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Agnė Butkutė and Linas Jonušauskas
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Federico Sala, Petra Paié, Rebeca Martı́nez Vázquez, Roberto Osellame and Francesca

Bragheri

Effects of Thermal Annealing on Femtosecond Laser Micromachined Glass Surfaces
Reprinted from: Micromachines 2021, 12, 180, doi:10.3390/mi12020180 . . . . . . . . . . . . . . . . 31

Catharina Latz, Thomas Asshauer, Christian Rathjen and Alireza Mirshahi

Femtosecond-Laser Assisted Surgery of the Eye: Overview and Impact of the Low-Energy
Concept
Reprinted from: Micromachines 2021, 12, 122, doi:10.3390/mi12020122 . . . . . . . . . . . . . . . . 41

István Grexa, Tamás Fekete, Judit Molnár, Kinga Molnár, Gaszton Vizsnyiczai and Pál Ormos

et al.

Single-Cell Elasticity Measurement with an Optically Actuated Microrobot
Reprinted from: Micromachines 2020, 11, 882, doi:10.3390/mi11090882 . . . . . . . . . . . . . . . . 63

Meng Li, Qian Zhang, Yang Chen, Xifeng Ren, Qihuang Gong and Yan Li

Femtosecond Laser Direct Writing of Integrated Photonic Quantum Chips for Generating
Path-Encoded Bell States
Reprinted from: Micromachines 2020, 11, 1111, doi:10.3390/mi11121111 . . . . . . . . . . . . . . . 77

Patrice Umenne

AFM Analysis of Micron and Sub-Micron Sized Bridges Fabricated Using the Femtosecond
Laser on YBCO Thin Films
Reprinted from: Micromachines 2020, 11, 1088, doi:10.3390/mi11121088 . . . . . . . . . . . . . . . 89

Ebenezer Owusu-Ansah and Colin Dalton

Fabrication of a 3D Multi-Depth Reservoir Micromodel in Borosilicate Glass Using
Femtosecond Laser Material Processing
Reprinted from: Micromachines 2020, 11, 1082, doi:10.3390/mi11121082 . . . . . . . . . . . . . . . 99
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Editorial

Editorial for the Special Issue on New Trends and Applications
in Femtosecond Laser Micromachining

Francesca Bragheri , Petra Paiè and Rebeca Martínez Vázquez *

Istituto di Fotonica e Nanotecnologie (IFN)—CNR, Piazza L. da Vinci 32, 20133 Milano, Italy;
francesca.bragheri@ifn.cnr.it (F.B.); petra.paie@polimi.it (P.P.)
* Correspondence: rebeca.martinez@polimi.it

Femtosecond laser micromachining is becoming an established fabrication technique
for transparent material processing in three dimensions [1]. Laser writing permits obtaining
different material modifications, depending on the laser parameters as well as on the
material properties. For instance, it allows creating micrometer-size structures by two-
photon polymerization (additive approach), as well as creating empty channels inside the
material (subtractive approach). On the other hand, transformative approaches are also
permitted, thus locally modifying the material properties for optical waveguide fabrication
and material welding. Therefore, the capabilities of femtosecond laser micromachining
open the doors to a plethora of applications ranging from the biological to the information
technology field.

This Special Issue is composed of 10 contributions, including original research and
reviews. The review paper from Butkute et al. [2] reports a brief but exhaustive overview
of the significant advancements in the femtosecond laser machining of glasses, reviewing
the possible modifications of the material and highlighting application examples such
as optical waveguiding and microfluidic systems. Following the unique capabilities of
femtosecond laser technologies, we highlight four macro areas of applications in which we
classified the contributions of the issue.

Material processing. In this category, we include papers that discuss the use of
femtosecond lasers either to structure or to process the substrates of interest. Most of the
previously mentioned approaches can be exploited for the precise material structuring.
Umenne [3] exploits the femtosecond laser ablation of YBCO thin films to fabricate sub-
micron and nano-sized bridges to be used as Josephson junctions. A new irradiation
method based on a double pulse approach has been proposed by Stankevic et al. [4] to
optimize the realization of hollow structures in bulk fused silica. The irradiation with two
orthogonally polarized laser beams leads to the formation of nanogratings with grid-like
morphology, giving rise to an improvement of chemical etching anisotropy and to a faster
processing speed. Microfractures produced by femtosecond (FS) lasers have been exploited
by Gaudiuso et al. [5] to achieve stealth dicing of quartz with neat and flat cut edges
in a single pass. The result is ascribed to tensile stresses that after relaxation produce
microfractures that are guided by the laser to achieve cutting.

Lab-on-chip. Here, we include papers that demonstrate the potential of the use of
femtosecond lasers in the bio-chemical fields. Microfluidic platforms are widely used and
can be realized by diverse technologies either in plastic or in glass. Anyway, femtosecond
laser micromachining still plays a key role for its intrinsic three-dimensional capabilities
as demonstrated by Qi et al. [6] who realized an efficient 3D mixer based on Baker’s
transformation principle that could find applications in microfluidic synthesis of materials
or fine chemistry microreactions. The device is realized by femtosecond irradiation followed
by chemical etching and hydroxide-catalysis bonding in fused silica. Different applications
are envisaged for the reservoir etched in borosilicate glass by high-fluence FS lasers by
Owusu-Ansah [7] et al. In their work, they optimize the etching depth as a function of

1



Micromachines 2022, 13, 150

fluence and fabricate multi-depth reservoirs with large areas for possible application in
microfluidic transport investigation or CO2 storage.

Biophotonics. In this category, we decided to include papers where femtosecond
lasers are used for machining or analysis specifically in the biomedical field. Keleman
et al. [8] exploited two-photon polymerization for the fabrication of microtools that thanks
to their three-dimensional shape could be easily actuated by optical tweezer and exploited
to probe single cell elasticity, without inducing photodamage to the sample. FS-laser
technology in the medical field is used also as precise and reliable tool, for example, in
ophthalmic surgery. As reported in the review by Latz et al. [9] some of the applications in
this field still require research and development, while operations such as FS-laser-assisted
cataract and corneal surgery have reached highly standardized levels worldwide.

Integrated optics. In this category, we include papers where laser modifications
are exploited to fabricate optical waveguides or other integrated optical components.
A very active application field is the one concerning quantum optics; in this contest, the
paper by Li et al. [10] reports a photonic quantum chip fabricated in borosilicate glass by
femtosecond laser transformative approach. The high quality of the chip encompassing a
Hadamard and a CNOT gate to generate a four path-encoded Bell states is demonstrated by
the high value of the fidelity of the reconstructed truth table. Femtosecond laser irradiation
followed by chemical etching is instead used by Sala et al. [11] for the fabrication of
micromirrors that could be included in integrated photonic or optofluidic chips. The effects
of thermal annealing in reducing the residual roughness are evaluated with a profilometer
to optimize the smoothening performed by the oven.
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Issue. We also thank all the reviewers for dedicating their time to help improve the quality
of the submitted papers.
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Abstract: The rapid expansion of femtosecond (fs) laser technology brought previously unavailable
capabilities to laser material processing. One of the areas which benefited the most due to these
advances was the 3D processing of transparent dielectrics, namely glasses and crystals. This review
is dedicated to overviewing the significant advances in the field. First, the underlying physical
mechanism of material interaction with ultrashort pulses is discussed, highlighting how it can be
exploited for volumetric, high-precision 3D processing. Next, three distinct transparent material
modification types are introduced, fundamental differences between them are explained, possible
applications are highlighted. It is shown that, due to the flexibility of fs pulse fabrication, an array
of structures can be produced, starting with nanophotonic elements like integrated waveguides
and photonic crystals, ending with a cm-scale microfluidic system with micro-precision integrated
elements. Possible limitations to each processing regime as well as how these could be overcome are
discussed. Further directions for the field development are highlighted, taking into account how it
could synergize with other fs-laser-based manufacturing techniques.

Keywords: femtosecond laser; glass micromachining; 3D structuring

1. Introduction

Glass and related transparent dielectrics play an important role in huge variety of
applications. Through the millennia it found its way into all aspects of life, starting
from construction engineering and building expanding to nanotechnology and space
exploration. Glass owns its applicability to a combination of superb properties, such as
being mechanically robust, transparent to the visible part of the electromagnetic spectrum,
chemically inert in organic solvents and biocompatible. While glasses are not as diverse as
metals [1,2] or polymers [3,4], they also can be modified in various ways [5–8] expanding
their applicability. Nevertheless, ways to process glass are surprisingly limited, mostly
relying on various kinds of casting [9,10] or mechanical cutting [11,12]. Due to the rapid
development of science and technology, the need for more advanced and, most importantly,
precise and flexible ways to produce glass structures arose. To accommodate the needs for
nanotechnology various chemical deposition [13,14] or wet etching [15,16] techniques were
employed. At the same time, direct [17,18] and indirect [19,20] additive 3D manufacturing
of glass was demonstrated. However, in all of the highlighted processes, severe drawbacks
and compromises are limiting their applicability. A more diverse and flexible approach is
highly sought after.

One of the premier candidates for the best possible blend between free-form fabrication
capability, flexibility, and throughput is the usage of femtosecond (fs) laser [21]. Indeed,
it was already employed in a huge variety of fields [22]. The primary advantage of
using ultrashort pulses is the possibility to control the thermal aspects of the light-matter
interaction [23–25]. Furthermore, interaction can be nonlinear, meaning that materials
transparent to the incident wavelength can be processed [26]. Combined, these two aspects
make fs pulses extremely attractive for glass processing. Thus, this review is dedicated to
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highlighting how fs pulses can be employed for free-form 3D microstructuring of glass.
Dielectric crystals will also be mentioned where relevant, as a lot of glass-related processing
techniques can be applied for them as well. First, the physical phenomena of ultrafast light-
matter interaction will be discussed, explaining how it can be tuned and localized. Then,
various processing techniques based on these interactions will be explained. These include
waveguide and other photonic element inscribing, zone plates, selective glass etching
(SLE), and ablation. Primary attention will be given to real-life applications of shown
techniques as well as connections with other manufacturing methodologies. Combined,
this will provide a comprehensive outlook to the current progress of fs glass fabrication
and highlight the directions where the field is headed.

2. Ultrafast Radiation and Material Interaction

2.1. The Nature of Nonlinear Radiation and Material Interaction

To give a proper background to the technologies that will be discussed further in the
review, we will begin by explaining the nature of ultrafast light and material interaction.
When the material is processed by using fs pulses radiation the material is affected by very
high peak intensity I (more than GW/cm2). As I is the ratio between the laser power P
and focused spot size with a radius of ω0, the two main ways to raise it are an increase in P
or focus a laser beam to smaller spot size. The first requirement is fulfilled by high peak
power (PP) of fs pulses (∼GW), while small spot sizes are achieved by sharp focusing—high
numerical aperture (NA > 0.2) objectives or lenses. Material response to high I is nonlinear
and conceptually is different from the material response to low-intensity radiation which is
generated by non-coherent light sources. When radiation travels through dielectric material
it polarizes material. When radiation intensity is not high enough material polarization
linearly depends on radiation electric field E (1). Keeping in mind that I∼|E2|, when
radiation creates an electric field which is stronger than 107 V/m, material polarization
dependency on the electric field becomes nonlinear (2).

P(t) = ǫ0χ(1)E(t), (1)

P(t) = ε0χ(1)E(t) + ε0χ(2)E(2)(t) + ε0χ(3)E(3)(t) + ..., (2)

here ε0 is vacuum dielectric permeability, χ(1) is linear optical sensitivity, χ(2)—second
order nonlinear optical sensitivity, χ(3)—third order nonlinear optical sensitivity.

Different member in nonlinear polarization equation decides different phenomenon
observed in material. It also might exclude some materials from certain interaction regimes.
For instance, effects that are decided by square nonlinear sensitivity, like sum and difference
frequency generation, are observed only in non-central symmetrical crystals. Meanwhile,
cubic nonlinear sensitivity affected phenomena are observed in all-dielectric materials.
These effects are multi-photon absorption, tunneling ionization and other radiation self-
interaction, such as light thread formation. It is important to note that various nonlinear
light-interaction regimes can be induced simultaneously, leading to a quite complex picture
of the process. Thus, when processing non-central symmetric materials a second-order
interaction have to be taken into account, or how the Kerr effect might change propagation
conditions when high I is present [27].

2.2. Nonlinear Effects

As it was mentioned before when the material is affected by high-intensity radiation
various nonlinear light and material interaction effect appears which are governed by differ-
ent order nonlinear sensitivity. One of these effects is multiphoton absorption. Multiphoton
absorption is simultaneous two or more photons absorption through virtual levels from the
ground to an excited state. Two-photon absorption is decided by second-order nonlinear
optical sensitivity. Meanwhile, three-photon absorption is decided by third-order nonlinear
optical sensitivity. Hence, higher-order multiphoton absorption is decided by higher-order
nonlinear optical sensitivity respectively. Most of the time in nonlinear optics multiphoton
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optics is a negative effect that distorts radiation. However multiphoton absorption can be
used for positive practical applications such as multiphoton spectroscopy, microscopy, and
transparent material laser processing.

In simplified terms, to induce a change in the dielectric material the electrons have
to be excited from the valance band to the conductive band. Numerous processes might
induce it. The most important and the most prevailing nonlinear effects when a material
is illuminated with high I fs radiation are multiphoton ionization, tunneling ionization,
and avalanche ionization. Multiphoton ionization is a process when an electron absorbs
several photons simultaneously and is excited via virtual levels. The principal scheme of
this process is shown in Figure 1b. Another nonlinear effect is tunneling ionization. Intense
laser radiation can distort the potential barrier which holds electrons to material atoms.
Because of the potential barrier decrease possibility of electron tunneling increases and
in this way more and more electrons are excited to the conduction band. This process is
depicted in Figure 1c.

Figure 1. Principle schemes of main nonlinear processes: (a) linear ionization, (b) nonlinear (multi-
photon) ionization, (c) tunneling ionization and (d) avalanche ionization.

Which process (multi-photon ionization or tunneling ionization) is going to dominate
depends on laser ω and I. This dependency is described by Keldish parameter [28] which
can be expressed as [29]:

γ =
ω

e

√

me∆Eε0

I
, (3)

here e—electron charge, m—electron mass, c—speed of light, n—linear refraction index,
I—laser intensity, ǫ0—vacuum dielectric penetration, ∆E—reserve strip spacing.

When γ is more than 1.5, multi-photon ionization will dominate, when γ is less than
1.5, tunneling ionization will dominate. Meanwhile, when the Keldish parameter is close
to 1.5, transitional regime ionization occurs. In this case, multi-photon and tunneling
ionization have approximately the same influence on material ionization. To sum up,
tunneling ionization prevails in high I and low ω regimes. In contrast, multi-photon
ionization dominates in high I and high ω cases. In laser metrical processing to reach the
desired effect, it is necessary to control which effect will dominate. Fortunately, modern
amplified fs-laser systems can be easily tuned to cover all the processing regimes.

Another important process that appears because of nonlinear radiation and material
interaction is avalanche ionization. The principal scheme of this process is shown in Figure 1d.
When radiation interacts with material electrons are released from material atoms. Continu-
ously, irradiating material by intense electric field-free electrons is accelerated and their energy
can be enough to release other electrons from neighboring atoms. In this way more and more
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electrons are released. Finally, the critical density of electrons in a material is reached and the
material can be modified [27]. For this process to appear sufficient amount of seed electrons is
required. At the same time, to achieve sufficiently high electron densities using avalanche the
time for the process to appear have to be sufficiently long (>100 fs). Therefore, this process is
more common when longer amplified pulses are used. Also, care should be taken, because if
the process is too strong it can become uncontrollable, worsening structuring quality. Thus,
care should be taken if this process is present during DLW.

2.3. Thermal Effects

When a material is processed with relatively long laser pulses (>10 ps) thermal effects
can be observed in the material. It is the result of heat dissipation from the laser affected
area which occurs while a long laser pulse is still interacting with the material in the
focal point. This process takes its place around 1 ns after radiation absorption [30] and
usually reduces material processing quality. When quantifying thermal effect the term
Laser Affected Zone (LAZ) is introduced. It encompasses all the volume affected by the
heat generated by a laser, even if it is outside of the focal point [31].

Usage of an ultrafast laser can allow control and if needed greatly reduce thermal
effects caused by the light-matter interaction. Looking from the temporal perspective,
interactions needed for processing occur rather fast. For instance, material ionization
occurs after ∼1 ps, followed by ablation and removal after ∼100 ps [30]. Therefore, if no
additional energy is introduced while subsequent thermal effects take place it can be greatly
reduced. As a result in the fs pulses, the case material does not suffer from substantial
thermal effects. In this way, LAZ is minimized. That is why femtosecond material laser
processing sometimes is called cold material processing. Nevertheless, it is important to
note that alongside pulse duration pulse repetition rate also plays important role in the
thermal aspect of processing. If several pulses reach the affected zone before initial heat
dissipation takes place, even fs pulses can induce material melting and noticeable LAZ.
Another important factor for thermal accumulation process is the deposited energy. By
maintaining the same pulse duration and pulse repetition rate and at the same time by
increasing energy of each pulse the sample is affected by greater radiation dose. If the
energy does not have enough time to be relaxed out of sample by increasing pulse energy
we obtain higher thermal effects. Higher pulse energy shows greater affected volume
around the laser focus [31] that means stronger thermal effects. While in some cases this
might be detrimental, it can also be useful in some applications like laser welding. This
distinction will be made through the article where it applies.

These thermal effects are especially important for glass processing. Glass is a quite
fragile material that can be easily broken by treating it with stresses [32] or temperature
caused volume tensions [33]. By processing glass with longer pulses or even CW laser it is
very hard to avoid cracking of glass [34]. However, short pulses lasers development allows
minimizing thermal effects by using shorter pulse duration [35] and process material locally
without affecting surrounding volume.

3. Peculiarities of Glass Processing Using Fs Radiation

Light-based glass processing is not a straightforward process. Most glasses (with
some exceptions like chalcogenide glasses) are transparent materials for near-UV, visible
and near-IR radiation, meaning that linear interaction with such photons is negligible.
As a result, one way to induce a modification in glasses is by choosing a wavelength that
can be absorbed by a particular glass. Some works use such interaction for glass surface
structuring based on linear glass absorption [36,37]. Such direct removal of the material
by laser beam This is called laser ablation. Nevertheless, 3D processing in such cases is
greatly limited due to direct absorption being a surface-bound process limiting its use for
3D structuring.

Alternatively, intense and focused radiation can be used. Then interaction becomes
nonlinear, resulting in melting and removal of the focal volume. For this reason, most
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laser-based glass 3D processing techniques are based on such processes. As we already
have discussed, when radiation I is high enough (GW/cm2–PW/cm2) multiple photons
(in most cases two) can be absorbed simultaneously during multi-photon ionisation [27].
Because high enough I for this interaction can only be reached by focused laser light, this
creates inherent localization of the process. The scheme of this idea is shown in Figure 2.
Keeping in mind, that in most cases NA in the range from 0.01 to 1.4 is used, the volume in
which the modification is induced can range from a hundred nm to hundreds on µm in
a transverse direction and from a few µm to several mm in a longitudinal direction. The
elongated modification is an inherent feature of Gaussian beam normally used for such
processing [38] while other types of voxel shapes being possible with beam structuring.
Due to the nonlinear nature of these interactions sub-diffraction limited features are also
possible, both directly and indirectly. Regardless, localization and selectivity of the process
in the volume of glass is a critical component why fs laser is the primary tool for high
precision 3D fabrication. Keeping in mind that laser can be used in a multitude of ways
and not only for glass processing any laser-based fabrication process can be called direct
laser writing DLW [39].

Figure 2. Focused laser beam spot diameter required to induce nonlinear effects dependency on
radiation intensity.

Light-glass interactions used in DLW can induce different types of modifications.
These depend on laser parameters such as radiation intensity, repetition rate, pulse duration,
or wavelength to name a few [40]. Of course, induced modifications depend on the material
itself [40,41]. Formally, in literature, it is possible to find 3 primary stable modification
types that can be induced in the glass. Nevertheless, some exceptions apply at specific
cases. For instance, silver clusters can be formed in silver containing glasses, resulting in
type Argentum (or type A) modification [42]. However, in this review we will concentrate
at the 3 primary modification types referring to any exceptions when it applies.

Type I modification is smooth material refraction index change. The change depends
on various laser parameters and on the material itself. In a standard case, it is considered
that such variation is mainly decided by pulse energy. An example photo of this modifica-
tion can be seen in Figure 3b,c [40]. In the standard glass, the amplitude of change is in the
order of 10−3.
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Type II of modification is periodical nanogratings in the glass. From optical standpoint,
alongside changing just refractive index of the material, it also introduced birefringance. An
example of nanogratings is shown in Figure 4. One of the key properties of this interaction
is the tendency of nanogratings to be strongly influenced by the polarization of the incident
beam. Nanograting ripple direction is perpendicular to polarization [41,43]. Moreover,
the exact shape and properties of nanograting depend on other parameters as well. For
instance, pulse repetition rate plays quite an important role, as it denotes the thermal aspect
of the interaction [44]. The size of the ripples themselves is sub-diffraction, that is, in the
range of tens of nm.

Type III modification denotes the formation of nano/micro-voids. When radiation
intensity exceeds a particular value higher than needed for type II modification, micro-
explosion in the volume of glass occurs and forms micro-cavities. This phenomenon is
demonstrated in various works [45,46]. It is the most violent form of processing with an
fs laser, leading to a relatively large modification area with several phase-change along
the modified area. Particular radiation intensities to induce these types of modifications
depend on the materials themselves.

Figure 3. Glass modification examples. (a) unmodified material, (b,c) type I of glass modification or
refractive index changes. (d)—type III modification or nano/micro-voids [40].

Figure 4. Examples of type II glass modification and visualization of nanogratings direction de-
pendency to light polarization. (a) Nanogratings induced with light polarization perpendicular to
scanning direction- the angle between polarization and scanning direction 90◦, (b) 45◦ and (c) 0◦.
(d) Nanogratings modification after etching [41].
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4. Fabrication of Functional 3d Structures

There are many laser glass processing techniques based on nonlinear light-matter
interactions, and by inducing different types of modification it is possible to change
the method by which we perform the processing of glass. Type I modification can be
used for for smooth laser refractive index modification [40] and waveguides formation in
glass [47,48], type II can be used for Q-plate manufacturing, while post-processing etching
step of modification is necessary for selective laser etching (SLE) [49]. Meanwhile, type
III modification is used for laser ablation [35] and welding [50]. These techniques have
different natures and provide various possibilities of glass modification. We will describe
various laser material modification techniques in more detail later.

4.1. Photonic Element Manufacturing

In a broad sense, the term photonics is used to encompass all advanced light-based
science areas. In the light of this section, we will use it to describe very precise structures
which exploit nm-level features and/or change in refractive index to control and/or confine
light in accordance to application dictated requirements [51]. In general, manipulation
of thin layers of materials with different kinds of refractive index is a very widely used
phenomenon. One of the primary examples of it is dielectric mirrors [52]. The Bragg law
for 2D system showing where the constructive interference is the strongest reads as:

2d sin θ = niλ, (4)

where d is the distance between layers, θ—angle of incidence, λ—wavelength and ni—
positive integer. The most important parameter which can be controlled is the size of
the features (d). Due to the already mention nonlinear nature of fs interaction with the
transparent medium, it can be brought down to sub-diffraction level. Thus, one of the
simplest examples of fs laser usage for photonic structure fabrication is the inscription of
custom Bragg gratings into fibers [53]. In the simplest case, such structures are not strictly
3D. However, due to the flexibility of the technology fs laser allow forming fiber Bragg
gratings (FBG) in arbitrary types of fiber, including non-photosensitized ones [54] or fibers
made out of crystals [55]. At the same time, 3D capabilities are reflected by the capability
to inscribe modifications in arbitrary place of the fiber, that is, not only in the core [56], or
choose a specific core in multi-core fibers [57]. One of the main challenges here is focusing
into the designated position within the fiber. Because the fiber shape normally is round, it
defocuses the laser beam. Therefore, immersion oil [57], or flat ferules [58] might be used.
This brings a lot of possibilities to the field, as it enables simple, on-demand fabrication of
specialty FBGs which might be applied in various uses [53].

While FBG is a great example of a relatively simple photonic structure, 3D interactions
could give substantially more diverse capabilities [51]. Therefore, the realization of 3D
photonic crystals is quite an active field. Additive manufacturing was shown to be quite an
attractive candidate [59]. However, in that case, the refractive index gradient between air
and the polymer is around ∼0.5 which can be too sharp for some usages. At the same time,
additively made 3D structures present objects on top of flat substrates, making them fragile
and incompatible with anti-reflective coatings. In contrast, photonic elements embedded
inside the volume of glass are robust, have a refractive index gradient of 10−2–10−3 and
could be potentially coated with the anti-reflective layer. Thus, glass-based 3D photonic
devices occupy a very important niche in the field.

The first application is refractive index change in the glass is embedded 3D photonic
crystals. It was shown that such photonic crystals can be used for spatial light filtering [60].
Indeed, the required spatial resolution and periodicity for such devices is close to the
wavelength (in most cases HeNe 633 nm for simple testing) itself, making focused ultra-
fast radiation a go-to tool. Simple woodpile-like geometries were used first. These were
produced using both laser-assisted wet etching [61] and direct refractive index modifica-
tion [62]. Nevertheless, these only allow filtering along X and Y axes of the photonic crystal,
limiting applicability. A solution would be to use stacked ring geometry, which then would
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grant this effect along all 360◦ in a perpendicular direction to the propagation [63]. Here
possibility to integrate such a device into glass volume becomes an enabling factor. If such a
device would be tried using additive manufacturing additional supports would be needed
to support each ring. Furthermore, standard single-period photonic crystals only allow
limiting angular filtering. As a solution to expand it asymmetrically and chirped [62]
geometry was proposed and tested, again attesting to the design flexibility enabled of 3D
fs fabrication. The device was then successfully tested with microchip laser filtering in
transverse modes (Figure 5), enabling it to increase its brightness by 2.8–3.1 times and
single transverse mode from 88 mW to 335 mW [64]. If a one-directional filter is acceptable
photonic crystal writing process can be extremely sped-up by applying Bessel beams [65].
In other spatial filtering techniques, the embedded photonic crystal is one of the most
compact and simple solutions available, showing clear potential wide-spread applications.

Figure 5. Principle of transverse mode filtering in microchip laser by application of laser-made
photonic crystal embedded in a glass chip. The solution is compact and allows to achieve a high
degree of control over the spatial characteristics of a laser, depending on the geometry of inserted
element. Adopted from [64].

Laser-induced n modification can be exploited to not only shape light but also to
confine and direct it. Indeed, embedded glass waveguides can be produced by using fs
lasers [66]. Then, the structure has to meet the modification cross-section and ∆n require-
ments. Interestingly, waveguides can be produced by both increasing and decreasing the
n of the material. Regarding the direction, two primary modes are exploited. At first,
focusing optics move up or down in relation to the surface of the sample. This is also
called longitudinal writing geometry [67,68]. The advantage is a nearly perfectly round
cross-section of the modification, as well as a very uniform gradient of n modification to
all directions. Problems, on the other hand, lies in the fact that if the sample is thick, the
working distance of sharply focusing optic might be insufficient. Thus, it is more suitable
for lower NA optics. Also, if non-straight modifications are needed, the uniformity and
high quality of the waveguide are compromised. Alternatively, the scanning might be
performed alongside the horizontal plane, that is, in a transverse manner [69,70]. Then the
length and shape of the waveguide can be arbitrary. On the other hand, due to Gaussian
focusing properties, the modification is elongated in the Z direction, the ∆n becomes highly
non-uniform, especially in the Z direction. To remedy this additional elements, such as spa-
tial light modulators (SLMs), might be needed in the optical system, complicating the setup
and the process [71,72]. Alternatively, a multi-scan approach [73,74] or special light-matter
interactions [75] might be exploited to make the cross-section of modification round. All of
this can be combined with possibility to inscribe Bragg gratings into integrated waveguides,
allowing creation of true functional 3D optical systems. It has to be stressed that it can be
done in basically any kind of glass, including but not limited to borosilicate glass [76] or
fused silica [77]. Thus, the needs of application dictate which of these two modes should
be used. The waveguides themselves can be fabricated alone, or integrated into functional
devices where they could act as a part of a sensor [78,79] or as an integrated interconnector
between different types of devices [80]. This is especially attractive, as waveguide can
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potentially be integrated during the same technological step as the rest of the structure [78],
owning to huge flexibility of fs-based processing of transparent mediums.

The elements discussed so far relied on type I modification. As a result, the designs and
applicability of the produced devices were to some extent limited. To gain even greater tunabil-
ity type II modification can be applied for free-form embedded optical element manufacturing.
This type of fs modification allows inducing volume-embedded nanogratings which, due to
orientation of sub-diffraction limited features, have distinct birefringence [81]. What is more,
the directionality of the optical phenomena induced depends on the light polarization [82,83],
giving huge controllability to the process. While the selection of materials in which this
process is pronounced is not extremely broad [84–87], it is still sufficient to acquire a broad
selection of possible optical devices. As a result it was employed to produce various optical
structures, for instance diffraction gratings [88], Fresnel zone plates [89], computer-generated
holograms [90,91], S-wave plates [92,93] or metamaterials [94]. Remarkable selection of pos-
sible optical elements is the result of both possibility to induce refractive index change and
birefringence as well as the possibility to precisely control these modifications in 3D by using
focused fs laser light. Additionally, these modifications exhibit immense thermal stability (up
to 1000 ◦C) [95] allowing them to be considered for usage in some extreme environments. On
top of that, as these elements are embedded into glass volume, their laser-induced damage
threshold is also quite high (∼J/cm2) [96], that is, at the level of the host glass.

One extremely promising application of fs-laser-based embedded photonic structure
fabrication is embedded optical memory. The idea to use light for encoding and reading
memory dates back to the 1980s when the laser was employed to produce and read optical
discs. Over the years due to progress in optical engineering, the wavelength used for the
process could be reduced, in turn increasing the data density in the disk. This is due to the
fundamental need to use diffraction-limited processes for both data recording and reading.
This fundamentally limits achievable data density up to ∼0.25 Gb/cm2 for standard
systems using visible and near-UV systems [97]. However, as we discussed, fs-laser allows
creating modifications not only on the surface of the material but also inside it paving the
way for the volume memory [97,98]. Furthermore, single features created with fs laser can
be extremely small (down to hundreds, or even tens of nm) allowing the extreme density
of information [99]. Birefringence gives an additional degree of freedom as well, paving
the way for true 5D memory (Figure 6) [100]. The modifications themselves have virtually
unlimited lifetime [101], making them a valid candidate for extremely long-term big-data
storage. Nevertheless, the modifications themselves can also be removed relatively simply
if desired, granting the possibility to use the same medium to rewrite the information inside
the same material volume. This can be achieved by subsequent laser exposure to the same
volume [102]. Usage of crystals also allows to achieve it with relatively low temperatures
(bellow 200 ◦C) [103] or exposure by loosely focused visible wavelength laser beam [104].
Admittedly, at the moment widespread adoption of this technology is limited due to the
necessity to use expensive fs lasers and positioning. However, with the need to store up to
massive amounts of information by numerous industries [105], this might become a more
and more attractive solution for professional specialized extreme long-term data storage.

While the application of focused fs radiation has huge capabilities, there are some
distinct limitations and hindrances native to light itself. First, if sharp focusing (NA > 0.4) is
used, the polarization in the focal point has to be looked into more precisely than standard
ray optics would suggest. Indeed, it is possible to show that sharply focusing fs light
inside transparent medium changes E distribution in 3D [106,107]. Keeping in mind that
the direction of type II modification heavily depends on the light polarization, this effect
might have a severe influence on the result of fs processing and has to be accounted for.
Furthermore, when working in the volume of a transparent medium, the laser beam is
distorted due to aberrations [108]. This results in defusing effect, which changes the voxel’s
size and shape (aspect ratio) in different depths of the sample [109]. The functionality of
photonic crystals and waveguides heavily depends on the shape of the modification as well
as the precise modification of n. As a result, aberrations are substantial consideration in
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those applications. Luckily, this issue can be solved in several ways. First, focusing optics
might have some tunability, allowing to account for different depths of fabrication [110,111].
The next step is the usage of SLM [109,112]. It was shown to be a powerful tool to account
for focusing deficiencies and control the aspect ratio of the feature. For instance, 1:1
to 1:1.5 aspect ratio lines can be inscribed in any depth of 1 mm sample using 0.9 NA
objective [109]. Alternatively, when SLM is not used, the aspect ratio can be more than
1:25. Additionally, due to defocusing, features could not be effectively written in depths
below ∼0.4 mm without significantly reoptimizing the process (i.e., increasing average
laser power to compensate for defocusing. Even then, the feature aspect ratio would only
increase with the depth. SLM also allows spatially shape incident beam (and, in turn,
modification’s shape in 3D) for advanced structure fabrication [72,113,114]. The process
is flexible enough to account even for very high n, like diamond’s 2.4 [115–117] or even
anisotropic materials [118,119]. Unfortunately, SLM requires a very specialized setup, high
precision in setup alignment, and advanced calculation algorithms alongside sufficient
computing power [120]. On top of that standard SLMs are operating at relatively low
frequencies of ∼tens of kHz limiting the possibilities for dynamic possibilities of processing,
with faster systems being investigated at the moment [121]. Finally, the LIDT of SLMs
is relatively low, with high-end experimental devices capable of operating at P∼100 W
level using ultrafast lasers [122]. While solid-state SLMs might alleviate this issue [123],
it remains a limiting factor. Thus, while SLMs offer a lot of interesting capabilities, their
application remains limited.

Figure 6. An image depicting encoding of information using type II modification induced birefrin-
gence. While both of the images seem to be written in the same volume (image on the left) images of
Maxwell (center) and Newton (right) can be separated by exploiting imaging along both optical axes.
Taken from [100].

4.2. Selective Laser Etching (SLE)

Fundamentally, type II modification of glass leads to both, nanograting formation [43]
and structural changes of material [124]. The photonic applications discussed so far mainly
exploited the optical phenomena of inscribed modifications. Nevertheless, appreciation
of chemical and mechanical changes can lead to a very interesting prospect for further
applicability. Glass, or, more precisely, Si2O compounds can be etched using hydrofluoric
acid (HF) or Potassium Hydroxide (KOH). These etchants react with materials differently.
The reaction equation of KOH and HF with one of the most popular glasses fused silica
is shown in Equations (5) and (6). These reaction equations that concentrated KOH solu-
tion is beneficial over HF etchant due to least saturation behavior in elongating channel
structures [125].

SiO2 + 2KOH −→ K2SiO3 + H2O, (5)

SiO2 + 4HF −→ SiF4 + 2H2O. (6)
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Normally, the etch rate of Fused silica is a few µm/h, of course, it depends on
etchant [126]. Nevertheless, laser-induced type II modification can greatly expedite this
process. Laser radiation induces material structural variations when binding angles of the
lattice change. Oxygen atoms become more reactive and more effectively interacts with
the etchant [124]. Also, formed nanogratings greatly increase the effective surface area at
which etchant can interact with the material. Usually, for a description of this phenomenon
definition of selectivity is used. Selectivity is the ratio of etching rates of modified and
unmodified material. The utilization of this process allows obtaining selectivity up to
1000 [126]. Combined with the capability to inscribe such modifications in 3D it leads to
the capability to selective glass etching (SLE) [124]. The most common material used in
SLE is fused silica which is almost pure amorphous SiO2. Fused silica SLE processing
is a mostly studied process comparing to other materials. While other materials, such
as borosilicate glass (BK7, Pyrex, Borofloat) [41,127,128], Foturan [129] can be used in
SLE, these are rare occurrences. This is a result of lower selectivity [41] or requirement of
post-processing [129,130], greatly favoring fused silica for widespread applications.

From the etchant side, HF and KOH are the most popular ones. KOH etching proper-
ties are strongly affected by KOH concentration and its temperature [131]. Usually, in the
literature, we can find that 8–10 mol/L concentration KOH solution is used at 85–90 ◦C
temperature [126,131,132]. Generally, a higher KOH concentration yield a higher etching
rate. Nevertheless, a higher concentration of etchant does not guarantee better selectivity,
potentially leading to contrary result [131]. This can be tied to the higher etching rate of
both laser processed and unaffected areas. A similar trend can be observed with KOH
temperature. When we are talking about the etching rate. It was shown, that the best
selectivity is achieved at 80 ◦C [131]. Regarding the HF, if fast etching is desired, high (tens
of %) HF concentrations should be used [133]. However, as one of the primary goals of SLE
is achieving 3D structures, lower concentrations (5% or even lower) at ambient conditions
are used to avoid overetching laser unexposed parts [126]. Curiously, experimentation on
various conditions which might be used for SLE using HF (like temperature manipulation)
is limited. Probably one of the main reasons, why more experiments are not performed
which HF acid is a hazardous nature of this chemical. Subsequently, this is one of the
reasons why more researcher groups prefer KOH over HF. Nevertheless, both etchants
can find their applications. To get higher etching rates (up to a few hundred of µm/h)
HF can be used [134]. Meanwhile, KOH should be used when high selectivity (up to
1000) is required [126], for instance producing high aspect ratio features. Of course, it is
possible to combine both etchings one after another for one structure and use both etchant’s
advantages. This technique is called hybrid chemical etching [132,135].

One interesting prospect of SLE is the possibility to etch crystals like sapphire (Al2O3),
Yttrium Aluminum Garnet (Y3Al5O12 or YAG), lithium niobate (LiNbO3) or crystalline
quartz [136–139]. It is shown that nanogratings induced in a sapphire crystal are similar
to ones inscribed to fused silica [140–142]. However, the etching mechanism of the crys-
tals is slightly different from amorphous materials. When focused laser beam modifies
crystalline sapphire modified region becomes amorphous [143]. Then, amorphous and
porous regions are etched out in aggressive etchants like concentrated (40–50%) HF at
room temperature [140–142,144–146] or around 35% KOH solution heated to 85–100 ◦C
temperature [147]. Even more exotic etchant choices were demonstrated—sapphire was
etched in phosphoric and sulfuric acid mixture at 300 ◦C temperature [148,149]. It showed
that sapphire etched in 40% HF solution has selectivity which is in order of a few thousand
(up to 5000) [140,141] and this value exceeds all the results showed on fused silica. YAG
crystal shows even better selectivity which is estimated to be around 105 in HF acid. How-
ever, the SLE of crystals faces other problems: it is very hard to avoid cracks. Cracks are
caused by modified crystalline material becoming amorphous and creating great volume
tensions which lead to the crack of material [150]. Moreover, high selectivity comes from
very low etching rates of unmodified material. Even modified material etching rate is very
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low, as little as up to 100 µm/h [137,140], for practical usage when a quite large structure is
required such a low etching rate can be unacceptable.

Various laser parameters strongly affect the SLE process. A different aspect of selectiv-
ity, etched structure quality, such as surface roughness, can be decided by multiple laser
parameters. Selectivity itself strongly depends on pulse energy. While sufficient pulse
energy is needed to induce type II modification, the formation of LAZ can also be induced
if too powerful pulses are used. LAZ affects etching properties [31]. Higher laser pulse
energy with wider LAZ zones results in the wider etched zone. This effect could be for
scanning up large volumes and, on contrary, this phenomena could be disadvantageous
in high aspect ratio structure fabrication. Moreover, pulse duration and laser repetition
rate affect LAZ and changes etching properties as well [44,151,152]. Longer pulse dura-
tion leads to stronger thermal effects. Higher pulse repetition rates prevent energy from
being relaxed from the lattice. On the other hand, pulse energy not only change LAZ but
also changes the size of modification and nanograting configuration itself, which leads to
different selectivity induced by various pulse energies [41,43,151]. However, almost all
this research leads to optimal particular parameter value which varies by changing other
parameters. We can see that not individual parameters, but rather the whole parameters set
is important for the SLE process. Basically, by changing pulse energy, pulse repetition rate
the deposited dose is changed. Hence, a particular radiation dose is hiding under these
parameter sets. Overall, it can be seen that for SLE process need to be ensured specific
conditions—specific radiation dose [151] and these conditions can be altered by different
thermal regime [31].

Alongside radiation parameters, scanning strategies also play an immense role in SLE
effectiveness. Overall, translation velocity and pulse overlap while hatching/slicing denote
the pulse overlap, which, in turn, governs accumulated radiation dose[151]. Therefore, one can
consider that scanning velocity gives quite a similar effect as pulse repetition rate. As a result,
selectivity dependency on scanning velocity was investigated in many works [131,151,153].
Acquired results varied, painting a more complicated picture of interaction as different sets of
laser and scanning parameters were shown to work quite effectively [131,151]. Interestingly, in
some works, almost no significant selectivity dependency on scanning speed was noticed [153].
The translation velocity question, in general, is very important, as it is one of the main
parameters determining structuring rate, that is, what volume will be processed in a given
amount of time thus better understanding of these contradicting results is a topic for further
research in the field. Nevertheless, the scanning strategy also plays an important role. During
the inscribing process, the specific separation between scanning lines should be chosen.
Unsurprisingly, it also influences etching rate and selectivity [126,131]. One of the non-trivial
observations made was that optimal Z separation value varies when different etchant is
chosen [126]. Separation along a horizontal axis (i.e., slicing step) should also not exceed the
voxel height [131]. Overall, due to the complex nature of the process and a huge amount of
independent parameters, the exact interplay is still an object to an active investigation, with
the goals of different groups distributed between trying to achieve the best selectivity, highest
etching rate, lowest surface roughness or some combination of all.

It is important to not overlook the importance of polarization during the SLE process.
Polarization is responsible for the direction of the nanogratings as depicted in Figure 4.
Numerous works investigated selectivity dependency to laser beam polarization. When
radiation polarization is perpendicular to scanning direction we get the highest etching
rate [41,43]. The same applies and to selectivity because the unmodified material etching
rate in all the cases remains the same [126]. Meanwhile polarization parallel to scanning di-
rection gives the lowest etching rate [41,43]. Interestingly, circular polarization gives a good
etching rate as in perpendicular polarization case [41]. This is extremely important because
then the polarization might be considered invariable for any scanning strategy, heavily
simplifying an already complicated process, becoming favorable for application-oriented
fabrication. Nevertheless, care should be taken when considering the interplay between
pulse duration and polarization. Discussed trend always appears when femtosecond laser
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pulses are used to write modification. Nevertheless, when ps pulses are used for SLE
selectivity does not depend on radiation polarization [152]. This property comes from the
nature of this process. By using femtosecond pulses it is possible to induce nanogratings
modification, meanwhile, ps pulses yield modifications more reminiscent of nanocracks.
These can be considered a different type of modification that is still suitable for SLE.

SLE stands in a relatively interesting place when considering piratical implementation.
The process itself needs a lot of considerations in terms of laser parameters and writing
strategies. On the other hand, it can be considered one of the most straightforward ways
to produce 3D glass microstructures. It, as a result, possible applications were shown in
microfluidics, micromechanics, optics, and photonics. In photonics, It is shown that SLE can
be used for very precise photonic components fabrication. By using tightly focused laser
beams it is possible to form very small (down to ∼100 nm) repeatable structures which after
etching can be used as photonic components [137,148,149]. Micro optic element fabrication
was also shown with SLE [130]. However, due to relatively high surface roughness after the
SLE process (∼hundred nm RMS) direct fabrication of optical components is impossible.
Thus, after etching some annealing or other smoothing procedure is needed.

SLE excels in the field of microfluidics for the fabrication of lab-on-chip (LOC) devices.
Glass is a preferred material for a lot of set applications, as it is chemically inert in organic
solvents, transparent, and mechanically robust. SLE provides a relatively easy and highly
controllable method for producing both surface and embedded channels. Here, SLE allows
to form even complicated, curved, embedded 3D structures in glass [132,137,154,155]. It is
demonstrated such channels ability to focused particles in the loops of the channels [137].
Other mentioned systems have a potential to be used in liquids filtering such as on-chip flow
cytometry [137]. In the case of LOC microfluidic channel and some sort of integrated device
inside it is formed [153,156]. Moreover, complicated microfluidic chains including filter
and free movable integrated micro-switcher can be fabricated [132]. The mentioned device
can perform fluid filtering. In the bigger channels narrower channels volume are inserted,
only the smallest particles can go through the most narrow channels. Moreover, fluid flow
direction can be controlled by fabricating channels with a free movable valve. Other 3D
microfluidic devices which would be extremely challenging for any other technique can
be fabricated [154]. To highlight some examples, Figure 7a–c show nozzle for biological
applications. Figure 7d demonstrates connector for capillary electrophoresis. Figure 8
shows a microfluidic chip for cell sorting.

SLE also demonstrated huge promise in the field of micromechanics. For instance,
a glass mechanical gripper can be produced and coated with metal to thermally induce
movement [157,158]. A similar optical sensor can also be made [48]. The SLE-made
mechanical device is coated by a metallic coat layer, which then moves when the potential
changes. Information is red through the already integrated waveguide and the signal
strength depends on the displacement of the structure. The beauty of this device is that
it can be fabricated out of one piece of fused silica and at once it is possible to integrate
waveguide and fabricate structure combining both type I and type II modifications in
one fabrication step just by changing the laser parameters. Also, the device can be of
arbitrary size, downscaled, and used as a component in more complex systems. Free
movable micromechanical structures are also doable with SLE, such as gear systems [159].
Devices mentioned in the paragraph before conceptually are completely different from this
micro-mechanical structure. In the first case, we get movement by fabricating structure
with very high aspect ratio detail, so very thin details of glass become flexible. In the second
case, a movable glass structure is fabricated because a slight gap is etched out between
rotating and not rotating parts. Thus, by using the SLE technique, various types of movable
structures can be obtained.
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Figure 7. Example of microfluidic devices. (a–c) nozzle for biological applications, (d) glass connector
for capillary electrophoresis, diameter 15 mm, thickness 2 mm [154].

Figure 8. Example of microfluidic devices. (a,b) microfluidic chip created for cell sorting, (c,d) most
important nodes of a chip are shown more detailed [154].

Finally, one must not forget that SLE is not an isolated tool and it can be combined
with other DLW techniques, including multiphoton polymerization. Such fabrication is
called hybrid fs laser manufacturing. For example, chemical liquid sensing application can
be realized by combining SLE and multi-photon polymerization techniques [160]. Then, the
channel and integrated cantilever are made out of glass in a single fabrication step. After
the SLE process, a polymeric rod is produced by using multi-photon polymerization. When
the whole structure is submerged into an organic solvent glass remains inert, while the
rod expands or swells, a property well documented with laser-made 3D microstructures.
Thus, such a device can act as a passive actuator or a mechanical sensor. This device is
shown in Figure 9. Alternatively, it demonstrates that some hybrid devices can be used for
cells sorting and detecting [161,162]. In closed SLE, the channels made are integrated with
polymeric lend, which allows the detection of when the cell is moving through it as well as
disturbing the signal.

Overall, SLE stands in quite a peculiar place in regards to its realization and appli-
cability. The complexity of the process means realizing it is a rather complicated task,
resulting in a steep learning curve for groups that attempt to do it. For this reason, a lot of
researchers tend to use the substantially simpler type III modification base ablation, which
will be discussed in the next subsection. Then, to achieve the same complex structures more
fabrication steps of the simpler process might be needed. It also allows avoiding potentially
hazardous HF-based chemical procedures. Alternatively, advanced high precision additive
manufacturing-based solutions can be employed [163–165], forgoing the single step SLE
process in favor of several simpler fabrication procedures. However, when SLE is employed
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right and all the technical nuances are taken care of, it provides unmatched design freedom
and flexibility in producing arbitrary shaped 3D glass structures with resolution down to
µm with overall size in the cm range.

Figure 9. (a–c) Example of a hybrid microfluidic device [160].

4.3. Free-Form Cutting of Glasses

Fundamentally, direct laser ablation is the simplest of all DLW kinds. As the material
is removed from the sample without any additional technological/post-processing steps it
was quickly adopted in the industry using CW or long-pulsed (ns and longer) lasers [166].
Solid-state fs lasers are gaining popularity there, as well. The draw of ultrafast lasers in
laser cutting is the possibility to control the thermal aspect of the process, subsequently
allowing a smaller laser affected zone and cleaner cuts [23–25]. This capability is further
expanded by the application of burst lasers, which allow both high structuring precision
as well as very high throughput. There are also virtually no limitations for the application
materials, which can be organic [167,168] (including living tissue [169]) dielectric [170–172]
or metal [173,174]. However, when considering true 3D fabrication ablation have some
severe drawbacks. In comparison to 3D printing [38], complex 3D architectures, arches,
and integration of structures inside structures are either difficult or, for some geometries,
impossible with direct ablation. Advanced techniques allow to achieve quasi-3D structures
by either filliping [174] or turning samples [175] during processing, but it requires additional
fabrication steps or a more complex setup, minimizing the main advantage of ablation—
simplicity. Thus, in the following discussion, we will use the term 3D rather loosely, in many
cases referring to structures that can otherwise be classified as 2.5D.

Among many applications where fs ablation of glasses can be exploited, microfluidics
is one of the most common. Two types of channels can be produced in that case: on
the glass surface [176–178], and embedded inside the volume [179,180]. Surface channels
are substantially simpler to produce. Also, they allow integration of additional elements
using other fabrication techniques, for instance, multiphoton polymerization (MPP) [181].
However, in that case, an additional channel sealing step is needed. It can be realized in
numerous ways, including direct laser welding. It will be discussed in more detail further
in the article. Nevertheless, it is an additional technological step that, if possible, should be
avoided. Alternatively, channels inside the bulk of the material can be produced. Indeed,
fs lasers allow surprisingly very fine control of type III modifications in glass volume [182].
Despite this, if ablation is used there is no direct way for debris to leave the embedded
channel if this method is used. Luckily, if the process is carried out in the water, the debris
removal is expedited, resulting in the possibility to produce clean and complex channel
systems [179,180], or high aspect ratio holes (for instance 4 µm wide and more than 200 µm
deep [183]). By applying Bessel beam ablation it is shown even higher aspect ratio narrow
channels which is around 200 nm in diameter and 20 µm in depth [184]. Alternatively,
water can assist in the structuring of the volume of porous/photosensitive glass [185–188].
Then, after laser exposure, glass is heated up and solidified, embedding produced 3D
system inside a material. Additional etching and annealing steps can also follow. However,
then the process becomes somewhat similar in complexity (if not more difficult to perform)
to SLE yielding substantially worse shape control and surface finish of the channel walls.
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At the same time, non-SLE methods allow using potentially simpler glasses. Regardless,
apart from several demonstrations, this methodology is used sparingly.

Microoptics can also be produced using direct laser ablation. While extremely complex
designs achievable using additive manufacturing are out of the question [189–191], ablation
exceeds those methods by allowing to use of glass and achieve overall size from tens of
µm to mm. Optical elements, like various type lenses [192–194] or axicons [195], can
be produced this way. In virtually all the cases additional post-processing steps are
mandatory due to the necessity to smooth the surface of the structure down to optical
quality (less than λ/10). Annealing is the most popular option. It gently melts the surface
of the optical element, allowing surface tension to increase surface smoothness without
compromising the overall shape (Figure 10). This can be induced by heating the structure
to a sufficient temperature (close to the melting of the material) [196], or by employing
another laser such as CO2 [192–195]. An alternative way to achieve lenses using type
III laser modification is based on the idea, of inducing very fine modifications on the
surface of the material. Then the sample is submerged to the etchant, which starts to etch
out the material. The modification acts as a seed, which expands over time. Due to the
nature of the process, expanded areas form lens-like profiles and, after some time reach
each other [197,198]. Thus, a plano concave lens array is formed with an optical grade
surface finish. Overall, while ablation allows achieving free-form optics, etching provides
superior shape control and a possibility to produce more complex geometries, making both
approaches somewhat comparable.

Surface roughness after type III processing is rather poor (∼several µm RMS ).
A laser can be employed to smooth it out. Normally, CO2 [199] or high power solid-
state lasers [200] are employed for this task. The process is based on inducing desired
thermal interactions at the surface of the sample. It can be used to polish glass parts pro-
duced using SLE [201] or ablation [202]. However, the fs laser itself can be used for this task.
The primary advantage of using ultrashort pulses is the possibility to extremely precisely
control thermal accumulation on the surface of the sample [203]. This can be exploited
to polish some exotic materials, like Germanium [204] or yttria-stabilized zirconia [205].
Additionally, due to the controlled manner of the process fs lasers allow avoiding some of
the effects associated with polishing using different laser sources or mechanical polishing.
Nevertheless, the application of fs lasers in polishing remains sparse. At the same time, the
advent of burst-mode capable systems brings a new level of control of thermal aspects of
the interaction, potentially reducing surface roughness during processing in the first place,
bringing new capabilities to the field [25].

All the processes showcased so far mostly rely on Gaussian beam focusing using
standard optics. However, as discussed previously, light is a flexible tool that can be
spatiotemporally manipulated. To change the spatial distribution of the laser beam, passive
elements can be inserted into the path of the laser beam. In more advanced cases, it
can be done using SLM, which allows the changing of a projected mask dynamically on-
demand [206]. However, due to the relatively low LIDT of such elements, their usage in
direct ablation might be limited. Regarding the exact applications various examples exist.
For instance, the Bessel beam can allow taper-less fabrication [184]. In other words, the
channel walls are nearly vertical, which is hard to achieve with sharply focused Gaussian
beams. It also can be used to achieve high aspect ratio (up to 1:100) features easily [207].
Also, in the case of top-hat laser beam distribution, the cut quality can be improved [208].
Beam shaping also can be exploited to create entire patterns to be ablated [206]. Regarding
the temporal properties of fs radiation, it can also be tuned to achieve desirable ablation
properties [209]. Manipulation of environmental aspects should also not be overlooked.
By changing the pressure during the ablation process the debris formation tendencies
can be influenced, which helps with the overall quality of the sample [210]. Alternatively,
additional gasses are shown to help increase ablation depth [211]. Water, which was
shown to be a rather popular additive in fs glass machining, can also be used to induce
spontaneous spatiotemporal light filamentation. It can be used to cut arbitrary materials,
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including glass, at relatively large thicknesses (1 mm and more) [212]. Thus, overall,
while base fs laser ablation of glasses might be considered somewhat limited as far as 3D
fabrication is concerned, some capabilities exist to enhance the result of processing. At the
same time, then it somewhat complicated the processing, making it less attractive.

Figure 10. The precision of profile of the ultrafast laser-made axicon with subsequent CO2 polishing
and comparison to commercial high-precision and standard counterparts. The un-polished and
polished laser-made profiles are offset to better reveal the difference between them. Reproduced
from [195].

4.4. Laser Welding

Discussing 3D structure fabrication it is important to understand that in most cases a
3D structure is, in fact, multiple stacked 2D layers. Only a few processing techniques, for
instance, selective laser etching, allow true 3D fabrication, yet it also relies hard on layering
as it allows to minimize effects like shadowing. Sometimes the stacking is part of the process
itself, like in 3D printing, while sometimes additional bonding step is required. Except for
integrated free-form SLE structures, stacking glass onto glass to form 3D structures is also
common, especially when parts are produced using ablation. There exist different bonding
techniques such as direct, adhesive bonding, or others. Adhesive bonding is performed by
using additional intermediate chemical materials [213], but it has limitations to strength
as well as adds additional chemical constitutes which might be detrimental to some
application. Direct bonding is performed by increasing the temperature of the samples, it
starts to melt and connects with each other [214]. Thus, direct bonding by ultrafast laser
welding becomes an attractive way to bond glass layers with each other forgoing most
of the listed problems. Laser welding relies on type III modifications [215,216]. It can
be considered one of the most advanced available bonding techniques, because of high
spatial selectivity, localized material modification, and capability of completely sealing
functional devices. Moreover, laser welding allows to achieve up to 95% breaking resistance
of primary material [217,218]. What is more, laser welding does not require additional
materials or other post-processing to be included. It is shown that laser welding can be
used as a supplementary technology to strengthen other bonding techniques [219].

To weld two samples laser beam needs to be focused on the contact of those samples.
Because of high radiation intensity, tunneling or multi-photon ionization occurs. Radiation
is absorbed only in the focal spot where free-electron appears which mount increase
because of avalanche ionization—plasma forms. Meanwhile, surrounding materials heats
which enhance nonlinear which then, in turn, expedites the heating. The volume of melted
material encompasses both samples which need to be bonded. Afterward, the material
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cools and forms a firm connection between samples [220]. By melting material some of its
chemical connections are broken. In the affected material some oxygen connection remains
open forming a new chemical connection between samples [221]. After measuring welded
samples cross-section Raman spectra was found that welded different material samples
mix in the contact [222]. Thus, this explains high welded material breaking resistance.

For a process like this optical contact is required. Optical contact appears because of
inter-molecular Van der Vals bonds. If the right conditions are created for two materials
surfaces to be close enough to each other, those samples start to attract each other because
of mentioned forces (forces decrease proportionally to the square of the distance). Thus,
in this way, we get stable optical contact [223], which does not require to be additionally
supported. Even more, additional external forces applied to the samples leads to cracks
in the welded seam [224]. Therefore, clean and high-quality surfaces practically became
a requirement for the laser welding process. Spacing between two samples should not
be larger than a few hundreds of nm, otherwise, it is hard to avoid cracks in the seam or
even ablation of one of the surfaces [225]. Optical contact is one of the greatest challenges
for laser welding, because often it is hard to achieve it due to surfaces imperfection of the
samples, due to high surface area, or imperfections/undulations in the sample caused by
other processing techniques, like ablation.

Advances in laser engineering positively influence the ease with which welding can
be realized. It was shown how to avoid the requirement of optical contact. Optical contact
is still preferred, allowing us to reach a higher breaking resistance of a welded seam
than welding without optical contact can [50]. However, for simpler, less challenging
applications even simplified welding is sufficient. At this moment, it ihas been shown
that laser welding of samples with gaps between each other up to 3 µm [220]. There a few
factor with allows to walk around this requirement. First of all, the gaps which could be
efficiently filled depends on the amount of material that is brought to the gap. This amount
of material can be evaluated as the size of a welding seam. Seam size directly depends on
laser radiation and scanning parameters (pulse energy, pulse repetition rate or scanning
velocity, focus position in the Z direction in respect of the contact of samples) used for the
welding process or even it could depend on material thermal conductivity. Thus, it possible
to lower the high-quality contact requirement by increasing the size of the seam. Welded
seam size can be increased in a few ways. The usage of high repetition rate (hundreds of
kHz) radiation leads to a greater size of a seam [225]. The same applies to higher pulse
energies [50,218,221]. This dependency is schematically shown in Figure 11b. By bringing
more materials to the contact of the sample, it not only provides the possibility to weld
samples with larger gaps but also affects the breaking resistance of welded samples. A
larger welding seam will lead to higher breaking resistance [217]. Care should be taken,
however, because of the possibilities of breaking material due to high internal tension
instead of material welding [226,227].

It is important to understand how scanning properties affect the size of the seam.
Lower scanning velocity will lead to higher pulse overlapping resulting in more energy
being delivered to each point. As a consequence larger welding seam and higher breaking
resistance are obtained [221,228]. What is more, the gap between separate seams, or
hatching step, affects samples breaking resistance significantly [50,218]. It is quite intuitive
that a larger amount of seams in the same sample allow the obtaining of a greater breaking
resistance. On the other hand, welding sample by separate seams brings its own benefits
to this process. Distinguished seams give a possibility to contact materials with different
thermal expanding coefficients. Because the connection is very local, the spacing between
seam compensates for the fact that the two materials expand differently. Unsurprisingly,
the focal spot position in the Z direction in respect of gap position is also a critical parameter
in laser welding. The way this parameter influences the process is shown in Figure 11a.
It can be observed that, in laser welding, for the most effective process the focus of the
radiation should be a little bit (∼100 µm) below the contact of the samples [220]. In this
way, melted material comes up to the contact and fills it in the most efficient way. This

20



Micromachines 2021, 12, 499

tactic allows us to melt more material and fill the gap between samples with the greatest
amount of material.

Figure 11. Cross-section of the welding process (a) welding dependency on focal position. The focal position is changed in
this order from image A to D: −24.1 µm, −40.0 µm, −86.5 µm and −107.3 µm, Corresponding schemes of these process are
shown from picture 1 to 4, (b) welding dependency on pulse energy, the pulse energy is increasing in this order from image
A to D: 10.1, 11.23, 12.9 and 18.8 µJ, schemes of the corresponding process are shown in pictures 1 to 4 [220].

The advent of burst lasers have also been experimented with in welding. It allows
improvement of the welding process in many aspects. Burst-welds have higher breaking re-
sistance than that achieved by only welding in a high repetition rate regime [229]. Moreover,
usage of burst enables us to weld materials with greater spacing in the contact between
samples [50]. Another interesting approach is laser welding with Bessel beams [222]. One
of the unique Bessel beams property is long focal length. Its relay length can up to a few
hundred µm. Thus, in this way we do not need to have accurate information about the
position of the contact of materials.

Laser welding can be applied in many functional device fabrication. It can be applied
in such areas as electronics [230], microfluidics [213]. This technology could be extremely
useful in electronics when the whole chip cannot be processed in other bonding techniques
and local laser welding means that important parts of the chip can be left unaffected.
Ultrafast welding is also advantageous, as it allows to easily bond glasses with other
materials like metals or polymers. However, due to high technical requirements for both
laser systems and surfaces of bonded samples, the advance of this technique is so far slow,
with most demonstrations being done only in academia with proof-of-concept work.

5. Conclusions

The field fs laser-based processing of glasses and transparent dielectrics is wast. In this
review, we have shown that:

1. Due to the nonlinear nature of fs pulses-based light-matter interaction, transparent to
the used wavelength dielectrics can be processed, including glasses and crystals. This
opens doors for true 3D processing, including inside the volume of the material. Due
to interaction peculiarities, three distant types of modifications can be formed. Type I
results in a localized smooth refractive index change in the range of ∆n = 10−3. This
can be used to create embedded waveguides, Bragg gratings,and other integrated
photonic structures.

2. Type II modification is created with higher pulse energy, which manifests as embed-
ded, sub-diffraction-limited nanograting. Characteristics of such ripples depend on
pulse energy and polarization. They also have pronounced birefringence. These can
be used to produce various optical and photonic elements. If put into an etching
solution, such as HF or KOH, these also etch out from tens to thousands of times
faster, enabling selective 3D glass etching.

3. Due to the nature of type III modification, that is, ablation can be used for applications
demanding less precision but higher precision, such as microfluidics. Application
in optics is also possible, but additional post-processing is needed. Overall, this
processing type partially sacrifices true 3D processing capability in exchange for being
a lot simpler and faster.
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4. As fs lasers allow us to precisely control thermal effects during processing, they can
be employed for polishing and welding. In the latter case, it allows the joining of
glasses of the same and different types, as well as glasses with plastics or metals,
making it one of the most versatile tools available for such applications.

Overall, the key advantage of the fs laser is flexibility. Such processing can allow
achievement of the same 3D structure using very different methodologies, allowing us to
choose a process on a case-by-case basis. With this flexibility, one can expect the field of
fs pulse-based glass processing to continue to grow rapidly in the near future, with both
wider applications of existing methodologies and the creation of new ones.
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Abstract: Femtosecond laser micromachining (FLM) of fused silica allows for the realization of three-
dimensional embedded optical elements and microchannels with micrometric feature size. The performances
of these components are strongly affected by the machined surface quality and residual roughness.
The polishing of 3D buried structures in glass was demonstrated using different thermal annealing
processes, but precise control of the residual roughness obtained with this technique is still missing.
In this work, we investigate how the FLM irradiation parameters affect surface roughness and we
characterize the improvement of surface quality after thermal annealing. As a result, we achieved a
strong roughness reduction, from an average value of 49 nm down to 19 nm. As a proof of concept, we
studied the imaging performances of embedded mirrors before and after thermal polishing, showing
the capacity to preserve a minimum feature size of the reflected image lower than 5 µm. These results
allow for us to push forward the capabilities of this enabling fabrication technology, and they can
be used as a starting point to improve the performances of more complex optical elements, such as
hollow waveguides or micro-lenses.

Keywords: femtosecond laser micromachining; fused silica; roughness analysis; thermal annealing;
integrated optics

1. Introduction

Femtosecond laser micromachining (FLM) is a versatile technique that allows for the
microstructuring of different types of materials. A laser source, with a pulse duration
ranging from few tens to many hundreds of femtoseconds, is focused inside of a transpar-
ent material. Inside the focal volume, thanks to the high intensity, nonlinear phenomena
occur, permanently modifying the substrate. It is possible to move the focal point inside
the volume in the three dimensions, laser-writing the desired geometry inside the material.
The most versatile class of materials that can be employed for FLM laser writing is glass.
Depending on the type of glass and on the irradiation parameters, it is possible to induce
different types of modifications. A first type of modification, shared by many types of
glasses, is a local permanent change of the refractive index that can be used to realize
waveguides and integrated photonic circuits [1]. A second type of modification, charac-
terized by a strong birefringence, can be induced in certain glasses [2–6] by changing the
irradiation parameters. This type of modification takes the name of nanogratings, and it is
characterized by periodic nanostructuring of the laser track in the form of lamellae, usually
oriented perpendicularly to the femtosecond laser linear polarization. These nanogratings
express a highly enhanced etching rate in specific acids, like hydrofluoric acid (HF). This
opens the possibility to selectively microstructure the glass, realizing embedded channels
and cavities. The combination of laser irradiation and acid attack takes the name FLICE
(femtosecond laser irradiation followed by chemical etching) [7]. An example of glass that
presents both types of modifications, depending on the writing laser fluence [8], is fused
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silica. Its high transparency, mechanical robustness, and chemical inertia combined with
the possibility to realize both microstructures and photonic elements make fused silica an
optimal platform for the realization of integrated lab-on-chip (LOC) devices in the field of
integrated photonics [1], optomechanics [9], and optofluidics [10,11].

The two main building blocks of LOCs are microchannels and micro-optics. Embedded
channels are used in microfluidic applications to confine the fluids in a laminar regime
and to perform many types of operations such as fluid mixing or filtration, and particle
focusing, sorting, delivering, and handling [12]. With FLICE, they can be realized directly
inside the volume, or they can have an open geometry, sealed afterwards. A first example
of integrated optical components fabricated by FLICE is given by embedded mirrors
that make use of total internal reflection (TIR) [13–15] or filled with metallic media [16].
A second example is the realization of focusing elements such as micro-lenses [17], hollow
micro-lenses [15], filled micro-lenses [18], or diffraction-based elements [19]. These two
components are highly sensitive to a specific manufacturing parameter that can strongly
affect their performances: the residual surface roughness. Rough microchannel surfaces can
affect the quality of the images taken when looking with a microscope inside the channel.
On the other hand, the roughness strongly affects the optics performances, both in the case
of light scattering, total internal reflection [20], or light confinement. As a consequence,
control over the residual surface roughness is a main issue in FLICE fabrications.

From the literature, the FLICE residual roughness (root mean squared (RMS)) in
the case of fused silica is around 60 nm and it strongly depends on laser irradiation
polarization [21,22] and scan direction, i.e., on whether the surface is parallel or orthogonal
to the writing laser propagation axis [23]. In order to improve the surface quality, several
treatments have been proposed. A first example is local thermal annealing of exposed
surfaces, performed with oxyhydrogen flame. This procedure causes partial melting of
the most superficial layers and subsequent smoothing thanks to surface tension [17,24]. It
can be combined with glass stretching [25]. This approach was used to smooth a buried
microchannel, but it has a major drawback. The structures are significantly elongated
along the drawing direction; thus, this technique is not suitable for complex geometries
in which the shape of the microstructures should be preserved, such as in the case of
integrated lenses. Another technique for local thermal annealing is CO2 laser selective
melting [26–29], where an infrared laser source is used to locally melt the surface of an
exposed or shallow-buried microchannel. Alternatively, the surfaces can be smoothed with
isothermal annealing of the whole volume [30] in a furnace, with a maximum temperature
just above the annealing point of the material in order to release the internal stress and to
smooth superficial asperities. This approach has the advantage of being suitable for the
smoothing of buried microstructures, regardless of their orientation or geometry, and is
particularly appealing for optofluidic applications due to the possibility to improve the
surface quality without altering the surface profile.

Starting from these previous results, in this work, we present a comprehensive study
that, for the first time, combines FLM irradiation parameter optimization and thermal
annealing, demonstrating the possibility to highly improve the surface quality of optical
elements. We realized flat surfaces with the FLICE technique and HF etching and character-
ized their roughness in terms of average values and spatial features in order to optimize the
laser-writing geometry. Afterwards, we define a thermal annealing procedure for surface
smoothing and quantify its effects with comparative analysis. Lastly, as a proof of concept,
we show the effectiveness of thermal smoothing with the realization of millimetric embed-
ded mirrors. The analysis of reflected images acquired through a treated and untreated
mirror highlights a clear surface quality improvement after the thermal annealing.

2. Results

2.1. Optimization of Laser Irradiation

In our optimization work, we decided to start from the most simple 2D surface,
i.e., a flat surface, written along the laser propagation axis (z axis—see Section 4.1). Be-
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cause of mounting constraints of the sample in the measurement instrumentation, we
realized millimetric-sized surfaces on a paralellepiped of 2 mm by 1 mm by 1 mm.

The first step in the analysis consisted of studying the effect of slot irradiation geometry
(see Section 4.1 for further details) on the final roughness. All laser irradiation parameters
were chosen from previous experiments in order to guarantee a uniform etching speed
at different sample depths. We realized 5 different samples by varying the slot thickness,
the vertical pitch between the irradiation lines, and the orientation with respect to the laser
polarization. All details are reported in Table 1.

Table 1. Sample fabrication parameters and measured root mean squared (RMS) roughness before
thermal annealing (Sq). Pol indicates the polarization orientation with respect to the line writing
direction, and dz is the spacing between horizontal planes.

Sample Nlines dz Pol Sq

A 6 lines 2 µm ⊥ 43 nm
B single line 2 µm ⊥ 57 nm
C 6 lines 5 µm ⊥ 28 nm
D 6 lines 10 µm ⊥ 35 nm
E 6 lines 2 µm ‖ 63 nm

The measured root mean squared (RMS or Sq) roughnesses are reported in the table.
The results are in line with the literature, and it is confirmed that a polarization orthogonal
with respect to the sample translation direction gives a lower Sq value. Interesting consider-
ations could be inferred when looking at the spatial frequency components of the profiles,
as evident in Figure 1, where the 2D power spectral densities (PSDs2D) of three samples
are shown. The data of sample A present a radially symmetrical distribution, representing
a randomly distributed height profile. On the other hand, sample D, written with a coarser
spacing of the laser lines along z direction, shows a sharp peak at the spatial frequency
corresponding to a spatial wavelength of 10 µm. It has to be underlined that these peaks
correspond to the sample z spacing; thus, it can be linked to periodic modulation of the
surface as reminiscence of the irradiation pattern. A similar effect was seen also in sample
E (not reported) even with a lower contrast. A secondary peak, corresponding to a spatial
wavelength of 50 µm, is also visible, but it is present also in all samples and it has been
attributed to the Fourier Transform windowing effect. Lastly, sample E, written parallel to
the laser polarization, presents a random distribution profile, coherent with the lack of a
preferential etching direction and thus with a more homogeneous acid attack [21].

Figure 1. Two-dimensional power spectral densities (PSD) of three samples before thermal annealing.
Sample A was written with standard parameters. Sample D had the coarser z spacing (dz). Sample E
was written with standard parameters but with parallel linear polarization. Each plot is normalized
with respect to its maximum.

Analysis of the spatial distribution of the roughness suggests that the z spacing is
fundamental in order to control surface characteristics. Indeed, a too coarse pitch may

33



Micromachines 2021, 12, 180

lead to a non-uniform superposition of laser tracks along z direction, even if the spacing is
smaller than the dimension of the modified material spot (a typical z dimension of a laser
track corresponds to 20–30 µm depending on the depth in the sample and on the focusing
objective). As a consequence, a periodic texturing arises along the z direction. This effect
can be explained by looking at the evolution of the etching track during time. After the
removal of the irradiated volume, the single laser line enlarges isotropically around its
axis, until it coalesces with the adjacent tracks in a more random geometry. This type of
phenomena is known in lithography, studying the evolution of surface scratches when
exposed to HF [31]. Maintaining the etching time constant, the samples with a finer
irradiation pattern develop a more random surface texture with respect to those with
a coarser spacing. In order to mitigate the contribution of high-frequency components,
one can increase the etching time [31] at the cost of a higher deformation of the original
irradiated geometry [7]. In view of these considerations, we chose 5 µm z spacing as
our upper limit. Once we guaranteed a sufficient superposition of the irradiation lines,
the roughness distribution became more random, with a PSD2D profile similar to a single
pole exponential decay, typical of mechanically grinded surfaces [32].

2.2. Thermal Annealing Characterization

The glass samples were treated with isothermal annealing with the recipe described
in Section 4. The procedure was optimized to reduce the possibility of generation of cracks
on the exposed surface. Several test samples were inspected at the optical microscope and
scanning electron microscopy (SEM) in order to qualitatively evaluate the surface quality
and to optimize the annealing procedure. During this optimization, we used test samples
with a parallelepiped shape, such as the one presented before, and FLICE-microstructured
samples with surface-exposed structures such as wedges or cones. An example of these
is reported in Figure 2. In subfigures (a) and (b), the SEM image of a cone with a central
circular microchannel is reported before and after the thermal annealing. The reduction in
surface roughness is qualitatively clear.

We studied the effects of the treatment on three samples, samples B and C, that present
higher and lower roughnesses for perpendicular polarization, and sample E, written with
parallel polarization. The three samples were analyzed a second time with the stylus
profilometer, focusing on an area in the same position as the previous measurement.
We obtained a reduced Sq in all three cases, 25 nm, 20 nm, and 12 nm, for samples B, C,
and E, respectively, starting from values of 57 nm, 28 nm, and 63 nm. In Figure 2c, the
1D PSD of sample C is shown, obtained by averaging the PSD2D along y axis. It is clear
that the annealing reduced the RMS roughness (that corresponds to the area under the
graph) and that it had a higher influence on the high-frequency components, i.e., on the
right-handed part of the plot. This is coherent with the qualitative model presented for
other thermal treatments [17], stating that only the first layers of the surface undergo
softening or partial melting, whereas the form, i.e., the low-frequency components, is less
affected. This guarantees better preservation of the microstructured profile during the
smoothing process.

These results show that isothermal annealing can actually improve the surface rough-
ness of surfaces of embedded optical elements, smoothing those frequency components
that are responsible for undesired scattering and that cause minor modifications on the
form of the element.

As a proof of concept of the efficiency of the thermal smoothing, we realized and
tested an embedded flat mirror. This mirror consists of hollow slot along the z axis realized
with the same irradiation geometry shown before. In order to appreciate the removal of
surface patterning after the smoothing, we chose to use the sample C irradiation parameters.
The slot was oriented at 45◦ with respect to the glass sample facets and was used as a total
internal reflection-based mirror. The sample was characterized before and after thermal
annealing in order to evaluate the changes in the optical performances.
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Figure 2. Thermal annealing effect on surface roughness. SEM images of two microstructured cones
before (a) and after (b) thermal treatment. Scale bars correspond to 50 µm; (c) comparison of sample
C 1D PSDz before and after the thermal treatment, reported in logaritmic scale.

The scheme of this experiment, together with a drawing of the mirror, is reported in
Figure 3a. Collimated light was used to illuminate a target. The transmitted light, once
reflected by the embedded mirror, was focused by a microscope objective on a camera.
An image of the same target, with the same objective and with a standard silver mirror,
was taken as a reference. The three images (reference, not-annealed mirror, and annealed
mirror) are reported in Figure 3b. In the case of the reference optical system, we were able
to clearly distinguish up to the smallest feature size of the target in analysis (element 7.6
of the USAF-1951 target, corresponding to 2.19 µm). As a consequence, any degradation
of the images is imputable to the surface quality of the mirrors. In order to determine the
maximum resolution, we used Raylegh criterion: the difference in intensity between two
peaks and the dip in between should be greater than 20% of the peak. In the case of the
not-treated mirror, we obtained a vertical resolution of 6.96 µm and a horizontal one of
6.20 µm. In the case of the annealed one, we obtained an improved result of 4.38 µm along
the vertical direction and 4.92 µm along the horizontal.

Figure 3. Optical performances comparison: (a) scheme of the experiment; (b) comparison of USAF-
1951 target images, between the reference (Ref), not-treated mirror (Pre), and smoothed mirror (Post).
A blurring effect is evident, induced by the residual roughness in the images from not-treated mirrors
that contribute to increasing the background and to reducing the contrast.

These results show how the roughness reduction after thermal annealing could be
beneficial for the performances of embedded total internal reflection mirrors. The reduction
in high-frequency components of the PSD reduces the undesired distortion introduced by
the mirror. The difference in resolution between horizontal and vertical directions, i.e., y
and z axes of the mirror surface, is coherent with the results on the PSD2D.
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3. Discussion

In this work, we analyzed the effect of irradiation geometry optimization and isother-
mal annealing on the surface quality of micro-structures realized with FLM and HF etching.

First, we verified the results reported in the literature, Sq = 60 − 30 nm, over an area
of 100 µm by 100 µm per sample. Analysis of the PSD2D shows that increasing the spacing
between adjacent irradiation lines could cause periodic patterning on the surface. In our
case, a distance grater or equal to 5 µm causes high-frequency peaks in the PSD2D. If the
spacing between irradiation lines is sufficiently fine, the PSD2D presents a random-like
distribution, both in the case of parallel and perpendicular laser polarizations.

We quantitatively measured the effect of isothermal annealing on the fused silica
etched surfaces, characterizing the spatial components that contribute to roughness. Thanks
to this analysis, we verified the improvements in the surface quality and the beneficial
effect on the high-frequency components of the PSD. The resulting surfaces present an
Sq ranging from 25 µm to 12 µm. We verified this improvement by analyzing the optical
performances of two flat embedded TIR mirrors, with and without thermal annealing.
We showed that the untreated mirrors provide a resolution around 6–7 µm, depending
on the axis of analysis. An element such as this could still be used as a low-quality mirror
or as spatial filter, but it is not suitable for most photonic applications. On the other hand,
we verified that including the smoothed mirror inside an imaging system guarantees a
resolution of around 4.5 µm, sufficient for the detection of cell-like samples in biological
applications, with a typical dimension in the 5–15 µm range.

This analysis gives useful indications for the design of micro-optical elements in
FLICE fabrication. Further analysis could include the characterization of sub-micrometric
roughness using AFM or an optical profilometer and evaluation of the thermal annealing
effect on more advanced optical elements, such as embedded lenses.

4. Materials and Methods

4.1. FLM Fabrication: Setup and Parameters

The fs-laser source used for laser writing consisted of a commercial Ytterbium-based
laser (Spirit 1040-16, Spectra-Physics, Stahnsdorf, Germany) emitting at 1042 nm working at
1 MHz repetition rate and with a pulse duration of approximately ≈400 fs. An external LBO
crystal was used for second harmonic (SH) generation, obtaining a green light at 521 nm.
The laser SH was focused from the top of the sample using a 50 × 0.6 NA objective (Zeiss,
Jena, Germany). The linear laser polarization direction can be adjusted using a half-wave
plate placed in the SH generation stage. The sample was mounted on a three-axes motorized
stage (FIBERGlide 3D, Aereotech Inc., Pittsburgh, PA, USA). We realized all samples in
JG1 fused silica windows of 1 mm thickness (Focktech Photonics, Inc., Fujian, China). The
surfaces for the roughness analysis were realized by irradiating 4 slots along the Z direction,
i.e., the laser propagation axis (see Figure 4a) in order to realize a parallelepiped that could
be then detached from the bulk and separately analyzed. The irradiation pattern of the
single surface, shown in the inset of Figure 4a, consisted in several XY planes stacked
along the Z direction. Each plane was composed of a variable number of laser lines Nlines

(from 1 to 6) spaced d = 1 µm each. Both the vertical spacing of the planes (dz) and the
number of lines per plane were changed from sample to sample to study its impact on
the residual roughness. The surfaces had a height of 1 mm (corresponding to the glass
thickness) and a width of 2 mm. We used a fixed translation speed of 1.5 mm/s and a
fixed pulse energy of 210 nJ, parameters chosen to guarantee nanograting formation at all
depths in the sample. The chemical etching was performed using a hydrofluoric acid and
deionized water solution at 20% volume concentration. The acid was kept at a constant
temperature of 35 ◦C and we used an ultrasound bath to favor acid diffusion inside the
etched slots. The samples were immersed in acid for approximately 1 h.

The embedded mirrors were realized with the same procedure as that of the single
surfaces. Moreover, the external perimeter of the device was realized at the same time
in order to guarantee perfect alignment between the mirror and the device facets.
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Figure 4. Schemes of the surface fabrication and analysis: (a) laser irradiation pattern geometry;
(b) stylus profilometer raster scan analysis; (c) SEM image of a FLICE (femtosecond laser irradiation
followed by chemical etching) machined surface.

4.2. Thermal Smoothing

For thermal isotropic annealing of the surfaces, we used a furnace (Nabertherm GmbH,
Lilienthal, Germany L5/13/P330) with no controlled atmosphere. Before the treatment,
the samples were placed overnight in a solution of sulphuric acid and potassium dichro-
mate and then rinsed in deinonized water to remove surface contamination. The glass
parallelepipeds were placed in the center of the furnace, with the surface of interest placed
on the top, to avoid contamination from contact with the furnace floor. The procedure
consisted of a first heating of the sample up to 1215 ◦C, with a step at 800 ◦C for 10 h.
The furnace was maintained at maximum temperature for 25 h, before slowly cooling it
down to 1000 ◦C. The sample was then cooled down to room temperature with a fast ramp
of −100 ◦C/h. The details are reported in Figure 5.

Figure 5. Thermal annealing procedure parameters.

4.3. Roughness Analysis

The treated surfaces have been firstly observed with brightfield transmission micro-
scope and SEM (Phenomenon Pro, Thermo Fisher Scientific Inc., Waltham, MA, USA),
looking for major surface defects or the presence of cracks. Then a quantitative analysis was
performed using a stylus profilometer (Tencor P-17, KLA Corporation, Milpitas, CA, USA).
The instrument allowed us to inspect a surface of 100 µm by 100 µm in approximately
25 min, with a lateral resolution of 1 µm and a minimum detectable Z displacement of
0.2 nm. For consistency between measures, we always analyzed a squared area at 200 µm
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distance from the inferior facet of the parallelepiped. The measurement was carried out in
raster scan mode, i.e., moving the stylus in contact with the surface along parallel lines,
as reported in the scheme in Figure 4b. A typical SEM-acquired image is reported in
Figure 4c, showing the texture of the surface under analysis. Lo Turco et al. [21] showed
how FLICE machined surface characteristics depend not only on the roughness average
value but also on its spatial distribution. For this reason, in our study, we focused on two
main parameters: the root mean square (Sq or RMS) roughness and the 2D power spectral
density (PSD2D). The first is a standard quantification of the average value of the surface
height profile, and it is also the standard deviation of the heights. It can be computed
as follows:

Sq =

√

1
A

∫∫

A
Z2(x, y) dxdy (1)

where A is the total analyzed area in the xy plane and Z(x,y) is the surface heights
profile [32]. The PSD2D provides a representation of the surface roughness as a function of
its spatial frequencies, i.e., the inverse of the spatial wavelengths. It can be computed as

PSD2D(qx, qy) =
1
A

∣

∣

∣
Z̃(qx, qy)

∣

∣

∣

2
(2)

where Z̃ is the discrete Fourier transform of the discrete set of data Z(x,y), and qx and qy are
the spatial frequencies defined as qi = 2π ∗ Li/Ni, with Ni number of equispaced acquired
point in the i direction and with Li total length along the i direction. The PSD2D of a finite
and non-periodic set of data was computed including a Welch window function to smooth
the frequency contribution given by the edges of the dataset.

The data were acquired and filtered using the APEX 3D software (KLA Corporation,
Milpitas, CA, USA) form-removal function in order to virtually remove the form profile
of the surface and to limit the analysis to the proper roughness. All analyses were carried
out using custom-made MATLAB (MathWorks) codes. The effects of surface roughness
were characterized by looking at the performances of embedded mirrors. The outer edges
of the samples were mechanically polished in order to minimize their impact on the
light transmission. A USAF-1951 target (Thorlabs GmbH, 85232 Bergkirchen, Germany)
was shone with collimated light coming from a microscope lamp. The obtained image
was then reflected by the mirrors and projected by a microscope objective (10× 0.25 NA)
onto a CMOS camera (Edmund Optics, Barrington, NJ, USA). The acquired images were
then analyzed using Fiji (ImageJ, NIH, Bethesda, MD, USA) application to determine the
maximum level of resolution achievable.
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Abstract: This article provides an overview of both established and innovative applications of
femtosecond (fs)-laser-assisted surgical techniques in ophthalmology. Fs-laser technology is unique
because it allows cutting tissue at very high precision inside the eye. Fs lasers are mainly used for
surgery of the human cornea and lens. New areas of application in ophthalmology are on the horizon.
The latest improvement is the high pulse frequency, low-energy concept; by enlarging the numerical
aperture of the focusing optics, the pulse energy threshold for optical breakdown decreases, and
cutting with practically no side effects is enabled.

Keywords: femtosecond laser; fs-assisted cataract surgery; laser-assisted ophthalmic surgery; high
pulse frequency; low energy

1. Introduction

Laser technology and ophthalmic surgery have shaped each other over the past
40 years. The optically transparent structures of the eye, namely cornea, lens, and vitreous
body, allow for delivery of the laser energy at different focal depths, thereby giving access
to surgical interventions without having to open or mechanically enter the eye (Figure 1).
Other types of lasers, with various wavelengths, pulse durations, and power levels, interact
with eye tissues in a range of different ways. For continuous laser irradiation of low to
moderate average power (mW range), photochemical and thermal effects induced by the
absorbed light are the dominant laser–tissue interactions. Depending on the wavelengths
used, specific types of molecules can be optically excited to trigger chemical reactions, or
local heating of specific tissue can be achieved. If temperatures above 60 ◦C are reached,
tissue coagulation will occur. When pulsed laser light with intensities between 107 and
109 W/cm2 interacts with strongly absorbing tissue, near-surface material can be removed
explosively. This effect is called “photoablation”. In ophthalmology, it is applied to change
the curvature of the cornea with pulsed UV light from excimer lasers. For shorter pulse
durations in the ps to fs range and even higher intensities above 1011 W/cm2, more exotic
interactions can be achieved, as will be explained in detail below. A more comprehensive
general overview of laser–tissue interaction mechanisms can be found in excellent quality
in several text books [1,2].

The first reported ophthalmic use of short pulse lasers at near-infrared wavelengths
was in 1979 by Aron-Rosa, who treated posterior capsule opacification (PCO) after cataract
surgery [3]. In 1989, Stern et al. demonstrated that by decreasing pulse width of ultrashort-
pulsed lasers from nano- to femtoseconds (ns: 10−9 s, fs: 10−15 s), ablation profiles showed
higher precision and less collateral damage [4]. At the same time, optical coherence
tomography developed and provided noninvasive three-dimensional (3D) in vivo imaging
with fine resolution in both lateral and axial dimensions at a micrometer level [5]. These
developments offered ophthalmic surgeons a tool for high precision cutting and visual
control through imaging, and ultimately allowed a gamut of treatment applications for
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these lasers within the field of ophthalmology. Recent changes in the numerical aperture of
the laser focusing optics and the repetition rate of the laser sources have further decreased
collateral damage while increasing precision. This review article gives an overview of
the technical backgrounds of femtosecond lasers and OCT imaging as well as clinical
applications in ophthalmic surgery today.

 

Figure 1. Cross-section of the eye. Cornea, crystalline lens, and vitreous body are transparent in the
healthy eye.

2. Laser Technology

2.1. Solid-State Lasers in Ophthalmology

2.1.1. Nd:YAG Laser with Ns Pulse Durations

The first type of short-pulsed laser at near-infrared wavelengths successfully used in
ophthalmology was the Q-switched Nd:YAG solid-state laser. Its wavelength of 1064 nm is
transmitted by all the visually transparent structures in the eye (cornea, lens, and vitreous
body). Their pulse durations are a few nanoseconds (ns), and for ophthalmic applications,
pulse energies in the range of 0.3–10 mJ are typically used [6].

When Nd:YAG laser pulses are strongly focused at a location inside the eye, to spot
sizes in the order of a few microns, the combination of short pulse duration focusing
to minimal spot sizes creates very high intensities at the laser focus, above 1011 W/cm2.
Under these conditions, a phenomenon called “optical breakdown” occurs. In the first
step, multiphoton absorption leads to ionization of some tissue molecules, creating free
electrons. In the subsequent second step, these “seed” electrons absorb photon energy and
are thus accelerated. After repeated photon absorptions, electrons reach a sufficiently high
kinetic energy to ionize themselves more molecules by impact ionization, creating more
free electrons. If the laser irradiation is intense enough to overcome electron losses, an
avalanche effect occurs [2].

When the extremely fast rising electron density exceeds values of approximately
1020/cm3, a “plasma state of matter” (cloud of ions and free electrons) is created at the laser
focus [2]. This plasma is highly absorbing for photons of all wavelengths. Therefore, the
rest of the laser pulse is directly absorbed by the plasma, increasing its temperature and
energy density (Figure 2).

The hot plasma cloud rapidly recombines to a hot gas, with a thermalization time of
the energy initially carried by free electrons of a few picoseconds to tens of ps [7]. This time
is much shorter than the acoustic transit time from the center of the focus to the periphery
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of the plasma volume, leading to confinement of the thermoelastic stresses caused by the
temperature rise. Conservation of momentum requires that the stress wave emitted in
this geometrical configuration contains both compressive and tensile components [7]. If
sufficient pulse energy density is applied, the tensile stress wave becomes strong enough to
induce fracture of the tissue, causing the formation of a cavitation bubble [7]. Depending on
the pulse energy, the pressure wave can reach supersonic speed a (shock wave). The high
plasma temperature also leads to almost immediate evaporation of the tissue within the
focal volume, generating water vapor and gases such as H2, O2, methane, and ethane [8].
The resulting gas pressure pushes the surrounding tissue further away, adding to the
expansion of the short-lived bubble inside the tissue (Figure 2). The maximum volume
temporarily achieved by the bubble scales with the pulse energy above the threshold for
optical breakdown. During bubble expansion, the inside pressure ultimately drops below
atmospheric pressure due to the outward moving material’s inertia, resulting in the bubble
dynamically collapsing. The bubble collapse may create another shock wave [2]. This
combined process is called “photodisruption” of tissue.

 

−

Figure 2. Short pulse laser effects in tissue: (a) sequence of effects and induced events, (b) plasma size range and pressure
wave pattern, (c) range of possible cavitation bubble dimensions (pulse energy-dependent) [9].

With typical ophthalmic Nd:YAG laser pulse energies, cavitation bubble radii are in
the range of 1000–2000 µm, and shock wave amplitudes at 1 mm distance from the focus
reach 100–500 bar [10]. These rather pronounced mechanical side effects restrict the use
of Nd:YAG lasers. When shorter pulse ps (10−12 s) lasers became available, their mechan-
ical side effects proved to be still too large for delicate tasks as required for ophthalmic
applications. This limits Nd:Yag laser application in today’s clinical ophthalmological use
to cutting isolated tissues, such as the lens capsule in posterior capsular opacification in
pseudophakes or small areas of iris tissue to improve aqueous dynamics within the eye.

2.1.2. Femtosecond Lasers

Femtosecond lasers are a more recent advance in solid-state laser technology. They
operate at near-infrared wavelengths similar to Nd:YAG lasers but at pulse durations of
less than 1 picosecond (ps). As the threshold radiant exposure (J/cm2) for inducing optical
breakdown in tissue is about two orders of magnitude lower in the fs pulse duration regime
than at 10 ns [11], much lower pulse energies can be applied to separate tissue. High pulse
repetition rates from 10 s of kHz to even MHz are then used to create continuous cut planes
inside the tissue by placing many pulses close to each other with three-dimensional beam
scanning systems.
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The lower pulse energies lead to a drastic reduction of the mechanical side effects of
optical breakdown. For 300 fs pulses of 0.75 µJ energy, the generated cavitation bubbles
have radii of only 45 µm, almost two orders of magnitude smaller than ns pulse with
energies in the mJ range [12]. In addition, the associated pressure waves are much weaker,
1–5 bar at 1 mm distance [13]. This process is referred to as “plasma-induced ablation”, as
the disruptive mechanical side effects of ns pulses described above are absent. Additionally,
the thermal side effects of fs pulses in tissue are almost negligible [7].

The first commercially available, USA Food and Drug Administration (FDA)-approved
fs-laser system for ophthalmology, the IntraLaseTM FS, was launched in 2001 [14]. It was
used for “flap” creation in LASIK refractive surgery (see Section 3.1.1 below), replacing
mechanical cutting devices called microkeratomes. Its first commercial version operated
at a 15 kHz repetition rate and pulse energies of several µJ [15]. Further fs-laser systems
for “flap” cutting and other corneal surgery were launched by several manufacturers in
the following years, including the Ziemer FEMTO LDV in 2005, which introduced a new
concept of low pulse energies and high repetition rates, and later the Wavelight FS200 and
the Zeiss VisuMaxTM.

In 2009, the LensXTM system was introduced, the first commercial fs laser designed for
cataract surgery, thus opening a new field of fs-laser application within ophthalmology [16].
Its early versions operated at 33 kHz repetition rate and pulse energies of 6–15 µJ [17]. LensX
became part of Alcon, and again, in the following years, multiple other manufacturers
launched similar products, including the Johnson & Johnson Optimedica CatalysTM, the
LENSAR® and the Bausch and Lomb VictusTM.

2.1.3. Modern Low Pulse Energy High Repetition Rate Fs Lasers

The pulse energy required to achieve optical breakdown can be reduced in two ways:
First, by shortening the pulse duration—the latest fs lasers can achieve pulse durations

of 200–300 fs, while earlier models had pulse durations of up to 800 fs.
Second, by reducing the focal spot size—the focal volume of a Gaussian laser beam

is dependent on the axial extension, the so-called Rayleigh range (zR = πw0
2/λ) and the

beam waist w0 = fλ/πwL, where f is the focal length of the lens, w0 the beam radius at
the focus, and wL the beam radius at the focusing lens. In other words, the focal volume
varies inversely with the cube of the numerical aperture NA = wL/f of the focusing optics
(Figure 3). The larger the numerical aperture NA, the smaller the focal spot and finally, the
smaller the energy threshold for optical breakdown [18].

π λ
λ π

Figure 3. The focal volume of a Gaussian laser beam scales with the numerical aperture NA = w/f of
the focusing lens. The larger the NA, the smaller the focal spot volume.

To practically achieve high NA focusing optics, either the lens diameter can be in-
creased, which quickly becomes bulky and expensive, or the focusing optics can be po-
sitioned closer to the eye. The latter approach was implemented by Ziemer Ophthalmic
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Systems, using a microscope lens with a short focal length as focusing optics and guiding
the laser beam via an articulated mirror arm to a handpiece containing the focusing optics,
which is docked to the eye at a short distance.

In 2014, the first low pulse energy fs-laser system for cataract and cornea surgery, the
Ziemer FEMTO LDV Z8TM, was CE-approved and commercially launched. It was more
compact and lightweight than its predecessors, enabling mobile use.

2.2. Femtosecond Laser–Tissue Interaction

Based on the above laser parameters, the nature of the cutting processes of the two
groups differs. In the high pulse energy laser group, the cutting process is driven by
mechanical forces applied by the expanding bubbles. The bubbles disrupt the tissue
at a larger radius than the plasma created at the laser focus (Figure 4a). On the other
hand, in the low pulse energy group, spot separations smaller than the spot sizes are
used for overlapping plasmas, which directly evaporate the tissue inside the plasma
volume, effectively separating tissue without a need for secondary mechanical tearing
effects (Figure 4b). Due to the high pulse repetition rates applied (MHz range), the cutting
speeds achieved are similar to the high energy laser group.

 
(a) (b) 

Figure 4. (a) High pulse energy, low repetition rate (large spot separation); (b) low pulse energy, high repetition rate (small
spot separation, overlapping plasma effects of spots).

The cuts achieved by overlapping plasma evaporation of tissue by low energy pulses,
however, have a uniquely smooth surface with virtually no damage to the adjacent tis-
sue [19]. This is important for the quality of corneal “flaps”, lenticules, or also smooth rims
of capsulotomy cuts (see Sections 3.1.1, 3.1.2 and 3.3.2 below). High energy pulses with low
repetition rate, on the other hand, rely on the mechanical tearing of tissue in between the
actual laser foci. This tearing is accompanied by more stress or potentially even damage to
the adjacent tissue [20], as shown by the levels of proinflammatory metabolics detected
after laser treatments [21,22].

Software arranges the laser spots in the tissue into geometrical patterns. The software
also uses scanning systems to position the laser foci in lines, planes, or even 3D geometries.
An example of a 3D cut pattern used for cataract lens fragmentation (see Section 3.3.2
below), which combines multiple planes and cylinders, is shown in Figure 5.
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Figure 5. Three-dimensional laser focus scan pattern used for the fragmentation of cataractous lenses.

The energy of fs lasers with wavelengths in the 1030–1060 nm range is transmitted
very well through all transparent structures of the eye. However, opaque material scatters
the laser radiation and thus reduces the amount of energy reaching the laser focus. For
example, laser cutting the cornea at locations with scars requires higher pulse energies than
in normal clear cornea. The energy losses depend on the thickness of the scattering material
that the laser light is traveling through before reaching the focus. Therefore, the energy
loss is more severe when cutting through a several mm thick nucleus of a cataractous lens
than through corneal scars, which are only fractions of a mm thick.

The initial fs-laser systems designed for cataract surgery overcame this by using much
higher pulse energies than fs lasers for cornea surgery. In the latest generation of versatile
multipurpose ophthalmic fs-laser systems, the pulse energy is adaptable over an extensive
range, so that for each situation, the adapted amount of pulse energy can be used, but not
more, to minimize side effects, such as excessive gas production.

2.3. Supporting Technology Needed in Ophthalmic Fs-Laser Systems

To make an fs-laser device practical for clinical use, some critical supporting technolo-
gies needed to be developed as well. Most notable is optical coherence tomography (OCT)
imaging of tissue structures, required for the precise positioning of laser cuts deep inside
the eye, and the patient interface system using sterile vacuum docking methods to reliably
connect the eye to the optical laser delivery system during treatment.

2.3.1. OCT Imaging

OCT is an optical technology that allows for scanning structures inside tissues, thus
generating images [23,24]. The images appear similar to ultrasound images but with higher
resolution.

The first application of OCT for biological purposes was described by Adolf Fercher
et al. for the in vitro measurement of the axial eye length in 1988 (FERCHER 1988). The
early clinical OCT systems used so-called time-domain (TD) OCT technology, where the
length of the reference arm of an interferometer is mechanically changed. Due to speed
limits of this process, these early devices were limited to one-dimensional scans (A-scans),
or later small time consuming 2D scans. The so-called frequency-domain OCT (FD-OCT)
technology meant a technological breakthrough—it used a fixed reference arm length but a
spectrometer with a linear detector array instead of a single detector. Optical path length
differences between the interferometer arms in this case produce a periodic modulation in
the interference spectrum. By Fourier transformation, an entire A-scan can be retrieved
from the measured spectrum [2]. FD-OCT enabled much higher scan speeds, making
2D-imaging and even 3D-imaging feasible in clinical ophthalmology. The first ophthalmic
application of FD-OCT, also known as “Fourier domain”, was published in 2002 [25].
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Later, a further improved variation of frequency-domain OCT technology was de-
veloped, “swept-source” (SS) OCT. In this case, a tunable light source with a frequency
sweep indicated by a “sawtooth” frequency profile over time is used in combination with a
fast single-pixel detector instead of a spectrometer. For further details of OCT technology,
and advantages and limitations of its different versions, Section 7.3 of the textbook by
Kaschke et al. [2] provides a comprehensive overview and additional literature references.

The initial ophthalmic use of OCT was exclusively for retinal imaging. Starting in
1994, the technology was also developed for imaging the anterior segment of the eye [26].
The possibility of quickly creating high-resolution cross-section images of the cornea,
anterior chamber, and lens was a prerequisite for practical cataract surgery laser systems.
Imaging and OCT guided surgery was first envisioned by Zeiss and first demonstrated for
femtosecond laser surgery by H. Lubatschowski et al. [27].

In most modern cataract fs-laser systems, three-dimensional OCT scans are performed
after docking the laser interface to the eye. The LensAR system uses a different tech-
nology, a proprietary 3D confocal structured illumination combined with Scheimpflug
imaging [28]. In both cases, the resulting images are then analyzed by image processing
software, identifying the tissue boundaries of interest [29]. These are notably the anterior
and posterior sides of the cornea, the anterior and posterior surfaces of the lens, and the
iris (see Figure 6).

 

Figure 6. Example of the optical coherence tomography (OCT)-guided placement of an fs-laser cut
pattern (blue: corneal anterior and posterior surface; pink and purple: lens anterior and posterior
surface; green: iris plane).

This information is used to automatically propose the suitable positions inside the
eye for the planned laser cuts, which are also displayed on screens for checking and
confirmation by the eye surgeon (Figure 6).

2.3.2. Vacuum Docking Interfaces

For some laser systems, the patient’s head is placed under a gantry containing focusing
optics at a sufficiently long distance to allow the patient’s head to move in and out. In other
systems, an articulated arm with a handpiece with focusing optics at its end is used. Due
to the flexible arm, the optics can be moved very close to the eye (Figure 7).
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Figure 7. Typical eye docking methods of fs lasers: (a) head under fixed laser housing, (b) articulated
arm with handpiece placed onto the eye; green: distance of eye surface to laser optics.

The eye’s actual contact is established via sterile, single-use parts, so-called “patient
interfaces”. Two different types are in use: (a) applanating interface with a curved or
flat interface directly touching the cornea, and (b) liquid-filled interface, where a vacuum
ring creates contact to the sclera or the outer cornea, and the center is filled with liquid.
The liquid-filled interface allows laser energy transmission while leaving the cornea in its
natural shape (Figure 8) [30]. Although contact interfaces temporarily change the shape of
the cornea [31], the mechanical contact stabilizes the cornea during surgery to a high degree.
This is of particular importance in refractive surgery where precise cuts are required and
tissue displacement on a micrometer level has to be avoided. With the absence of clear
clinical drawbacks in refractive surgery [32–34], contact interfaces will play a dominant
role in the future in corneal surgery. Liquid-filled interfaces with little disturbance of the
eye might turn out to be the preferred solution in cataract surgery.

  
(a) (b) 

Figure 8. Typical patient interface designs: (a) contact interface in direct touch with the cornea (flat or curved), and (b)
liquid optics interface, no direct touch on the cornea, no deformation.

The stability of the vacuum docking contact during laser emission is of primordial
importance. Loss of contact harbors the risk of cutting in wrong planes. Therefore, all
lasers are designed to automatically monitor vacuum levels, sometimes complemented
with imaging of the eye position (eye tracking), and to immediately stop laser emission
upon loss of contact. Of course, the eye surgeons also monitor their patients during the
procedure and can manually interrupt or temporarily pause the treatment when they
anticipate problems. In case of laser systems with an articulated arm, the surgeons can
also use their substantial manual skills to actively stabilize the laser handpiece while in
contact with the eye. In any case, after a vacuum loss, the treatment can usually be resumed
immediately after a new docking.
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3. Clinical Applications

3.1. Refractive Surgery

The human eye functions like the lens of a camera. Images are focused on the retina
through a converging system composed mainly of the cornea. If the corneal curvature and
thus its refractive power does not precisely match the axial length of the eye, refractive
problems like near-sightedness (myopia) or far-sightedness (hyperopia) ensue (Figure 9).

 

 

Figure 9. Illustration of different types of refractive error and their correction with lenses. Corneal refractive surgery
changes the shape of the cornea according to the corrective lenses.

Refractive surgery consists of either reducing the refractive power of the cornea (by
flattening) or by increasing its power (by steepening) or by modifying its curvature on a
determined meridian to correct astigmatism (cylindrical correction).

3.1.1. Fs Flap Creation for Refractive Surgery

• LASIK

In the laser in situ keratomileusis (LASIK) procedure, a corneal flap is created. The
flap is lifted and then excimer- or solid-state UV-laser energy is used to change the cornea’s
refractive power by flattening or steepening the stromal bed. Later, the flap is repositioned.
Before the advent of fs-laser technology, the flap was created using mechanical devices
called microkeratomes. With fs-laser technology, the flap can be completed in various
patterns (Figure 10). Kezirian et al. compared fs-(IntraLase) created flaps to flaps with
two different microkeratomes. They found in the fs group more predictable flap thickness,
better astigmatic neutrality, and decreased epithelial injury [35]. Chen et al. confirmed the
superiority of fs-laser-created flaps over those cut by microkeratomes. Therefore, in recent
years, fs technology has superseded microkeratomes in preparing flaps for LASIK [36].

• Stromal keratophakia (additive refractive surgery)

Keratophakia as a means to sculpt corneal curvature by adding tissue has been
studied since 1949 by Barraquer [37]. Because the quality of the cuts was inconsistent and
reactive wound healing along the edges of the cut created additional scarring, it was largely
abandoned. With advancements in femtosecond technology, new steps are being taken in
the direction of keratophakia. For one, it is now possible to prepare an intrastromal pocket
or stromal bed with greater precision. Secondly, new inlay materials are being developed.
Current research is focusing on decellularizing and preserving extracted lenticules from
lenticule extraction surgeries [38].
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Figure 10. Corneal flaps cut by fs laser: (a) straight plane (red) with continuously curved sides cut
during vacuum docking to a flat interface, (b) angulated side cut options (3D cutting geometry).

3.1.2. Intrastromal Pockets

Multiple refractive surgery methods use fs-laser cuts to create “pocket”-shaped open-
ings in the cornea, from which either material can be removed or implanted. In both cases,
the refractive power of the cornea changes.

• Corneal stromal lenticule extraction

While many fs-associated surgical interventions in ophthalmology are merely im-
provements of pre-existing techniques, lenticule extraction is unique to fs-laser technology:
the procedure was introduced in 2011 to treat myopia, and later also myopic astigmatism.
It became known under the brand name “SMILE” (small incision lenticule extraction) of
the Carl Zeiss Meditec AG. Later, other companies introduced their own laser systems
for similar lenticule procedures under different brand names, including “SmartSight” by
Schwind and “CLEAR” (corneal lenticule extraction for advanced refractive correction) by
Ziemer Ophthalmic Systems AG.

The procedure is a “flapless” laser refractive technique that uses a single femtosecond
laser system to create a pocket. The content of the pocket—the lenticule—is removed via a
small access tunnel incision, and as a result, the cornea is flattened (see Figure 11). Instead
of an almost 360-degree side cut, as in Lasik, lenticule extraction requires only a small
arcuate cut of 50 degrees. Thereby more of the corneal nerves and Bowman layer remain
untouched. In addition, sculpting the lenticule instead of ablating the same amount of tissue
requires less laser energy. Therefore, the potential advantages of the lenticule technique
over traditional laser in situ keratomileusis (LASIK) include reduced iatrogenic dry eye, a
biomechanically stronger postoperative cornea with a smaller incision, and reduced laser
energy required for refractive corrections [33,39–43]. However, the lenticule procedures
have a steeper learning curve for surgeons, with potential complications related to lenticule
dissection and removal, limitations with enhancements, and slower visual recovery in the
initial phase (three months) [41]. Today, laser-refractive correction of hyperopia is not yet
possible with lenticule extraction, but research in this field is ongoing. In a prospective,
randomized paired-eye study, SMILE demonstrated good refractive outcomes in terms
of predictability, efficacy, and safety. Since LASIK is reportedly an extremely safe and
predictable procedure, it is unlikely to prove superiority with alternative methods, such as
SMILE [44].
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Figure 11. Schematic view of intrastromal lenticule cuts performed by an fs laser. The lenticule
created between the anterior (blue) and posterior (yellow line) cut planes is extracted by the surgeon
via an incision (green line). Optionally there is a second incision created to help mobilize the lenticule.

• Intrastromal corneal ring segments

Fs technology allows creating stromal pockets of specific size and shape at specific
positions. Corneal ring segments (Figure 12) are placed into these pockets to change the
curvature of the cornea, specifically in patients with thin and malleable corneas such as in
keratoconus, a disease in which the central cornea becomes progressively deformed. Com-
bining this procedure with a tissue strengthening intervention such as corneal crosslinking
has been shown to improve uncorrected visual acuity in those keratoconus patients who
do not tolerate contact lens correction [45].

 

 

Figure 12. Intrastromal corneal ring segments implanted into fs-laser cut pockets.

3.1.3. Intrastromal and Trans-Stromal Cuts for Astigmatic Correction

The concept of corneal cuts for astigmatic correction was established more than
100 years ago [46] and underwent standardization in the late 1980s and 1990s [47,48]. De-
spite nomograms, there remained a significant level of unpredictability of the manually
performed surgery. Astigmatic correction through toric intraocular lenses or corneal ab-
lative surgery largely replaced correction through corneal stromal cuts. Fs-technology
offers new opportunities to correct corneal astigmatism by means of corneal cuts: position,
length, depth, curvature and the keratotomy angle can be put into practice with unprece-
dented precision and control. In addition, the fs-specific option of purely intrastromal
keratotomies, decreases the potential risk of infection through gaping wounds. Although
the general belief is that intrastromal cuts have less effect than transepithelial cuts, there
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are not enough data published for this relatively young technology to give evidence on
significant differences in effectiveness between intrastromal and transepithelial cuts [49]. In
general, fs-laser astigmatic correction is possible for both: smaller degrees of astigmatism
in healthy corneas and larger astigmatic error in eyes with corneal pathology [50,51].

3.2. Corneal Surgery

3.2.1. Penetrating Keratoplasty

• Background

Keratoplasty (cornea transplantation) ranks among the oldest and most commonly
performed human tissue transplantation types worldwide [52]. A corneal button from
a deceased donor is sutured into the recipient cornea. Astigmatism is the leading cause
of poor visual outcome after keratoplasty. The better the trephination (cut to separate
the corneal button from the cornea) of donor and recipient, the better the fit between the
transplant and the recipient and the least the astigmatism.

• Trephination

A perfect trephination system produces a congruent recipient bed and donor buttons
and thereby allows well-centered tension-free fitting, and efficiently waterproof-adapting
incision edges [53]. Different trephination systems are currently available: handheld, motor-
trephine, excimer-laser, or fs-laser based. Comparison of motor-trephine and excimer-based
trephination has shown better alignment of the graft in the recipient bed after excimer laser
trephination [54].

It is often problematic to ensure proper centration with trephination in the recipient
eye. Fs technology allows for perfect limbal oriented centration through OCT-visualization.

Another problem with trephination is the mechanism by which the recipient eye
and donor button are fixated and stabilized; any mechanical impact on the tissue during
trephination causes compression and distortion and will decrease the fit of recipient and
donor (Figure 13). Common fixation mechanisms include vacuum and applanation and
a combination of both (vacuum suction with applanation). While fs technology avoids
some of the trephination pitfalls of mechanical trephination, comparison of fs- and excimer-
assisted trephination showed nevertheless superiority of alignment in all sutures-out
keratoplasty patients in the excimer group [55].

 

Figure 13. Comparison of donor and recipient trephination profiles: (a) applanation, (b) liquid optic
interface.

Different stabilization systems could explain this superiority. While the excimer-
assisted keratoplasty does not require applanation of the cornea, it is needed for the fs laser
used in the cited studies. The new liquid optics interface assisted fs-Keratoplasty method
could solve this problem: Here, cutting both recipient and donor is achieved within a
liquid interface, which leaves the curvature of the cornea undisturbed. This reduces shear-
and compression artifacts in the tissue and improves congruent fitting of the recipient and
donor [56]. It will therefore be interesting to compare liquid optics interface fs-trephinations
with excimer laser-assisted trephinations in the future.

• Sidecuts

In femtolaser-assisted keratoplasty (FLAK), different side-cut profiles can be chosen
(Figure 14). Theoretical advantages include increased wound surface and thereby acceler-
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ated healing and wound stability, better vertical and horizontal alignment of the recipient
and donor [57], preservation of healthy recipient corneal endothelium (mushroom), or
transplantation of proportionally more endothelial cells with the top hat profile [58,59].
It remains to be seen if other factors, such as suture techniques, have to be modified to
transmit these theoretical advantages into true clinical benefits [59].

 

 
Figure 14. Sidecut profiles: (a) mushroom, (b) top hat, (c) zig-zag.

3.2.2. Lamellar Keratoplasty

• Background

The cornea is structured in five parallel layers. Often, not all layers of the cornea are
diseased. Scars from trauma or infection commonly involve the anterior layers (Bowman
layer, anterior stroma). In contrast, some inherited corneal dystrophies (i.e., inborn pro-
gressing tissue degeneration) affect only the inner most layers (Descemet’s membrane and
endothelium, see Figure 15). Selectively transplanting the pathological layers has several
advantages: less tissue is transplanted, and thereby rejection is limited. With the scarcity of
donor material, a donor button can theoretically be divided between two recipients. The
integrity of the eye is less constrained. Since there is little adhesion between the interfaces
of the corneal layers, manipulation at these levels is possible and visual results are excellent.

 

 

 

Figure 15. Illustration of corneal layers.

• Deep anterior lamellar keratoplasty (DALK)

In deep anterior lamellar keratoplasty (DALK), approximately 95% of the anterior
corneal layers are removed, and only the innermost layers, Descemet’s membrane, and
endothelial cell layer stay behind [60]. It is possible to separate Descemet’s membrane (DM)
from the anterior stromal layers by air injection [61]. The surgical difficulty consists of
finding the right entry-level for the air injection to initiate separation: too deep and DM is
perforated, and the surgery has to be converted to a penetrating full thickness keratoplasty;
too high and the air injection will not separate the layers, because only at the true interface
is there minimal adhesion and the layers can be separated. Trials to create an fs-assisted
cut in the pre-Descemet’s stroma instead of separating the two layers led to lower visual
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clarity in comparison to true “layer separation” [62]. A new approach in fs technology
resolves this dilemma—using OCT visualization, an fs-prepared channel is created that
guides the cannula to the desired position and depth of the cornea (Figure 16). The surgeon
can control the depth of the injection site individually adjusted to the thinnest point of
the patient’s cornea [63]. Buzzonetti et al. compared fs-DALK to mechanical DALK in
20 pediatric patients [64] and concluded that fs-assisted trephination could reduce the
postoperative spherical equivalent amount. In conclusion, fs-assisted DALK can improve
the success rate of big-bubble creation. By improving donor/recipient fit through fs-created
sidecuts, the postoperative spherical equivalent is reduced, and healing accelerated.

 

 

Figure 16. Deep anterior lamellar keratoplasty (DALK) procedure: (a) OCT-guided placement of the cuts: side cut in green,
pre-Descemet’s stroma cut in orange, guiding channel in pink. The posterior cornea is folded due to the applanating docking.
(b) Insertion of the cannula for air injection through the precut guiding channel, just above the Descemet’s membrane.

• Posterior lamellar keratoplasty

Posterior lamellar keratoplasty has revolutionized corneal transplant surgery in the
past two decades: the cornea’s clarity depends on healthy endothelial cells. These cells
are thought of as non-regenerating highly specialized cells. In a disease called “Fuchs
endothelial dystrophy”, but also after traumatic or multiple surgical interventions, these
cells cease to do their job in maintaining corneal clarity and patients eventually become
blind. Transplanting these cells, be it with a small amount of corneal stroma, so-called
Descemet stripping endothelial keratoplasty “DSEK”, or with Descemet’s membrane alone
as the carrier, so-called Descemet’s membrane endothelial keratoplasty “DMEK”, reverses
the process of corneal opacification and especially in the case of DMEK causes perfect
visual acuity [60,65]. Part of the surgery consists of removing the old, nonfunctioning
Descemet’s membrane from the recipient cornea. This process is usually done by scraping
and pulling the membrane manually. Sorkin et al. have published several papers on
creating the descemetorhexis (cutting out of a part of the Descemet’s membrane) with
femtosecond laser assistance. The advantage is the perfect centration, shape, and size of
the removed area [66–68]. It remains unclear if this advantage can solely be attributed
to the fs-assisted descemetorhexis or if other causes, such as a better fit of transplanted
and remaining Descemet’s membrane, can explain these results. Nevertheless, it shows
the immense versatility and breadth of applications that fs-laser technology provides in
corneal surgery.

3.3. Cataract Surgery

Ophthalmic surgeons have been trying to implement laser in cataract surgery for
decades. Bille and Schanzlin proposed ultrashort laser pulses for ablation of the cataractous
lens in 1992 [69]. Nagy was the first reporting on the use of fs laser for cataract surgery [16].
There has been a quick evolution of the technology and platform ability since then by
several manufacturers. Femtosecond laser technology reduces energy and precise laser
application at a certain depth in tissue with minimal damage to adjacent areas. Currently,
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modern and commercially available fs systems allow the following steps to be taken over by
the machine: (a) imaging and measurement of the anterior segment of the eye (incl. cornea,
anterior chamber, iris, lens), (b) planning of fs-laser cut application to the tissue (including
location depth, pattern, and size), (c) corneal incisions (full thickness for the introduction of
instruments to the eye or partial thickness for treatment of corneal astigmatism), (d) circular
incision to the anterior lens capsule (capsulotomy), and (e) fragmentation of the cataractous
lens nucleus. For all of the abovementioned purposes, the eye must be fixed to laser
optics by vacuum docking for precise laser application to the intended area and depth.
While some systems use liquid optics interfaces (Ziemer Femto LDV), others have a curved
applanation lens and suction system (LenSx, Alcon and Victus, Bausch and Lomb) or a fluid
filled suction ring (Catalys, Johnson and Johnson and LensAR) [70]. The systems mentioned
have all been CE marked and approved by the USA Food and Drug Administration for
cataract surgery (Table 1).

Table 1. Overview of five commercially available femtosecond lasers for eye surgery.

IntraLase
(AMO,
USA)

Wavelight
FS200

(Alcon,
USA)

LenSx
(Alcon,
USA)

LensAR
(LensAR,
Topcon,
USA)

Catalys
(Johnson

and
Johnson,

USA)

Victus
(Bausch

and
Lomb,
Ger-

many)

VisuMax
(Zeiss

Meditec,
Ger-

many)

LDV Z8
(Ziemer,
Switzer-

land)

Atos *
(Schwind,

Ger-
many)

Pulse
repetition
rate (kHz)

30–150 200 60 80 120 80/160 500 10,000 <to 4000

Pulse
duration

(fs)
>500 350 600–800 500 <600 290–550 220–580 250 <295

Pulse
energy

(µJ)
Ca. 1 <1.5 >15 7–15 3–10 6–10 <1 <1 <1

Applications:

LASIK
flaps
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x x x
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Surgery

x x x x
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filled

interface
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curved

interface

Curved
interface

Liquid
and flat

interfaces

Curved
interface

*: according to manufacturer.

The main advantages of fs-assisted cataract surgeries are the precision and repeatabil-
ity of laser incisions to the tissue; reduction in ultrasound energy used for emulsification
(liquification) of the lens nucleus by precutting it into small pieces; perfect sizing of corneal
incision with regards to position, length and depth; and predictability in capsulotomy
size and position. Despite the aforementioned obvious advantages and numerous studies
showing superiority in performing the single surgical steps over the ones manually per-
formed by surgeons, meta-analysis studies could not prove overall outcome advantages
of fs-laser-assisted surgery versus the conventional phacoemulsification manual opera-
tion [71,72]. A randomized multicenter clinical trial including 1476 eyes of 907 patients
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could not prove superiority of fs-assisted cataract surgery over the traditional phacoemulsi-
fication method [73]. Nevertheless, the authors report no severe adverse events during the
fs-laser procedure. Similarly, review articles emphasize usefulness of fs-assisted cataract
surgery in some patient groups, i.e., those with low corneal endothelial cell counts, but
a clear advantage of the fs method over manual phacoemulsification is not reported in
routine cases [74,75]. Furthermore, the authors question the cost-effectiveness of fs-assisted
surgery.

The question remains: Why should a high-precision system not be superior to the
manual? Two answers merit consideration. (1) Several studies were done using the first-
generation femtosecond laser systems comparing those to the conventional phacoemulsifi-
cation surgery that has undergone evolution and perfection for several decades. Results of
comparative studies using the newest laser devices could give a better comparison. (2) In
most comparative studies, the conventional surgery has been performed by outstanding,
high-volume, and exceptionally talented cataract surgeons. Comparing the visual out-
comes of such surgeons to the machine results is like assessing the abilities and outcomes
of first-generation autonomous driving systems to those of Formula-1 drivers. In the
following, we describe each step of the cataract surgery taken over by the fs machine.

3.3.1. Capsulotomy

Traditionally, cataract surgeons access the cataractous lens by manually opening the
anterior lens capsule by pulling in a continuous curvilinear manner. This maneuver is
performed using a needle or forceps and is called capsulorhexis. While the hard inner
part of the lens is removed, the outer capsular bag is maintained. This bag is used as a
mounting plate to fixate an implanted acrylic intraocular lens at the same position from
where the cataractous lens was removed. Size, position, and shape of the capsulorhexis are
related to the effective lens position, a determinant of the intraocular lens (IOL) power. The
IOL power determines the postoperative refractive error of the eye. Inappropriate sizing
of the capsular opening may result in IOL tilt, decentration, and increased posterior lens
capsule opacification [76–78]. Perfect lens position is of particular importance to the IOLs
with complex optical properties, e.g., multifocal, toric (for astigmatism correction), or those
with extended depth of focus [79,80].

While a perfect capsular opening is of the highest significance for surgical success, it is
one of the most challenging maneuvers in cataract surgery. The learning curve of surgeons
in training can be quite flat. At the same time, even in the hands of the most experienced
surgeons, the capsulorhexis can be unpredictable and perfect sizing at the submillimeter
precision appears only possible with machines performing the step. Furthermore, the
manual outcome is dependent on the axial length of the eye, pupil size, image enlargement
by the cornea [81], and inherent features of the individual eye, for example, true exfoliation
of the lens capsule (an eye disease) [82]. Femtosecond lasers overcome all these challenges
by creating precise, predictable, repeatable, well-centered capsular opening, called laser
capsulotomy, even in challenging cases with loose zonules (tissue fibers holding the lens in
place), pediatric or mature cataracts, shallow anterior chamber, etc. Machine superiority
has been demonstrated in several studies [78,83]. Another potential advantage of laser
capsulotomy is centration of the opening on the eye’s true optical axis or the lens apex
instead of centration on the pupil, as is usually done in manual capsulorhexis. Furthermore,
innovative IOLs are available that are dependent on perfect capsulotomy sizing at a
submillimeter level. Those designs allow IOL centration based on the capsulotomy rather
than on the capsular bag [84].

3.3.2. Nucleus Fragmentation

The human lens loses transparency and flexibility throughout life. A cataractous lens
cannot be removed through a small incision by suction alone; rather, emulsification or
fragmentation of the hard lens nucleus is necessary. Conventional cataract surgery uses
ultrasound energy within the eye to liquefy the lens nucleus. Femtosecond laser technology

56



Micromachines 2021, 12, 122

allows precutting the nucleus in almost any imaginable shape and reduces the ultrasound
energy needed for emulsification. This is an advantage as the ultrasound energy is a
cause of oxidative stress, heat, and inflammation, and damage to the tissue [85]. The most
susceptible tissue is the one-layer cell sheet of the corneal endothelium, which is of utmost
importance to corneal transparency. Studies have shown less endothelial cell loss and
decreased corneal swelling when using fs technology [86–88]. The importance of protection
to the corneal endothelium becomes clear when we consider that corneal endothelial cells
do not multiply after injury. The only way to repair the damage once clinically relevant is
lamellar corneal grafting (transplantation). Several lens fragmentation patterns have been
introduced, and currently, it is not yet clear which design to prefer in a particular clinical
setting. Future studies should focus on the optimal fs lens nucleus fragmentation pattern
to reduce effective ultrasound energy used intraoperatively.

3.3.3. Corneal Incisions

• Full-thickness incisions

Full-thickness incisions through the cornea are necessary for the introduction of
instruments into the eye. Traditionally, a metal scalpel or diamonds are used for creating
them in different sizes. Fs technology allows predictable sizing (width, length, and depth)
of full-thickness corneal incisions. Since these incisions need to be self-sealing, a perfect
wound architecture incision is mandatory to prevent wound leakage postoperatively.
Incorrect positioning of the wound induces astigmatism and can provoke prolapse of the
iris during the surgery. Studies have shown increased repeatability and safety of wound
construction using fs technology, resulting in higher stability and water tightness [89–91].

• Partial-thickness incisions

Partial-thickness incisions into the cornea help to reduce preoperatively existing
corneal astigmatism. Several nomograms have been developed, addressing length, position,
and depth of the incisions for different amounts of astigmatism. Fs technology allows
higher predictability and repeatability of partial thickness incisions, or even completely
intrastromal corneal incisions [50]. Since the incision depths are up to 90% of the corneal
thickness, laser precision helps prevent inadvertent penetration, as reported in manually
performed antiastigmatic keratotomies. Fs-laser-assisted corneal incision could be as safe
and effective as toric IOLs to reduce astigmatism [92]. Future studies will show whether
predictability, safety, and efficacy of fs-laser-assisted keratotomies can be further improved
by implementing nonperpendicular incision directions.

3.3.4. Future Applications

Probably the most important evolutionary step in ophthalmic fs-laser devices will
be miniaturization, mobility, and versatility. Tools available soon are fs laser-assisted
primary posterior capsulotomy and lens capsule marking for positioning of toric IOL. On
the horizon, another technology involves changing the IOL power postoperatively through
fs-laser energy to achieve emmetropia in all eyes [93].

4. Summary

In summary, fs-laser technology has evolved over the past decades into a precise
and reliable tool in ophthalmic surgery. While some of the applications have not finished
evolving and require further research and development, fs-laser-assisted cataract and
corneal surgery have reached highly standardized levels worldwide. For these surgeries, fs-
laser technology has improved patient safety and clinical outcomes and opened gateways
to new surgical approaches.
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Abstract: A cell elasticity measurement method is introduced that uses polymer microtools actuated
by holographic optical tweezers. The microtools were prepared with two-photon polymerization.
Their shape enables the approach of the cells in any lateral direction. In the presented case,
endothelial cells grown on vertical polymer walls were probed by the tools in a lateral direction.
The use of specially shaped microtools prevents the target cells from photodamage that may arise
during optical trapping. The position of the tools was recorded simply with video microscopy and
analyzed with image processing methods. We critically compare the resulting Young’s modulus
values to those in the literature obtained by other methods. The application of optical tweezers extends
the force range available for cell indentations measurements down to the fN regime. Our approach
demonstrates a feasible alternative to the usual vertical indentation experiments.

Keywords: cell elasticity; endothelial cells; optical micromanipulation; holographic optical tweezers;
two-photon polymerization; image processing

1. Introduction

Autonomous microrobots and microactuators have gained attention recently due to their ability
to perform complex tasks on biological targets inside microfluidic environments (channels, reservoirs)
without the administration of external physical tools. The targets of these manipulations include
protein [1], DNA [2], their association [3] or single cells [4,5]. Furthermore, microtools have been
developed to control the flow of the solvent that carries these biological objects [6,7] or to characterize
their composition [8]. The complexity of microrobots spans from simple microspheres [1,9] to
complex tailor-made microstructures [4,10–12], and sometimes a group of such structures is needed to
perform specific tasks [13,14]. Most often, these microtools are actuated and guided by optical means,
but magnetic [15,16] or acoustic [17] controls are also applied.

Since the size of these microrobots can range from sub-micrometers to a few hundreds of
micrometers, they can be easily optimized for the manipulation of single cells. A broad range of tasks
can be performed: cells can be actuated with the tools, which includes their simple translation or
rotation either on a hard surface [4,5] or in 3D [11,18]; the tools can enhance imaging of cells [12];
the internal structure of the cells can be altered by punching holes in them with the tools [19]; and such
microtools have a great potential even in performing cell-to-cell interaction experiments with high
precision and selectivity.
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In this work, we report on a method that uses tailor-made microtools for the mechanical
characterization of single cells. We use optically actuated microtools to make nano-indentations on the
cell surface, thereby determining its elastic properties. In order to measure cell membrane elasticity,
one needs to realize a small indentation on it with a known radius of curvature of the indenter and a
known force; the Young’s modulus then can be calculated from the measured indentation and these
parameters [20,21]. In the literature, there are many works reporting on the viscoelastic properties
of cells measured by atomic force microscopy (AFM). While AFM can perform this task using forces
typically higher than 10 pN, the great benefit of optical manipulation is that the achievable forces
complete the range of AFM reaching down to even a few tenths of a pN. Optical tweezers have been
applied successfully earlier to measure cells’ Young’s modulus by trapping microbeads of various
diameters and pushing them against the cells in an axial direction [20,22–24]. These cell indentation
experiments use optical forces of less than 10 pN combined with a larger contact surface radius than a
typical AFM tip (r ≈ 1 µm vs. r ≈ 10 nm), which allows only small indentations, and consequently only
smaller Young’s moduli can be measured. The smaller force and larger radius of the indenter enable
the optical trap-based methods to give a more precise evaluation of the elasticity of softer cells. It is an
additional aspect that in the case of the large indentations of AFM, especially if it is coupled with high
indentation rates, not only elasticity but also viscosity contributes to the results [20].

On the other hand, in the arrangement where the movement of the optically actuated bead is
perpendicular to the surface supporting the cells and parallel to the optical axis, the measurement of
bead position is somewhat less accurate. Further, in these situations, the trapping beam illuminates the
bead through the cells themselves with such high intensity that it may pose a risk of photodamage
on them [25–27]. Our approach aims to overcome these drawbacks: the microtool is pressed to the
cell in a lateral direction, i.e., perpendicular to the optical axis and to the cell surface that allows for
measuring its position and therefore the indentations more precisely, and due to the extended shape
of the tool, the trapping foci are micrometers away from the living cells under study posing no risk
to them. Our microtool has two functional parts: one that interacts with the optical trapping beams
and one that consists of the probe that creates the indentation on the cell surface. Its optical actuation
was achieved with holographic optical tweezers (HOT) able to move the structure with 6 degrees of
freedom (translations and rotations) with a precision of a few tens of nanometers. The tool can be
transported anywhere in a microchannel environment and its tip can be oriented towards any lateral
direction so the direction of attack can be freely selected. The probe part in the presented experiments
was a tip with a few hundreds of nanometers radius, but the fabrication method allows one to freely
change the radius above this value. We performed the indentation experiment on adherent endothelial
cells that were cultured on a hard vertical surface that is parallel to the optical axis and formed a
confluent layer. Our results demonstrate that the microtool-based method provides a Young’s modulus
that fits in the range reported in the literature on this cell type.

2. Materials and Methods

2.1. Microtool Design and Fabrication

The microtools, shown in Figure 1, have two functional parts. The first is used to interact with
the optical field and consists of four spheres, arranged at the corners of a square with a side length of
14 µm; these spheres are to be trapped with the HOT. The second is the probe part that creates the
indentation on the cells surface. This part is a rod of 2 µm length, created in the plane of the spheres
14 µm away from them; we minimized the diameter of its apex for maximal sensitivity. The rods
connecting the spheres and the tip formed an X-shape to minimize interference with the optical field
and were slightly offset from the plane of the spheres and the tip. This offset ensured that in the
recordings of the experiments these rods were out of focus, and therefore did not add extra features to
the image processing when determining the precise position of the structure.
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Figure 1. The polymerized microtool used for cell indentation experiments and the sample arrangement.
Scanning electron microscopic images of the microtools: (a) side view and (b) top view (scale bars:
5 µm). It is visible that the tip together with the trapping spheres are at a different plane to the rods
connecting them. The insert in (b) shows the side view of the microtool’s tip (scale bar: 1 µm). (c) 3D
schematic view of the experimental arrangement: cells are grown on a vertical wall polymerized from
SU8 as well as on the glass substrate forming a confluent layer; the microtool (red structure) that is
trapped and actuated with the optical tweezers (red cones) is approaching the cells on the wall with
a translation that is perpendicular to the optical axis of the system. Panel (d) illustrates the sample
assembly process with the microtools (red structures) after being pipetted into the sample well (Step
1) and their alignment towards the target cell (for details see Section 2.4); yellow crosses mark the
trap beam positions, dashed blue arrows indicate sample stage movements (Step 2) and dashed green
arrows the optical trap actuations (Steps 3 and 4).

The microtools were made of the photoresist SU-8 (formulation 2007) purchased from Micro
Resist Technology GmbH (Berlin, Germany) together with the SU-8 developer (mr-Dev 600,
Micro Resist Technology GmbH, Berlin, Germany). Their microfabrication was performed with
two-photon polymerization (TPP) with the system described elsewhere [28]. Shortly, the beam of an
ultrashort-pulsed laser (C-Fiber A, Menlo Systems GmbH, Martinsried, Germany, λ = 795 µm, 100 fs
pulse length, 100 MHz repetition rate) was focused into a 20 µm thick photoresist layer supported by a
microscope cover slide (type #1, 24 mm × 40 mm, Menzel-Glaser, TS Labor Kft, Budapest, Hungary);
the focusing objective was a 100X Zeiss Achroplan, oil immersion (NA 1.25, Carl Zeiss Technika
Kft, Budaörs, Hungary). The 3D scanning of the focus within the photoresist layer was carried
out by a piezo stage (P-124 731.8L and P-721.10, Physik Instrumente GmbH, Karlsruhe, Germany).
The illuminated SU-8 layers were processed with the standard protocol: post-exposure bake carried out
at 95 ◦C for 10 min, development in mr-Dev 600 for 5 min 3 times, rinsing in ethanol for 5 min 3 times
and finally drying with a stream of nitrogen. The microtools were removed from their support before
the experiment by mechanical means in the aqueous solution of 0.5 m/m% bovine serum albumin;
they were then pipetted together with this liquid and transferred to the sample containing the cells.

2.2. Cell Culturing

The cells were grown on vertical polymer surfaces (walls), which were parallel to the optical
axis, as shown in Figure 1c. The walls were polymerized into SU-8 layers of about 50 µm thickness,
supported by cover slides (type #1, 24 mm × 40 mm, Menzel-Glaser) using UV mask lithography.
The UV light source was the 365 nm line of a mercury lamp (flood exposure source, model 97435,
Newport, Irvine, CA, USA, dose: 340 mJ/cm2). The such-created walls were ~5 mm long and 100 µm
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wide, positioned at the center of the cover slides. A glass ring of 10 mm height was mounted around the
walls using Norland optical adhesive, thereby creating a well for cell culturing. The hCMEC/D3 human
microvascular cerebral endothelial cells were grown in this well, which was tilted 45 degrees to promote
cell adhesion on the vertical parts of the walls. The cells were cultured in EBM-2 medium (Lonza,
Switzerland) supplemented with EGM-2 Bulletkit (Lonza, Basel, Switzerland) and 2.5% fetal bovine
serum (Sigma, St. Louis, MO, USA) for 3 days before the indentation experiments. The structures,
removed from their support, were pipetted in between these walls into the cell culture medium
together with about 5 µL liquid that did not alter the composition of the growth medium significantly.
The focused beams (red cones in Figure 1c) for the optical trapping passed into the well through its
cover slide support.

2.3. HOT Setup

The cell stiffness was measured with the tailor-made microtools described above. The microtools
were actuated with a holographic optical trap (HOT) system that can create multiple trapping foci
and move them in 3D with high precision, as demonstrated in [12]. In the present experiments, we
created 4 trapping foci forming a square of 14 µm side length and moved them with their mutual
positions unchanged. The HOT system is built on an inverted Nikon microscope (Eclipse TI, Nikon,
Tokyo, Japan) with a continuous-wave fiber laser (λ = 1070 nm, THFL-1P400-COL50, BKtel Photonics,
Lannion, France) as a light source, an Olympus water immersion objective (UPlanSApo 60X, NA = 1.2)
as a focusing element, a motorized microscope stage (ProScan, Prior Scientific, Fulbourn, UK) for
sample translation and a spatial light modulator (PLUTO NIR, Holoeye, Berlin, Germany) to generate
the multiple traps. The total optical power at the entrance of the objective pupil was 270 mW, which,
considering the approximately 50% transmittance of the objective at 1070 nm, resulted in ~34 mW
power for each trapping beam. The sample was observed with an EMCCD camera (Rolera EMC2,
Qimaging, Surrey, BC, Canada).

2.4. Cell Indentation Experiment

The experimental arrangement is depicted in Figure 1c,d. Figure 1c shows the cells grown on
the vertical wall polymerized onto a glass substrate, and the microtool approaching the cells in the
direction which is perpendicular to the wall surface, to the cells surface and to the optical axis of
the trapping objective, and parallel to the supporting glass surface. Figure 1d illustrates the sample
assembly and microtool alignment procedure with the cells already present on the SU8 walls. First,
the microtools, which were collected from their polymerization glass support, were pipetted into the
well containing the cells (see Section 2.2). In the well, the cells were immersed in about 200–300 µL of
Leibovitz’s L-15 medium (Sigma) that kept them vital without CO2 incubation for the approximately
2-h duration of the experiments. At this stage, the structures were scattered randomly on the bottom of
the sample well.

For the measurement of the Young’s modulus, the force that pushes the microtool to the target
cell and the cell indentation need to be determined. For both values, the tool’s position needs to be
measured precisely. The force is calculated from the displacement of the microtool relative to the
trapping foci. The indentation was determined relative to the case when it is pushed against a hard
wall instead of a soft cell. The difference in the movements in these two cases provided the value
of indentation, as described below. In both cases, the microtool was translated in a well-controlled
manner: after taking hold of it with the optical trap, it was elevated from the substrate to about 5–15 µm
above it by defocusing the objective and aligning it with the plane of its four spheres perpendicular to
the optical axis. When elevated, the trap stayed fixed relative to the trapping objective and the sample
stage was moved until a proper target cell arrived in the field of view (sample movement is shown by
the blue dashed arrows on Figure 1d Step 2). Then, with a stationary sample stage, the microtool was
rotated towards the target cell by moving the trapping focal spots, until the microtool’s tip aligned
with the normal of the wall’s surface (with or without the cells on it) (Figure 1d Step 3 and Figure 2a,b).
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After the microtool was oriented towards the cell, selected upon visual inspection, the cell’s silhouette
was brought into focus together with the tool’s tip by the consecutive adjustments of the focusing
objective and the trap position along the optical axis; this ensured that the point of attack on the cell
was seen as a sharp contour. Then, the microtool approached the wall to about 2 µm, moving only
the microscope stage (rough approach), and stopped. In this moment, the tool was situated at about
5–15 µm height from the supporting glass, which ensured that the trapping foci were only minimally,
or not at all distorted by the bottom area of the cell-supporting wall. In step 4, the indentation
experiment commenced, when the optical trap was moved in 10 nm steps towards the wall, using only
the HOT (fine approach), and at each position a bright-field image of the microtool was recorded;
this process resulted in an average speed of 0.05 µm/s. The trajectory of the tip of the microtool was
parallel to the normal of the wall. Before making contact with the wall or the cell, the position of the
microtool and the trap coincided. When the microtool reached the wall, the movement of the trapping
foci continued as before for about an extra 1 µm, but the tool was retarded relative to the trap position.
This retardation provides a force by which the microtool is pushed against the wall or the cell surface.
Finally, the microtool was retracted and positioned to the next available cell. When more than one
indentation experiment was carried out on the same cell, we probed the cell at points that were a few
hundreds of nanometers away from each other. Altogether, 19 measurements were carried out on
6 cells with 4 manipulators.

 

μ
μ

μ

μ

 

Figure 2. Cell indentation experiments and the resulted traces of the microtool’s tip. Panels (a,b)
show a typical snapshot of the cell indentation and the wall approaching experiments, respectively;
the optical axis is perpendicular to the plane of the figure, the white dashed arrows indicate the direction
of the microtool movement during the indentation experiment. The tip position was calculated by
determining the positions of the four handle spheres on the image series taken during the indentation
experiments. (c) shows tip positions from two cell indentation experiments as the function of the
trapping beam position (solid blue and solid red traces). It also shows the result of the trace alignment
procedure when the red trace is aligned to the blue one with the alignment procedure (dashed red).
The inset in (c) shows differences of the red and blue traces during the alignment procedure (see main
text).

2.5. Data Analysis

The position of each microtool during the approach of the cell was determined with a
correlation-based method where the reference was its image at the very first position. The script
was implemented in Matlab, using built-in image processing and 2D cross-correlation functions.
The positions of the four trapping spheres were determined independently. First, a template image
was chosen, which was the cropped image of the selected sphere on the very first frame. Then,
this reference image was compared to all consecutive frames using Matlab’s built-in normxcorr2

function. This function resulted in a correlation matrix for each frame with the same size as the frame
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itself. The maximum of this matrix provides the position on each frame where its similarity to the
reference image is the largest; in other words, this maximum is the new position of the sphere on the
frame. One must pay attention to the fact that normxcorr2 provides this position only to one pixel
size precision, which was 120 nm in our case. In order to find the position with sub-pixel precision,
the values around the correlation matrix maximum value were fitted with a 2D Gaussian function,
and the center of this Gaussian gave the new location of the sphere with sub-pixel precision. Next,
the position of the microtool’s tip was calculated from these sphere position data taking advantage
of the fact that the tool is a rigid structure and that it moves in the focal plane. The reason why the
image of the tip itself was not monitored is that after it makes a direct contact with the cell, the image
becomes distorted and it cannot be used for cross-correlation. At the end of this process, the position
of the tip was determined for all the frames and could be plotted as the function of the trap position,
which changes between frames by 10 nm.

The precision of the correlation-based position determination method was found to be 5.5 nm FWHM
as measured on surface-attached, non-moving microtools. For this, 2000 frames of the surface-attached
microtool was recorded and analyzed with the correlation-based method; in theory, the measured
positions of the four spheres should not change between frames. In reality, small fluctuations were
measured partly due to residual mechanical vibrations and to the imprecision of the calculation of the
correlation. The positions of the tip were determined along as well as perpendicular to the direction
of the optical trap movement; only those attempts were eventually used in the analysis where the tip
movement perpendicular to this direction is negligible (smaller than 50 nm) after the contact.

The result of the image processing is a microtool tip position vs. trapping focus position trace for
each indentation experiment. These traces have two distinct ranges as shown in Figure 2c: the first
one describes the movement before the contact the microtool makes with its target; in this range,
the microtool follows the trap position precisely, so its slope is 1 (reference trace before 2.42 µm in
Figure 2c). After the microtool makes contact with its target (a cell, a wall or a bead, see below), it lags
behind the trap, so the slope of this range becomes less than 1 (reference trace after 2.42 µm in Figure 2c).
Since the contact point did not fall to the same trap position in the consecutive experiments, the traces
needed to be aligned. The cell indentation experiment series and the wall approach experiments
resulted in two distinct sets of traces. The cell indentation traces were aligned to each other with one
alignment procedure, so were the wall approach traces with a separate procedure. In each procedure,
a reference trace was selected from the experiments (usually the first one), and the rest of the traces
were aligned to it. The alignment was based on calculating the variance of the difference of two traces
while one of them (red curve in Figure 2c) was shifted stepwise in respect to the other one that served
as a reference (blue curve in Figure 2c) (the step size was 10 nm). The minimum of the calculated
variances gave the amount of trace shift used for alignment. The inset in Figure 2c shows three of
such difference traces: the dark blue is the case of minimum variance, while the other two have a
variance 3 times larger. After aligning the cell and wall approach experiments, the traces from the wall
experiments were averaged (n = 9), while those of the cell experiments were used individually later to
calculate cell indentation and the displacement of the microtool.

2.6. Trap Stiffness Calibration

For the calculation of the Young’s modulus, the force that the microtool exerted on the cell creating
the measured indentation must be known. This force is calculated as the displacement of the microtool
from the equilibrium position multiplied by the trap stiffness. The microtool’s trap stiffness (km) was
measured with an indirect method. Here, the microtool was pushed against a trapped 9 µm polystyrene
bead of known trap stiffness (kb) and the displacement of the microtool was compared to that of the
bead (Figure 3). First, kb was determined by trapping the bead alone using the equation

1
2

kBT =
1
2

kb

〈

x2
〉

(1)
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where
〈

x2
〉

is the variance of the bead fluctuation determined by video tracking (using 0.5 ms exposure
time), T is room temperature (295K) and kB is Boltzmann’s constant [29]. Then, the microtool was
pushed against the trapped bead and the following equation resulted in the trap stiffness of the
microtool:

km = kb ×
∆xb

∆xm
(2)

where ∆xb and ∆xm are the displacements of the bead and the microtool, respectively. For this
measurement, the tip of the microtool was slightly modified: instead of a sharp tip, it had a flat one;
this modification was micrometers away from the trapped spheroids of the tool, so it did not affect the
trap stiffness.
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Figure 3. Trap stiffness calibration for the cell indenter microtool. Panel (a) shows the optical microscopic
image of the tool (left) and the 9 µm bead (right) during the calibration experiment. The yellow crosses
show the positions of two optical traps, one holding one of the spheroids of the microtool, the other
holding the 9 µm bead. The red crosses show the center of one of the spheroids on the microtool and
that of the bead. The distance of the yellow and red crosses gives the displacement values plotted on
(b).

3. Results

An example for the polymerized microtools we used for the cell indentation experiments is shown
in Figure 1. The four spheres used to hold the tool with the optical tweezers have 6.5 µm diameter and
their centers form a 14 µm × 14 µm square. The apex of its tip has an ellipsoid shape with the smallest
radius of 100 nm and a large one of 500 nm; this shape is inherited from the inherent shape of the basic
building block of TPP. In our calculations, we take an average radius of 300 nm for the microtool tip.
For the trap stiffness measurement, the tip was modified to a 2 µm × 2 µm flat end.

3.1. Trap Stiffness Calibration

In Figure 3a, the tip-modified microtool and a 9 µm bead are shown during the stiffness
measurement. When the microtool is pushed against the bead in 50 nm steps, both the microtool and
the bead are displaced from their equilibrium positions. Since the force that the microtool exerts on
the bead and that the bead exerts on the microtool is equal, Equation (2) can be used to calculate km.
Equation (1) resulted in a kb bead stiffness of 4.5 pN/µm. Figure 3b depicts the averaged bead and
microtool displacements as the function of the trap position. From these curves, km can be calculated
for a range that starts about 0.5 µm after the contact point (between 4 and 5 µm); the obtained microtool
stiffness value is 16.49 ± 2 pN/µm.
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3.2. Endothelial Cells Young’s Modulus

The Young’s modulus was calculated according to the equation used in the literature for indentation
experiments performed with AFM or optical tweezers (Hertz model):

F(dz) =
4E

3(1− ν2)
R1/2

b
d3/2

z , (3)

where F is the force at which the indenter is pushed against the cell, E is the Young’s modulus, Rb is the
radius of the indenter surface, dz is the indentation and v is the Poisson number (we chose 0.5) [21,22].
The indentations and the forces (in the form of displacement) were calculated from the microtool
position traces as the function of the trap positions. Figure 4a shows representative raw microtool
tip positions during the cell indentation experiments before their alignment. The individual traces
illustrate that the microtools’ movement changes radically after they made contact with the cells:
they do not follow the movement of the trap but do not stop completely either. After the contact,
the movement continues to be primarily a linear function of the trap position for at least another
500–800 nm of trap movement; in this regime, the tip moves less than 150 nm. In a few cases, the tip
position suddenly increased after about 100 nm tip travel due to an occasional sideway slip on the cell
membrane. Figure 4b shows one aligned tip position trace when pushed against a cell (green curve)
and the average of the traces from the approaches of the hard SU8 walls (red curve). The tip position is
meaningful mainly in the first 400 nm beyond the contact point, where only negligible slipping took
place. In the case of the hard wall, the tips usually do not stop completely but a residual forward
movement remains, which is due to the small sideway movements of the tip on the surface. We believe
that these small slips also took place for the cell experiments, so the extra average forward movement
observed at the walls was used as a “baseline” in the cell indentation experiments: the tip positions
from the cell experiments were compared to this baseline. Figure 4c shows a typical experimental
result of an approach of the hard wall. It is visible that the tip continued to move forward about 20 nm
during the first 400 nm of trap position movement after the contact (between 2.43 and 2.83 µm), while it
slipped sideways at an average of 50 nm.

 

Figure 4. Tip position traces for the calculation of endothelial cell’s Young’s modulus. Panel (a)
shows representative raw tip position traces as the function of the trap positions, before alignment,
obtained from individual cell indentation experiments. After the alignment procedure, the tip positions
(b) of the wall approach experiments were averaged for background (red curve), while the cell
indentation traces (an example is shown by the green curve) were used individually to calculate
indentation and displacement. The error bars on the red trace represent standard deviation. At each
trapping beam position, the cell indentation was calculated as the difference between the green and red
curves, and the microtool displacement as the difference between the green curve and the trapping
beam position (dashed light blue curve). Panel (c) shows a tip position movement parallel (blue) and
perpendicular (red) to the trap movement (that is, axis of the microtool) during the tool being pushed
against a hard wall. The inset displays the tip movement along the trap progression (blue line) and
perpendicular to it (red line).
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The two position traces illustrated in Figure 4b were used to calculate the indentation and force
values used in the Hertz model for each individual cell indentation experiment. The indentation is
simply the difference between the tip positions when approaching the cell and when approaching
the wall. The displacement was calculated by first fitting a straight line to the initial part of the cell
approach trace (light blue dashed line in Figure 4b) and then taking the difference between this line
and the tip position after the contact point. Figure 5a shows these two values, the cell indentation
and the microtool displacement as the function of the trap position. The applied force is calculated
from the displacement by multiplying it by the trap stiffness km. The displacement resulted in a force
ranging from 1 to 5 pN, which is below the precision of an AFM. Both traces have a break at the
contact point between 2.4 and 2.5 µm, but produce a large error of about 400 nm after the contact
point. The displacement and indentation values can be measured reliably in the trap position range of
2.5–2.9 µm, therefore the Young’s modulus can be regarded as reliable also only here. We obtained
values ranging from about 220 up to about 1500 Pa (Figure 5b), although between the 2.5 and 2.6 µm
trap positions (corresponding indentation: between 0.01 and 0.02 µm), the values could be determined
with significant noise.

 

μ

μ
μ

μ

 

μ

μ

Figure 5. The measured indentation and displacement data and the Young’s modulus calculated from
them. The indentation (blue line) and displacement (red line) data on panel (a) are calculated from the
aligned traces of the 19 cell indentation experiments as shown in Figure 4b; the error bars represent
standard deviation. The shaded area highlights the reliable range for the two quantities. The inset
shows the individual displacement traces (red) and indentation traces (blue) calculated separately for
the 19 experiments. The Young’s modulus as the function of indentation over the values highlighted in
(a) is shown in panel (b). The blue dots represent all of the approximately 800 individual point pairs
(40 trap positions × 19 experiments), while the red circles are their averages in 60 regions over the
0–0.09 µm indentation range.

4. Discussion

We have designed an optical tweezers-operated microtool specifically to measure the elasticity
of adherent cells in closed microfluidic environments. In contrast to earlier optical trap-based cell
indentation experiments, this tool approaches the target cells laterally which makes the determination
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of its position easier even with simple bright-field video microscopy. In addition, in the trapped
parts of the structures, the four spheroids are more than ten micrometers away from the probe tip,
which ensures that the optical field does not cause photodamage to the cells. The analysis of the
microtools’ position during the indentation experiments revealed that they move in a straight and
continuous way after making contact with the cell, and their position values yield the indentation and
pushing force values in a straightforward manner. The sideways slip of the microtools’ tip in contact
with the cells could be readily detected and excluded from the evaluation based on its magnitude.
Residual sideways tip movements could be compensated for with a control measurement using a hard
wall without cells. The microtools were characterized with 16.5 pN/µm trap stiffness and pushing force
in the 1–5 pN range, comparable to other optical trap-based elasticity measurements but well below
that of an AFM. This force together with the 300 nm tip radius of the microtool yielded the measured
indentation values of up to 90 nm. The operating force range can be easily extended to higher values
with higher trapping laser power and smaller trapping sphere diameters.

We obtained Young’s moduli in the range between 220 and 1500 Pa, depending upon the position
of the trapping beam, consequently on the amount of indentation; the noise of the Young’s modulus,
however, remarkably increases with the decrease in the indentation. These values are comparable
to those measured by AFM on bovine aortic endothelial cells (700–2.7 kPa [30]), on pulmonary
artery endothelial cells (400–1500 Pa [31]), on human umbilical vein endothelial cells (HUVEC)
(350–4000 Pa [21]) or by magnetic tweezers on HUVEC (400 Pa [32]). It is noticeable that the values
for the AFM-derived Young’s modulus can easily vary an order of magnitude across the literature
for the same type of cell. For endothelial cells, values anywhere from ~200 to ~5000 Pa can be found;
our measured Young’s modulus falls to the lower regime with a few hundred Pa. The main reasons
for this broad range can be found in the measurement conditions: mainly in the rate and amount of
indentation, and in the shape of the object the indentation is realized with.

It was shown that increasing the indentation rate increases the apparent Young’s modulus due
primarily to viscous effects [20,33]. The typical loading rates used in an AFM measurement span from
100 pN/s [20] to tens [33] or hundreds of nN/s values (exerting 1 nN force with 0.5 kHz frequency of
the AFM cantilever [34]). Our optical tweezers approach experiment lasts about 60 s, where during
only the last 5–6 s does the tip actually hit the cell. Considering the averaged maximum of 60 nm
indentation and that by the end of this period the force increases to an average of 6 pN, it yields an
indentation rate as low as 0.01 µm/s and a loading rate of about 1 pN/s, which is orders of magnitude
smaller than those of AFM. For Mathur and co-workers, the lower limit for viscous dissipation was
at 0.25 µm/s probe velocity [33]. We are confident that at the observed low-indentation rate viscous
effects do not play any role in measuring the Young’s modulus in our experiments.

In the papers of Vargas-Pinto and Mathur [21,33], the authors also showed that the higher the
indentation, the lower the Young’s modulus, similarly to our results (Figure 5b). The amount of
indentation, which for us was up to 90 nm, is in the lower regime of what was obtained with AFM
or optical tweezers [21,24]; it is very likely that with this low value, we mainly measure the elastic
properties of the cell membrane and not the complex characteristics of the underlying actin network.
The measurement error of Young’s modulus increases significantly below 30 nm indentation. It is
believed that this noise is primarily due to thermal fluctuations and the increase in the relative error
when using small indentation and force values in Equation (3). However, the larger E for lower
indentations is elsewhere argued to originate from the nonlinear elasticity of the cell [33]; it is beyond
the scope of this paper to study the nonlinear phenomenon in detail. The third important parameter
is the shape of the intender. Vargas-Pinto et al. reported on using AFM tips with radii of curvature
from 20 nm to 5 µm for endothelial cell indentation [21]. They found that while the sharp tip yielded
a value of 3.8 kPa for the Young’s modulus, the 5 µm one yielded only 350 Pa for the same type
of cell. Similarly, Harris and co-workers found that pyramidal sharp tips can measure double the
Young’s modulus of that measured with spherical (r = 7.5 µm) tips (800 vs. 400 Pa) on MDCK cells [35].
Chiou and co-workers also observed a more than two-fold increase in the Young’s modulus value for
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mouse fibroblast cells when they compared sharp pyramidal tips with flat top (diameter of 1.8 µm)
and spherical (sphere r = 2.5 µm) tips [36]. The tip of our microtool has a radius of 300 nm on average,
which is much larger than that of the conical AFM (r ≈ 10 nm) tips and comparable to those used for
optical tweezers indentation (r = 0.4–1.5 µm); this size also points towards measuring Young’s moduli
in the lower few hundreds of the Pa regime with our microtool.

In conclusion, the measurement of a cell’s Young’s modulus requires a careful approach in order
to obtain reliable results. Even with one technique, one can measure very different values depending
on the measurement parameters. The solution probably lies in what one actually wants to measure.
If one is interested in the pure linear elastic properties of the cell, it is believed that the use of large
radius of curvature indentation surfaces, small indentations (with small forces) and small loading rates
is more appropriate to characterize specifically that. Optically micro-manipulated polymer structures
should ideally operate in this regime.
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13. Būtaitė, U.G.; Gibson, G.M.; Ho, Y.-L.D.; Taverne, M.; Taylor, J.M.; Phillips, D.B. Indirect optical trapping

using light driven micro-rotors for reconfigurable hydrodynamic manipulation. Nat. Commun. 2019, 10, 1215.
[CrossRef] [PubMed]

14. Turlier, H.; Fedosov, D.A.; Audoly, B.; Auth, T.; Gov, N.S.; Sykes, C.; Joanny, J.F.; Gompper, G.; Betz, T.
Equilibrium physics breakdown reveals the active nature of red blood cell flickering. Nat. Phys. 2016,
12, 513. [CrossRef]

15. Bente, K.; Codutti, A.; Bachmann, F.; Faivre, D. Biohybrid and Bioinspired Magnetic Microswimmers.
Small 2018, 14, 1704374. [CrossRef] [PubMed]

16. Sarkar, R.; Rybenkov, V.V. A Guide to Magnetic Tweezers and Their Applications. Front. Phys. 2016, 4. [CrossRef]
17. Sitters, G.; Kamsma, D.; Thalhammer, G.; Ritsch-Marte, M.; Peterman, E.J.G.; Wuite, G.J.L. Acoustic force

spectroscopy. Nat. Methods 2015, 12, 47–50. [CrossRef]
18. Shishkin, I.; Markovich, H.; Roichman, Y.; Ginzburg, P. Auxiliary Optomechanical Tools for 3D Cell

Manipulation. Micromachines 2020, 11, 90. [CrossRef]
19. Hayakawa, T.; Fukada, S.; Arai, F. Fabrication of an On-Chip Nanorobot Integrating Functional Nanomaterials

for Single-Cell Punctures. IEEE Trans. Robot. 2014, 30, 59–67. [CrossRef]
20. Nawaz, S.; Sanchez, P.; Bodensiek, K.; Li, S.; Simons, M.; Schaap, I.A.T. Cell Visco-Elasticity Measured with

AFM and Optical Trapping at Sub-Micrometer Deformations. PLoS ONE 2012, 7, e45297. [CrossRef]
21. Vargas-Pinto, R.; Gong, H.; Vahabikashi, A.; Johnson, M. The Effect of the Endothelial Cell Cortex on Atomic

Force Microscopy Measurements. Biophys. J. 2013, 105, 300–309. [CrossRef]
22. Dy, M.C.; Kanaya, S.; Sugiura, T. Localized cell stiffness measurement using axial movement of an optically

trapped microparticle. J. Biomed. Opt. 2013, 18. [CrossRef] [PubMed]
23. Ndoye, F.; Yousafzai, M.S.; Coceano, G.; Bonin, S.; Scoles, G.; Ka, O.; Niemela, J.; Cojoc, D. The influence of

lateral forces on the cell stiffness measurement by optical tweezers vertical indentation. Int. J. Optomechatron.

2016, 10, 53–62. [CrossRef]
24. Yousafzai, M.S.; Coceano, G.; Mariutti, A.; Ndoye, F.; Amin, L.; Niemela, J.; Bonin, S.; Scoles, G.; Cojoc, D.

Effect of neighboring cells on cell stiffness measured by optical tweezers indentation. J. Biomed. Opt. 2016,
21, 57004. [CrossRef] [PubMed]

25. Ayano, S.; Wakamoto, Y.; Yamashita, S.; Yasuda, K. Quantitative measurement of damage caused by
1064-nm wavelength optical trapping of Escherichia coli cells using on-chip single cell cultivation system.
Biochem. Biophys. Res. Commun. 2006, 350, 678–684. [CrossRef] [PubMed]

26. Liang, H.; Vu, K.T.; Krishnan, P.; Trang, T.C.; Shin, D.; Kimel, S.; Berns, M.W. Wavelength dependence of cell
cloning efficiency after optical trapping. Biophys. J. 1996, 70, 1529–1533. [CrossRef]

27. Rasmussen, M.B.; Oddershede, L.B.; Siegumfeldt, H. Optical tweezers cause physiological damage to
Escherichia coli and Listeria bacteria. Appl. Environ. Microbiol. 2008, 74, 2441–2446. [CrossRef] [PubMed]

28. Vizsnyiczai, G.; Kelemen, L.; Ormos, P. Holographic multi-focus 3D two-photon polymerization with
real-time calculated holograms. Opt. Express 2014, 22, 24217–24223. [CrossRef] [PubMed]

29. Neuman, K.C.; Block, S.M. Optical trapping. Rev. Sci. Instrum. 2004, 75, 2787–2809. [CrossRef]
30. Ohashi, T.; Ishii, Y.; Ishikawa, Y.; Matsumoto, T.; Sato, M. Experimental and numerical analyses of local

mechanical properties measured by atomic force microscopy for sheared endothelial cells. Bio-Med. Mater. Eng.

2002, 12, 319–327.
31. Pesen, D.; Hoh, J.H. Micromechanical Architecture of the Endothelial Cell Cortex. Biophys. J. 2005, 88,

670–679. [CrossRef]
32. Feneberg, W.; Aepfelbacher, M.; Sackmann, E. Microviscoelasticity of the Apical Cell Surface of Human

Umbilical Vein Endothelial Cells (HUVEC) within Confluent Monolayers. Biophys. J. 2004, 87, 1338–1350.
[CrossRef] [PubMed]

33. Mathur, A.B.; Collinsworth, A.M.; Reichert, W.M.; Kraus, W.E.; Truskey, G.A. Endothelial, cardiac muscle
and skeletal muscle exhibit different viscous and elastic properties as determined by atomic force microscopy.
J. Biomech. 2001, 34, 1545–1553. [CrossRef]

74



Micromachines 2020, 11, 882

34. Coceano, G.; Yousafzai, M.S.; Ma, W.; Ndoye, F.; Venturelli, L.; Hussain, I.; Bonin, S.; Niemela, J.; Scoles, G.;
Cojoc, D.; et al. Investigation into local cell mechanics by atomic force microscopy mapping and optical
tweezer vertical indentation. Nanotechnology 2016, 27, 065102. [CrossRef] [PubMed]

35. Harris, A.R.; Charras, G.T. Experimental validation of atomic force microscopy-based cell elasticity
measurements. Nanotechnology 2011, 22, 345102. [CrossRef]

36. Chiou, Y.W.; Lin, H.K.; Tang, M.J.; Lin, H.H.; Yeh, M.L. The Influence of Physical and Physiological Cues on
Atomic Force Microscopy-Based Cell Stiffness Assessment. PLoS ONE 2013, 8. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

75





micromachines

Article

Femtosecond Laser Direct Writing of Integrated
Photonic Quantum Chips for Generating
Path-Encoded Bell States

Meng Li 1 , Qian Zhang 1, Yang Chen 2, Xifeng Ren 2, Qihuang Gong 1,3,4 and Yan Li 1,3,4,*

1 State Key Laboratory for Mesoscopic Physics and Frontiers Science Center for Nano-Optoelectronics,
School of Physics, Peking University, Beijing 100871, China; mengli2016@pku.edu.cn (M.L.);
zhangqianlucy@126.com (Q.Z.); qhgong@pku.edu.cn (Q.G.)

2 CAS Key Laboratory of Quantum Information, University of Science and Technology of China, Hefei 230026,
China; cy123@mail.ustc.edu.cn (Y.C.); renxf@ustc.edu.cn (X.R.)

3 Collaborative Innovation Center of Extreme Optics, Shanxi University, Taiyuan 030006, China
4 Peking University Yangtze Delta Institute of Optoelectronics, Nantong 226010, China
* Correspondence: li@pku.edu.cn

Received: 27 November 2020; Accepted: 13 December 2020; Published: 15 December 2020 ����������
�������

Abstract: Integrated photonic quantum chip provides a promising platform to perform quantum
computation, quantum simulation, quantum metrology and quantum communication. Femtosecond
laser direct writing (FLDW) is a potential technique to fabricate various integrated photonic quantum
chips in glass. Several quantum logic gates fabricated by FLDW have been reported, such as
polarization and path encoded quantum controlled-NOT (CNOT) gates. By combining several single
qubit gates and two qubit gates, the quantum circuit can realize different functions, such as generating
quantum entangled states and performing quantum computation algorithms. Here we demonstrate
the FLDW of integrated photonic quantum chips composed of one Hadamard gate and one CNOT
gate for generating all four path-encoded Bell states. The experimental results show that the average
fidelity of the reconstructed truth table reaches as high as 98.8 ± 0.3%. Our work is of great importance
to be widely applied in many quantum circuits, therefore this technique would offer great potential
to fabricate more complex circuits to realize more advanced functions.

Keywords: photonic quantum chip; femtosecond laser direct writing; Hadamard gate; CNOT gate;
path-encoded Bell state

1. Introduction

In recent years, integrated photonic quantum chips have become a hot topic in quantum optics field,
for its scalability, stability, and miniaturization compared with bulk optics. They are fabricated by the
silicon-based lithography [1–6], the femtosecond laser direct writing (FLDW) [7–9], and a new emerging
platform based on lithium niobate on insulator (LNOI) [10–12]. Silicon-based waveguide photonic
chips have maturely developed using silica on silicon [1], silicon on insulator [4], silicon nitride [5],
silicon oxynitride [6] and so on, while their waveguides can only support single polarization mode
due to the rectangular cross-section, and the conventional lithography is limited to the planar
layout. The FLDW can realize 3D fabrication of waveguides with near round cross-section [13–15].
Therefore, it can realize quantum information processing not only by path encoding [8,16] but also by
polarization encoding [17,18]. By virtue of its true three-dimensional direct writing ability, FLDW can
fabricate more flexible and complex quantum circuits with 3D structures, simplify the layout and
reduce the number of elements required [19–21]. Nowadays, photonic quantum chips realized by
FLDW technique have been widely applied in various research, such as quantum logic gates [8,17],
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quantum algorithm [22–24], quantum walk [25–27], quantum simulation [28–30], quantum key
distribution [31,32], boson sampling [33,34], entangled photon sources [35], and so on.

Quantum logic gates are the basic elements of quantum circuits. Combining several simple logic
gates together can construct more complex logic gates to perform quantum algorithms and realize
specific functions [36–39]. The Hadamard (H) gate and the Controlled-NOT (CNOT) gate are the most
basic and important single and two qubit gates, respectively. Cascading the H gate and the CNOT gate
together can generate Bell states, which are also the most basic entangled states and serve as a central
physical resource in various quantum information protocols like quantum cryptography, quantum
teleportation, entanglement swapping, and in tests aimed at excluding hidden variable models of
quantum mechanics [40]. Up to now, individual path-encoded or polarization-encoded H gate or CNOT
gate on chips has already been fabricated by FLDW technique [16–18,41]. However, the combination
of one H gate and one CNOT gate in a single photonic chip for generating path-encoded Bell states
has not been reported. Here we have successfully fabricated an integrated photonic quantum chip
composed of H and CNOT gates by FLDW technique to generate all four path-encoded Bell entangled
states, whose average fidelity is 98.8 ± 0.3%, which is higher than that of a silicon-based photonic
chip (~91.2 ± 0.2%) [1]. This combination is very useful in many quantum circuits, especially in
quantum algorithms circuits [2,19,42]. The capacity of FLDW to fabricate such a chip with high quality
and fidelity provides a possibility for the fabrication of large-scale 3D functional integrated photonic
quantum chips.

2. Design of the Photonic Quantum Chip

Figure 1a shows the schematic configuration of the photonic quantum chip composed of one
H gate and one CNOT gate. The H gate (red dashed box) is a balanced directional coupler (DC),
and the CNOT gate (the rest of the whole chip) is based on our previous work [16] but with improved
symmetry in circuit design. The left represents the input ports (0–5) and the right the output ports
(0′–5′). The power reflectivity R = POUT1/(POUT1 + POUT2) is marked on each DC, defined by the
ratio of the output power from OUT1 to the total output power of a DC where the laser is launched
into IN1 as shown in Figure 1b. The symmetry of the DC guarantees that the same relations hold
when light is launched into port IN2, by simply inverting the two indices. There are three DCs with
reflectivity of 1/2 and three DCs with reflectivity of 1/3. The control qubit Cq (target qubit Tq) is
encoded via spatial paths C0(T0) and C1(T1). The remaining two paths are ancillary vacuum modes
to complete the network. The H gate in this circuit represented by a DC is indeed a Hadamard-like

gate H′ = eiπ/2e−iπσz/4He−iπσz/4 = 1√
2

(

1 i

i 1

)

as shown in Reference [3], where H = 1√
2

(

1 1
1 −1

)

is the standard Hadamard gate. They are equivalent up to local σz rotations, so we still use H gate
for description in this article. When a single photon is input to path C0(C1) representing the logic
state |0〉c(|1〉c), the state will be unitarily transformed by the H gate to generate a superposition state

1√
2
(|0〉c + i|1〉c) ( 1√

2
i(|0〉c − i|1〉c)). The rest of the chip is a path encoded probabilistic CNOT gate. In the

CNOT gate, when the control qubit Cq is in logic state |1〉, the target qubit Tq will flip from initial logic
state |0〉(|1〉) to opposite logic state |1〉(|0〉). However, when Cq is in logic state |0〉, the logic state of Tq

remain unchanged. When one photon from Cq and the other photon from Tq are mixed in the central
DC with reflectivity of 1/3 simultaneously, they will undergo a partial bunching effect and get a π
phase shift due to Hong–Ou–Mandel (HOM) interference of indistinguishable photons [16,43]; and this
π phase shift will change the output state of Mach–Zehnder (MZ) interferometer connected by paths
T0 − T′1 and T1 − T′0.
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Figure 1. Schematic of the photonic quantum chip and the directional coupler (DC). (a) Schematic
representation of a photonic chip composed of one H and one CNOT gate to generate path-encoded
Bell states. The DC in the red dashed box represents an H gate. (b) Schematic representation of a
waveguide directional coupler; IN1 and IN2 are the input ports, whereas OUT1 and OUT2 are the
output ports of the device; L is the interaction length and d is the interaction distance in the coupling
region of two adjacent waveguides.

Now, when the control qubit Cq is in superposition state of |0〉 and |1〉, the chip will generate all
four path-encoded Bell states with the entangling function of the CNOT gate. The relationships are
as follows:

|00〉ct → 1√
2
i(|00〉ct − |11〉ct),

|01〉ct → 1√
2

i(|01〉ct + |10〉ct),

|10〉ct → − 1√
2
(|00〉ct + |11〉ct),

|11〉ct → − 1√
2
(|01〉ct − |10〉ct).

(1)

Compared with the standard quantum circuit composed of one H gate and one CNOT gate,
the output Bell states for input state |00〉ct and |10〉ct in Equation (1) should be exchanged, because the
H gate here is indeed an H′ gate.

3. Experimental and Results

The photonic quantum chip is directly written inside borosilicate glass (Eagle2000, Corning) by
focusing the femtosecond laser pulses produced by a regeneratively amplified Yb: KGW femtosecond
laser system (Pharos-20W-1MHz, Light Conversion). The 1030 nm laser pulses with duration of 240 fs
at repetition rate of 1 MHz are focused 170 µm beneath the surface of the glass by a microscope
objective with a numerical aperture (NA) of 0.5 (RMS20X-PF, Olympus). The sample is translated
at constant speed executed by a computer-controlled high-precision three-axis air-bearing stage
(FG1000-150-5-25-LN, Aerotech).

The first step is to fabricate straight waveguide to determine the optimal parameters by scanning
pulse energy and translation speed. In this work, they are 386 nJ and 20 mm/s. Figure 2a shows the
optical micrograph of the cross section of the fabricated straight waveguide, with a size of 4.5 × 7.1 µm.
The mode distributions of the 785 nm laser guided in the fiber and in the waveguide with two
orthogonal polarizations are shown in Figure 2b–e. The mode field diameter (MFD) of the guided mode
in the waveguide is 6.1× 6.6 µm (5.9× 6.6 µm) in H (V) polarization with an almost round-shaped mode
field. The mode in the waveguide slightly deviates from that in the fiber, which results in coupling loss
due to the mode mismatching. The measured insertion loss of the 2.5 cm straight waveguide is 2.52 dB
(2.43 dB), and the coupling loss is 0.80 dB (0.73 dB), and the Fresnel reflection loss is 0.177 dB/facet,
so the propagation loss is 0.55 dB/cm (0.54 dB/cm) for H (V) polarization, which is better than 0.7 dB/cm
in our previous work [16].
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Figure 2. Optical micrograph and mode distributions of a fabricated straight waveguide. (a) Micrograph
of the cross section of the waveguide. (b) Mode of the fiber in H polarization; (c) mode of the waveguide
in H polarization; (d) mode of the fiber in V polarization; (e) mode of the waveguide in V polarization.
The wavelength of the injected CW laser is 785 nm.

Using the same parameters, we fabricated a series of directional couplers with different interaction
lengths L at fixed interaction distance d. For the curved segments of DC, the bending radius is set as
60 mm to guarantee a low bending loss. The spacing between two input (output) ports of the DC is
127 µm to match the pitch of the fiber array. The interaction distance is set as d = 8µm to acquire a
high coupling coefficient κ but without waveguide-overlapping geometrically, according to previous
experimental results [16]. We change the interaction lengths in a wide range from 0–5.5 mm to find
the optimal parameters. As shown in Figure 3a, the fitting curves of the measured reflectivity R and
transmission T of DCs varying with interaction length L follow the curves in the forms of cos2 ϕ and
sin2 ϕ very well, respectively. Therefore, we can get the linear relation between the coupling phase ϕ
and the interaction length L: ϕ = κL + ϕ0, which is shown in Figure 3b, so that we can conveniently
estimate the L for R = 1/3 from the data for R = 1/2. To fabricate DCs with R = 1/2 and R = 1/3, we only
focus on the range of L from 0–1 mm. According to the design of the circuit in Figure 1a, we fabricated
several chips composed of one H gate and one CNOT gate with slightly different interaction lengths
L around the values of L1/2 and L1/3 to take into account possible fabrication imperfections. Finally,
we successfully find satisfactory interaction lengths for DCs with R = 1/2 and R = 1/3, which are
L1/2 = 0.450 mm and L1/3 = 0.716 mm, respectively, and the chip size is about 635 µm × 2.5 cm.

Figure 3. Experimental reflectivity and transmission of fabricated DCs. (a) Measured reflectivity R and
transmission T of the DCs with different interaction length L at fixed interaction distance d = 8 µm as
well as fitting curves for R and T. (b) Fitting for linear relation between coupling phase ϕ and interaction
length L ranging from 0–1 mm.

A classical characterization of the quantum chip is performed by injecting 808 nm CW laser beam
in V polarization into the chip to measure the output power of each port, we select out the best one
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whose results are close to the theoretical values to perform quantum characterization. In classical
characterization, we input CW laser into each input port of the chip and use the power meter to
record the ratio of the output power for each output port. The theoretical prediction of the ratio of
output power for each input case of the circuit is listed in Table 1, and the experimental classical
characterization results are shown in Table 2, where F =

∑

i
√

piqi (pi is the theoretical value, and qi is
the experimental one) represents the fidelity of each row. In view of the fabrication imperfection and
slightly asymmetric beam splitting ratio of fabricated DCs for different input ports, the experimental
results deviate a little from the theoretical values, but they are acceptable according to the calculated
fidelity of each row. Moreover, the latter quantum characterization experimental results also confirm
the high quality of this chip.

Table 1. Theoretical prediction of the ratio of output power for each output port y′(0′–5′) when laser is
injected into each input port x (0–5).

Theory 0′ 1′ 2′ 3′ 4′ 5′

0 1/3 2/3
1 1/3 1/6 1/6 1/6 1/6
2 1/3 1/6 1/6 1/6 1/6
3 1/3 0 1/3 1/3
4 1/3 1/3 0 1/3
5 1/3 1/3 1/3

Table 2. Experimental classical characterization results of the selected chip for each input case.

Experiment 0′ 1′ 2′ 3′ 4′ 5′ F

0 0.350 0.650 0.999
1 0.352 0.181 0.159 0.156 0.153 0.999
2 0.355 0.180 0.155 0.155 0.155 0.999
3 0.297 0.030 0.318 0.355 0.984
4 0.301 0.306 0.028 0.365 0.985
5 0.348 0.375 0.277 0.998

For the quantum characterization of the selected chip, we inject the time-correlated photon pairs
into the chip and measure the coincidence counts of output photons. The experimental setup of the
quantum characterization system is shown in Figure 4. The 808 nm dual photon pairs were generated
by pumping a 0.5 mm thick beta-barium borate (BBO) crystal using 140 mW, 404 nm CW laser (ECL801,
Uni Quanta) through Type-I spontaneous parametric down-conversion (SPDC) process. The photon
pairs are divided into two parts and deflected by small prisms. After passing through long pass
filter (LPF), half-wave plate (HWP), interference filter (IF), photons are collected by coupling lens into
single mode fibers (SMFs). The LPF from 650 nm is used to remove the scattering 404 nm pump light,
and the IF with 3 nm bandwidth is used to ensure good spectral indistinguishability. The HWP and
the fiber polarization controller (PC) can control the polarization state of photon in fiber to maintain V
polarization. One way is inserted into a delay line to control the relative arrival time of two photons to
ensure the temporal indistinguishability. The photons are injected into the chip through 4-channel
input fiber array (FA) with the same 127 µm spacing and then collected from the chip to the output
fiber array. After that, the output photons are detected by single photon counting modules (SPCMs)
(Excelitas, SPCM-800-14-FC) and conveyed to the Time to Digital Converter (TDC) (ID800, IDQ) to
conduct the coincidence counting of the output photon pairs.
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Figure 4. Experimental setup for quantum characterization. Through Type-I spontaneous parametric
down-conversion (SPDC) process, 808 nm photon pairs are generated by pumping the BBO crystal
using 140 mW, 404 nm CW diode laser. Long pass filter (LPF) from 650 nm and interference filter
(IF) at 808 nm with 3 nm bandwidth are used to ensure spectral indistinguishability. Half-wave
plate (HWP) and polarization controller (PC) are used to control the polarization state of photons in
fiber. A delay line is inserted into one way to control the relative arrival time of photons to ensure
temporal indistinguishability. Photons are injected into waveguides in the chip through fiber array
and then collected at the output by another fiber array. Single photon counting modules (SPCMs)
and the Time to Digital Converter (TDC) are used to conduct coincidence counting of different
output-photon combinations.

By scanning the relative delay between two input photons, we can get coincidence counting
curves for four kinds of output-photon combinations after post-selection. As shown in Figure 5a,
when the input-photon combination is (1,3), the interference curve of output-photon combination
(2′,4′) shows a HOM dip at interference point, where the relative delay is zero and the corresponding
coincidence counts reduce to zero. Its HOM interference visibility is about 98.5 ± 1.2% with accidental
coincidence counts subtracted. However, the interference curves of output-photon combinations (2′,3′)
and (1′,4′) slightly change, and their coincidence counts at interference point get close to each other.
In their interference curves, the occurrence of small dip or peak is due to the deviation of reflectivity
for DCs and difference of internal phase between two arms of the MZ interferometer in the fabricated
photonic circuit. The coincidence counts of the remaining output-photon combination (1′,3′) are close
to zero. This represents that the post-selected output-photon state is a path-encoded entangled state:

|00〉ct ⇔ |13〉ct →
1
√

2

(∣

∣

∣1′4′
〉

c′t′
+ eiφ

∣

∣

∣2′3′
〉

c′t′

)

⇔ 1
√

2

(

|00〉c′t′ + eiφ|11〉c′t′
)

. (2)

According to the theoretical prediction, the phase factor φ should be π, but we cannot determine
its value directly in the chip. To completely analyze the output-photon state by acquiring the value
of φ, we need to place more elements such as DCs and phase shifters behind the logic gates on the
current chip [3], which need to lengthen the chip and fabricate the electrode or convert the encoding
information of path to polarization outside the chip [35,44–46], which needs more optical elements
and equipment. In Reference [1], the authors cannot determine the value of φ, but the demonstration
of excellent logical basis operation of the CNOT gate and coherent quantum operation gives them
great confidence. Similarly, as shown in Figure 5b–d, when the input-photon combinations are (1,4),
(2,3), and (2,4), the visibilities of each interference curve for output-photon combinations (2′,3′), (2′,4′),
and (2′,3′) are 97.8 ± 1.8%, 98.2 ± 1.8%, and 99.5 ± 0.5% with accidental coincidence counts subtracted,
respectively. We can get three more path-encoded entangled state:
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|01〉ct ⇔ |14〉ct →
1
√

2

(∣

∣

∣1′3′
〉

c′t′
+ eiφ′

∣

∣

∣2′4′
〉

c′t′

)

⇔ 1
√

2

(

|01〉c′t′ + eiφ′ |10〉c′t′
)

,

|10〉ct ⇔ |23〉ct →
1
√

2

(∣

∣

∣1′4′
〉

c′t′
+ eiφ′′

∣

∣

∣2′3′
〉

c′t′

)

⇔ 1
√

2

(

|00〉c′t′ + eiφ′′ |11〉c′t′
)

,

|11〉ct ⇔ |24〉ct →
1
√

2

(∣

∣

∣1′3′
〉

c′t′
+ eiφ′′′

∣

∣

∣2′4′
〉

c′t′

)

⇔ 1
√

2

(

|01〉c′t′ + eiφ′′′ |10〉c′t′
)

.

(3)

– – –

– – – – – –

– – ––

Figure 5. Coincidence counts in 30 s of post-selected output-photon combinations x′y′ denoted as
Cx′y′ for different input-photon combinations xy denoted as x.y. INPUT as a function of the relative
delay of photons input in x and y ports: (a) input (1,3); (b) input (1,4); (c) input (2,3); (d) input (2,4).
From the interference curve with a deep dip, the HOM interference visibilities are (a) 98.5 ± 1.2%,
(b) 97.8 ± 1.8%, (c) 98.2 ± 1.8%, (d) 99.5 ± 0.5%, respectively.

In theory, these phase factors should be φ′ = 0, φ′′ = 0 and φ′′′ = π, but these phases cannot be
confirmed directly either. In the future, we will make efforts to improve our experimental methods to
conduct a complete characterization of the generated entangled states. In addition to the interference
curves for different input-output combinations, we also need to reconstruct the truth table to determine
the fidelity of this chip.

Compared with our previous work of path encoded CNOT gate [16], the success of this work
depends not only on the high interference visibility but also on the equal probability distribution of
two terms in the entangled state (Equations (2) and (3)), which requires tougher fabrication. For each
input-photon combination, we normalize the coincidence counts for each output-photon combination
with accidental counts subtracted to calculate their corresponding probability. As shown in Figure 6,
the probabilities of each computational-basis output for each computational-basis input are represented
by the height of the filled pink bars, and the height of empty bars stands for the theoretical value.
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The reconstructed truth table of the chip coincides very well with the theoretical one and the average
fidelity of the fabricated chip is as high as 98.8 ± 0.3%, which is also higher than 91.2 ± 0.2% in
reference [1].

Figure 6. Reconstructed truth table of combined chip composed of one H gate and one CNOT gate.
The labels on the Input axis represent

∣

∣

∣CqTq

〉

, and the labels on the Output axis represent
∣

∣

∣C′qT′q
〉

.
P represents the probability for each input-output combination. The empty bars stand for the theoretical
values, and the filled pink bars represent the experimental data. The average fidelity is as high as
98.8 ± 0.3%.

4. Discussion

The experimental results demonstrate that we can fabricate a photonic quantum chip constructed
by cascading one H gate and one CNOT gate with high fidelity by FLDW technique. The H gate aims
to prepare a superposition state of |0〉 and |1〉, and the post-selected CNOT gate generates a canonical
two-qubit entangling gate. Therefore, this chip can generate all four path-encoded Bell entangled
states. According to the classical characterization results, the performance of the fabricated chip can
still be improved by more precisely controlled interaction lengths and a more stable micromachining
system, but the improvement of fidelity is limited. The fabrication and measurement of this chip are
more difficult than those of the CNOT gate, because the output probabilities of the two terms in the
entangled state should be as equal as possible, which means that we need to make more efforts to
control the fabrication details, adjust the alignment and coupling between fiber arrays and the chip,
maintain the polarization of input photons and monitor the real-time detection process. Eventually,
we successfully fabricated such a chip with a high fidelity of 98.8 ± 0.3%. This work is a demonstration
of the cascading of one H gate and one CNOT gate. Furthermore, we can construct a quantum circuit to
cascade and parallel several logic gates to generate more complex entangled states, such as GHZ state,
but it requires more photons with quantum correlation [47,48], which is more difficult in measurement
than in fabrication.

5. Conclusions

We realize the femtosecond laser direct writing of an integrated photonic quantum chip composed
of one H gate and one CNOT gate for generating all four path-encoded Bell entangled states. For both
classical and quantum characterization, the chip achieves great performance. The HOM interference

84



Micromachines 2020, 11, 1111

visibilities of each input-output combination are all higher than 97.8 ± 1.8%, and the average fidelity of
the reconstructed truth table is about 98.8 ± 0.3%, which suggest the high-quality of the fabricated chip.
This basic quantum circuit is an important element and can be applied in many quantum computation
algorithms, such as quantum Prime Factorization, quantum Grover Search and quantum Fourier
Transform. Bell state is also an important entangled photon source, which is widely used in quantum
communication and quantum computation. This work presents the capability of FLDW technique to
fabricate more complex and functional photonic quantum computation chips.
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Abstract: The research arose as a result of the need to use the femtosecond laser to fabricate sub-micron
and nano-sized bridges that could be analyzed for the Josephson effect. The femtosecond laser has
a low pulse duration of 130 femtoseconds. Hence in an optical setup it was assumed that it could
prevent the thermal degradation of the superconductive material during fabrication. In this paper a
series of micron and sub-micron sized bridges where fabricated on superconductive yttrium barium
copper oxide (YBCO) thin film using the femtosecond laser, a spherical convex lens of focal length
30 mm and the G-code control programming language applied to a translation stage. The dimensions
of the bridges fabricated where analyzed using the atomic force microscope (AFM). As a result,
micron sized superconductive bridges of width 1.68 µm, 1.39 µm, 1.23 µm and sub-micron sized
bridges of width 858 nm, 732 nm where fabricated. The length of this bridges ranged from 9.6 µm
to 12.8 µm. The femtosecond laser technique and the spherical convex lens can be used to fabricate
bridges in the sub-micron dimension.

Keywords: atomic force microscope; laser ablation diameter; separation distance (SW);
sub-micron bridges; YBCO thin film

1. Introduction

The main aim of this work was to fabricate sub-micron and nano sized bridges using the 775 nm
wavelength femtosecond laser as it is used for ablative purposes in [1–4] on superconductive yttrium
barium copper oxide (YBCO) thin film [5–8]. The resulting bridges could then be tested for the
presence of the Josephson effect and used as Josephson junctions. In [9–13], several characteristics
and applications of Josephson junctions are given in detail. The smaller the size of the bridges that
are fabricated the more likely they are to show the Josephson effect. If proven to show the Josephson
effect, they can then be used in applications such as superconducting quantum interference device
(SQUID) as in [14] where they are used to detect the presence of magnetic moments. This papers focus
is, however, restricted to several superconductive bridges fabricated in the achievable micron and
sub-micron scale and their dimensional analysis using the atomic force microscope (AFM).

A series of bridges where fabricated using optical equipment such as reflective mirrors,
iris diaphragm, spherical convex lens and optical techniques such as beam collimation and focusing to
reduce the laser ablation diameter. Optimization techniques were used to reduce the laser ablation
diameter by lowering the pulse energy of the laser [15] and to reduce the width of the bridge by
reducing the distance between the laser ablation spots (Sw). In [15] several factors are discussed that
can be used to control the minimum structure size of materials when machining with the femtosecond
laser. G-code (RS-274) computer numerical control (CNC) programming language was used to enable
the movement of the translation stage that holds the thin film sample. In the meantime, the laser was
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held in a stationary position while ablating the sample. In order to measure the dimensions of the
bridges after fabrication the AFM [16–20] was utilized for imaging the sample. In [16–20], the AFM is
utilized to scan and analyze, cells, molecules, superconductors, semiconductors and nanomaterials as
examples to using the AFM. The AFM scans where done with type DT-NCHR diamond cantilever tips
in tapping mode.

The main hypothesis in the research was the assumption that the low pulse duration (130 fs) of the
femtosecond laser could reduce the thermal degradation of the superconductive YBCO thin film during
ablation. This is required in the fabrication of Josephson junctions. However, a null hypothesis was
achieved. Experiments showed that the pulse duration of the laser on the superconductive YBCO thin
film during fabrication is actually a combined average of the feed rate of the translation stage which
was set at 20 mm/min or 333 µms−1, the frequency of the laser or pulse repetition rate in this case 1 kHz
and the pulse duration of the laser which is 130 femtoseconds. As a result, the time spent by the laser
on the YBCO sample during ablation is in fact much longer than femtoseconds. Hence some thermal
degradation occurs. The main objective of the research was to use the femtosecond laser technique to
fabricate micron, sub-micron and nano sized superconductive bridges on YBCO thin film that could
be tested and used as Josephson junctions. The novelty of the research stems from the fact that the
femtosecond laser has never been used previously to fabricate superconductive bridges on YBCO thin
film that could be used as Josephson junctions. As a result, the effect of using the femtosecond laser for
this purpose had not been previously analyzed.

2. Materials and Methods

The YBCO thin films utilized for the experiment were procured from ceraco ceramic GmbH
company. The thin films had the following specifications: 9 by 9 mm YBCO film, single sided 200 nm
thickness, one side polished. The YBCO thin films came on either an LaAlO3 substrate or an MgO
substrate. The thin films where the S-type smooth matrix useful for the manufacture of SQUIDS and
were placed on a substrate of 10 by 10 by 0.5 mm dimension. The critical temperature of the YBCO
thin film used was TC = 87 K.

The laser beam was focused unto the YBCO sample to machine the bridges by using a spherical
convex lens of 30 mm focal length. The femtosecond laser power ranged from (0–1000) mW. The laser
was set at 2.1 mW in order to cut just slightly above the ablation threshold of the YBCO thin film and
hence make the laser ablation diameter as small as possible. This optimization technique facilitates the
fabrication of smaller bridges. The laser power setting of 2.1 mW in combination with the spherical
convex lens of focal length 30 mm produced a laser ablation diameter of 15.8 µm.

Figure 1 shows the block diagram of the optical set up used to optimize the laser ablation spot
size and to fabricate the bridges with the femtosecond laser. The set up consists of the laser source,
the beam collimation set up, reflective mirrors, iris (manually adjustable aperture) and the spherical
convex lens of 30 mm focal length.

 

μms

9 by 9 LaAlO MgO10 by 10 by 0.5T = 87 K

μ

 

Figure 1. Block diagram of the overall laser optical experimental set up used to machine the bridges [21].

90



Micromachines 2020, 11, 1088

The function of the iris diaphragm is to remove unwanted sections of the laser in the outer
periphery of the laser beam after the beam collimation process. The iris helps remove the poorly shaped
sections of the laser beam produced by spherical aberration. This means only the central core of the
laser beam would pass through to the focusing optics. The laser beam diameter from the laser source
was 9.85 mm. The iris diaphragm could be adjusted from (0 –10,000) µm. The iris was set to a diameter
of 2500 µm, thus reducing the laser beam diameter from 9.85 to 2.5 mm. The laser beam is then passed
through the focusing optics and a laser ablation diameter of 15.8 µm is produced. During fabrication
the YBCO sample is placed on a translation stage whose movement is programmed using G-code.
The laser was kept stationary while the translation stage moved during the fabrication of the bridges.

The width of the bridges after fabrication is defined by the formula in Equation (1) [21]:

width o f bridge = SW − laser ablation diameter (1)

where SW is the distance between the laser ablation spots along the length of the square sample.
The length of the bridges is defined by the formula in Equation (2):

Length o f bridge = |SL − Laser ablation diameter| (2)

where SL is the distance between the laser ablation spots along the width of the square sample.
By bringing the laser ablation spots closer along the length of the sample the width of the bridge

can be controlled. Similarly, by moving the laser ablation spots along the width of the sample you
can control the length of the bridge fabricated. Initially the ablation strips are etched on the sample.
The function of the ablation strips is to separate one bridge from another electronically. The ablation
strip lines are fabricated by moving the laser vertically along the length of the YBCO square film.
When the ablation strips are completed, they will have a width of 0.5 mm. The laser is moved vertically
down the length of the YBCO thin film according to a specific factor. Horizontally into the sample,
out of the sample and then vertically down by a factor. Across the width of the YBCO thin film,
up along the length determined by a factor, again horizontally into the sample, back out and then back
to the top along the length determined by a specific factor. This movement fabricates a bridge that is
S-shaped and whose images are shown in the result section.

3. Results

Table 1 summarizes the bridges fabricated, the distance between the laser ablation diameters
SW set in the program, the laser ablation diameter and the width of the bridge that was machined.
During the fabrication of all these bridges a conventional spherical convex lens of focal length 30 mm
was used as the focusing optics.

Table 1. Summary of bridges fabricated and their dimensions.

Number
Name of
Bridge

Separation Distance between
Laser Ablation Spots (Sw)

Laser Ablation
Diameter

Width of
Bridge Formed

1 Micro-A 18 µm 15.8 µm 1.68 µm
2 Micro-B 17.5 µm 15.8 µm 1.39 µm
3 Micro-C 16.5 µm 15.8 µm 1.23 µm
4 SubMicro-D 16.5 µm 15.8 µm 858 nm
5 SubMicro-E 16 µm 15.8 µm 732 nm

3.1. AFM Analysis of Micro-A

When fabricating the bridge Micro-A, the distance between the laser ablation spots (SW) along
the length of the square sample was set at 18 µm. This setting determines the width of the bridge.
The distance between the laser ablation spots (SL) along the width of the square sample was set at
approximately 5 µm. This setting determines the length of the bridge. The laser ablation diameter
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using the 30 mm focal length convex lens was 15.8 µm. As a result, a bridge of width 1.68 µm and
length 12.79 µm was achieved as can be seen in the panel Figure 2. We focus on a very small scan area
on the sample that is 20.5 by 20.5 µm.

 

 μmμm

1.68 μm
𝑆μm 𝑆μmμm 1.39 μm 12.26 μm20.5 by 20.5 μm𝑆

μmμm

Figure 2. (a) topography line fit shows the width of the bridge at 1.68 µm and (b) topography line fit
shows the length of the bridge at 12.79 µm.

The measurements are taken using the AFM as the cantilever tip scans transversely at 90 degrees
to the laser ablation spot. By using the topography line fit shown in panel Figure 2a the width of the
bridge is presented as an amplitude above the zero axis. The width of the amplitude shown in between
the black arrows in the figure is 1.68 µm.

3.2. AFM Analysis of Micro-B

In the bridge Micro-B, the distance between the laser ablation spots (SW) along the length of the
square sample was set at 17.5 µm. The distance between the laser ablation spots (SL) along the width
of the sample was set at 5 µm, just as for Micro-A. The laser ablation diameter remained the same
as 15.8 µm. A bridge of width 1.39 µm and length 12.26 µm was fabricated as can be seen in panel
Figure 3. Again, the scan area was set at 20.5 by 20.5 µm. Therefore, by reducing the distance between
the laser ablation spots (SW) and keeping the laser ablation diameter constant one can produce a bridge
of smaller width as per Equation (1).

The measurements were taken with an AFM. In the topography line fit in panel Figure 3a the
width of the bridge is presented as an amplitude above the zero axis. The width of the amplitude in
between the black arrows in the figure is 1.39 µm.

3.3. AFM Analysis of Micro-C

In the bridge Micro-C, the distance between the laser ablation spots (SW) along the length of the
square sample was set at 16.5 µm. The distance between the laser ablation spots (SL) along the width
of the sample was set at 5 µm, just as for Micro-A. The laser ablation diameter remained the same as
15.8 µm. Using the theory of Equation (1), a bridge of width 700 nm, is expected however, a bridge of
width 1.23 µm is achieved as can be seen in Figure 4.
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μmμm

1.68 μm
𝑆μm 𝑆μmμm 1.39 μm 12.26 μm20.5 by 20.5 μm𝑆

 μmμmFigure 3. (a) topography line fit shows the width of the bridge at 1.39 µm and (b) topography line fit
shows the length of the bridge at 12.26 µm.

 

1.39 μm
𝑆μm 𝑆μmμm 700 nm, 1.23 μm

 μm 16.7  by 16.7 μm
𝑆μm 𝑆μm 858 nm9.66 μm

Figure 4. Topography line fit shows the width of the bridge at 1.23 µm.

In order to determine the exact width of this bridge the scan area was reduced to 16.7 by 16.7 µm.
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3.4. AFM Analysis of SubMicro-D

For the bridge SubMicro-D, the distance between the laser ablation spots (SW) along the length of
the square sample was set at 16.5 µm. The distance between the laser ablation spots (SL) along the
width of the sample was set at 5 µm, just as for Micro-A. As a result, a bridge of width 858 nm and
length 9.66 µm was fabricated as can be seen in the panel Figure 5.

 

 858 nmμm
14.6  by 14.6 μm

𝑆μm 𝑆μm 732 nm18.8  by 18.8 μm
775 nm

732 nm

Figure 5. (a) topography line fit shows the width of the bridge at 858 nm and (b) topography line fit
shows the length of the bridge at 9.66 µm.

In order to establish the dimensions of the bridge SubMicro-D the scan area was reduced to
14.6 by 14.6 µm.

3.5. AFM Analysis of SubMicro-E

In the design of the bridge SubMicro-E, the distance between the laser ablation spots (SW) along
the length of the square sample was set at 16 µm. The distance between the laser ablation spots (SL)
along the width of the sample was set at 5 µm, just as for Micro-A. A bridge of width 732 nm was
achieved as can be seen in Figure 6. The scan area was set at 18.8 by 18.8 µm. The figure shows that
if we machine any narrower the bridge can collapse. The reason is because we are approaching the
diffraction limit of fabricating small structures with the femtosecond laser, which has a wavelength of
775 nm. In addition, in Figure 6 it can be seen that there is some thermal degradation on the YBCO
thin film. This is shown by the different phases of ablation close to the bridge. There is a dark phase
where there is more heating closer to the bridge and a lighter phase where there is less heating away
from the bridge in the diameter of the laser ablation spot.
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858 nmμm
14.6  by 14.6 μm

𝑆μm 𝑆μm 732 nm18.8  by 18.8 μm
775 nm

 732 nmFigure 6. Topography line fit shows the width of the bridge at 732 nm.

4. Current-Voltage Characteristics (IVC’s) of the Bridges

The I-V characteristic curves for the superconductive bridges Micro-A and Micro-B can be seen in
Figure 7. Micro-A has a critical current IC of 5.2 mA at temperature of 77 K and Micro-B has a critical
current IC of 4.2 mA at a temperature of 77 K. The critical current IC for the superconductive bridge
Micro-A slightly exceeds that of Micro-B. This can be explained by the fact that Micro-A is wider and
longer than Micro-B, hence it is able to pass more current than Micro-B. Furthermore, from the AFM
scans of Micro-A and Micro-B the geometrical boundaries of Micro-A are slightly better defined than
that of Micro-B. This would mean that the superconductive phase of Micro-A is less damaged by the
femtosecond laser during fabrication, hence produces more superconductive current at a temperature
of 77 K. Critical currents IC in the mA range are standard values of current at this temperature for this
bridge dimensions.

 

𝐼𝐼  𝐼

𝐼

 

−

Figure 7. (a) I-V curve for Micro-A bridge and (b) I-V curve for Micro-B bridge.
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5. Discussion

At the beginning of the research a hypothesis was made, that by using the femtosecond laser to
machine the superconductive bridges thermal degradation of the superconductive sample could be
reduced, since the femtosecond laser has a low pulse duration of 130 femtoseconds. However, a null
hypothesis was achieved because the average time the laser spends on the sample depends not only on
the pulse duration of the laser (130 fs), but also on the frequency of the laser (1 kHz) and the translation
stage feed-rate (20 mm/min). Thermal degradation of the sample is represented by the dark phases
in Figure 6 close to the bridge where there is more heating from the laser. Further away from the
bridge there is a light phase indicative of less heating from laser and less thermal damage. When the
YBCO thin film is less damaged by the heat from the laser it maintains a light phase seen on the AFM
scans. The effect of the thermal degradation on the YBCO thin film is that the material changes from a
superconductive phase to a non-superconductive phase that is either a resistor or an electronically
open material. In the non-superconductive phase, it is impossible to produce a Josephson junction
which was the original objective of the research. All the bridges fabricated in this research have an
intact superconductive phase and could possibly be used as Josephson junctions. This is indicated
in the I-V curve characteristics. The femtosecond laser technique was used instead of micro-milling
techniques since micro-milling techniques require contact and use friction which produces heat and
requires work to be done at temperatures that do not exceed 35 ◦C. Such temperatures would easily
damage the superconductive YBCO material which is sensitive to high temperatures and can operate
at a temperature that does not exceed 87 K (−186 ◦C). Moreover, the superconductive YBCO material
requires non-contact techniques during fabrication while micro-milling is a contact method. Finally,
the micro-milling technique generally can fabricate only micron sized dimensions while sub-micron and
nano-scales are necessary to see the Josephson effect. The femtosecond laser technique is non-contact,
can fabricate very small structures and generally has a very low-pulse duration on average that can
evade heating of the sample.

6. Conclusions

In conclusion three micron-sized bridges; Micron-A, Micron-B, Micron-C and two sub-micron
sized bridges; SubMicron-D and SubMicron-E were fabricated on superconductive YBCO thin film
for possible use as a Josephson junction. These bridges were analyzed for their dimensions with the
aid of the AFM. In the end it was discovered that the smaller the distance between the laser ablation
spots SW along the length of the square sample, the smaller the width of the bridge that is fabricated.
This is the case if the laser ablation diameter is kept constant. There is however a limitation on the
smallest width of the bridge that can be fabricated which will depend on the wavelength of the laser.
Furthermore, a certain amount of thermal degradation occurs on the YBCO bridge even when using
the femtosecond laser with a low pulse duration.
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Abstract: Micromodels are ideal candidates for microfluidic transport investigations, and they have
been used for many applications, including oil recovery and carbon dioxide storage. Conventional
fabrication methods (e.g., photolithography and chemical etching) are beset with many issues, such as
multiple wet processing steps and isotropic etching profiles, making them unsuitable to fabricate
complex, multi-depth features. Here, we report a simpler approach, femtosecond laser material
processing (FLMP), to fabricate a 3D reservoir micromodel featuring 4 different depths—35, 70, 140,
and 280µm, over a large surface area (20 mm× 15 mm) in a borosilicate glass substrate. The dependence
of etch depth on major processing parameters of FLMP, i.e., average laser fluence (LFav), and computer
numerically controlled (CNC) processing speed (PSCNC), was studied. A linear etch depth dependence
on LFav was determined while a three-phase exponential decay dependence was obtained for PSCNC.
The accuracy of the method was investigated by using the etch depth dependence on PSCNC relation
as a model to predict input parameters required to machine the micromodel. This study shows the
capability and robustness of FLMP to machine 3D multi-depth features that will be essential for the
development, control, and fabrication of complex microfluidic geometries.

Keywords: micromodels; porous media; 3D multi-depth channels; laser machining; femtosecond
laser micromachining; femtosecond laser material processing; micro/nanotechnology fabrication

1. Introduction

The use of micromodels, also known as porous media, for microfluidic transport investigations
has been extensively studied in the literature for many applications, such as oil recovery [1–5]
and carbon dioxide storage [6–11] processes. For example, silicon and glass-based micromodels
have been used to study pore-scales to understand oil-water-solid interactions, multiphase flow,
and the dynamics of microemulsions in enhanced oil recovery processes [4,5,11,12]. This is due
to the ability to fabricate micromodels to mimic the three dimensional, multiple depths naturally
occurring in porous media (such as oil-bearing rock formations), and the ease to integrate them with
optical instruments for real time and in-situ observation of complex flow behaviour [13]. Naturally
occurring porous media consist of complex 3D (multiple depth) networks of pores and throats that
makes them challenging to study with 2D (uniform depth) micromodels, as the physics of the third
dimension, which are critical for understanding flow in porous media, cannot be captured. For example,
oil and bubble break-up in multiphase flow is largely dependent on capillary snap-off, a mechanism
known to occur when sizes of throats are smaller than pore bodies in the two dimensions that are
perpendicular to the flow direction, making it difficult for multiphase flow investigations using 2D
micromodels [14–17]. Therefore, 3D micromodels are essential for studying transport in porous media,
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including emulsion flow, two phase displacement, three-phase flow, foam flow, etc., that has high
dependence on capillary effects.

The most widely used non-additive manufacturing and conventional method to fabricate 3D
micromodels is photolithography, which involves the transfer of a predesigned pattern from a mask
to a substrate material, typically glass, followed by a wet chemical etch to define the features in the
glass [17]. The process involves several wet processing steps, the need for photomasks, and complicated
multi step processes requiring many items of fabrication equipment. Also, the approach suffers from
mask undercut due to isotropic etching of substrate by the etchant (typically hydrofluoric acid, HF,
for glass) that negatively impacts the ability to control etch feature sizes and resolution, making it
difficult to fabricate 3D features with multiple depths in the same substrate [17,18]. Recent progress
in wet photolithography includes the work of Xu et al., who fabricated a two-depth 3D micromodel
in the same glass substrate by varying the depth difference between the pore body and throat [16].
Also, Yun et al. used a similar approach to achieve two depths in silicon by repeating the etch process
twice [19]. These are time consuming processes, requiring multiple masks, and provide little to no
control on lateral separation between etched features. The fabrication of micromodels using dry
etching photolithographic methods, where the photoresist or masking material is exposed to a plasma
of reactive gasses such as Cl2, O2, and BCl3, to remove the unprotected substrate material, has been
reported [17,20–22]. In comparison to wet etching, dry etching methods, such as reactive ion etching
(RIE), allows for control on the etch direction that results in vertical channel sidewalls; however,
RIE requires sophisticated facilities [17] and is also limited to the fabrication of 2D channels (i.e.,
a single uniform depth throughout) [21,22]. On the other hand, additive manufacturing methods, e.g.,
stereolithography or 3D printing, can be used to make 3D micromodels from many materials, including
resins, polymers, and hydrogels; however, they are limited to larger than micron sized features due
to the spatial requirements for solidification of the liquid materials and are typically not optically
transparent [17,23–25].

Femtosecond (fs) laser material processing (FLMP) is a simpler approach that has been used to
date to machine 2D microchannel features into optically transparent materials such as borosilicate
glass [26]. Others have used FLMP together with wet etch processes to produce 2D structures in
photosensitive glass substrates [27]. Here in this study, we showed the capability of using FLMP with
no additional wet etch methods to fabricate 3D microstructures consisting of 4 different depths in the
same borosilicate glass substrate for use as a reservoir micromodel. Details of the FLMP method and
its advantages over widely used conventional micro/nanotechnology (MNT) fabrication approaches
are given in the next section.

Femtosecond Laser Material Processing (FLMP)

FLMP technique allows the development, control, and fabrication of MNT systems such as
microfluidic and lab-on-a-chip devices that are not easily accomplished with traditional methods,
such as photolithography [28–30]. Unlike conventional MNT fabrication, in FLMP, there is no need for
photomasks or multiple coating and chemical etching procedures [28]. FLMP involves a computer
numerically controlled (CNC) motion that can machine complex patterns through cycles of focused
laser beam passes with high precision. Applications of FLMP includes the fabrication of microfluidic
devices such as micro- [31,32], hydro-dynamic fluid pumps [29,33], and dielectrophoretic assays [30,34].
Also, FLMP has allowed internal machining of quartz to create waveguides [35–37] in optical systems,
and the fabrication of complex X-ray masks in thin sheets of tungsten, a material that is not suited for
chemical based etch methods due to its non-uniform structure that leads to uneven etch profiles [38].

When a femtosecond (fs) laser pulse incidents on a material, photon absorption occurs on
a timescale (~10−14–10−13 s) that is shorter than the electron-phonon coupling relaxation process
(~10−12–10−11 s), delivering energy to the electrons while leaving the ions and the lattice “cold”.
This ensures that within the duration of the fs pulse, there is little to no thermal energy transfer to
the lattice which decouples the optical absorption processes from lattice thermalization processes.
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The energy absorbed by the electrons causes excitation which breaks the bonds formed by these
electrons with minimal heating of the material substrate [39]. In comparison to long laser pulses
(e.g., nanosecond) [40–42], fs laser pulses produce high peak electric fields (~1012 V/m) which are
approximately 3 orders of magnitude greater than the electric field (109 V/m) that binds electrons to
atoms [39,43]. This make fs laser processing versatile to process a wide variety of materials including
optically opaque and transparent materials, such as metals, glass, and silicon wafers. The high
peak electric field allows non-linear optical absorption processes, such as multiphoton absorption
and tunneling ionization [44], within the material substrate when the laser beam is tightly focused,
resulting in bond breakage and the ablation of material from the exposed surface. The wavelength of
most fs lasers used for FLMP of wide bandgap materials (e.g., semiconductors and glass) is typically
> 750 nm (1.65 eV), making the process nearly wavelength independent as the bandgap of these
materials are mostly higher (~>2 eV) than the photon energy [45]. When the energy of an incident
photon is larger than the bandgap of the material substrate, absorption occurs, and electrons are
excited to the conduction band. On the contrary, optical absorption by electrons does not occur
when the photon energy is smaller than the bandgap. However, when light with large peak electric
fields, such as those generated by fs laser beams, are focused to produce an extremely high density of
photons, electron absorption is possible through multiple photon absorption at several virtual states.
This multiphoton absorption process allows electron excitation into the conduction band. For ablation
to occur, the density of free electrons in the conduction band should reach a critical density that is
achieved beyond a threshold laser fluence (optical breakdown) which is material dependent [46].

The FLMP technique is ideally suited to micro-structuring, as the ultra-short pulse width of
the fs laser is shorter than the thermal diffusion times of most materials, including metals, ceramics,
and glass [47–49]. In FLMP, the formation of a heat affected zone (HAZ), when a large portion of a
laser pulse’s energy is transformed to heat around the irradiated area and causes material damage,
is significantly suppressed. Thus, with FLMP, there is little or no HAZ around the exposed site, resulting
in less damage to the substrate material than conventional CO2, nanosecond, and long pulse lasers.
This allows for fine control of feature sizes not possible with CO2 and long pulse lasers, enabling the
fabrication of high-precision and high-quality MNT devices [28,39,44,50,51]. Also, an additional feature
of the FLMP technique is the ability to easily make changes to a design by modifying the machining
pattern on a computer, i.e., editing a CAD file. This significantly reduces the cost of prototyping by
removing the need for multiple high-resolution photomasks and allows for a fast-iterative design cycle.

Recent investigations in FLMP have included efforts on how to effectively control the processing
parameters, such as CNC speed, fluence (energy density), focused laser beam size, wavelength,
and repetition rate [47,52–57]. These processing parameters have a significant effect on the properties
of the resultant material etch parameters, such as etch profile (including cleanliness of the cut-edge),
depth, feature size resolution, and surface roughness. Kam et al. used FLMP to machine multi-depth
microchannel networks onto a silicon substrate for use as a gas exchanger [52]. It was found that
the processing speed had a significant effect on the surface quality and the processing time. Hayden
studied a simple 3D computer simulation tool to help predict some of the resultant etch parameters
of FLMP on sodalime glass, borosilicate glass, and silicon substrates [47]. These investigations are
important to harness any latent potential of the FLMP technique. Here, a study on the effect of average
laser fluence (LFav), and CNC processing speed (PSCNC) to determine their relationship with the
resultant etch depth in a borosilicate glass substrate is presented. The obtained relations were then
used as models to guide the fabrication of 3D multi-depth features into a borosilicate glass substrate
with 4 different depths for use as a reservoir micromodel.

2. Materials and Methods

A detailed description of the FLMP workstation setup used for this study has previously been
reported [28,47]. However, for convenience and minor changes in the optical path, a brief description
is given here. A schematic representation of the FLMP workstation is shown in Figure 1. It consists of
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a Ti:Sapphire Regenerative Amplifier Laser System (Spectra-Physics, Spitfire Pro, USA) that produces
800 nm infra-red (IR) radiation with 100 femtosecond (fs) pulse duration. The maximum output laser
power arriving at the working piece substrate was 2.5 W when measured with a power meter (Ophir
Meter) at a repetition rate of 1 kHz. The wavelength was tunable from 780–820 nm, while the repetition
rate could be varied from 0.1–1 kHz. A summary of the input processing parameters used in this study
are given in Table 1. The laser system was synchronized to a CNC stage (Aerotech, Inc., Pittsburgh, PA,
USA) that allows XYZθ motions. Precise motion control, positioning, and machining were possible
over a large area of 150 mm × 150 mm.
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Figure 1. Schematic illustration of the femtosecond laser material processing (FLMP) setup. The path
of the laser beam is fixed while the CNC stage allows XYZθ motions.

Table 1. Processing parameters used for FLMP of borosilicate glass substrate.

Processing Parameters Value Unit

Pulse width (τ) 100 fs
Wavelength (λ) 800 nm
Repetition rate 1 kHz
Beam diameter 12.3 µm

Pitch (center-to-center) of beam 5 µm
CNC speed (PSCNC) 0.025–10 mm/s

Average laser fluence (LFav) 14.31–1388.62 J/cm2

Resultant etch depth 3.5–223.8 µm

The pattern to be machined was first designed using CAD/CAM software (Alphacam 2019 R1)
and converted to a G-code text file, which was uploaded onto a computer that controls the motion
stages. The path of the CNC motion stage enables the laser beam, when on, to create the desired
pattern in the substrate located on the workpiece. This allows programmable, accurate, and repeatable
motions for patterning complex MNT features. The laser beam path, which is fixed, was directed
through a set of optical components, including safety interlock, attenuator, opto-mechanical shutter
assembly, mirrors, and a focusing lens (housed in a focus rig) onto the CNC motion stage. The vertical
Z axis motion allows the laser beam to be focused on different thicknesses of material substrates with
the aid of an alignment camera and light mounted above the focus rig. The borosilicate glass substrate
was held in place on the CNC stage by a vacuum suction source. Material properties of the borosilicate
glass (McMaster-Carr®, Part # B84760365) were; density: 2440 kg/m3, hardness: Knoop 418 KHN100,
refractive index: 1.47, and the two largest components by % composition were SO2: 70–87% and BO3:
1–20%.

The attenuator was used to control the amount of laser energy arriving at the material substrate.
During FLMP, the laser beam was always on, and therefore, the shutter assembly was needed to
block off the beam when no machining was required, especially when the CNC stage was moving
to a new location to machine a new feature on the substrate. The overhead camera and light were
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used for alignment purposes. An exhaust was mounted near the laser beam-substrate surface to
remove machined debris during all FLMP experiments. To investigate etch depth dependence on LFav,
and PSCNC, square features (1500 µm × 1500 µm) were machined in borosilicate glass substrates where
all FLMP parameters were held constant while varying LFav and PSCNC, respectively. To machine
features larger than the focused laser beam size, toolpaths consisting of several lines were generated
for each feature. The pitch, spacing between the toolpath lines (center-to-center), was experimentally
determined as it affects the machining time and the roughness of the etched surface. The extensive data
on the effect of pitch variations on material substrate roughness will be covered in another manuscript.
A 5 µm pitch and single laser beam pass were used for this work unless stated otherwise. After laser
machining, the borosilicate glass substrates were immersed in an isopropyl alcohol sonication bath
for 30 mins to remove remaining debris before a contact surface profilometer (P-6, KLA Tencor) with
a 2 µm tip was used to characterize the etch profiles. Optical microscopy images were taken with
Mitutoyo (Ultraplan FS110) while regression analysis data fitting was performed using OriginPro®

software (version 8).

3. Results and Discussion

3.1. FLMP Etch Profiles

The size of the focused laser beam spot was experimentally determined by systematically
varying the vertical Z position of the focus lens (f = 25 mm, F/0.6, Edmund Optics®) to machine 4
mm-length line features on the borosilicate glass substrate. At PSCNC of 0.25 mm/s and 0.617 mJ power,
an expected Gaussian-like etch profile was produced, as shown in the 2D line profile scan in Figure 2.
For Gaussian-like profiles, the full-width at half-maximum (FWHM) value of 12.3 µm was determined
as the diameter of the focused laser beam [58]. This was used to calculate the circular area in the
determination of all LFav values reported in this work.
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Figure 2. Line profile scan across 4 mm-length line feature machined into borosilicate glass using
FLMP at PSCNC of 0.25 mm/s and 0.617 mJ power. The profile was recorded at 2 µm/s, 10 Hz, and 2 mg
applied force. The full-width at half-maximum (FWHM) value of 12.3 µm of the Gaussian-like etched
profile was determined as the spot size of the focused laser beam diameter.

The profile of an etched area covering 1500 µm× 1500 µm was also etched at a pitch of 5 µm, PSCNC

of 0.1 mm/s, and LFav of 329.06 J/cm2. Figure 3 is a line profile scan across the etched area. The profile
shows two inclined lines that reveal a symmetrical (isosceles) trapezoid geometry in comparison to the
vertical lines of a rectangle. This was a direct consequence of the Gaussian-like profile of the focused
laser beam as shown in Figure 2. The difference between the programmed G-code width of 1500 µm
and the resultant machined width of ~1540 µm represents an offset value of ~40 µm that could be
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accounted for during subsequent CAD/CAM designs. However, no offset in width was factored into
the designs reported in this work since that was not the focus of the study. The analysis of the trapezoid
geometry also showed that the inclined etch surfaces make ~8◦ contact angle with the vertical plane.Micromachines 2020, 11, x 6 of 19 
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Figure 3. Line profile scan of FLMP etch area (1500 µm × 1500 µm) machined into borosilicate glass
substrate at PSCNC of 0.1 mm/s and LFav of 329.06 J/cm2. The profile was recorded at 5 µm/s, 10 Hz,
and 2 mg applied force. The inclined etch surfaces make a contact angle (θ) of ~8◦with the vertical plane.

3.2. Etch Depth Dependence on Average Laser Fluence (LFav)

The dependence of etch depth on LFav was studied by varying LFav while keeping all other
parameters constant. The average laser power was varied from 0.017–1.65 W, which corresponds to
LFav values of 14.31–1388.62 J/cm2, respectively. A linear expression

y = 0.1593x + 1.8847 (1)

with an excellent R2 value of 0.991 was obtained as shown in Figure 4. This shows that the etch depth
has a strong linear dependence on LFav.
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The minimum threshold average laser fluence (LFth
av) required to etch the borosilicate glass

substrate was also investigated. Below 22.72 J/cm2 (27 µJ), it was found that there was no laser
etch on the borosilicate glass substrate at PSCNC of 0.25 mm/s. The PSCNC was further reduced
systematically down to 0.025 mm/s, but no laser etch features were observed. Therefore, 22.72 J/cm2

was determined as the LFth
av required for a successful FLMP on borosilicate glass. It must be mentioned

that a borosilicate glass with different material composition and specification would have a different
LFth

av. The corresponding depth at the determined LFth
av was 3.9 µm, and this implied that the y-intercept

value of 1.8847 µm at 0 J/cm2 had no physical meaning. This was because the minimum etch depth
that could be achieved was 3.87 µm at LFth

av = 22.72 J/cm2, therefore, one could only expect an etch
depth of 1.885 µm if the LFth

av value was less than 22.72 J/cm2. Hence, the obtained linear relation was
applicable to predict etch depths that were ∼≥4 µm deep.

In comparison to the literature, a report by Shin et al. [54] who used FLMP to machine a PDMS
substrate obtained a linear relation. The group used 190 fs laser system that produced 343 nm
wavelength UV radiation with a maximum average power and pulse energy of 1.8 W and 375 µJ,
respectively, at 600 kHz repetition rate. They used a focused laser beam diameter of 5 µm and a
relatively fast PSCNC of 500 mm/s, and explored etch depth dependence on increasing LFav in the
range of 19.11–382.16 J/cm2 and obtained a linear relationship. In addition, they studied etch depth
dependence on the number of laser beam passes (5–15 multiple passes) on the same surface and
observed a similar linear relationship. A similar observation was made by Kam et al. [52] for a silicon
wafer substrate. In their study, a 1040 nm wavelength laser with a ~600 fs pulse duration that produced
a maximum output power of ~2 W at 200 kHz with a beam spot size of 22 µm diameter was used
to machine silicon wafer substrates at 20 µm pitch followed by wet chemical methods. They kept
the fluence constant at 3.09 J/cm2 (9.72 µJ) and increased the number of laser beam passes (multiple
pass) as was used by Shin et al. [54]. At constant PSCNC of 30, 120, 480, and 1920 mm/s, a linear
relationship for etch depth dependence on multiple number of laser beam passes from ~1–157 was
obtained. Though the multiple pass approach is slightly different from increasing the LFav as used in
our study, the previous work by Shin et al. [54] has shown that the two methods are comparable as
they produce linear relationships for the etch depth dependence.

Also, Crawford et al. investigated etch depth dependence on LFav, and PSCNC by machining linear
grooves in a silicon substrate using 800 nm wavelength laser with 150 fs pulse duration [59]. At PSCNC

of 0.1–0.5 mm/s, multiple linear relations of etch depths at different LFav regimes were observed. At a
lower LFav regime (~< 1.1 J/cm2), a linear etch depth dependence on fluence was obtained with a slow
rise gradient, while at relatively higher LFav regime (~1.1–10 J/cm2) another linear relationship with a
sharp rise gradient was obtained. In comparison to our work on borosilicate glass substrate, the LFth

av
value of 22.72 J/cm2 required to observe any etch feature on the substrate was already higher than
the highest LFav (10 J/cm2) investigated by Crawford et al. to etch silicon substrates [59]. However,
a similar work by Lee et al. who used 775 nm laser radiation with 150 fs pulse duration to machine
silicon wafers over a relatively wide LFav range (< 1000 J/cm2) also obtained two linear relations
for etch depth as a function of LFav. At low (< 10 J/cm2) and high (10–1000 J/cm2) LFav regimes,
linear logarithmic relationships with slow and fast rise gradients were observed, respectively [48].
These FLMP literature reports, especially the works of Crawford et al. and Lee et al. on silicon wafer
substrates strongly support the fact that there are multiple linear etch depth relations, one at low
fluence and the other at high fluence. Our study has shown that there is a single etch depth linear
dependence on LFav when using FMLP to machine a borosilicate glass substrate. This, to the best of
our knowledge, is the first-time experimental determination of such a relation for a borosilicate glass
substrate. This is important for future MNT fabrication involving borosilicate glass substrates, such as
reservoir micromodels, due to the excellent mechanical strength, exceptional optical transparency,
high chemical resistance, and high thermal resistance to the rapid temperature variations of borosilcate
glass [60].
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3.3. Etch Depth Dependence on CNC Processing Speed (PSCNC)

The dependence of etch depth on PSCNC was studied by varying the PSCNC from 0.025–10 mm/s
while keeping all other parameters constant, including LFav of 329.06 J/cm2. All borosilicate glass
substrates used in this study were from the same batch unless mentioned otherwise. The data set was
fitted to inverse (green trace), logarithm (blue trace), and exponential (red trace) relations as shown
in the graph in Figure 5. The fitting results showed that our data agrees more with the exponential
plot than the inverse and logarithm relations. This is supported by a better R2 value of 0.991 for
the exponential fitting relative to 0.945 and 0.965 for the inverse and logarithm fitting, respectively.
The inverse relation was found to be the worst fitting plot to the experimental data. Here, we obtained
a three-phase exponential decay dependence of etch depth on PSCNC. It is observed that the deviation
of the inverse fitting curve from the data points increases at PSCNC > 1 mm/s.
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Figure 5. A plot showing an inverse (green trace), logarithmic (blue trace) and a three-phase exponential
decay (red trace) dependence of etch depth on CNC processing speed (PSCNC). All processing
parameters were kept constant, including average laser fluence (LFav) at 329.06 J/cm2. Approximate
portions of the plot that shows fast, medium, and slow exponential decays are represented by FA1,
MA2, and SA3, with pre-exponential decay factors of 136.9648, 94.0098, and 45.0741 µm, respectively.
Legend– experimental data points: black squares, inverse data fitting: green trace, logarithmic data
fitting: blue trace, exponential data fitting: red trace.

Some literature reports of FLMP on silicon wafer substrates have reported that the etch depth
has an inverse dependence on the PSCNC. In the previously discussed work by Crawford et al.,
an inversely proportional relationship for etch depth (< 25 µm) as a function of PSCNC (0.05–1 mm/s)
was obtained when an 800 nm wavelength laser with 150 fs pulse duration was used to machine silicon
substrates [59]. A similar observation was made by Kam et al., who explored etch depth (<250 µm)
dependence on PSCNC (0.1–1.9 mm/s) by using a 1040 nm wavelength laser with ~600 fs pulse duration
to machine silicon wafer substrates [52]. The work of these groups corroborates an earlier work by
Ameer-Beg et al., who used a 790 nm wavelength laser with ~170 fs pulse duration to machine fused
silica substrate [61]. Ameer-Beg et al. obtained an inversely proportional dependence for etch depth
(<40 µm) on PSCNC (1–7 mm/s). It is important to note that most of these literature works found their
experimental data obtained for silicon wafer to be in good agreement with an inverse relation, while in
our study for borosilicate glass, the inverse relation was the worst to agree with the data.

Also, in the FLMP work of Lee et al. [48], also on silicon wafer substrates that was discussed in
Section 3.2, they explored etch depth (<6 µm) dependence on PSCNC (0.5–2.5 mm/s) at a relatively
lower LFav range (1.56–6.26 J/cm2) in comparison to the value of 329.06 J/cm2 used in this work.
They found that etch depth has a one-phase exponential decay dependence on PSCNC. Unlike silicon
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wafer substrates, there are no such literature studies on borosilicate glass. This is largely due to
the widespread use of silicon wafers for MNT fabrication. As previously mentioned in Section 3.2,
borosilicate glass is an excellent material for use as reservoir micromodels and microfluidic devices
due to its unique material properties such as high optical transparency and high resistance to rapid
thermal changes [60]. Hence, it will be important to the MNT community to know borosilicate’s
fundamental laser-material interaction relationships, such as the etch depth dependence on processing
speed. Here, we report the observation of a three-phase exponential decay dependence of etch depth
on PSCNC for a borosilicate glass substrate. From regression analysis data fitting, values of 136.965,
94.010, and 45.074 µm were obtained which corresponds to the pre-exponential decay factors for the
fast, medium, and slow decay regions, respectively. As shown in Figure 5, there is a good statistical
agreement between the experimental data points (black squares) and the three-phase exponential fit
(red trace) with an excellent R2 value of 0.991.

It is worth mentioning that the range of etch depths (3.47–223.8 µm), LFav (14.31–1388.62) and
PSCNC (0.025–10 mm/s) investigated in this work is wider than those reported in the literature for
commonly used substrates, such as silicon and silica [48,52,59,61]. Pfeiffer et al. have reported on
the FLMP of tungsten carbide and steel substrates using 775 nm wavelength radiation with 150 fs
pulse duration [53]. Part of their studies explored etch depth dependence on LFav over a total depth
range <220 µm, and LFav of 0.2–11 J/cm2 for the materials. In other studies, polymer substrates such as
poly(methyl methacrylate) (PMMA) have been machined with FLMP over etch depth, LFav, and PSCNC

of <130 µm, 0.11–1.72 J/cm2, and 0.5–10 mm/s, respectively [62]. Hence, the wide range of FLMP
parameters explored in this study (Table 1) would be applicable and useful as a guide to future FLMP
investigations involving many material substrates, including glass, metals, composite materials (e.g.,
tungsten carbide), and polymers.

3.4. Fabrication of 4 Depth 3D Reservoir Micromodel

A CAD representation of the reservoir micromodel made in Alphacam is shown in Figure 6.
The 2D (Figure 6a) and 3D (Figure 6b) top view designs show 3 porous reservoirs (R1, R2, and R3) with
inlet channels connected to a common sink. The reservoirs have the same XY dimensions (Figure 6a)
but different Z dimensions (depths) as shown in the 3D top view (Figure 6b) and the front view,
Figure 6c, that details the various etch depths relative to the substrate surface. The following notations
were used; R1 matrix, R1 outer sink, and R1 inner sink that represents the main reservoir matrix, the
large outer circular sink, and the small inner circular sink of reservoir 1, etc. Another notation used
here is layer 1 and layer 2 which represents the matrices/outer sinks and inner sinks of the reservoirs,
respectively. The circular sinks at the bottom of the reservoir matrices have two depths—the large
outer circular features have the same depths as their respective R matrices, while the smaller inner
circular features have twice as much depth as their respective R matrix depth (Figure 6c). This CAD
model shows a total of 4 different depths, i.e., 35 µm (R1), 70 µm (R1 and R2), 140 µm (R2 and R3),
and 280 µm (R3) in the same substrate. It is worth mentioning that 6 or more multiple etch depths
could have been achieved by using different etch depths for the matrix, outer and inner sinks of
each reservoir. However, common etch depths such as 70 µm and 140 µm were used in R1/R2 and
R2/R3, respectively, to determine whether etch depths were repeatable among reservoirs which were
machined at different times.
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shown in (b). 
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Figure 6. CAD schematic illustration of the 3D multi-depth reservoir (R) micromodel. (a) a 2D top
view showing a description of all components of the micromodel and their dimensions in µm units,
and a zoom-in portion that shows the pore body bounded by 3 solid hexagon grains, and the uniform
widths of the pore space (m) and pore throat (n) which gives an aspect ratio ( m

n ) = 1. (b) a 3D top view
design showing the borosilicate glass substrate (grey) and the etch area (green) with multiple depths.
(c) a front view of (b), grey arrow direction, showing the 4 depths of the reservoir micromodel –35,
70, 140, and 280 µm relative to the surface of the borosilicate substrate. The notations used here are
R1 matrix, R1 outer sink, and R1 inner sink that represents the main reservoir matrix, the large outer
circular sink, and the small inner circular sink of reservoir 1, etc. Emphasis was placed on the reservoir
matrices and sinks, therefore portions (grey area) of the inlet channel was not etched as shown in (b).

Pore dimensions, such as size and shape, are known to influence fluid flow in porous
media [9,10,63–65]. Here, the pore body is bounded by 3 solid hexagon grains as shown in the
zoom-in inset of Figure 6a. The pore space, m, longest distance between two solid grains, and pore
throat, n, shortest distance between two solid grains [9], have uniform width of 400 µm, producing an
aspect ratio m

n = 1. The solid grains in the reservoir matrix are mainly composed of large hexagons
and small trapezoid geometries. The dimensions of the hexagons were 1000 µm (length) and 800 µm
(breath) which gives an aspect ratio of 1.25. Similarly, the length and breadth of the trapezoid grains
were 650 and 200 µm, respectively, producing an aspect ratio of 3.25. Each reservoir had a total surface
area and etch surface area of 6.43 × 107 and 4.99 × 107 µm2, respectively, which results in a surface
porosity of 77.6%. The different depths of R1, R2 and R3 produced total etch volumes of 2.25 × 109,
4.82 × 109, and 9.00 × 109 µm3, respectively. Prior to machining the inner sinks of R1, R2, and R3,
the laser beam was refocused at the newly etched surface of layer 1 by moving down the vertical Z

axis by 35, 70, and 140 µm, respectively.
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3.5. Calibration Curves as Models to Predict FLMP Parameters

Here, the calibration curves produced in Sections 3.2 and 3.3 were used as models to predict the
processing parameters required to fabricate the 3D multi-depth reservoir micromodel. This afforded
us the ability to test the accuracy of our model and the FLMP method. From the CAD in Figure 6,
the reservoirs—R1, R2, and R3, have the same XY dimensions but different depths of 35, 70, and 140
µm for the reservoir matrices/outer sinks, and a total depth of 70, 140, and 280 µm for the inner circular
sinks, respectively. The etch depth dependence on LFav calibration curve requires that all FLMP
parameters be kept constant while varying LFav to achieve the required etch depth. Alternatively,
the etch depth dependence on PSCNC calibration curve was used due to ease of control of PSCNC in
comparison to LFav in our experimental setup. The predicted PSCNC necessary to achieve the desired
etch depths across the reservoir micromodel are given in Table 2 and will be discussed later.

Table 2. Surface profilometer depth characterization of the 3D multi-depth reservoir micromodel
machined into borosilicate glass substrate using FLMP. The experimental machined etch depths are
compared to model predictions. The depths of layer 2 are relative to the etched surface of layer 1. NB:
(-) % error indicates that the machined etch depth value was< values predicted by the calibration model.

Reservoirs
CAD Etch

Depth
(µm)

Etch Depth vs.
PSCNC Model

Prediction
(mm/s)

Experimental Etch
Depth (µm)

Average ±
σ (µm)

%Error

Layer 1

R1 Matrix 35.0 1.301 38.4 34.8 35.7 36.3 ± 1.9 3.7
R2 Matrix 70.0 0.485 71.6 69.3 69.2 70.0 ± 1.4 0.0
R3 Matrix 140.0 0.142 141.2 137.6 141.0 140.0 ± 2.0 0.0

R1 Outer Sink 35.0 1.301 33.0 33.2 - 33.1 ± 0.1 −5.4
R2 Outer Sink 70.0 0.485 72.5 72.1 - 72.3 ± 0.3 3.3
R3 Outer Sink 140.0 0.142 152.3 152.1 - 152.2 ± 0.1 8.7

Layer 2
R1 Inner Sink 35.0 1.301 36.1 - - 36.1 3.1
R2 Inner Sink 70.0 0.485 65.2 - - 65.2 −6.9
R3 Inner Sink 140.0 0.142 128.9 - - 128.9 −7.9

3.6. Characterization of 3D Multi-Depth Reservoir Micromodel in Borosilicate Glass

Images of the 3D multi-depth reservoir micromodel machined in borosilicate glass using FLMP are
shown in Figure 7. The overview of the micromodel (Figure 7a) covers approximately 20 mm × 15 mm
surface. It took ~10 h to machine all the various components and depths of the micromodel. Figure 7b
shows a portion of the R2 matrix that highlights the solid grains, i.e., hexagon and trapezoid geometries,
that are separated from each other by a homogenous micro channel network. The red line indicates the
surface profilometer path used to scan the etch depths for R1, R2, and R2 matrices. A continuous line
profile scan across each reservoir, as shown by the red line, produces three depth measurements for
each R that was expected to be equal. A similar approach was used to measure the etch depths across
the circular sinks. Figure 7c–e show the respective portions of R1, R2, and R3 inlet channels. Here,
it is shown that FLMP can make both sharp and curved etch features unlike wet photolithography
methods that produce curved/rounded features as reported by others [13,66].

Through visual inspection, portions of the R1 inlet channel showed high surface roughness.
The average surface roughness, Ra, was measured at multiple locations across the etched surface of the
reservoirs and resulted in Ra values of 525, 320, and 800 nm for R1, R2, and R3, respectively. The Ra for
the unmachined glass substrate was ~0.5 nm. Each value was obtained by averaging 5 experimental
measurements. This Ra data set is not enough to predict a meaningful relationship, such as the
dependence of Ra on etch depth and/or Ra on PSCNC. Details of this comprehensive investigation will
be presented in another manuscript as previously mentioned. However, it is worth mentioning that
the highest Ra value of 800 nm obtained for R3, which has the deepest etch depth relative to R1 and
R2, agrees with reports by others [48,52]. At constant LFav, deeper channels (e.g., R3 with 140 µm
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etch depth) are obtained at slower PSCNC (0.142 mm/s) in comparison to etch depths of R2 (70 µm) or
R1 (35 µm) that were machined at higher speeds of 0.485 and 1.301 mm/s, respectively. The slower
PSCNC increases thermal effects due to proximity and overlap of laser pulses that is accompanied
by debris build up. The debris occupies the channels, blocking the laser beam to the desired target
surfaces which increases the surface roughness. The roughness of the unetched glass surfaces right
next to the etched structures was also determined by collecting surface profilometer scans at multiple
locations, including the inlet, matrix, and sinks of all 3 reservoirs. Each data point was recorded near
the etched structures by a 100 µm long scan. More than 20 data points were averaged to produce an Ra

of 3.7 nm with a wide deviation of ±5.1 nm. This range of roughness (3.7 ± 5.1 nm) around the etched
features compares reasonably well to the furthest (> 2000 µm) unetched area roughness of ~0.5 nm.
This should not pose challenges for applications requiring bonding of a lid to the top of the borosilicate
glass substrate to form a sealed channel or chamber.
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Figure 7. Images of several sections of the FLMP fabricated 3D multi-depth reservoir micromodel:
(a) the red line illustrates the line profile scan path which goes through three pore spaces and two
hexagonal pore bodies for each reservoir (R), (b) a zoom-in section of reservoir 3 where the image
was focused at the etched surface, and (c–e) shows inlet portions of reservoirs 1, 2, and 3, respectively.
Images (b,e) looks blurrier than (c,d) due to deeper depth as the microscope was focused on the bases
of the channels. The scale bars are 250 µm.

Figure 8 shows a line profile scan across the reservoir matrices. The black, red, and blue traces
represent the line profile scans across the matrices of R1, R2, and R3, respectively. The line profile
scans are vertically stacked up in the graph, and this illustrates how neatly all the etch profiles overlap
across the matrices of all three reservoirs. This agrees with the etch profile shown in Figure 3. Also,
it shows the robustness of the FLMP technique which makes it possible to use calibration curves as
models to predict experimental parameters required for future experiments. The measured etch depths,
including standard deviations, and percentage errors are given in Table 2 above. The average etch
depths for the matrices of R1, R2, and R3 were 36.3, 70.0, and 140.0 µm in comparison to the model
prediction values of 35, 70.0, and 140.0 µm, which produces percentage errors of 3.7, 0.0, and 0.0%,
respectively. This shows that our approach of using FLMP technique to machine 3D multi-depth
features has good accuracy in producing the required results predicted by the calibration model.
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Also, the results in Table 2 shows standard deviations (σ) of ≤ 2 µm, indicating a good repeatability
of etch depths across the large etch surface of all three reservoirs. Optical microscope and surface
profilometer images of the sinks of R3 and R2 are shown in Figure 9. The images of Figures 9a and 9b,
were recorded consecutively by focusing the microscope at the etch surfaces of the outer and inner
sinks of R3, respectively. Some remaining debris can be seen in both images at the lower portion of
the inner sink; a common occurrence observed by other investigators in deep channels and pockets
machined by FLMP [48,52,56,59]. This indicates that >30 min of sonication in isopropyl alcohol bath
was probably required to remove all remaining debris. The 3D image of reservoir R2 sink in Figure 9c
provides a complementary visual observation to the microscope images. It emphasizes the vertical
depth information where the 2D microscope is lacking. The recorded total etch depth of 144 µm in
Figure 9c differs marginally by ~6 µm in comparison to the combined 2D line profile etch depths of the
outer and inner sinks of R2 (138 µm).
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Figure 8. A plot showing the surface profilometer line scans across the matrices of the 3D multi-depth
reservoir micromodel shown in Figure 7a. The black, red, and blue traces correspond to the profiles of
reservoirs R1, R2, and R3, respectively.

A graph showing 2D line profile scans across the sinks of R1, R2, and R3 is shown in Figure 10 and
their measured etch depths are given in Table 2, showing the different etch depths. The instrument
limit of the surface profilometer was ~270 µm which was observed by a linear and smooth horizontal
etch surface (blue trace arrow) in R3. Therefore, another profile scan was done by starting from the
etched layer 1 surface of R3 (green trace). Here also, a good overlap was observed between the two
profiles (blue and green traces).

The average experimental etch depth values obtained for the outer sinks of R1, R2, and R3 were
33.1 ± 0.1, 72.3 ± 0.3, and 152.2 ± 0.1 µm with percentage errors of −5.4, 3.3, and 8.7% in comparison to
the calibration model prediction values of 35.0, 70.0, and 140.0 µm, respectively. The smaller deviations
(σ ≤ 0.3 µm) observed for the outer sinks in comparison to the matrices (σ ≤ 2.0 µm) of the reservoirs
could be due to localized etching in the former than the latter. For example, the experimental etch
depth values of 33.0 and 33.2 µm for R1 outer sink were machined in a relatively small surface area
while that of the matrix (38.4, 34.8, and 35.7 µm) was spread over a large etch area as shown in Figures 7
and 9. This would allow small variations in the substrate, such as material density and surface height
fluctuations, to slightly impact the resultant etch depths.

A similar range of percentage errors was obtained for the inner sinks (3.1–7.9%) relative to the
outer sinks (3.3–8.7%) as shown in Table 2. Here, experimental etch depth values of 36.1, 65.2, and 128.9
µm were obtained for the inner sinks of R1, R2, and R3 with respective percentage errors of 3.1, −6.9,
and −7.9%. Generally, it was observed that etch depths in layer 2 (i.e., inner sinks) were shallower than
the values predicted by the model while those in layer 1 (matrices and outer sinks) had deeper depths.

111



Micromachines 2020, 11, 1082

The etch depths of R2 (65.2 µm) and R3 (128.9 µm) inner sinks were shallower than their respective
model predicted values of 70.0 and 140.0 µm, except R1 inner sink (36.1 µm) which was deeper than
the predicted value of 35.0 µm. On the contrary, most of the etch depths in layer 1—i.e., R1, R2 and R3
matrices, and R2 and R3 outer sinks, except R1 outer sink, were deeper than their respective values
predicted by the calibration model as shown in Table 2. This was largely attributed to remaining debris
on the surface of layer 1 that partially impedes the laser beam from direct interaction with the etched
surface during the machining of layer 2 features as previously discussed above and reported in the
literature by others [48,52,56,59]. The remaining debris on the layer 1 etched surface competes with
material removal in layer 2, slightly impacting the efficiency of the etching process which results in
reduction in predicted etch depths as observed here. Also, another reason for observing shallower etch
depths in deeper channels is the limitation on etch volume due to the beams focal volume at constant
Z position (focal distance)—i.e., the volume of material removed decreases significantly beyond the
region where the fluence is tightly focused [39,44]. However, in Section 3.2, etch depths of 251.1 and
270.7 µm, which are deeper than the predicted values of R2 (70.0 µm) and R3 (140.0 µm) inner sinks,
were successfully obtained due to their low aspect ratios (<0.2) relative to that of the inner sinks
(<0.4). Therefore, the major factor responsible for the shallower than predicted etch depths for most of
the layer 2 features is largely attributed to the impedance by the remaining debris on layer 1 to the
laser beam.Micromachines 2020, 11, x 14 of 19 
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Figure 9. Images of the 3D multi-depth reservoir micromodel (a,b) taken with an optical microscope
and showing the (a) outer and (b) inner circular sinks of R3 in focus. The red line across (a) indicates
a 2D line profile scan path while (c) is a 3D image of reservoir R2 sink recorded with the surface
profilometer at 2 mg force, 10 µm/s speed, 10 Hz, and 3 µm scan interval. The arrows in (a,b) point to
the location of machined debris remaining after sonication.
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Figure 10. A plot of line profile scans across the circular sinks of the 3D multi-depth reservoir
micromodel. The black, red, and blue traces correspond to the profiles of reservoirs R1, R2, and R3,
respectively. The green trace was a repeated scan for reservoir R3 from the newly etched outer sink
surface (layer 1) due to instrument limit which is observed as a smooth horizontal etch surface (indicated
by blue arrow).

4. Conclusions

The fabrication of a 4-depth 3D reservoir micromodel over a large surface area (20 mm × 15 mm)
in a borosilicate glass substrate has been reported, for the first time, using femtosecond laser material
processing (FLMP). The etch profile of the focused laser beam showed a Gaussian-like profile that
makes ~8◦ contact angle with the vertical plane. The dependence of etch depth on two major FLMP
parameters – average laser fluence (LFav), and CNC processing speed (PSCNC), was studied. It was
found that etch depth has a strong linear dependence on LFav with an excellent R2 value of 0.991. Also,
a threshold average laser fluence (LFth

av) value of 22.72 J/cm2 was determined as the minimum energy
density required to etch borosilicate glass. The experimental data points for etch depth dependence
on PSCNC was fitted to an inverse, logarithm, and exponential relations. Our data for borosilicate
glass was in better agreement with the exponential relation, while other substrates such as silicon,
have been shown in the literature to agree more with an inverse relation. It was shown that etch depth
has a three-phase exponential decay dependence on PSCNC, with another excellent R2 value of 0.991.
The linear and three-phase exponential decay relationships were successfully used as models to predict
processing parameters required to machine the 3D multi-depth reservoir micromodel.

The etch depth dependence on PSCNC model was used to machine the 3D reservoir micromodel
composed of 4 etch depths, i.e., 35, 70, 140, and 280 µm, in the same borosilicate glass substrate.
The experimental etch depths showed good results accuracy with percentage errors ≤ 8.7% in
comparison to the model prediction values. Deviations of ≤ 2.0 µm in depth were achieved which
showed that the etch depths were repeatable across the large etched surface of the 3-reservoir
micromodel consisting of 4 multiple depths. Thus, this study has shown the robustness of FLMP as a
fabrication technique to produce reliable etch depth results across a large surface area in a borosilicate
glass substrate. In addition, it was shown that the etch depth dependency models produced in this
study will be useful to guide the work of future researchers. This study will help the development and
fabrication of micro/nanotechnology (MNT) systems, including microfluidic devices that are used for
transport investigations in porous media.
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Abstract: Femtosecond laser-induced selective etching (FLISE) is a promising technology for fabrication
of a wide range of optical, mechanical and microfluidic devices. Various etching conditions, together
with significant process optimisations, have already been demonstrated. However, the FLISE technology
still faces severe limitations for a wide range of applications due to limited processing speed and
polarization-dependent etching. In this article, we report our novel results on the double-pulse
processing approach on the improvement of chemical etching anisotropy and >30% faster processing
speed in fused silica. The effects of pulse delay and pulse duration were investigated for further
understanding of the relations between nanograting formation and etching. The internal sub-surface
modifications were recorded with double cross-polarised pulses of a femtosecond laser, and a new
nanograting morphology (grid-like) was demonstrated by precisely adjusting the processing parameters
in a narrow processing window. It was suggested that this grid-like morphology impacts the etching
anisotropy, which could be improved by varying the delay between two orthogonally polarized
laser pulses.
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1. Introduction

Within the past two decades, femtosecond pulse processing of transparent materials has
demonstrated outstanding results [1,2]. Many various processing technologies were developed for
marking, dicing, cutting and internal modifications of transparent materials. Femtosecond laser-induced
selective etching (FLISE) was demonstrated for the first time in 2001 by Marcinkevičius et al. when a
track recorded by a femtosecond laser inside fused silica was selectively etched along the modified
region [3]. That was the start of subtractive manufacturing in transparent materials, mainly in bulk
fused silica by forming microchannels and complex 3D structures. It was found, within two years,
that the modifications are composed of self-organised nanogratings oriented perpendicular to the laser
polarisation [4]. The detailed investigations showed that selective etching is related to the nanograting
orientation [5] and molecular oxygen in nanopores within the nanogratings [6]. The latter discoveries
prompted many FLISE optimisation works to be conducted [7–10], and FLISE has become a very
promising technology for a wide range of complex applications, such as internal 3D structures for
mechanical, optical and microfluidic devices [11–13]. The most used and investigated material for
laser-induced chemical etching is fused silica.

New opportunities came from double-pulse fabrication approaches recently introduced for the
processing of various materials. Double pulses with different wavelengths [14] or double-pulse laser
technology for material ablation [15] gained the increased attention for the processing of transparent
materials [16]. Pengjun et al. demonstrated that the temporal shaping of the femtosecond pulses
could provide higher etching selectivity, and, at some defined pulse energies, the etching rate could
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be a few times higher compared to conventional single pulses [17] due to the better efficiency of
photon absorption. The promising results were also achieved by combining double pulses with a
linear and circular polarisation where the improvement in the etching rate for the formation of high
aspect ratio channels was demonstrated [18]. In most publications it is assumed that the first pulse
is responsible for the nanograting orientation [14,19]. However, the real situation could be more
complicated. The nanograting formation in fused silica is usually related to the enhanced birefringence.
Atoosa et al. demonstrated that orthogonally-polarised double-pulses could reduce the birefringence
because the nanograting orientation is determined by the writing pulse with a higher intensity [20].
More recent work also confirmed that the second pulse could rewrite the nanograting orientation when
the double pulses with non-equal energies are applied [21]. However, there are still limitations of the
FLISE technology due to etching anisotropy (etching rate dependence on laser writing direction at
a constant linear polarisation) and low processing (laser writing and etching) speed. The efforts to
overcome this drawback was already made for single-pulse processing by varying the polarization
direction during fabrication [22], or by changing laser pulse duration to the picosecond range [23];
however, the problem was not solved completely.

In this work, we investigate the double-pulse processing approach with crossed polarisations and
variable inter-pulse delay. Initially, peculiarities of nanograting morphologies recorded with double
pulses were investigated. Hereafter, we show the influence of the pulse duration and inter-pulse
delay to the selective etching of the microchannels. In most applications, the laser writing trajectory
has a curved shape. The nanogratings are statically orientated along the curved patch. Therefore,
at different trajectory position, the nanograting orientation is shifted relative to the trajectory vector,
and, as a consequence, the orientation-dependent etching takes place. To overcome this drawback,
the double pulses with crossed polarisations were used, and the etching anisotropy and etching rate
improvement were demonstrated. Particular experiments were arranged to fabricate the vertical
bow-like structures—two-dimensional structures formed by raster scanning of a bow-like horizontal
shape starting beneath the sample bottom surface and moving laterally through the laser focus up to the
top sample surface. To our best knowledge, we demonstrate the new grid-like nanograting morphology
for the first time and the possible explanation provided. That is an entirely new phenomenon that was
not described earlier.

2. Materials and Methods

The setup for double-pulse experiments is schematically illustrated in Figure 1. The micromachining
workstation with an integrated femtosecond laser (Pharos-6W, Light Conversion, Vilnius, Lithuania)
was used. The ultrashort laser operated at a 1030 nm wavelength, and the 500 kHz pulse repetition rate
was mainly used during the experiments. The laser was equipped with a tunable compressor which
allowed the pulse duration to be tuned in the range of ~0.26 to ~10 ps with a positive or negative chirp.
The laser power was controlled using an external attenuator which was calibrated to vary the mean
laser power linearly. The laser beam was split into two pulses with a polarising beam splitter (PBS).
The energy ratio between two pulses was controlled by rotating a λ/2 phase plate. During the tests,
the energy ratio was set to 1:1. The Mach–Zehnder interferometer setup, composed from a variable arm
(VA) and reference arm (RA), was used to combine two laser beams with a controllable temporal delay
between pulses. The polarisation in the reference arm was set to Ey and that in the variable arm to Ex.
Afterwards, the beam diameter was reduced to ~2 mm using a two-lens telescope system and focused
to the sample using the 100×microscope objective (M Plan NIR, Mitutoyo, Kanagawa, Japan) with a
numerical aperture (NA) of 0.5. The microscope objective was translated with a linear translation stage
(ANT130-L, Aerotech, Pittsburgh, PA, USA) along the Z direction. The 20× camera vision objective
(Olympus Plan Achromat, Tokyo, Japan) was mounted on the same stage. A sample was mounted on
a two-axis gimbal mount (GM200, Thorlabs, Mölndal, Sweden) and translated by a high-resolution
(>500 nm) XY linear stage (ANT130-XY, Aerotech, Pittsburgh, PA, USA) with a scan speed up to 5 mm/s.
The translation stages were controlled via the controller (A3200, Aerotech, Pittsburgh, PA, USA).
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Figure 1. The double-pulse experimental setup. P—Brewster angle polarizer, PBS—polarising beam
splitter, BS—beam splitter, D—dump, OB—microscope objective.

The delay range from –20 ps to 20 ps was possible to achieve, between the two pulses, a temporal
delay resolution of ~7 fs. The delay was estimated relative to the reference arm; consequently,
the negative delay was achieved when the variable arm was shorter with respect to the reference arm
(the reference-arm pulse was the second). During the tests, the delay was varied from −10 ps to +10 ps.
In further text, to avoid confusion, the following indication will be used: E‖: polarization parallel to
the scanning direction, and E⊥: polarization perpendicular to the scanning direction. The pulse order
is indicated as the first or second one. To obtain the 0 fs delay, the double-pulse setup was calibrated
temporally (Figure 2). Initially, the temporal delay was calibrated by changing the length of the
delay line with a slight angular misalignment between the beams and registering the intensity profile
with a CCD camera (Spiricon SP620U, Ophir, Jerusalem, Israel). When the delay in the variable arm
approached the ~0 fs delay (i.e., two laser pulses overlap entirely in time), the clear interference intensity
pattern was registered. When the laser pulses overlapped only partly (~160 fs), the interference was
still observed. However, the contrast was very poor. For relatively long delays (>300 fs), the laser
beams did not interfere. The interference condition also was not satisfied for cross-polarised beams,
and the non-interfering double-pulse beam profile was observed even at the 0 fs pulse delay.

The spatial beam position adjustment was performed by recording the interference pattern at
the 0 fs delay and measuring the interference period. According to the relation of the interference
pattern and the beam angle, d = λ/2sinθ, it was possible to calculate the angle between two beams.
The interference period increased when the angle decreased. Therefore, two beams appeared almost
parallel after a few iterations of mirror angle adjustment.
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Figure 2. Spatial and temporal beam alignment: (a) two-beam angle adjustment principle; (b) intensity
profiles of two beams with different temporal delay and polarisation orientation; (c) interference
patterns of two beams with various misalignment angles at the 0 fs delay.

Commercially available fused silica (JGS1, 20 mm × 3 mm × 2 mm, Eksma Optics, Vilnius) samples
were used for the experiments. The modifications were recorded by focused laser beam ~20 µm below
the sample surface at the regimes when nanogratings were formed (Type II modification) [24]. A few
parallel lines shifted by a z-step (1 µm) were recorded to ensure that the right vertical cross-section
of the nanogratings would be investigated after the cutting and polishing procedure (Figure 3a).
The exposed nanogratings were etched for 1 min in 5% hydrofluoric acid (HF) acid and coated with a
~10 nm gold layer. The prepared samples were investigated by scanning electron microscope (SEM)
(JEOL, JSM6490LV, Tokyo, Japan).

 

 

Figure 3. Schematic illustration of experiments: (a) recording and polishing of the lines written with
double pulses for nanogratings observation by scanning electron microscope (SEM); (b) the line writing
procedures for the investigation of the double-pulse influence on the chemical etching rate; (c) recording
of the vertical bow-like structures for the investigation of directional etching dependence.

To investigate the double-pulse delay effects to the chemical etching rate of the fused silica samples,
a group of lines was written by varying the pulse energy and scan speed at a constant repetition rate.
The separate lines were recorded at different focusing depth (50–500 µm below the sample surface)
with the vertical raster-scanned surface ending at the sample top surface in the middle of the recorded
track to get the acid access to the modified area (Figure 3b). Three lines in each group were recorded
under the same conditions and the measured data were averaged. The directional etching dependence
on the double-pulse delay was investigated recording the bow-like vertical structures (Figure 3c) by a
raster scanning the single bow-like (curved) trajectory laterally moving through the laser focus with a
7 µm vertical z step, starting beneath the bottom sample surface and ending on the sample top surface.

After the irradiation with the focused ultrashort laser pulses, the fused silica samples were
immersed into a wet-etching bath of HF with a concentration of 10% and 30 ◦C temperature for 30 min.
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After the chemical etching, the samples with the vertical bow-like structures were polished in the XZ
plane with a 0.3 µm grade colloid silica to recover a smooth, transparent surface for the high-contrast
microscope measurements.

3. Results and Discussion

3.1. Etching Rate of Modifications Recorded with Double Femtosecond Pulses

Multiple lines were inscribed in the bulk of fused silica, as shown in Figure 3a to investigate the
effects of the inter-pulse delay, pulse energy, and focusing depth to the etching rate of the double-pulse
modified material. The group of lines were recorded with different pulse density ranging from 100
to 2000 ppµ (pulses/µm), keeping the laser pulse energy constant. Various laser pulse energies were
applied from 100 nJ to 600 nJ for each group of lines. It should be noted, that the indicated pulse energy
was measured when two pulses were combined into one optical path, so the pulse energy for separate
beams was twice lower. That was done to allow a direct comparison of the results with the single-pulse
processing. In the single-pulse processing experiments, one of the beams was blocked.

In our previous works, the maximum etching rate of the fused silica was ~1300 µm/h with the
leading etching selectivity of ~120:1, when processing with the 1030 nm wavelength was applied [25,26].
The results were achieved with ~400–600 nJ pulse energy and 1000 ppµ density. The results of the
double-pulse processing in fused silica are demonstrated in Figure 4. The visual observation showed
that even for double-pulse processing, the pulse duration had a strong influence on the etching rate.
At 0 fs pulse delay and various pulse durations, we observed the etching rate variation when the
pulse density was changed. A lower etching rate variation was observed for longer pulse durations
independently on the chirp direction.

 

−

Figure 4. The etching rate dependence on the delay between two pulses for modifications recorded in
fused silica with the 200–400 nJ pulse energy and orthogonal polarisations: (a) 600 fs pulse duration
with a negative chirp; (b) 290 fs pulse duration; (c) 600 fs pulse duration with a positive chirp; (d) The
microscope picture of etched channels for the 0 fs pulse delay at 290 fs pulse duration. Red curve: the
etching rate dependence on the pulse energy for a single pulse. Samples were etched 30 min in 10%
diluted hydrofluoric acid (HF) acid. The inset shows the SEM pictures from the side (b,c) and top (d).

The more surprising result was observed when the pulse delay was varied from −10 ps to +10 ps.
As demonstrated in Figure 4a–c, the etching rate significantly reduced when the delay between two
pulses approached 0 fs. For the positive and negative delays, the etching rate grew almost symmetrically
when the pulse duration was 600 fs. For the shortest pulse duration (~290 fs with compensated chirp)
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and negative delays, the etching rate increase was higher compared to the positive delays. In the case of
negative delay, the first beam coming from the variable arm was with the parallel polarisation (E‖ first),
and only then the second beam from the reference arm with the perpendicular polarization (E⊥ second)
was arriving. The etching rate difference could be related to the different modification thresholds for the
nanograting formation, depending on the beam polarisation [6]. Therefore, the significant influence of
the second pulse (E⊥ second) to the nanogratings orientation in the negative delay range was observed.
Saturation of the etching rate was observed when the pulse delay approached ~10 ps independently on
the delay direction. More objective etching rate comparisons could be made by introducing the etching
rate contrast parameter ∆R, which is described as the ratio of the difference between the maximum and
minimum etching rate and maximum etching rate as follows ∆R = (Rmax − Rmin)/Rmax. According to
this description, the etching contrast for the 600 fs pulse duration was consequently ∆R−600fs = 0.25
and ∆R+600fs = 0.44. The maximum etching rate contrast was achieved for the shortest pulse duration
∆R290fs = 0.83. The etching rate contrast showed how much the pulse delay influenced the etching rate:
the lower etching rate contrast value, the weaker the pulse delay influence on the etching rate was
observed. For longer pulse durations, the broader pulse delay range with a lower etching rate was
found compared to the shorter pulse duration. Longer pulses had a wider temporal overlap range that
confirms the observations of the highest etching rate drop only in the area where the temporal pulses
overlap. It could be noted that the etching rate contrast drop was usually observed for higher pulse
energies. By comparing the etching results of the single-pulse and double-pulse experiments, we can
distinguish a significant difference in the etching rate. While for the single-pulse processing at the
same pulse energy, the 1300–1400 µm/h etching rate was the maximum value that could be achieved,
the double-pulse processing enhanced the etching rate up to 2000–2100 µm/h. That yielded >30%
of the etching rate increase. This achievement is even more attractive as this rate enhancement can
be achieved with a lower pulse density of 100–500 ppµ (pulse per micrometre), which allowed us to
speed up the processing more than two times. Murata et al. demonstrated that for the double-pulse
processing, the diameter of emerging nanopores is twice time larger comparing to the single-pulse
processing [27]. We believe that such behaviour had substantial input to the etching rate increase in
our case due to the higher area of nanopores.

To understand the etching rate enhancement, the in-depth investigations of the Type II modifications
induced using double pulses at various delay times were performed. Figure 5 shows the nanograting
morphology dependence on the delay between two pulses.
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Figure 5. SEM pictures of the nanograting morphology evolution depending on the delay between two
pulses. The inset shows the enlarged area of the grid-like nanograting structure. The nanostructures
recorded with a total 400 nJ pulse energy (200 nJ + 200 nJ).
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For the 0 fs delay between two pulses, the nanogratings consisted of parallel lines rotated by
~45◦ relative to the scanning direction. When temporal pulse overlap was in the range of laser pulse
duration (±250 fs, for ~290 fs pulse duration), the 45◦ nanograting orientation was still observed.
The nanogratings were slightly shifted from the straight line and appeared bow-shaped indicating the
nonperfect spatial beam overlap. When the positive delay exceeded the pulse duration, the evident
influence of the first pulse (E⊥ first) on the nanograting formation was observed, that confirmed the
results described by Rohloff et al. [28]. They found that, at low fluences, the orientation of the
laser-induced periodic surface structures (LIPSS) structures on the fused silica surface changed their
direction by 90◦ when delay direction changed, and it was determined by the first pulse polarization.

In our case, when the delay between laser pulses approached to −10 ps (E‖ first), the grid-like
structures were observed, which was an unexpected result considering the previous investigations [19,29].
This result was replicated a few times and was repeatable. To our best knowledge, the grid-like
structures in the bulk fused silica were demonstrated for the first time, and there are no valuable
phenomena to explain. We can speculate that the mentioned structures appear as a consequence of the
different modification thresholds for two polarisations. According to previous investigations, the Type
II modification threshold for perpendicular polarisation is ~2 times lower compared to the parallel
polarisation [6]. The electron plasma generated by the first pulse absorbs more efficiently the second
pulse due to the reduced ionisation threshold [30]. As a consequence, the already created point defects,
such as colour centres (E’) and nonbridging oxygen hole centres (NBOHCs) [31], interact with the
electrical field of the second pulse. Such interaction could enhance the electron plasma more effectively
due to the lower modification threshold for perpendicular polarisation and a memory effect [30].
However, as it is known, at least a few tens of pulses are required to rewrite the nanogratings [32].
The polarisation changed after each pulse in the double-pulse regime, and that was not sufficient to
overwrite the nanograting orientation. When the delay approached the −10 ps, the orientation of the
inhomogeneities was created and defined by the electrical field orientation of the first pulse (E‖ first)
due to formed STE (self-trapped excitons) and not relaxed states still at a high temperature which
involves the viscous flow of the silica. Hence, the induced periodic electron plasma pattern by the
second pulse (E⊥ second) with the perpendicular polarisation records the periodical nanopattern on top
of the already oriented nanogratings partly covering them due to the lower modification threshold.

From another point of view, according to the numerical solution of Maxwell’s equation in
the vicinity of subsurface planar cracks oriented normal to the surface of fused silica [33] (created
nanogratings in our case), the higher field enhancement is predicted (approx. by a factor of 2) inside
narrow cracks (nanoplates) which are oriented perpendicular to the laser polarisation. In the case of
negative delay (E‖ first), the more significant field enhancement is predicted for the first pulse (E‖ first)
with the parallel polarisation (it first creates nanogratings perpendicular to the polarisation). However,
due to a higher modification threshold for the same polarisation, the second pulse (E⊥ second) should
generate a higher amount of free electrons and create the grid-like nanostructures. In the case of positive
delays (E⊥ first), the influence of the first pulse strongly prevails due to higher light enhancement factor
for the first pulse polarization (it first creates nanogratings perpendicular to the polarization) and
lower modification threshold. Therefore, only a small part of the second pulse (E‖ second) induced
nanogratings is noticeable. However, for longer delays, the second pulse (E‖ second) could have a
stronger influence. As follows from Figure 4, the reduced etching rate for positive delays was observed.

The mechanism of the tilted nanogratings for the 0 fs delay can be simply explained in the
following way: for spatially and temporarily adjusted beam the nanogratings are ~45◦ tilted relative to
the X or Y polarisations, this is caused by the superposition of two pulses with orthogonal polarisations
with no phase delay between two pulses, and the resultant vector is rotated by 45◦ [34,35]. The smallest
step size of the delay line micrometre stage was 1 µm that changed the length of the delay line for
double-length and corresponded to the ~7 fs delay. The resolution is not sufficient to precisely control
the phase delay between two pulses, however for the exceptional case of 0 fs delay, the phase between
two pulses could be set accurately due to the registration of the interference pattern of the slightly
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misaligned pulses. In this case, even the phase delay is set not accurately, and the elliptical polarization
dominates, the morphology of the nanogratings still was normal to its major axis [36].

For the small beam misalignment in the +Y or −Y directions, the nanogratings were of the bow
shape (Figure 6) due to partial interaction of the beams and domination of the opposite polarisations
in the modification of top and bottom areas. For the intermediate case, the nanogratings were the
result of both beams. For longer delays, the pulses did not interact coherently. Peculiarities in the
nanograting morphology were defined by the interaction of the second pulse with the material excited
by the first pulse.
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Figure 6. The pictorial explanation of the nanograting shape only for temporally adjusted pulses (0 fs
delay) when a slight spatial beam misalignment is induced in the Y direction.

3.2. Directional Etching of Vertical Bow-Like Structures

In previous sections, we discussed the etching of the single microchannels recorded with the
polarisation normal to the scan direction or utilising double-pulses with orthogonal polarisations.
To investigate the double-pulse effect to the writing direction, bow-like vertical structures were
inscribed in fused silica (Figure 3c). This way, the beam polarisation angle was constantly shifting
relative to the writing direction of the bow-like curvature. Therefore, the different etching rate was
obtained for the single-beam case depending on the location on the curve [22]. We were expecting
that double pulses with orthogonal polarisations could suppress this effect due to grid-like structure
formation and enhanced nanopores formation [27]. It should be considered, that in this recording
configuration, additional influence of the line stacking along the beam propagation direction had an
impact on the etching rate.

The vertical bow-like structures were recorded with the different double-pulse delay from −10 ps
to +10 ps in fused silica. The separation between single vertical lines was set to 7 µm and was constant
during all experiments. For one set of the double-pulse delay, an array of vertical surfaces with two
different pulse densities of 500 and 1000 ppµ and four different pulse energies 200, 400, 600 and 800 nJ
were recorded. The structures were etched 30 min in 10% HF acid. The etching behaviours of the
vertical structures are demonstrated in Figure 7. Due to disturbance in the laser beam profile by the
spherical aberration, a weak sample etching from the bottom surface was observed for the lower pulse
energies (200–400 nJ). For higher pulse energies, the etching rate from both bottom and top surfaces
was comparable at a delay in the range from −10 ps to 0 ps. However, the bottom structure etching rate
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was lower at the delay from 0 ps to 10 ps. The etching dependence on the direction was minimised for
negative delays (E‖ first) (for etching from the top and bottom surfaces). In the case of positive delays
(E⊥ first), the directional etching effect was significant, demonstrating the lower etching in the middle
part of the vertical structure (Figure 8b, left inset).

 

 

−
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Figure 7. The microscope measurement of the etching dependence on the double-pulse delay for the
bow-like vertical structures from the sample side (ZX plane): (a) the structures recorded with 200 nJ and
400 nJ pulse energy and (b) the structures inscribed with 600 nJ and 800 nJ pulse energy. Two channels
with 500 and 1000 ppµ density were recorded at the constant pulse energy. Etching performed for
30 min. in 10% HF. The inset shows the bow-like trajectory view on the XY plane with a predicted
nanogratings orientations.

For a more objective analysis, we introduce the etching isotropy factor K, which demonstrates the
etching difference of the bow-like vertical structures in the middle part and corner parts (Figure 8a)
K = 2LM/(LR + LL), where LM, LR and LL are consequently the etched depth at the middle, right and left
structure part. When K is approaching 1, uniform etching is obtained. For comparison, we recorded
the bow-like vertical structures with a single pulse (Figure 8a). Usually, for this regime, the etching
isotropy factor was below 0.7 and going down when the pulse energy or pulse density was decreased.
For the 600 nJ pulse energy, the etching isotropy factors for single and double-pulse recording were
0.62 and 0.84, respectively. The 26% gain in the etching isotropy was obtained. The etching isotropy
factor increased by raising the pulse energy for the positive pulse delays (E⊥ first) (Figure 8b). However,
K > 1 value was observed in the delay range from −0.3 ps to 0.3 ps, i.e., within the temporal pulse
overlap range. The etching rate measurement also demonstrated that the maximal etching rate of
~ 1500 µm/h was achieved usually for negative delays (E‖ first). The difference in etching rate was
marginal and close to the maximal value for the positive delays (E⊥ first) in some cases. In comparison
for the single-pulse regime, the maximal achieved etching rate was ~1000 µm/h, which is ~33% slower
and agrees well with the single channels etching results. Therefore, the nanograting orientations in the
double-pulse regime played a significant role and enabled easier etchant penetration to the modified
area. The etching behaviour for different delays could be confirmed by the nanograting investigation in
Figure 5, where the grid-like nanogratings were demonstrated. On the left or right side of the bow-like
structure, the speed vector made up the different angle with the polarisation. When on the middle
part the first pulse polarisation is parallel (E‖ first), on the left or right side it tends to be perpendicular,
that made the nanogratings to be along the scan direction. That behaviour suppressed the directional
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etching dependence. Contrary, in the positive delays (E⊥ first), the first pulse influence should be
leading in the middle part of the surface, where the nanogratings along the scan vector should be
formed, consequently at right and left side the grid-like nanogratings were pronounced. According to
this description, the faster etching rate was predicted in the middle structure part, as we can observe for
the pulse delays from 0 ps to +0.47 ps. However, for the longer positive delays, the opposite behaviour
was found. We could speculate, that the second pulse (E‖ second) also had a substantial impact on the
nanograting formation, where the middle structure part was less etched. Especially the second pulse
influence to the nanogratings direction was observed for the longer delays (>10 ps) and higher second
pulse energy [21].

 

‖

 

‖

Figure 8. Etching of bow-like structures fabricated with the single-pulse regime at 600 nJ and 800 nJ
pulse energy (a) and dependence of the etching isotropy factor K on the pulse delay for etching from
the top sample surface of the vertical surface. (b). The insets show the microscope pictures with etched
vertical surfaces.

4. Conclusions

The etching peculiarities of modifications in the fused silica recorded with the variable delay
double-pulses were observed and discussed. The double-pulse fabrication enhanced the etching rate
by >30% compared to the single-pulse fabrication. The detailed analysis of the nanostructures in the
fused silica revealed the appearance of the grid-like nanostructures when the first pulse polarization
was along scan direction (E‖ first, negative delay). The nanogratings morphology explains the etching
rate dependence on the pulse delay. The etching rate raised for negative and positive delays and was
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suppressed at the 0 fs delay, where the 45◦ oriented nanostructures are formed. The application of
double pulses significantly improved the etching isotropy of the vertical bow-like structures. It was
measured qualitatively by introducing the etching isotropy factor that showed the value near 1 for
negative delays. We demonstrated that the double-pulse processing technique is a simple fabrication
method that improves the etching isotropy without a need for phase plate rotation during processing.
The etching rate improvement is even more attractive as this rate enhancement can be achieved with
lower pulse density of 100–500 ppµ, which allows to speed up the processing more than two times.
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Abstract: We report on a one-step method for cutting 250-µm-thick quartz plates using highly
focused ultrashort laser pulses with a duration of 200 fs and a wavelength of 1030 nm. We show
that the repetition rate, the scan speed, the pulse overlap and the pulse energy directly influence
the cutting process and quality. Therefore, a suitable choice of these parameters was necessary
to get single-pass stealth dicing with neat and flat cut edges. The mechanism behind the stealth
dicing process was ascribed to tensile stresses generated by the relaxation of the compressive stresses
originated in the laser beam focal volume during irradiation in the bulk material. Such stresses
produced micro-fractures whose controlled propagation along the laser beam path led to cutting of
the samples.

Keywords: ultrashort laser pulses; heat accumulation; transparent materials; quartz; stealth dicing

1. Introduction

Transparent materials are used in an increasing number of applications, ranging from
microelectronics [1], to microfluidics [2,3] and optoelectronics [4]. In particular, glass, quartz and
sapphire, due to their broad spectral band of light transmission, hardness and scratch-resistance, are
good candidates for display components of portable mobile electronics, as light emitting diode (LED)
substrates, protection mirrors of mobile phone cameras, smartwatches, etc. Despite their growing use in
consumer electronics products, cutting these materials is still a challenging task, due to their brittleness.
Obtaining a high-quality cut edge completely free from micro-cracks or chips is not easy, particularly
when employing thinner substrates. The state of the art cutting technologies most widely used include
traditional mechanical cutting, chemical etching, electrochemical machining and laser-based methods.

Traditional machining methods are mainly based on diamond cutting [4]. Here, the material
is first marked and scribed with a diamond tool and then an external force is applied to break the
substrate along the scribing path [5]. Unfortunately, with this method, at high cutting speeds the
diamond blades can generate chipping and cracks, which compromise the quality of the cutting edges,
reducing the resistance of the materials by up to 60% in the case of glass [6]. Moreover, tool wear affects
the repeatability and the efficiency of the dicing process [7], and additional grinding and polishing
steps are needed to achieve the required smooth finish.

Another method for cutting transparent materials is based on the selective chemical etching of laser
modifications inside the volume [8]. The main advantage of this technique, besides the lack of debris,
is the possibility of designing complex shapes. However, several modifications are required along the
entire thickness of the substrate, thus limiting the processing speed. Furthermore, hydrofluoric acid
(HF) is the only etchant which attacks amorphous SiO2, quartz or glasses at significantly high etching
rates [9]. Unfortunately, due to its high toxicity and corrosiveness, when hydrogen fluoride (HF) is
used for large scale productions, many countries require very strict safety regulations, see e.g., [10,11].

Electrochemical methods for machining quartz were reported by several authors [12–15].
Jain et al. [12] exploited electrochemical spark machining (ECSM) showing that, depending on
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the polarity and the applied voltage, a cut kerf ranging approximately from 0.5 to 0.9 mm and a surface
roughness from 3 to 14 µm were obtained on a 2 mm-thick quartz sample. Wang et al. [15] demonstrated
the shape cutting of quartz glass by wire electrochemical discharge machining (WECDM), but with
this technique, significant bulges were generated on the edge of the cut circle.

In laser processing methods, the energy of a focused laser beam is exploited to modify the
substrate from its surface or in the bulk, thus leading to its separation. Laser-based techniques are
making huge advances in the field of cutting transparent materials, as they have numerous advantages
over mechanical methods. Being non-contact, laser processes avoid any effect due to tool wear and
mechanical stress, achieving high quality and precision of the cut at reasonable costs. Furthermore, the
use of the laser prevents any contamination of the materials being processed. However, the process
parameters, and in particular the wavelength of the laser source and its pulse width, must be carefully
selected and adjusted to obtain the desired results and cutting-edge quality [16].

One of the first laser-based methods was introduced by Garibotti in 1963 [17] and consists in laser
scribing and dicing. It is a two-step process: the laser is focused on the surface of the workpiece to
generate a groove, which is subsequently fractured by applying a tensile stress. The mechanical stress
that initiates the cutting process can be generated either by an external mechanical force or by a rapid
heating-cooling cycle [10]. Serdyukov et al. [18] reported on numerical simulation about the controlled
thermal cleavage of crystalline quartz, produced by laser heating and exposure to coolant. The cut
was ascribed to the thermoelastic stress produced in the quartz crystals, due to the anisotropy of the
thermal conductivity and thermal expansion. Such interpretation was confirmed through experiments
performed using a CO2 laser, which led to the successful cut of quartz crystal, though with the presence
of evident chips and micro-cracks.

In some cases, the laser irradiation itself provides enough thermal stress to cause the cutting of the
sample. Such cutting process is referred to as thermal cleavage [19]. The focused laser spot acts, indeed,
as a localized heat source generating a thermo-mechanical compressive stress, whose relaxation causes
the material to separate along the laser scanning path [20]. The fracture mechanism is similar to a
crack extension, which can deviate from the desired path, especially for fast cutting speeds and long
cutting lengths [11]. After being optimized in order to control the path of the stress-induced fracture,
such a technique has been successfully applied to cut various materials, including silicon [21], alumina
ceramics [22] and glass [23]. Xu et al. [19] demonstrated the laser thermal cleavage of sapphire substrate
wafers using a CO2 laser source. Here, a groove was engraved by laser ablation on the substrate surface.
Laser irradiation caused localized and rapid heating and cooling, which led to the generation of local
micro-cracks that propagated along preferential directions, with consequent cleaving and cutting of
the substrate. Although attractive, this experimental procedure is very complex, since it requires
cooling of the substrate and accurate alignment of the laser engrave to achieve the desired cutting
path. Moreover, a protective layer must be applied to avoid surface contamination by redeposited laser
ablation debris. An indirect, two steps thermal cleavage process has been developed by Choi et al. [16]
for cutting glass, using a near-infrared (NIR) nanosecond laser. In this case, a laser-induced plasma
plume was produced by irradiating a sacrificial absorbing layer, positioned a few hundred microns
far from the glass target. Such a plume allowed the improvement of the absorption of laser energy
by the target substrate, thus achieving localized and rapid heating and cooling. By delivering the
appropriate amount of laser energy generating the plasma plume, controlled local microcracks were
induced, which resulted in the cutting of the glass target.

A different approach was used by Russ et al. for cutting thin and ultra-thin glass plates (i.e., a
thickness of a few hundred micrometers). Using ultrashort laser pulses, they ablated, layer-by-layer,
the entire thickness of the substrate along the desired contour path [24]. This approach does not
require applying any tensile stress and is suitable for any geometry, however it does not produce
perpendicular cutting edges, has limited processing speed and produces a large amount of ablation
debris [25]. Vanagas et al. used an analogous approach for the cutting of quartz and borosilicate
cover glass samples, using 150 fs laser pulses at the wavelength of 800 m and repetition rate of 1 kHz.
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They demonstrated the feasibility of the laser cutting of quartz, although the processing speed was
200 µm/s and the laser-induced damage on the rear surface, caused by the multiple overlapped scanned
paths, was quite extended [26].

Stealth dicing, instead, consists of focusing the laser beam inside the bulk material, transparent to
the laser wavelength, and moving it along the desired path that acts as the initial division line, when
an external tensile stress is subsequently applied. The process is ablation-free, does not generate any
debris, and is extremely fast. The successful stealth dicing of thin sapphire wafers (350 µm) has been
demonstrated using a fs-laser in the NIR wavelengths focused through a microscope objective [1].
However, single-focus stealth dicing laser processing does not always ensure a precise control of the
taper, thus compromising the quality of the cutting edge. The laser cutting of thin borosilicate glass
slides using a commercial fs-laser has been tested [27], finding that the fine cut can be successfully
obtained by carefully adjusting the scan speed, in order to trigger the formation of micro-cracks at the
exit of the laser beam from the sample. The generation of such microcracks was ascribed to the damage
induced by filamentation and the consequent mechanical stress built-up in the material. Moreover,
many studies have explored multifocal laser processing, mainly using a combination of diffractive
optical elements (i.e., Fresnel lens) and Bessel beams [22,23]. Tsai et al. [28] demonstrated the cutting of
a thin glass with a thickness of 100 µm through modification in the bulk volume, using a femtosecond
laser Bessel beam and applying a breaking stress. A smooth cut edge with chipping <1 µm was
obtained. Dudutis et al. [29] proved the possibility to use a picosecond laser for glass dicing using an
axicon-generated asymmetrical Bessel beam. A tilt movement was applied to the axicon holder in order
to add an astigmatic aberration, producing a Bessel beam with controlled asymmetry. This solution
allowed the achievement of 2.8 times faster dicing speed and the lower propagation of cracks into the
bulk material, compared to dicing with a symmetrical Bessel beam. The stealth dicing of sapphire
using ultrashort pulsed Bessel beams has also been demonstrated by Lopez et al. [30], but achieving a
sidewall roughness of around 2 µm.

In this work, we investigate the cutting of quartz by ultrashort laser pulses. Quartz is a material of
relevant interest in many fields like e.g., optoelectronics, fibre-technology and photoacoustics [31,32],
thanks to its high optical transmission in a broad range from ultraviolet (UV) to mid- infrared
(MIR), unique thermal and electrical properties, besides an excellent chemical resistance. The high
precision cutting of quartz is crucial for many applications that require the fabrication of miniaturized
quartz-based devices. The traditional method for cutting quartz is based on lithography followed by
wet etching, using highly toxic agents like ammonium bifluoride [17] or HF acid [8]. The laser-based
cutting method proposed in this work is a clean, single pass stealth dicing process, which does not
involve any chemical agent or external tensile stress. The dependence of the main laser process
parameters as the repetition rate, the pulse overlap and the pulse energy on the cutting efficiency were
experimentally investigated. The quality of the cut edge has been thoroughly analyzed by optical
microscopy. Optical profilometry has been exploited to evaluate the roughness of the cut edge and the
flatness of the final cuts.

2. Materials and Methods

The set-up used for these experiments is shown in Figure 1. The laser source was the Pharos SP
1.5 from Light Conversion, providing 200 fs pulses with variable repetition rate from a single pulse to
1 MHz. The almost diffraction limited laser beam (M2<1.3) was characterized by a central wavelength
of 1030 nm and had a maximum average power of 6 W and maximum pulse energy Ep of 1.5 mJ.

The linearly polarized exit beam passed through a half-wave plate and a polarizer, which allowed
one to tune the average power by rotating the half waveplate. Next, the laser beam was sent to a
microscope objective with a focal length of 8 mm (the estimated focused spot diameter d in air was
1.3 µm) mounted on a PC controlled motorized axis (Aerotech, ANT130 LZS, Pittsburgh, PA, USA).
This enabled the beam focus to be finely positioned in the bulk of the transparent samples that were
moved on a XY plane, perpendicular to the beam axis by two Aerotech ABL1500 motorized stages with

133



Micromachines 2020, 11, 327

sub-micrometer resolution. As samples, 250 µm thick Z-cut quartz plates from Nano Quartz Wafer
were used. In the present experimental conditions, self-focusing is likely experienced at a distance
from the sample surface estimable as [33]:

zsf =
2n0(d/2)2

λ

1
√

P/Pcr
(1)

where n0 is the linear refractive index and λ the wavelength, P is the applied peak power and Pcr=11 MW
is the critical power for having self-focusing, determined according to Eq. 7.1.1 in [33]. Considering that
the applied peak power ranged from 75 MW to 175 MW, the calculated self-focusing distance ranged
between 0.31 µm and 0.47 µm. Correspondingly, the spot radius at such distance was determined
according to [34]:
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where R0 is the curvature radius, k is the wave number in linear media and γ =
(
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,
with α the degree of global coherence. In the present case, considering α→∞, the estimated beam spot
radius due to self-focusing varied from 0.42 µm to 0.52 µm at the self-focusing distances, according
to the applied peak power. However, it is important to highlight that the aberration occurring from
focusing the laser beam deep inside the quartz sample could cause deviations from a diffraction-limited
beam spot, by extending the focal region along the optical axis.
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Figure 1. Experimental set-up used for the cutting experiments.

The translation speed v and the repetition rate f defined the average number of pulses pps (pulses
per spot) impinging on the same focal area, calculated as pps = wsf*f/v.

The repetition rate, the scan speed and the pulse energy were varied and their influence on the
cutting process was evaluated, in order to better understand the underlying physical mechanisms.

3. Results and Discussion

3.1. Influence of the Repetition Rate and pps

It was found that the repetition rate plays a fundamental role to get the laser-induced dicing of
the quartz plates in a single step. Indeed, the repetition rate defines the time separation between two
successive laser pulses and together with the travel speed and the pulse energy, determines the amount
of laser energy and heat released in a given material volume per unit time.

Using a repetition rate of 25 kHz, the single-step cutting of quartz was never achieved regardless
the travel speed and, thus, the number of pps. At higher repetition rates, stealth dicing of the plates
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occurred with quite different cutting edge qualities, depending on the pulse energy and the number
of pps.

In Figure 2, the optical microscope images of the cut edges obtained on quartz at 50 kHz and
100 kHz, with a pulse energy of 20 µJ and pps of 48 and 96, respectively, are shown. All the cuts exhibit
a damaged area beneath the surface, in the region where the laser focus was placed. The areas above
and below appear to be rather clean.
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Figure 2. Optical microscope images of the cut edges obtained with a fixed pulse energy Ep=20 µJ and
different repetition rates of 50 kHz and 100 kHz and pulse overlap pps= 48 and 96 (a–d).

Several physical mechanisms, generally taking place when irradiating a transparent material with
intense ultrashort laser pulses, might have concurred to get the single-step stealth dicing of quartz.
Besides self-focusing, also aberration from focusing deep inside the bulk quartz and filamentation
typically occur at the peak power levels used in our experimental conditions [35]. However, the laser
damaged area is quite confined inside the bulk material. Therefore, beam filamentation unlikely
occurred along the whole quartz thickness. It is much more plausible that the physical mechanism
originating the single pass stealth dicing is an accumulation of laser-induced stresses. In fact, in
agreement with [36], it can be estimated that the peak temperature reached by the quartz lattice after
each laser pulse is around 103 K. At such a high temperature, a transient tensile stress is generated,
whose magnitude can be estimated by the following formula [16]:

σ =
Eα∆T
1− υ (3)

where E is the Young modulus, α is the coefficient of thermal expansion, ∆T is the temperature increase
due to irradiation, and ν is the Poisson’s number. The magnitude of such stress, which has been
calculated taking into account the specific experimental conditions, is of the order of some hundreds
of MPa. Literature reports a formation of cracks when the stress exceeds 1 GPa [37]. Therefore,
the generation of a crack is not expected after each single pulse. However, since the single-pulse
laser-generated mechanical stress lasts longer than 10 µs [38], if a second pulse arrives before such stress
is released, then the two stresses accumulate. Pulse after pulse, this stress accumulation mechanism
leads to the generation of cracks. The joining and propagation of cracks following the laser path and
throughout the entire thickness of the quartz plate originates the single step stealth dicing process.

This explanation justifies the different results obtained at the three investigated values of repetition
rate. In fact, at 25 kHz, the time delay between subsequent pulses is much longer than the relaxation
time of each laser induced stress. Therefore, the stresses of following pulses do not overlap, and
dicing of the sample does not take place. As far as the repetition rate increases, the pulse-to-pulse time
interval shortens and the laser-induced stresses start to accumulate, finally resulting in the formation
of cracks and dicing. At a repetition rate of 50 kHz, the time delay between consecutive pulses is half

135



Micromachines 2020, 11, 327

of the previous case and the self-induced stealth dicing of the samples was successfully obtained, with
overall acceptable quality of the cut edges, especially for pps = 48.

In this case, the area modified by the laser interaction is well confined in the bulk volume and can
be easily recognized, as shown in Figure 2a. Here, the average areal roughness Sa was found to be
around 1 µm. No significant collateral damage is noticed above or below the laser modification trace
and a much lower surface roughness of around 0.05 µm was found. By increasing the number of pps
to 96, the quality of the cut edge is still acceptable, but some scratches begin to be noticed above and
below the laser modified volume, see Figure 2b.

At an even higher repetition rate of 100 kHz, the laser induced crack propagation mechanism
is no longer under control, owing to the excessive thermal load released into the focal volume [39].
This causes significant collateral damage around the laser absorption area, with unacceptable quality
of the cut edges, as shown in Figure 2c,d. In particular, in the top part of the cut edge, long cracks
propagating all the way towards the surface can be noticed at the lower number of pps = 48. For higher
pps = 96, a large number of very dense erosion lines, accompanied by microcracks bridging them,
appear in the upper part of the cut edge. For both investigated pps values, at 100 kHz of repetition rate,
the lower part of the cut edge is completely destroyed, with big chips of quartz that have detached
from the bottom.

The role of the overlap between pulses has been further investigated by performing additional
experiments at the repetition rate of 50 kHz, keeping the same pulse energy of 20 µJ and reducing
the number of pps to 24 and 10, respectively. Even in these two cases, the single step laser stealth
dicing of the quartz samples was achieved. The corresponding optical microscope images of the cut
edges are shown in Figure 3. As for pps = 48, the average areal roughness Sa of the laser modified
zone was equal to 1 µm for both samples, while the surrounding area showed a surface roughness
around 0.05 µm. However, compared to the case of pps = 48 shown in Figure 2a, where the cut edge
was almost perfectly flat without any evident imperfection, a reduction of the number of pps has not
led to further improvement of the cut quality. Unexpectedly, some small scratches or micro-cracks
appear close to the laser modified area, suggesting that besides the repetition rate, the number of pps
must also be selected within an ideal range to obtain a clean single step cut. On the other hand, a
slight decrease of the laser damaged area depth, from approximately 50 µm to 35 µm, is noticed when
decreasing the pps from 48 to 10. This is ascribable to the well-known incubation effect [40]. As the
number of impinging pulses increases, the damage threshold decreases through the creation of point
defects. Those defects enhance absorption of subsequent pulses, thus improving the coupling of laser
energy into the lattice [40]. As a consequence, the dimensions of the laser-modified area increase with
the number of pps. In addition, an increase of the pps leads to an increment of the accumulated fluence
(defined as the pps multiplied by the fluence of the single pulse), which may change the morphology
of the laser damage trace [41].
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Figure 3. Optical microscope images of the cut edges obtained with pps = 24 and 10, at 50 kHz
repetition rate and a pulse energy of 20 µJ. The reduction of the pps from 24 to 10 causes the cut edge
not to be perpendicular to the target surface. In (a), the image is almost entirely on focus. In (b), the
part of the cutting edge above the laser damage trace is out of focus, thus indicating a different height
with respect to the part below.
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3.2. Influence of the Pulse Energy

The influence of the pulse energy on the overall cutting mechanism and the cut edge quality
has been investigated by carrying out experiments at 50 kHz of repetition rate, 1 mm/s of translation
speed and varying the pulse energy from 15 to 40 µJ, with increments of 5 µJ. Indeed, below 15 µJ,
the pulse energy was too low to get the single step cutting of the samples, thus indicating that it is a
threshold process.

The corresponding cut edges are shown in Figure 4, where the top and bottom views are also
presented. For Ep = 15 µJ (Figure 4a) a single step stealth dicing cut with acceptable quality of the cut
edge was obtained, except for some small imperfections on the top of the laser modified area, which
had a depth of 45 µm. The best cut quality was obtained at 20 µJ, where a clean cleavage is observed,
with a 50-µm-deep laser modified zone buried inside the sample thickness. The cut is straight with
well-defined edges following the laser path, and very few surface defects, as can be noticed from the
top and bottom view of the sample, unlike the case reported by Vanagas et al. [26], where a damage
area on the sample rear surface of approximately 500 µm wide was observed. A comparison with the
top and bottom view of the same sample before irradiation (Figure 5) does not show any significant
difference. Therefore, it can be excluded that when focusing the laser beam inside the bulk material
surface, defects are generated on the top and the bottom of the sample.
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Figure 4. (a–d) Side view of the cut edges obtained at 50 kHz, at the scan speed of 1 mm/s and four
different pulse energies. The top (e,g,i,k) and the bottom (f,h,j,l) views are also shown.
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Figure 5. Top (a) and bottom (b) surface of the target before laser irradiation.

As the pulse energy was increased to above 25 µJ, a clear ablation occurred at the bottom of the
sample. At an even higher value of pulse energy of 35 µJ, the damaged region merged with the laser
trace, reaching an extension of almost 160 µm and resulting in cuts of poor quality.

In Figure 6, the 3D and line profiles of the cut edges obtained for 50 kHz of repetition rate, 1 mm/s
of scan speed and pulse energies of 35 µJ and 20 µJ, respectively, are shown.
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Figure 6. Three-dimensional profiles and line profiles of the cuts obtained at 50 kHz, scan speed of 1
mm/s and pulse energy of (a,c) 35 µJ and (b,d) 20 µJ, respectively.

At the higher pulse, energy evident laser-induced damage is present, as also clearly visible in
Figure 4d,l. The cut edge obtained with the lower pulse energy has a significantly smoother surface,
except for slight erosion lines on the right side and a small depression, only a few micrometers high,
positioned at the laser trace in the middle of the cut edge.

4. Conclusions

We performed a systematic study on the stealth dicing process of quartz plates using ultrashort
laser pulses. The influence of the main laser parameters as the repetition rate, the pulse energy, the
translation speed and, as a consequence, the pulses overlap, on the cut efficiency and quality has been
thoroughly investigated.

We have found that the single pass self-induced laser cutting of quartz is possible within the range
of plate thickness explored in this work (250 µm). The physical mechanisms leading to the cleavage
have been ascribed to the accumulation, pulse after pulse, of tensile stresses, generated by the rapid
increase of temperature experienced in the focal volume after the nonlinear absorption of laser energy.
Such stresses cause micro-fractures that produce the cut, while propagating along the laser path and
throughout the entire thickness of the plate.

The repetition rate has been found to be a key parameter to generate a controlled and clean cut,
since this parameter defines the time delay between successive pulses and thus the amount of stress
accumulated in the focal volume. In fact, a repetition rate of 25 kHz was found to be too low to
initiate the crack, while at 100 kHz, the bottom part of the plates was completely disrupted, due to the
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excessive laser induced stress. The optimal value of repetition rate, which has allowed obtaining a neat
cut without any significant damage above or below the laser modified zone, was 50 kHz.

Increasing the overlap between pulses or the pulse energy and keeping the same repetition rate
resulted in reducing the quality of the final cut, with the appearance of erosion lines and chipping
around the laser modified zone. This indicates that a higher energy load causes, once again, excessive
laser induced stresses and/or the initiation of ablation from the top or the bottom surface, thus making
the stealth dicing process unstable.
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Abstract: We demonstrate a microfluidic mixer of high mixing efficiency in fused silica substrate using
femtosecond laser-induced wet etching and hydroxide-catalysis bonding method. The micromixer has
a three-dimensional geometry, enabling efficient mixing based on Baker’s transformation principle.
The cross-sectional area of the fabricated micromixer was 0.5 × 0.5 mm2, enabling significantly
promotion of the throughput of the micromixer. The performance of the fabricated micromixers was
evaluated by mixing up blue and yellow ink solutions with a flow rate as high as 6 mL/min.

Keywords: ultrafast laser microfabrication; microfluidic; glass bonding

1. Introduction

Mixing is one of the dominating processes in chemical reactions and analyses. With microfluidic
technology, various schemes have been conceived and implemented to realize highly efficient mixing
of liquids by manipulating micro- and nanoscale fluids in sophisticated manners [1–6]. The geometries
that have been incorporated into the microfluidic channels for promoting mixing efficiency include
T-shaped microchannel, H-shaped micromixer, and grooved micromixer, etc. [7–12]. In particular, it has
been demonstrated that a three-dimensional (3D) passive micromixer, which was designed basing on the
Baker’s transformation concept, can enable fast and efficient mixing even in the low-Reynolds-number
condition [13]. Many planar manufacturing approaches, such as casting or injection molding, have
been adopted to fabricate on-chip micromixer devices. However, these methods are inadequate for
three dimension (3D) complex structures fabrication. 3D printing technology, which can be employed
to produce 3D structures, always uses organic materials (i.e., epoxy resin). The organic materials are
unsuitable for some microfluidic devices fabrication, since they are easily modified or dissolved by
chemical reagents and damaged in high-temperature or high-pressure environments. In contrast, glass
materials are chemically stable and resistant to corrosion, high temperature and pressure, making them
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excellent candidates for microfluidic chips preparation and functionalization. As a maskless technology,
femtosecond laser direct writing (FLDW) enables rapid prototyping and provides a straightforward
approach to fabricate 3D structures inside photosensitive materials, including polymer and glass. The
capability of 3D prototyping with high resolution in a wild range of transparent materials makes
FLDW a promising and superior technology for the fabrication of microfluidic devices. It should be
mentioned that the 3D micromixer was fabricated using FLDW of glass [14–18], which has been proved
to be a straightforward approach of fabricating 3D microfluidic structures and integrated optofluidic
devices [19–22].

The femtosecond laser micromachining can be an ideal tool for fabricating such structures owing
to its high fabrication precision and 3D capacity. However, the micrometer scale mixers suffer from a
relatively low throughput for various kinds of chemical reactions. The solution is to fabricate microfluidic
mixers consisting of relatively thicker and longer channels, which is nevertheless challenging for the
current state-of-the-art femtosecond laser-induced selective etching (FLSIE) technique [23].

Here, we demonstrate the fabrication of 3D micromixers of large footprint sizes in glass using
femtosecond laser micromachining. We improve the fabrication efficiency by optimizing the laser
pulse duration. The 3D micromixer, designed basing on the Baker’s transformation, is constructed
by bonding two substrates with complementary microfluidic channels fabricated on the surface. The
advantage of our design is that for the upper and lower halves of the mixer, they both have a 2D
planar geometry, which facilitates obtaining the designed structures by FLSIE technique, while the
mixer produced after bonding has a true 3D geometry to implant the Baker’s transformation operation.
The elimination of any vertical structures in the upper and lower halves of the micromixer provides
more tolerance for the alignment between the upper and lower halves during the bonding; while the
employment of Baker’s transformation for the mixing leads to high mixing efficiency regardless of the
flow rates in the microchannels. Compared to the previous micromixers designed and achieved basing
on Baker’s transformation, the throughput of our micromixer can be significantly enhanced. As shown
in Table 1, we compared the performances of different micromixer devices in detail.

Table 1. Comparison of three different types of micromixer devices designed and fabricated basing on
the Baker’s transformation.

Channel Width × Height
Maximum Flow

Rate
Materials Processing Method Ref.

160 µm × 20 µm ~200 µL/min PDMS PDMS molds [24]

50 µm × 75 µm ~20 µL/min Porous glass
Femtosecond laser direct

writing and annealing
[14]

500 µm × 500 µm 6 mL/min Fused silica FLISE and bonding This work

2. Device Design and Numerical Simulations of Mixing Process

Figure 1a illustrates the mixing effect in a single mixing unit. The unit can be arranged into a
chain for the construction of a high efficiency and high throughput microfluidic mixer. The mixing
unit features a 3D microstructure which splits, routes, and reorganizes the fluidic streams within the
upper and lower halves of the channel into an array of alternatively arranged sub-streams, which is
the so-called Baker’s transformation. In such a manner, the number of microfluidic streams can be
quadrupled after they pass each of the mixing unit. The working mechanism provides an efficient
way of mixing with the relatively simple geometry as compared to that in [13,14]. The design of the
whole micromixer is schematically illustrated in Figure 1b. First, the upper half of the micromixer
is engraved into the fused silica substrate using femtosecond laser-assisted chemical wet etching.
Likewise, the lower half of the micromixer is fabricated using the same technique. The two substrates
are finally bonded into the micromixer using a hydroxide-catalysis bonding technique as described
later in this paper.
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Figure 1. (a) Schematic view of working mechanism of the micromixer. The two microfluidic streams
sent into the mixing unit are divided into four sub-streams alternatively spaced with each other at the
middle of the unit and further divided into eight streams at the exit; (b) Schematic of the 3D micromixer
constructed by bonding two substrates with microfluidic channels fabricated by femtosecond laser
micromachining on the top surfaces.

The mixing performance of the designed 3D micromixer composed of six mixing units is
numerically simulated by solving the microfluidic incompressible Navier-Stokes and convection
diffusion equations using a finite element analysis software (COMSOL Multiphysics 5.4, COMSOL
Multiphysics GmbH, Göttingen, Germany). The simulations results compared with that of a straight
microfluidic channel are illustrated in Figure 2. The two structures are of the same cross-sectional size
and total length. One can see that in the 1D straight channel in Figure 2a, mixing only occurs at the
interface of two streams as a result of diffusion. Owing to the laminar flow, which dominates at low
Renolde numbers in the microfluidic channels, the overall mixing efficiency is low. In contrast, the 3D
mixer in Figure 2b shows an excellent mixing effect thanks to the working mechanism described above.

 

 

Figure 2. Numerical simulations of mixing performances at a flow rate of 2 mL/min in (a) a T-shape
straight microchannel with a rectangular cross section and (b) a 3D micromixer consisting of six mixing
units. The straight microchannel and the 3D micromixer have the same total length and the same cross
section area. Scale bar in (a,b): 0.5 mm.

3. Fabrication of the 3D Micromixers

The 3D micromixer is fabricated using femtosecond laser-assisted chemical wet etching technique
and the hydroxide-catalysis bonding method. First, the upper and the lower half of the micromixer is
engraved into the fused silica substrate using femtosecond laser-assisted chemical wet etching. The
femtosecond laser pulses (1030 nm, up to 400 µJ, 270 fs) were provided by a commercial femtosecond
laser source (Pharos, Light Conversion Ltd., Vilnius, Lithuania). The duration of the laser pulse can
be tuned from 270 fs to 15 ps by adjusting the distance between the gratings in compressor. After
passing through an attenuator and a beam expanding system, the laser pulses were then focused into
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the fused silica glass using an objective lens (Olympus MPLFLN, 10×, NA = 0.3, OLYMPUS, Tokyo,
Japan). A motion stage (ANT130-110-L-ZS, Aerotech Inc., Pittsburgh, PA, USA) was used to translate
the objective lens along Z direction to control the depth of the focus, and the fused silica glass sample
was mounted on an XY motion stage (ABL15020WB and ABL15020, Aerotech Inc., Pittsburgh, PA,
USA) and smoothly translated with a positioning precision of 100 nm. Both the translation stages were
controlled using a high-performance motion controller (A3200, Aerotech Inc., Pittsburgh, PA, USA). In
our fabrication, the repetition rate of the laser was set to 100 kHz, and the laser pulse duration was set
as 4 ps [25,26]. The laser focal spot was scanned along the pre-designed paths layer by layer with a
layer spacing of 10 µm to produce the microchannels on both glass substrates. The scan process was
performed from the bottom to the top of the substrate, and the scan speed was fixed at 10 mm/s.

After laser irradiation, the glass samples were immersed in a solution of potassium hydroxide
(KOH) with a concentration of 10 mol/L to selectively remove the glass material irradiated by the laser
pulses. The microchannels on both glass substrates can form after the etching in KOH solution.

Lastly, the two substrates were combined into the micromixer using the hydroxide-catalysis
bonding method. First, the top surfaces of the two glass substrates were polished, and the two
substrates were ultrasonically cleaned in acetone for 10 min and subsequently in distilled water for
10 min. Then, a drop of 2% sodium hydroxide (2% NaOH) solution was applied to the bonding
surfaces of the two glass substrates. Afterwards, we carefully adjusted the position of the two glass
substrates under the transmission illumination microscope to ensure an accurate alignment between
the microchannels engraved in the two substrates. After that, the whole sample was squeezed gently,
held for 24 h at the room temperature, and then annealed at 200 ◦C for another 24 h to reinforce the
bonding strength [27,28]. The procedures of the micromixer fabrication are illustrated in Figure 3.

 

 

Figure 3. Fabrication procedures: (a) ultrafast laser direct writing; (b) chemical wet etching; and
(c) hydroxide-catalysis bonding.

4. Results and Discussion

The top view micrograph of the fabricated 3D microfluidic mixer is shown in Figure 4a. One can
see that it contains six mixing units. The sharpness of the edges and corners in the fabricated structure
provide the evidence of the high machining quality of the femtosecond laser. Figure 4b presents the
detailed top view image of one of the mixing units. Figure 4c presents the top view image of half
of the micromixer before bonding. Figure 4d,e exhibit the 3D profiles of the structure in Figure 4c
from different angles of view, showing a maximum depth of ~270 µm in the fabricated microchannel.
The optical micrograph of the cross section was illustrated in the inset of Figure 4e. The cross section
shows a square profile with a side length of 0.5 mm. Because of the relatively large height and width of
the micromixer, the production throughput can be efficiently promoted, which is highly in demand
by industrial application. It should be noted that the measured roughness of the micromixer’s inner
surface in the region of 200 µm × 200 µm is 872 nm, which is orders of magnitude smaller when
compared to the size of the micromixer. As a consequence, the impact of the surface roughness to the
mixing process can be ignored.
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Figure 4. Top view optical micrograph of (a) fabricated micromixers; (b) the detailed features of mixing
unit; (c) the microchannel on half glass substrate before bonding. (d,e) are the 3D images of (c) from
different view angles captured by laser confocal microscopy. Inset: Image of the cross section at the end
of the mixing unit after bonding.

At last, we experimentally demonstrated the mixing of the fabricated 3D micromixer using two
kinds of ink of blue and yellow colors, as shown in Figure 5. The experimental performances of the 3D
micromixer compared with that of the straight microchannels were conducted at three different flow
rates of 1 mL/min (Figure 5a,b), 2 mL/min (Figure 5c,d), and 6 mL/min (Figure 5e,f), which correspond
to Reynolds numbers of 8.33, 16.67, and 50 in the micromixer respectively. It can be seen that in the
straight channel, the mixing efficiency contributed by diffusion decreases to the increasing flow rate.
Overall, the mixing effect in Figure 5a–c are much weaker than that in the 3D mixer as shown in
Figure 5b,d,f respectively. Interestingly, as the mixing in the 3D micromixer is achieved dominatingly
by the Baker’s transformation mechanism but not by diffusion, the mixing performances at different
flow rates appear similar to each other. The stabilization of mixing efficiency at the variable flow
rate provides a controllable way to manipulate chemical/biological reactions in the microchannel by
only changing the flow rate, which leads to a predictable change of the dwell time of the reactants in
the microchannel.
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Figure 5. Microscope images of the mixing behaviors of the blue and yellow ink solutions in straight
channel at a flow rate of (a) 1 mL/min, (c) 2 mL/min and (e) 6 mL/min, and in fabricated 3D micromixer
at a flow rate of (b) 1 mL/min, (d) 2 mL/min and (f) 6 mL/min. Scale bar in (a–f): 0.5 mm.

5. Conclusions

To conclude, we have designed and fabricated a 3D microfluidic mixer based on femtosecond
laser micromachining technology and hydroxide-catalysis bonding method. Both our simulation and
experimental results show that the device can realize efficient microfluidic mixing. The compact and
efficient 3D micromixer can be used in applications ranging from chemical/biological analysis and
microfluidic synthesis of materials to fine chemistry microreaction. Our technique also has promising
potential in electrophoretic and some other relative applications [29] because it can offer the capabilities
of 3D fabrication, controllable fluidic throughput and multifunctional integration.
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