ultratrumpyjy impulsy lazerine abliacija su
A = 1030 nm bangos ilgiu. Rasti optimalius mikroapdirbimo
parametrus, tinkamus difrakciniy elementy is silicio ir metaele-

menty iS plonos nerudijancio plieno folijos, gaminimui.
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8.1.2. Praktiné nauda ir naujumas

. Pristatytas geometrinés fazés elementy, turinciy erdviskai
praslinktos aksikono fazés pusiy, dizainas, galintis suformuoti nau-
jus Beselio-tipo pluostus. Erdvinio praslinkimo valdymas lei-
dzia suformuoti jvairius skersinio intensyvumo skirstinius: keliy
smailiy, ziedo formos arba asimetrinés centrinés smailés pluostus.
Siy skirstiniy rezultatas yra nulemtas dél Beselio nulinés ir aukstes-
niy lyginiy eiliy pluosty superpozicijos. Asimetrinio pluosto atvejis
buvo sékmingai pritaikytas kryptingai skaldant plona stikla.

. Aksikono fazinés kaukés optimizavimas dalijant ja j dvi skirtingy
faziy ir azimutiniy kampy poras sukuria atvejj, kai galima sugene-
ruoti elipsinj Beselio-tipo pluosta. Sis optimizuotas fazinés kaukes
padalijimas, realizuotas geometrinés fazés elemente, gali pakeisti
iprastus aksikonus, kuriais atliekamas spartus stiklo skaldymas.

. Pirma karta buvo pademonstruota erdviskai kintancéiy banginiy
ploksteliy su nemodifikuotu centru kaip geometrinés fazés ele-
mento koncepcija.  Tokiy elementy panaudojimas lazerinéje
mikroapdirbimo sistemoje leido sukurti plokscéios intensyvumo
virsunés pluostus, sistemos optinio zidinio plokstumoje, ties
didziausiu intensyvumu, naudojant standartinius fokusavimo
lesius. Pluosto intensyvumo skerspjuvio kitimas galimas keic¢iant
jeinanc¢io pluosto dydj, ar nemodifikuotos elemento zonos plotj,
nekeiciant fokusavimo salygy. Tai jgalina dinamiskai keisti galu-
tinio pluosto formg nuo Gauso iki plokscios virsunés ar ziedo for-

mos skirstiniy.

. Nemodifikuoto centro erdviskai strukturuotos banginés plokstelés
panaudojimas leido sukurti vektorinius pluostus, turin¢ius poliari-
zacijos singuliarumus, kuriy topologiniai kruviai yra I, = % * N,
kur N yra létos asies moduliacijos gylis. Sis naujas metodas, ku-
riame naudojami geometriniai fazés elementai, tinka didelés galios
lazeriniui mikroapdirbimui prie jvairiy skaitinés aperturos fokusa-
vimo salyguy.

. Pademonstruota, kad artimosios infraraudonosios spinduliuotés

pluosty formavimo technika gali buti perkelta j terahercinés spin-
duliuotés bangy spektra. Atlikti silicio mikroapdirbimo eksperi-
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mentai atskleidzia galimybe pagaminti difrakcinius elementus, tin-
kamus iki 6 THz dazniui. IS nerudijancio plieno folijos gaminami
lankstus didelés aperturos (> 50 mm) pluosto formavimo elemen-
tai, panaudoti kuriant metaelementus, kuriy galimas pritaikymo
daznis yra nuo 90 GHz iki 2.5 THz. Siy elementy gamyba is si-
licio ir plieno folijos leidzia sukurti kompaktiskesnes vaizdinimo

sistemas.

8.1.3. Ginamieji teiginiai

. Aksikono kaukeés faziné asimetrija gali buti pritaikoma suformuo-
jant elipsinj Beselio pluosta, kuris yra tinkamas kryptingiems
itrukimams formuoti skaidrioje medziagoje. Erdviskai paslink-
tos aksikono fazés pusés per 0.25 fazés periodo dalj gali sukurti
centring smaile su 1.05 elipsiSkumu, kurio pakanka kryptingiems

mikrojtrukimams formuoti.

. Atliekant parametrine azimutinés fazés moduliacijos optimizacija,
galima rasti verciy diapazona su tinkamais parametrais bei sufor-
muoti asimetrinj pluosta, tinkantj kryptingy mikrojtrukimy for-
mavimui stikle, o kai padalijimo kampas yra v = 17° ir faziy
skirtumas Ap = 57/4, galima sukurti Beselio tipo pluosta, kurio
elipsiskumas yra 1.19.

. Nemodifikuoto centro erdviskai kintancios banginés plokstés ele-
mentas gali buti panaudojamas efektyviai sukurti vektorinius
plokséios virstuneés pluostus, turinéius poliarizacijos singuliarumus
sul, = % * N topologiniais kruviais, kur IV yra létosios asies mo-

duliacijos gylis.

. Kontroliuojant nemodifikuotos zonos ir jeinancio pluosto plociy
santykij, galima dinamiskai valdyti pluosto intensyvumo skirstinj
zidinio plokstumoje, i§ Gauso tipo j plokscios virsunés ar ziedo
forma, naudojant viena geometrinés fazés elementa. Geriausias
rezultatas pasiekiamas naudojant idealy geometrinés fazés ele-
menta, kai létosios asies moduliacijos eilé yra N = 2 ir santykis
yra 1.45, taip suformuojant ploksc¢ios virsunés pluosta, kurio in-
tensyvumo svyravimo amplitudé yra <5%. Tokio elemento in-
tegracija j optine sistema leidzia tolygiai keisti pluosto skirstinj
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zidinio aplinkoje.

5. Ultratrumpuyjy impulsy lazeriné abliacija naudojant A = 1030 nm
bangos ilgj ir galvanometrinj skenerj gali buti naudojama tiksliai
ir greitai pagaminti terahercinius difrakcinius elementus is silicio
ir metaelementus is nerudijancio plieno folijos, tinkancius veikimui
iki 2.5 THz bei iki 6 THz silicio pagrindu pagamintiems elemen-
tams, kuriy abliuoto pavirsiaus kokybeé gali siekti ~ \/40.

8.1.4. Publikacijos

Pagrindiniai rezultatai buvo paskelbti 7 recenzuojamuose moksli-
niuose straipsniuose [A1-A7] ir 12 konferencijuy pranesimy [B1-B12]. Ki-
tos 3 nesusijusios publikacijos nebuvo jtrauktos j disertacija [C1-C3].
Rezultatai pristatyti 12 tarptautiniy ir nacionaliniy konferencijy
[D1-D12]. Bendraautoriy praneSimai nejtraukti. ISsamus sarasai
pateikti 1.5 poskyryje.

8.1.5. Autoriaus indélis

Autorius atliko eksperimentinius darbus, susijusius su lazeriniy sis-
temy projektavimu ir surinkimu, kurios buvo naudojamos lazerio pluosty
matavimams ir jvairiy medziagy mikroapdirbimui. Autorius taip pat
vykdé pluosty sklidimo simuliacijas bei vysté skaitinj sklidimo mod-
eli. Gauti eksperimentinio darbo ir skaitinio modeliavimo rezultatai
buvo analizuojami, lyginami ir apdorojami, kad buty pristatyti galutine
forma.

Straipsnyje [A1], autorius atliko pluosto sklidimo modeliavima,
sukuré pradinj GFE dizaina, padéjo surinkti eksperimentine schema, ap-
dorojo eksperimentinius duomenis, parasé didziaja dalj teksto, L. Tau-
raité tyrinéjo GFE modeliavima, atliko pirminiu modeliavimo darbus ir
vykdé eksperimentinj tyrima, parasé teksto dalis, O. Ul¢inas pagamino
GFE, S. Orlovas parasé teorine pluosto transformacijos analize ir lygc¢iy
iSvedimus, V. Jukna prizitréjo visa darba ir redagavo teksta.

Straipsnyje [A2], autorius sugalvojo pagrinding darbo idéja, at-
liko pluosto sklidimo simuliacijas, surinko eksperimentine schema, ap-
dorojo eksperimentinius duomenis, parasé didziaja dalj teksto, O. Ulci-
nas pateiké GFE gamybos algoritma ir pagamino keletg GFE, S. Orlovas
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parasé teorine analize ir lygciy iSvedimus, pastebéjo poliarizacijos singu-
liarumy reiskinius, V. Jukna padéjo su skaitiniu modeliavimu, priziuréjo
visg darbg ir redagavo teksta.

Straipsniuose [A3], [A4] ir [A5], autorius buvo atsakingas uz la-
zerinés sistemos parengima atlikti abliacijos eksperimentus, rado op-
timalius mikroapdorojimo parametrus skirtingoms medziagoms, vykdeé
ivairiy optiniy elementy gamyba, parasé teksty dalis apie gamybos pro-
uz elementy dizaing, vaizdinimo eksperimentus, analize ir kitas straip-
sniy teksto rasymo dalis.

Straipsnyje [A6], autorius sukuré GFE su 6 faziy zonomis ir atliko
lazerio §viesos ir medziagos saveikos eksperimenta, P. Slevas sukuré GFE
su 180 faziy zonomis, atliko pluosto matavimus, analizavo duomenis ir
parasé didziaja dalj teksto, O. Ul¢inas pagamino GFE. S. Orlovas parasé
teorinj pagrinda, prizitréjo darba ir redagavo teksta.

Straipsnyje [A7], autorius sugalvojo pagrinding darbo idéja, atliko
pluosto sklidimo modeliavima, surinko eksperimentine schema, apdorojo
eksperimentinius duomenis, parasé didziaja dalj teksto, P. Gotovski
parasé pluosto sklidimo modelj, O. Ul¢inas pagamino GFE, S. Orlovas
parasé teorine analize ir lygciy iSvedimus, A. Urbas konsultavo dél
pluosto formavimo specifikos, V. Jukna priziuréjo visa darba ir reda-
gavo teksta.

Taip pat verti paminéjimo kolegos A. Jursénas ir A. Gajauskaité,
kurie padéjo su skaitinio modeliavimo kodo kurimu ir konsultacijomis.
J. Berskys padéjo su Stokso parametry analize. K. Mundrys ir P. Kize-
vicius padéjo analizuoti ir lyginti pagamintus THz elementus su skaitiniu
modeliavimu. Autorius priziuréjo bakalauro studenta B. Stanionj, kuris
padéjo paruosti lazerine sistema darbui ir gauti kai kuriuos skaitinius ir
eksperimentinius rezultatus, susijusius su Beselio tipo pluosty taikymu
stiklo mikroapdirbime.

8.2. Lazeriniy pluosty formavimo svarba ir tyrimy metodika

Antrasis skyrius apzvelgia zinias iS literaturos Saltiniy apie Sviesos
sklidima laisvojoje erdvéje - difrakcija. Sis reiskinys, kuomet Sviesai
sklindant i$ Saltinio, jos erdvinis skirstinys kinta, ypatingai svarbus
norint geriau suprasti, kaip galima valdyti ir keisti amplitude, faze ar po-
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liarizacijos busena. Apzvelgiami difrakcijos modeliai, kuriais remiantis
galima sukurti skaitinj modelj ir atlikti gana tikslias simuliacijas kom-
piuterio programavimo aplinkoje.

Apzvalgoje taip aptariama lazerio spinduliuotés ir medziagos saveika,
jonizacijos procesai, lazerinés abliacijos, pjovimo ir turiniy dariniy for-
mavimo specifikos. Skaidriy medziagy apdirbimas ultratrumpy impulsy
lazeriu skirstomas j trijy tipy optinius pazeidimus medziagoje: I tipo mo-
difikacijos vadinamas luzio rodiklio poky¢iu, kada spinduliuotés poveikio
taske medziaga yra sutankinama ir suformuojama aukstesnio luzio ro-
diklio sritis. Sis tipas naudingas, kada norima stiklo tiiryje suformuoti
Sviesai laidzius kanalus, kuriais jvesta Sviesa sklinda pagal lazeriu jrasyta
trajektorija. II tipo modifikacijos pasizymi dvejopalauziskumo savybe,
kuri atsiranda dél turyje suformuoty nanogardeliy - savaime susifor-
mavusiy medziagos sutankéjimy ir praretéjimy. Sis dvigubo luzio rodik-
lio modifikacija stiklo turyje gali keisti praeinancios Sviesos poliarizacija
ar faze ir buti panaudojamas kaip pluosto formavimo jrankis. III tipo
modifikacijos pasizymi stipriu spinduliuotés poveikiu medziagoje, kada
suformuojamos mikrotustumos ar jtrukimai, kurie gali buti panaudoti
kryptingam skaidriy terpiy skaldymui. Visos siy tipy modifikacijos gali
buti suformuojamos skaidriose terpése kei¢iant spinduliuotés parametrus
ar fokusavimo salygas.

Didzioji dalis sios disertacijos darby yra paremta naudojant nano-
gardeliy jrasymo lydyto kvarco stikle technologija. Tiesioginio lazeri-
nio rasymo budu suformuotos nanogardelés turi savo orientacija (létaja
arba greitaja asj) bei delsa, kurias galima keisti raSymo metu ir tuo
paciu kontroliuoti modifikacijos pozicija stiklo bandinyje. Taip paga-
minami penkis laisvés laipsnius turintys optiniai elementai, kurie gali
buti naudojami fazei, amplitudei ar poliarizacijai valdyti. Sie ele-
mentai dar vadinami geometrinés fazés elementais (sutrumpintai GFE,
arba Pancharatnam-Berry fazés elementais), pagal aprasyta fizikinj reis-
kinj, kuris apibudina Sviesos fazés kitima, kuomet ji sklinda per dve-
jopalauziska terpe.

Paskutinéje apzvalgos dalyje minimi pagrindinés elektromagnetinés
spinduliuotés modos - TEM modos, arba pluostai, kuomet kalbama tik
apie Sviesos sklidima. IS standartinés Gauso pluosto (TEMgy modos)
galimos transformacijos j kitus, sudétingesnés sandaros pluostus, kurie
gali buti naudingai pritaikomi medziagy apdirbime. Pavyzdziui, ne-
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difraguojantys Beselio tipo pluostai, kurie suformuojami panaudojant
aksikonus - kiugio formos lesius - yra rade puiky pritaikyma skaidriy
terpiy mikroapdirbime. Dél savo isilgintos zidinio zonos, Sie pluostai
gali suformuoti plazmos kanala per visa bandinio storj. Kitas démesio
vertas pluosty tipas - Airy pluostas, kuris taip pat turi isilginta zidinio
zong, taciau dar papildomai §i zona turi erdvinj islinkimg. Siy, bei
kity pluosty tyrimai sviesos ir medziagos saveikose, vaizdinime ar opt-
inéje komunikacijoje yra labai placiai nagrinéjamos temos, tinkancios ne
tik regimosios ar infraredinés spinduliuotés spektro dalyje, bet ir tera-
herciniy bangy spektre.

8.3. Metodologija

Treciajame disertacijos skyriuje aprasoma rezultatams gauti naudota
metodika: skaitinio modeliavimo principai bei eksperimente naudotos
lazerinés sistemos. Skaitinio modeliavimo rezultatai gauti naudojant
paraksialinj Frenelio bei Sommerfeld-Rayleigh pluosty sklidimo mode-
lius, kuomet ,Matlab“ (Mathworks, Inc.) programavimo aplinkoje nau-
dotas laboratorijoje vystomas simuliacinis kodas. Jo veikimas pagristas
suformuojant virtualy tinklelj, pagal kurj apibréziamos pradinio Gauso
pluosto bei nagrinéjamo geometrinés fazés (arba difrakcinio elemento)
matricos. Atlikta difrakcijos simuliacija ir pasirinktame virtualios z asSies
atstume sugeneruoti pluosty intensyvumy ir/ar poliarizacijos skirstiniai.

Eksperimentuose naudoti trys skirtingi lazeriniai stendai su trimis
skirtingais lazeriniais Saltiniais, kuriy pagrindinés specifikacijos pateik-
tos 8.1 lenteléje.

. . MGL-II1-532, Pharos SP, Carbide,

Modelis, gamintojas
CNILaser Light Conversion  Light Conversion

Aktyvi terpée Nd:YAG Yb:KGW Yb:KGW
Spinduliavimo tipas nuolatinés veikos impulsinis impulsinis
Bangos ilgis A, nm 532 1028 1030
Impulso trukmé FWHM 7, ps - 0.158 - 15 0.358 — 10
Maks. vidutiné galia P, W 0.1 6 4
Pasikartojimo daznis f, kHz - 4-200 60-1000
Maks. impulso energija F,, pnJ - 30 — 1500 4 - 50
Pluosto kokybeés faktorius, M2 <14 < 1.3 <1.2

Table 8.1: Pagrindiniai eksperimentuose naudoty lazeriniy Saltiniy
parametrai.
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Nuolatinés veikos Saltinis ,MGL-111-532% (CNILaser) buvo naudoja-
mas apsviesti erdvinj Sviesos moduliatoriy ,, PLUTOVIS-A“ (HOLOEYE
Photonics AG), kuris naudotas kaip dinaminis eksperimentinis pluosty
formavimo jrankis. Ketvirtajame ir seStajame skyriuose pateikti ekspe-
rimentiskai gauti duomenys buvo naudojant lazerinj stendg su ,,Pharos
SP¢ (Light Conversion) Saltiniu. Siame stende taip pat naudotos pozi-
cionavimo asys 50x50 mm zy eigos asys ,,ANTI0-XY*“ (Aerotech Inc.),
50 mm eigos z asis ,ANT90-L-Z* (Aerotech Inc.) ir 300 mm eigos papil-
doma z asis ,PRO165-LM* (Aerotech Inc.). Greitam pluosty skenavi-
mui naudota galvanometrinis skeneris ,IntelliScan 14“ (ScanLab) kartu
su f = 100 mm zidinio nuotolio telecetriniu F-theta lesiu. Penktojo
skyriaus eksperimentiniai rezultatai gauti naudojant lazerinj stenda su
,Carbide“ (Light Conversion) altiniu. Sioje sistemoje naudotos zy asys
su 200x200 mm eiga ,V-731“ (Physik Instrumente) kartu su 5 mm eigos
z asimi ,ANT130V*“ (Aerotech Inc.). Eksperimentuose pluosty inten-
syvumy skirtiniams registruoti buvo naudojamos kameros ,WinCamD-

LCM*, (DataRay, Inc.) bei ,,UI-5240CP*“ (IDS).

Geometrinés fazés elementy gaminimas buvo atlieckamas su
komercine ,Workshop of Photonics® lazerine sistema. Sioje sistemoje yra
penkios sinchronizuotos asys: trys tiesinés zyz bandinio pozicionavimo
asys bei dvi rotacinés asys gardeliy krypciai bei delsai valdyti. Gardeliy
irasymo technologija yra patentuotas procesas, iSvystytas kartu su prof.
P. Kazansky vadovaujama mokslininky grupe is Southamptono univer-
siteto, Jungtinéje Karalystéje.

Kiti, bandiniy inspekcijai naudoti prietaisai buvo:  optiniai
mikroskopai ,,Olympus BX51¢ (su objektyvais nuo 5X iki 50X didinimu,
skaitine apertura nuo 0.15 iki 0.75) ir ,Nikon Eclipse LVI0OND* (su
objektyvais nuo 5X iki 50X didinimu, skaitine apertura nuo 0.15 iki
0.8); dvejopalauziskumo matuoklis ,,Exicor Microlmager* (Hinds Instru-
ments); optinis konfokalinis profilometras ,,S neox* (Sensorfar); ske-
nuojancio elektrony pluosty mikroskopas ,,Axia ChemiSEM® (Thermo
Fisher Scientific); spinduliuoteés galios matuoklis ,NOVA II* (Ophir).
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8.4. Invariantiniy Beselio-tipo pluosty transformacijos medziagy

apdirbimui

Ketvirtajame disertacijos skyriuje buvo nagrinéjama nedifraguo-
janciy, Beselio tipo pluosty transformacijos ir suformuoty pluosty
poveikis sukeltas skaidrioje medziagoje. Beselio tipo pluostams tirti
buvo atliekamas skaitinis modeliavimas, kada modifikiuota faziné aksi-
kono kauké: pirmajame poskyryje is dviejy, aksikono kauké buvo pada-
linta j dvi erdvés sritis ir jos praslenkamos erdviskai j priesingas kryp-
tis. Keiciant erdvinés dislokacijos dydj p, isreiksta fazinés moduliaci-
jos periodo dalimi, gauti skirtingi rezultatai: nuo asimetrinés formos
pluosto iki sudétingesnés sandaros, keliy smailiy intensyvumo skirstiniy.
Atrinkti jdomus variantai buvo isbandyti eksperimentiskai: atliktas
eksperimentas su erdviniu sviesos moduliatoriumi bei pagaminti keli geo-
metrinés fazés elementai. Eksperimentiniai rezultatai parodé glaudy su-
tapima su skaitiniu modeliu. Su pagamintais geometrinés fazés elemen-
tais suformuoti Beselio tipo nedifraguojantys pluostai buvo panaudoti
sukeliant optines pazaidas stikle. Vienas i$ rezultaty, su p = 0.25 erd-
viniu poslinkiu, parodé, jog suformuotas pluosto asimetriSkumas suke-
lia kryptingus mikrojtrikimus per visa bandinio storj. Si savybé buvo
placiau istyrinéta ir rasti spinduliuotés parametrai, su kuriais pavyko
atlikti tiksly stiklo pjovima, panaudojant kryptingai suformuojamus
mikrojtrukimus déka pluosto formos. Antrojoje sio skyriaus dalyje, buvo
tikslingai siekiama suformuoti asimetrinj Beselio tipo pluosta: atliktas
skaitinis modeliavimas, kuriame aksikono faziné kauké padalinta i dvi
skirtingy azimutiniy kampy poras, turincias fazés skirtuma tarpusavyje.
Keiciant azimutinj padalijimo kampg v bei fazés skirtuma ¢ galima gauti
isilgintos - elipsinés formos Beselio tipo pluosta, kuris, kaip jau Zinoma,
lemia kryptingy jtrukiy suformavima skaidrioje medziagoje. Taciau vien
tik elipsiskumo didinimas suformuoja ir didesnio intensyvumo antrines
smailes, esancias pirmame Beselio pluosto ziede. Todél buvo atliktas
parametry v ir ¢ erdvés skaitinio modeliavimo tyrimas, kuris leido
rasti tokias Siy kintamuyjy reikSmes, su kuriomis démés elipsiSkumas
bei aukstas kontrastas tarp centrinés ir antriniy smailiy, buvo tinkami
tolimesniam eksperimentui atlikti. Pasirinkty parametry modifikuoto
aksikono faziné kauké buvo pagaminta kaip geometrinés fazés elemen-
tas. Eksperimentiskai iSbandytas elementas suformavo glaudziai modelj

182



atitinkantj pluosta, kuris buvo sékmingai panaudotas kontroliuojamos
krypties mikrojtrukimams stikle suformuoti ir, iSstacius Siy jtrukimy asis
lygiagreciai judéjimo krypciai, atlikti kokybiska pjovima, suformuojant
tarpusavyje susijungianciy jtrukimy linija per visg bandinio storj.
Skyriuje minimi rezultatai paremti isleistomis [A1l], [A6] ir [A7]
publikacijomis.
Pagrindiniai sio skyriaus rezultatai ir iSvados:

1. Aksikono fazinés kaukeés, turinc¢ios erdviskai paslinktas puses, nau-
dojimas leidzia sukurti asimetrinius bei daug intensyvumo smailiy
turincius invariantinius Beselio tipo pluostus. Didinamas erdvinio
poslinkio p zingsnis priesingomis kryptimis sukelia stipresnj cen-
trinés smailés iskraipyma, suskaidydamas ja i sudétingesne dau-
giasmaile skersing intensyvumo strukturg su didesniu fiziniu at-
stumu tarp smailiy.

2. Ivesta asimetrija fazinéje kaukéje suformuoja iskraipyta, nezymiai
isilgintg, spindulio intensyvumo skirstinj su elipsisSkumu &£ =~ 1.05,
kai poslinkio parametras yra p = 0.25. Sis poslinkis yra pa-
grindinis veiksnys, dél kurio pavyko sukurti kryptingai atsikarto-
jancius mikrojtrukimus stiklo turyje 36° kampu j poslinkio kryp-
ties normale. Pasléptojo stiklo skaldymo eksperimentas parodé,
kad galima atskirti 0.5 mm storio D263t stikla, pasiekiant geriau-
sia Soniniy sieneliy siurkstuma apie 0.52 pm bei, kai didziausios
ir maziausios pavirsiaus vertés yra 3.52 pm ir -3.3 pm, naudojant
1.3 mm Beselio zonos ilgio pluosta (ore, ties exp[—2] intensyvumo
lygiu) su 4 ps impulso trukme, 330 pJ impulso energija, 10 pm

zingsniu tarp suviy ir 20 mm/s skenavimo greiciu.

3. Optimizuota aksikono fazinés kaukés azimutiné moduliacija gali
buti panaudojama norint rasti optimalig centrinés smailés forma
su norima asimetrija, kei¢iant fazés azimutinio pjuvio kampg v ir
fazés skirtumag Ayp. Atsizvelgiant j tai, buvo suformuotas ir nau-
dojamas elipsinis Beselio tipo pluostas su elipsiskumu £ = 1.19 ir
kontrastu tarp centrinés ir antriniy smailiy C' = 0.61, kai v = 17°
ir ¢ = 5m/4. Pasléptojo skaldymo eksperimente, naudojant 6 ps
impulso trukme, 8 pm zingsnj tarp suviy ir 170 pJ impulso ener-
gija, su 20 mm/s skenavimo grei¢iu, gautas geriausias atlauzto
bandinio sienelés Siurkstumas buvo 0.47 pm, kai didziausios ir
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Zemiausios pavirsiaus vertés buvo iSmatuotos 1.03 pm ir -1.09 pm
atitinkamai. Sistemiskai gauto elipsisko pluosto eksperimentiniai
stiklo skaldymo duomenys parodé aukstesnés kokybés rezulta-
tus: labiau isreikstas elipsiskumas leidzia sukurti tolygiau isdésty-
tus mikrojtrukimus isilgai pjovimo trajektorijai, o tai padeda
pasiekti panasy siurkStuma kaip ir pirmuoju atveju, tac¢iau kur kas

mazesnes didziausios ir Zemiausios pavirsiaus smailiy reikSmes.

4. Pluosty analizé rodo, kad abiem pademonstruotais Beselio tipo
pluosty formavimo atvejais, galutinis invariantinis pluostas yra
koherentiné nulinés eilés ir aukstesniy eiliy Beselio pluosty super-
pozicija.

5. Geometrinés fazés elementy panaudojimas jrodo, kad tai yra
patikimas ir efektyvus budas didelés energijos pluosty formavimui,
pasiekiant 74% — 90% pralaiduma naudojant A = 1030 nm bangos
ilgj (be antireflektiniy dangy). Pagaminto elemento pralaidumo
nuostoliai gali priklausyti ne tik nuo jrasytos delsos nuokrypiy,
bet ir nuo létosios asies skirstinio sudétingumo. Staigus létosios
asies pokyciai nanogardeliy jrasymo metu gali sukelti netiksliai

suformuotas delsos ir anizotropijos asies zonas.

8.5. Vektoriniy plokscios virsunés pluosty formavimas

Penktajame skyriuje nagrinétas modifikuoty erdviskai strukturuoty
banginiy ploksteliy panaudojimas ploks¢ios virsunés pluostams sufor-
muoti. Taip vadinamos strukturuotos (S-banginés) plokstelés yra nano-
gardeliy pagrindu suformuotos tolygiai kintanc¢ios orientacijos banginés
plokstelés, kurios paprastai yra naudojamos azimutinés ar radialinés po-
liarizacijas busenas turintiems pluoStams sukurti. Siame skyriuje, Sie
elementai buvo modifikuoti taip, kad centriné elemento dalis buty be
suformuoty nanogardeliy. Prasklides lazerio pluostas pro tokj elementa
pasidalina j du pluostus: pirmoji, periferiné pluosto dalis pakeicia savo
poliarizacijos buseng ir faze, o antroji, centriné pluosto dalis prasklinda
nepakitusi. Valdant pluosto dydzio ir centrinés nemodifikuotos zonos dy-
dziy santykj o, galima dinamiskai gauti skirtingy intensyvumo skirstiniy
bei poliarizacijos busenos superpozicinius pluosus optiniame zidinyje.
Pirmiausia, atliktas skaitinis modeliavimas, kurio rezultatai parodé, jog
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priklausomai nuo erdvinés banginés plokstelés moduliacijos gylio (eilés)
N, superpozicijos rezultate galima gauti pluostus su poliarizacijos sin-
guliarumais, o kei¢iant santykj o suformuoti Gauso, plokscios virsunés
ar ziedo formos intensyvumo skirstinius su tuo pacéiu geometrinés fazés
elementu, be optinés schemos koregavimo. Toliau seké eksperimenti-
nis tyrimas, kuriam buvo pagaminti N = 1 bei N = 2 eilés modi-
fikuotos zonos S-banginés plokstelés. Gauti eksperimentiniai duomenys
sutapo su modeliu, o poliarizacinis skirstinys patikrintas panaudojant
Stokso parametry jvertinima. Paskutinéje eksperimentinio dalyje atlik-
tas jvairiy medziagy modifikavimo tyrimas: lazerinis dviejy stikly mikro-
suvirinimas, selektyvi metalinés dangos bei silicio abliacija. Palyginti
Gauso, plokscios virsunés bei ziedo formos su daliniu intensyvumu cen-
tre pluosty sukeliami poveikiai. Lazeriniame mikrosuvirinime plokscios
virsunés pluostas suformavo suvirinta siule be jtrukimy naudojant ta
pacig vidutine galia, priesingai nei Gauso pluosto atveju. Taip pat
pastebéta, jog ploks¢ios ar ziedo formos su daliniu intensyvumu cen-
tre pluostai labiau tinka selektyviai plonos dangos abliacijai, kadangi
su Gauso pluostu pastebétas akumuliuoty defekty susiformavimas ant
padéklo. Galiausiai silicio abliacijoje, suformuoty krateriy formos la-
biausiai skyrési prie mazy suviy skaic¢iy j viena taska - atitiko pluosty
skirstinius. Taciau prie didesnio pakartojimy skaic¢iaus gilesni krateriai
tapo panasesni, parodydami, jog plokscios virsunés pluostai labiau tinka
negiliai, selektyviai pavirsiaus abliacijai atlikti.
Skyriuje minimi rezultatai paremti isleista [A2] publikacija.

Pagrindiniai Sio skyriaus rezultatai ir iSvados:

1. S-banginés plokstelés su nemodifikuotu centru elementai leidzia
efektyviai sukurti vektorinius ploksc¢ios virsunés pluostus, turincius
poliarizacijos singuliarumus su topologiniais kruviais I, = % * IV,
kur N yra létosios asies moduliacijos gylis. ISmatuotas pagaminty
elementy be antireflektiniy dangy pralaidumas siekia 92% A\ =
1030 nm bangos ilgiui.

2. Pademonstuota konstruktyvios superpozicijos is dviejy ortogonaliy
poliarizacijos buseny pluosty formavimo technika sukuria plokscios
virsuneés pluostus zidinio plokStumoje ties didziausiu intensyvumu,
nesuformuojant antriniy intensyvumo smailiy pries ar uz fokusa-

vimo plokstumos, nepriklausomai nuo skaitinés apertiros verteés.
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3. Elemento centro skersmens ir jeinancio pluosto skersmens santykio
o reguliavimas suteikia galimybe dinamiskai keisti pluosto polia-
rizacijos buseny ir intensyvumo skirstinj nuo Gauso pluosto iki
plokscios virsunés ar ziedo formos pluosty, naudojant viena geo-
metrinés fazés elementg, kuris gali buti nesudétingai integruojamas

i lazering sistema.

4. Plokscios virsunés formavimo salygos prie jvairiy létosios asSies mo-
duliacijos gyliy N yra: o = 1.09 (kai N = 1), 0 = 1.45 (kai N = 2),
ir o = 1.74 (kai N = 3). Didéjant moduliacijos gyliui NV ir esant
plokséiausio intensyvumo skirstiniui turint pastovias fokusavimo
salygas suformuojami didesnio diametro suminiai pluostai, tac¢iau
prastéja plokstiskumas, kai N > 3. Geriausias rezultatas gauna-
mas su geometrinés fazés elementu N = 2 ir ¢ = 1.45, suformuo-

jant plokscig profilj su <5% intensyvumo svyravimy amplitude.

5. Eksperimentiniai suformuoty pluosty ir medziagy saveikos rezul-
tatai atskleidzia, kad vektoriniai plokscios virsunés pluostai gali
pagerinti selektyvia plonos metalinés dangos (< 10 nm storio)
abliacija. Tai padeda iSvengti stiklo pagrindélio pazeidimo, net
esant dideliam pakartotiniy impulsy skaic¢iui (> 2000) viename
taske, kai poveikio tasko dydis buvo 16 pm naudojant 21 pJ im-
pulso energija, 358 fs impulso trukme.

6. Silicio abliacijos testai parodé, kad gauty plokscios virsunés
pluosty pranasumai daugiausiai pasireiskia pavirsiaus struktura-
vime, kai pakartotiniy impulsy skai¢ius yra mazas (< 20). Dides-
nis impulsy pakartojimo skaic¢ius viename taske (> 100) sukuria
kokybiskai gilesnius kraterius, taciau dél i Gauso pluosta panasaus
intensyvumo skirstinio nuzulnumy, vyksta isabliuotos duobés siau-
réjimo efektas ir galutinis abliacijos rezultatas tampa panasus j
atvejj, kuriam naudotas tik Gauso pluostas.

8.6. THz dazniams skirty elementy gamybos tyrimas

Ketvirtame ir penktame skyriuose buvo nagrinéjama pluosty forma-
vimo technika panaudojant dvejopai lauzian¢iy nanogardeliy pagrindu
pagamintus geometrinés fazés elementus. Pagaminty optininiy elementy
veikimo bangos ilgis buvo 1030 nm (efektyvaus veikimo spektras yra tarp
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200 nm ir 4000 nm). Sias pluosty formavimo Zinias galima pritaikyti ir
gerokai ilgesniems bangos ilgiams teraherciniy bangy ruoze nuo 0.1 Thz
iki 10 Thz, kas atitikty bangos ilgius nuo 3 mm iki 30 pm. Kadangi
lazerine abliacija galima pasalinti medziagas dalis mikrometry dalies tik-
slumu, o tai yra gerokai maziau nei naudojamas bangos ilgis minétame
THz bangy diapazone. Taigi su tuo paciu 1030 nm bangos ilgio ul-
tratrumpu impulsy lazeriu galima pagaminti ir nanogardeles lydytame
kvarce ir abliuoti jvairias medziagas bei jas panaudoti kaip optinius ele-
mentus THz spinduliuotei manipuliuoti. Todél Sestajame skyriuje buvo
atliktas eksperimentinis tyrimas, siekiant pagaminti pluostus transfor-
muojancius elementus, tinkanc¢ius THz spektrui. Pirmojoje Sesto skyr-
iaus puséje nagrinéta silicio abliacija. Sukonstruota lazeriné sistema
su galvoskeneriu bei ieskoti optimalus parametrai abliacijai. Atrinkti
parametrai, su kuriais toliau buvo gaminami jvairus elementai, buvo
naudojant: 158 fs impulsy trukme, 50 kHz lazerio pasikartojimo daznj,
200 mm~! impulsy $audymo tankj bei 18.46 J/cm?, energijos jtéki. Va-
rijuojant energijos jtékj buvo galima pasiekti iSabliuoto ploto dugno Si-
urkstuma nuo 0.36 pm iki kiek daugiau nei 1 pm (prie mazo pakarto-
jimu skai¢iaus), tuo paciu pasiekiant ir skirtinga pasalintos medziagos
gylj. Eksperimente pastebéta, jog SiurkStumas priklauso ir nuo pakarto-
tiniy skenavimy skaic¢iaus, kuriam didéjant Siurkstumas taip pat augo,
taciau prie 350 pm gylio tesieké apie 2 pm, kas THz bangos yra nyksta-
mai mazas dydis. Pagaminti keturiy tipy 8 lygiy difrakciniai elementai
skirti 0.6 THz spinduliuotei: Frenelio lesis (zoniné plokstelé), aksikonas,
Fibonacci (dvigubo zidinio) lgsis bei Airy elementas. Ismatuoty ele-
menty suformuojami pluosty skirstiniai buvo artimi teoriniam mode-
liavimui, o pasitaike nukrypimai nebuvo drastiski: pagamintame Airy
elemente truko vieno iSabliuoto laiptelio, dél gamybos klaidos. Taip pat
dél naturalaus nuozulny formavimosi abliuojant, sieneliy statumas buvo

75°-80°, todél giliausi laipteliai gauti siek tiek siauresni.

Antrojoje $io skyriaus dalyje, buvo nagrinéjama metaelementy
gamyba i§ nertidyjancio plienio folijos. Si 25 pm storio medziaga buvo
isabliuota kiaurai, taip ipjaunat C formos kiaurymes-rezonatorius. Sios
kiaurymeés veikia kaip sub-banginiai metapavirsiai THz spinduliuotei ir
gali keisti faze, poliarizacija. Eksperimentiniu budu buvo nustatyti op-
timalus abliacijos parametrai, su kuriais iSpjautos C formos: 158 fs

impulsy trukme, 200 kHz lazerio pasikartojimo daznj, 200 mm™! im-
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pulsy $audymo tankj bei 6.35 J/cm? energijos jtékj. Pastebéta, jog
prie didesniy energijos jtékiy abliacija vyksta greic¢iau, taciau paste-
bimas stipresnis Siluminis poveikis, kuris folijai buvo nenaudingas, dél
atsiradusiy deformacijy ar sunkiau pasalinamy nesvarumy. Priesingai,
su mazu energijos jtékiu, pavyko iSpjauti C formas Svariai ir tiksliai,
taciau tai reikalavo didesnio pakartojimy skaiciaus, o tai ilgino gamybos
trukme. Su atrinktais optimaliais abliacijos parametrais pagaminti keli
skirtingi metalesiai su zidinio nuotoliais f = 10, 20, 30 ir 40 mm bei
skirtingais formos plociais ¢ = 30, 60, 75 ir 90 pm.

Visi siame skyriuje pristatyti elementai buvo panaudoti vaizdinimo
eksperimentuose, kuriy rezultatai placiau aptariami isleistose [A 3], [A4]
ir [A5] publikacijose.

Pagrindiniai Sio skyriaus rezultatai ir iSvados:

1. Ultratrumpyjy impulsy lazeriné abliacija naudojant A = 1030 nm
bangos ilgj gali buti pritaikyta gaminant aukstos kokybés tera-
hercinius difrakcinius pluosty formavimo elementus i$ silicio ir
metaelementus i nerudijancio plieno folijos, kurios storis yra
25 pm. Galimas taikymo diapazonas silicio pagrindu pagamin-
tiems difrakciniams elementams gali siekti iki 6 THz, islaikant ap-
doroty pavirsiy kokybe ne mazesne nei A/40, kai pavirsiaus Siurks-
tumas yra 1.25 pm, naudojant 18.46 J /cm? energijos jtéki, su 358 fs

impulso trukme.

2. A = 1030 nm nm bangos ilgio lazerio Saltinio naudojimas kartu
su galvanometriniu skeneriu ir F-theta objektyvu su f = 100 mm
zidinio nuotoliu generuojant 19 pm diametro déme, leidzia greitai
gaminti kompaktiskus ir lanks¢ius metapavirsiy pagrindu sukurtus
pluostus formuojancius elementus, skirtus veikti iki 2.5 THz.

3. Apribojantys veiksniai, limituojantys elementy pritaikomuma iki
2.5 THz daznio, yra difrakcijos ribotas pluosto dydis optiniame
sistemos zidinyje. Norint iSabliuoti mazesnio ploc¢io C formos
rezonatorius, reikalingas trumpesnio bangos ilgio spinduliuotés
naudojimas (pavyzdziui, antrosios arba treciosios harmonikos),
pluosto aberacijy sumazinimas arba aukstesnés skaitinés aperturos
vertés fokusavimas. Taciau norint islaikyti greita gamybos pro-
cesa, butinas galvanometrinis skeneris, kuris turi ribotg aperturos
plot] jeinanc¢iam pluostui. Taip pat F-theta leSio zidinio nuotolis
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yra suristas su darbiniu plotu, kuris neturéty buti mazesnis nei

metaelementy dydis, o tai yra 2 coliai (50.8 x 50.8 mm).
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