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Abstract  

 

In the past 30 years as the pulse width of lasers has been narrowed and high-power 

lasers have been developed, researches on the interaction between photon and materials 

using femtosecond lasers have been actively conducted. The high energy density of 

femtosecond pulsed lasers enables nonlinear photoionization processes in several ways. 

This paper reports a study of a type Argentum direct laser writing in silver containing zinc 

phosphate glasses by inducing a nonlinear absorption deformation of femtosecond laser 

pulses. When silver-containing zinc phosphate glasses are irradiated with femtosecond 

laser pulses, ring-shaped clusters are formed due to non-linear absorption. The 

fluorescence properties and the refractive index of the silver cluster induced by this 

deformation are different from those of the original zinc phosphate glass. 

Simultaneous comparisons of chemical micro probes, near-field scanning optical 

microscopy (NSOM), and numerical modeling were used to analyze the laser-induced 

silver species distribution. The results significantly strengthen the understanding of material 

modifications in such glasses in a non-thermal interaction regime. In particular, it has been 

found that the spatial distribution of species in silver-containing glasses produced by 

femtosecond laser irradiation has a significant effect on chemical etching selectivity.  

The Y-shaped beam splitters, 2D structures made by using type A DLW, was fabricated 

and its performance was measured. It was confirmed that a waveguide of a general shape 

in which the refractive index of the core is larger than that of cladding can be produced by 

using a type A DLW. Since the type A DLW always induces positive refractive index changes 
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from 2.7x10-3 to 5.1x10-3, it is very suitable for making waveguide. A symmetric Y-junction 

and various asymmetric Y-junctions were also designed and fabricated using double line 

waveguides. Their output ratios were measured according to the transition of the inject 

position. It was confirmed that the output ratio could be varied from 96%-4% to 57%-43% 

due to the different irradiance in the process of writing between the upper branch and lower 

branch. So DLW in silver containing zinc phosphate glasses can be utilized easily and 

quickly to fabricate the desired type of optical device with only the writing process. 

Finally, the scope of application was further expanded by investigating 5D optical data 

storage (ODS) using type A DLW. We have demonstrated 5D optical data storage encoded 

in orientated type A DLW modifications by using a relatively low laser irradiance compared 

to conventional DLW. Five dimensions were achieved by adding the orientation of ellipse 

pattern and fluorescence intensity to 3D position. The ellipse pattern was created by 

anamorphic focusing, and the orientation was adjusted to 16 levels by employing SLM. In 

addition, AOM device was used to adjust the femtosecond laser intensity of 16 levels.  

To confirm the possibility of the proposed 5D ODS, two different images were 

simultaneously embedded simultaneously in one image by type A DLW. And it was 

demonstrated that the two different original images of 4-bit bitmap format were successfully 

restored. The corresponding reading fidelities of 60.5% and 25.1% were obtained for the 

orientation direction and fluorescence intensity levels, respectively. In addition, it is shown 

that the reading accuracy can be greatly improved to 85.0% and 47.1% when 3-bit bitmap 

format was applied. Using the proposed this technology, we showed a maximum data 
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density of 14.9 Gb/cm3 can be achieved, and it can reach up to 119.2 Gb/cm3 (using NA = 

1.3 oil target).  

In conclusion, the fluorescence characteristics of type A DLW in silver containing zinc 

phosphate glasses were studied, and its utility as a multi-dimension application was 

confirmed. We believe this technology has great potential for nano-scale patterning in 

semiconductor and fabrication of micro-scale optical devices.  

Key words: Direct Laser Writing (DLW), Femtosecond Laser, Type A DLW, Waveguide, 

5D Optical Data Storage (ODS), Laser Patterning, and Laser Lithography  
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Chapter 1. Introduction 

 

 

1.1 Direct Laser Writing with ultrashort pulse lasers  

 

During the active research and development of lasers in the 1960s and 1970s, many 

experiments were conducted on the interaction between photons and materials. In 1978, 

Hill K.O. measured the UV radiation damage and the changes of refractive index by 

irradiating a continuous wave gas laser beam onto Ge-doped silica glass [1]. And using 

these characteristics, optical devices were fabricated on fibers and thin films. At this time, 

laser damage caused by visible laser and IR laser induced only a linear effect with low 

photon energy, which received little attention.  

After the development of high energy density femtosecond pulse laser, Hirao et al. 

induced modifications inside silica and Ge-doped silica glass by using a femtosecond laser 

of 120 fs, 200 kHz, and 810 nm, and measured an increase in refractive index from 0.01 to 

0.035 in 1996 [2]. The femtosecond pulse laser provided a solution to overcome the low 

photon energy of visible and NIR laser.  

The high energy density of femtosecond pulsed lasers enables the nonlinear 

photoionization processes provide high energy sufficient for the valence electrons to move 

into the conduction band by following three different ways depending on the intensity and 

repetition rate of the laser [3,4], (i) Multiphoton ionization, (ii) tunneling ionization, and (iii) 
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avalanche ionization. A few picoseconds after, the laser excited electrons transfer their 

energy to the lattice, resulting in permanent material deformation. Due to these complex 

mechanism, femtosecond laser microfabrication can be applied to a wide range of 

materials.  

 

 

1.2 Applications using direct laser writing 

 

The peak power of the fs laser beam is high, but the average fluence is relatively low, 

so it is more studied in laser processing of dielectric materials, polymers, and transparent 

glasses than laser processing of metals. Although the peak power of the fs laser beam is 

high, the average power is lower than continuous wave lasers, femtosecond lasers are 

more used for laser processing of dielectric materials, polymers, and transparent glasses 

than laser processing of metals, as shown in Figure 1.  

Various optics including lens systems, micro resonators, and color filters for IR sensors 

are designed and manufactured with direct laser writing using ultra-short pulse lasers. In 

1994, Michael T. Gale et al. produced continuous-relief micro optical elements (Fresnel 

microlenses, microlens array, kinoforms, and other continuous-relief phase elements) in 

photoresists by using CW HeCd laser [5]. He designed, manufactured and measured 

Fresnel lens with a diameter of 5 mm and a focal length of 10 mm (0.24 N.A.). Micro-lens 

having a diameter of 30 um up to 1 cm were also fabricated. The fabrication of the optical 

elements implemented in this paper requires several post-processing steps after direct 
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laser writing. Timo Gissibl et al. produced an ultracompact multi-lens objective by using two 

photon direct laser writing with 3D printing technology in 2016 [6]. He designed and 

fabricated singlet, doublet, and triplet with a height of about 115 um and a focal length of 

68.3 um on a 170 um thick glass substrate. Naoto Tsutsumi et al. fabricated 3D 

microstructures and micro-lens arrays using negative photoresist SU-8 with a femtosecond 

Ti:sapphire pulse laser [7]. Piotr Wasylczyk et al. manufactured transmission phase 

gratings that serve as color filters in the visible [8]. By focusing the femtosecond laser pulse 

to the photoresist, each simple diffraction structure had the structure of a regular grid of 

pillars, and transmission of each grid has a wavelength dependency. In his paper, one basic 

unit was manufactured with a width of 450 nm and a height of 1.0 um to 2.4 um, which is 

important factor to determine the wavelength of transmission. Heming Wei et al. designed 

and produced a sensitive refractometric polymer micro-resonator sensor [9].  

Direct laser writing is widely used not only for optics elements, but also for electronics 

in graphene/metal doped thin films [10–15], lithography [16–18], and micro 3-dimension 

printers [19,20]. In particular, Joachim Fischer, Min Gu, and Benjamin Harke brought the 

concept of stimulated emission depletion (STED) fluorescence microscopy to reduce the 

size of voxels modified by direct laser writing [16,17,21]. Although it has different 

characteristics depending on the medium, in both experiments, structures of less than 100 

nm were fabricated.  
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Figure 1. Various applications using direct laser writing 

 

 

1.3 The scope of this manuscript 

 

In this paper, a new type of direct laser writing in silver-doped zinc phosphate glasses 

by using femtosecond pulse laser is introduced. And the properties and multidimensional 

applications of type Argentum DLW are reported.  
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In chapter 2, the modeling for cluster formation of metallic cluster in silver-containing 

glass due to femtosecond laser pulses is covered which explains the morphology of silver 

clusters and distribution of metal species. And this chapter details the experimental set-up 

used in this paper and the main role of each part. 

In chapter 3, based on near-field scanning optical microscopy (NSOM) images, 

chemical micro-probe analysis, spatial profile after soft etching, and numerical simulations 

of the silver species redistribution, the fs laser-induced spatial redistribution of silver 

species of our photosensitive silver-containing phosphate glasses is described correlatively. 

Chapter 4 introduces the two-dimensional waveguides fabricated by Type A 

modifications. In particular, studies on the fabrication, performance and properties of 

symmetrical Y-junctions and asymmetrical Y-junctions are included. Asymmetric Y-

junctions were fabricated by carving the two branches with different irradiance and the 

output ratios were measured. And it shows interesting results that can be used as an 

asymmetric splitter. 

In Chapter 5, five-dimensional (5D) data storage has been investigated by using type 

A direct laser writing. A data storage unit of ellipse pattern, produced by anamorphic 

focusing of femtosecond laser, has been proposed to demonstrate 5D data storage (3D for 

XYZ, 1D for orientation of ellipse and 1D for fluorescence intensity. In the writing process, 

two different images of 4-bit bitmap format were embedded in one single image by 

combining both ellipse pattern orientation and laser irradiance. In the reading process, the 

two merged original images were successfully decoded by comparing each data storage 
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unit with a calibration matrix and restoring the levels of ellipse orientation and fluorescence 

intensity simultaneously. 
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Chapter 2. Direct Laser Writing Experimental System 

 

 

2.1 Interaction between fs pulse Laser and Materials 

 

Since the development of dye lasers in the mid-1980s, fs lasers have been used in a 

variety of applications including ablation (drilling, cutting, marking), Photo-Lithography, 

Direct Laser Writing(DLW) , and micro 3D printing recently [22–25]. Ultra-short pulse laser 

is being developed continuously because the smaller the time scale of laser pulse, the 

more interaction between photon and material can be studied. For example, an ultrashort 

pulse laser is required for the mechanical study of molecular switching, the synthesis and 

decomposition of materials made by photosynthesis of plants, and the process of restoring 

perturbation due to photoelectric effect [26,27]. 

The interaction of photon and material depends on the type of material, lattice structure 

and energy exchange mechanism. Generally, some materials are known to have a process 

as shown in Figure 2. First, when the energy of photon is transferred to the material due to 

laser irradiance, multiphoton absorption and ionization proceed in the material. The energy 

transferred to the electron after the first step due to energy deposition is transferred into 

the molecules of the material and the vibration of the lattice, or phonon. After that, the 

perturbation caused by the photon enters into the process of relaxation to the energy 

equilibrium state. This process returns to equilibrium by heat diffusion, explosion, chemical 

reactivity, etc. We can induce material modification by irradiance of femtosecond laser 
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pulses and subsequent series of photo-material interactions before local material relaxation 

occurs.  

 

Figure 2 Time scale of the interaction between photon and material [28] 

In addition to the irradiance parameters of the laser, modifications induced by pulse 

laser can be classified into three types according to morphological changes [29]: (1) type I 

modification: smooth refractive index change, (2) type II modification: birefringent refractive 

index modification, (3) type III modification: micro-explosions leading to empty voids. Type 

I modifications are relatively weak energy and induce smooth and isotropic refractive index 

changes in the focal volume of the laser. Type II modification is induced when a slightly 

higher energy laser pulse is irradiated on bulk of fused silica glass. The interference of the 

laser field and the induced electron plasma wave inscribe a writing pattern in the form of 

periodic nano-grating, which induces a birefringent refractive index change. Finally, type III 

modification is induced by the highest energy laser pulses, which leaves a writing pattern 

of low density or hollow core at the core by micro-explosion in focal volume. Figure 3 shows 

the sequence of steps and the writing patterns for the three types. 
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Figure 3 The process and results of interaction of fs laser pulse and transparent 
materials : (1) high laser irradiance at focal volume in transparent material; (2) process of 

energy deposition by multiphoton absorption and avalanche ionization; (3) process of 
energy transfer and thermalization; (4) result of material relaxation and permanent 

modification by melting, nano-grating, and micro-explosion [29]. 

 

 

2.2 Silver-containing glass sample 

 

2.2.1 General formation process for metallic cluster  

 

After DLW on a photosensitive glass sample doped with a Nobel metal (i.e. Cu, Au, 

Ag), the nucleation of the metallic ions and further cluster are created induced under 

appropriate reduction-oxidation conditions [30]. This glass sample also interacts with the 

laser pulse through above process shown in Figure 2. In the first step, ionization of the 
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glass occurs while the fs laser pulse is irradiated. The free electrons are then diffused and 

trapped in the holes, the glassy network, and the doped metal ions [31]. At the same time, 

free electrons absorb the laser's photon energy and transfer energy to the lattice. The 

temperature rises from the subsequent pulse train, and the diffusion of metallic species is 

thermally activated. This leads to the continuous kinetic reaction and clusters of metallic 

ions begin to form. The cumulative fs pulse causes photo-dissociation to occur in the center 

of the focal volume, leaving only the metallic cluster at the periphery of beam waist. At the 

edge of the beam, it is not enough energy to reach photo-dissociation, but it satisfies the 

conditions which ionization and reduction-oxidation processes occur. The laser-induced 

redistribution of metallic species causes a forced charge separation inside the glass, 

forming a static electric field, E⃑⃑ dc. These static electric fields inside the glass bring nonlinear 

properties. In particular, the second harmonic generation is derived by providing a second-

order susceptibility which was zero before the formation of metallic cluster [32]. 

 

2.2.2 The formation process for Silver-doped Zinc Phosphate 
glasses 

 

The glass sample used in this experiment was silver containing optical glass based on 

zinc phosphate glasses. This glass sample is developed and researched by Institut de 

Chimie de la Matière Condensée de Bordeaux (ICMCB), and its photo-sensitivity, 

fluorescence property, and spectroscopic are different depending on the chemical 

composition ratio. The produced glass samples were used for direct laser writing in the 
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Short pulse Lasers Applications and Materials (SLAM) lab at Centre Lasers Intenses et 

Applications (CELIA).  

The silver-ions doped glasses used in this experiment also apply to the cluster 

formation process of the noble metal described above. Figure 4 shows the process of silver 

cluster described above, which has ring shape. In the first step, when the fs-laser pulse is 

irradiated on the silver-containing glass, free electrons are generated as shown in the 

yellow zone of Figure 4 (a). The generated free electrons form Ag0 by kinetic reaction with 

silver ions. Ag0 ∶ Ag+ + e− → Ag0 At the same time, Ag2+ is generated by a hole trapped in 

Ag+. Ag2+ ∶ Ag+ + h+ → Ag2+ However, Ag2+ generated at this time has limited mobility by 

surrounding phosphate chains. So it’s mobility is negligibly low compared to that of Ag+. 

The reaction to generate Ag0 continues until the concentration of free electrons disappears. 

At this time, the distribution of Ag0 and Ag2+ is located in the center of the beam as shown 

in green circle in Figure 4 (a). 

As shown in Figure 4 (b), the area where Ag0 exists is diffused, and the green circle is 

slightly enlarged. As absorbed laser pulse energy is transferred to lattice and molecular, 

heat diffusion occurs as shown in blue circle of Figure 4 (b) by raising temperature in focal 

volume. Ag0 ions activated by temperature encounter Ag+ ions, which causes formation of 

Ag2
+ as shown in Figure 4 (b) red circle. Ag2

+ ∶ Ag0 + Ag+ → Ag2
+  This reaction finishes 

when Ag0 is destroyed. Then Ag2+ will be distributed in clusters as shown in red circle in 

Figure 4 (c). 

The sequence of above steps is fast-paced and already terminates before the next 

pulse, causing all Ag0, e- and h+ to disappear. The next pulse brings photo-dissociation, 
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which begins to destroy the already formed Ag2+ cluster. This dissociation only occurs at 

the center where there is sufficient energy, and the silver clusters continue to accumulate 

in the periphery of the beam. After this series of processes has been repeated, only the 

ring-shaped cluster is left inside the glass as shown in Figure 4 (d) [33,34]. This Ag2
+ cluster 

has a high durability and remains almost permanent engraved inside the glass sample [35]. 

The associated space charge separation in glass produces a static electric field E⃑⃑ dc 

as shown in Figure 4 (d) black arrows. In the silver containing glasses, the laser induced-

static electric field has high value up to 109 V/m, which almost reaches to the electrical 

breakdown of material. And this allows an effective second order nonlinearity has follow 

value. χeff
(2)

= 3Edcχ
(3) ~ 1 pm/V [36,37]. This brings one- or two- ring shape of second 

harmonic generation response [36,37]. 
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Figure 4 The process for formation of laser-induced ring shape cluster within the silver-
doped phosphate glasses [38] 

 

2.2.3 Modeling for cluster formation of metallic cluster 

 

The cluster formation process of the metallic ions can be expressed by the following 

general modeling equation. Evolution of temperature T, electron concentration ne, hole 

concentration nh, and concentration of metallic species nM, static electric field induced by 

cluster Edc can be written as:  
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𝜕𝑇

𝜕𝑡
= 𝛤𝐷𝑡ℎ

+ 𝑆𝑡ℎ Equation 1 

 

∂ne

∂t
= ΓD(T, ne) + ΓM(T, ne, E⃑⃑ dc) + ΓK(ne, nh, nM) + ΓI + ΓDiss(nM) Equation 2 

 

𝜕𝑛ℎ

𝜕𝑡
= ΓK(ne, nh, nM) + ΓI Equation 3 

 

∂nM

∂t
= ΓD(T, nM) + ΓM(T, nM, E⃑⃑ dc) + ΓK(nM, ne, nh) ± ΓDiss(nM) Equation 4 

 

𝜕�⃑� 𝑑𝑐

𝜕𝑡
=

Q(nM, 𝑛𝑒 , 𝑛ℎ)

휀0휀𝑑𝑐

 Equation 5 

 

where 휀0 and 휀𝑑𝑐 are permittivity at vacuum and dielectric material. In Equation 1, 

𝛤𝐷𝑡ℎ
 and 𝑆𝑡ℎ present the hear diffusion and the laser induced heat source respectively. 

ΓD(T, ne) and ΓM(T, ne, E⃑⃑ dc) in Equation 2 are terms for the diffusion and the mobility. And 

ΓK  is term for kinetic reactions of metallic species and ΓI  represent the laser induced 

electron and hole source in Equation 2 and Equation 3. In Equation 3, the hole mobility 

term is neglected because of its relatively low impact. In Equation 4, ΓDiss(nM) represents 

the dissociation pathways of involving metallic clusters. Here, when the metal species 
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dissociate, the sign has a negative value, whereas when the cluster is formed, the sign has 

a positive value. Q(nM, 𝑛𝑒, 𝑛ℎ)  in Equation 5 describes the self-induced electric charge 

redistribution, and �⃑� 𝑑𝑐 represent the static electric field generated by ring-shape metallic 

cluster. 

Applying these equations to silver-doped glasses, the metallic species can be 

represented by the silver ion Ag+, the silver component Ag0, the doubly ionized silver ion 

Ag2+, and silver cluster Ag2
+. We will not consider the larger silver cluster Agm

x+, m > 2. This 

is because there is little mobility even if m = 2, and enough information can be obtained up 

to considering Ag2
+. Also we suppose that the Ag+ and Ag0 have mobility, while the Ag2+ and 

Ag2
+ have no mobility. From these assumptions and conditions, Equation 4 can be written 

as the following four equations. 

𝜕𝑛𝐴𝑔+

𝜕𝑡
= Γ𝐷(𝑇, 𝑛𝐴𝑔+) + Γ𝑀(𝑇, 𝑛𝐴𝑔+)

+ Γ𝐾 (𝑛𝐴𝑔+ , 𝑛𝑒 , 𝑛ℎ, 𝑛𝐴𝑔0 , 𝑛𝐴𝑔2+ , 𝑛𝐴𝑔2
+) + Γ𝐷𝑖𝑠𝑠(𝑛𝐴𝑔2

+) 

Equation 6 

 

𝜕𝑛𝐴𝑔0

𝜕𝑡
= Γ𝐷(𝑇, 𝑛𝐴𝑔0) + Γ𝐾 (𝑛𝐴𝑔0 , 𝑛𝑒 , 𝑛ℎ, 𝑛𝐴𝑔+ , 𝑛𝐴𝑔2+ , 𝑛𝐴𝑔2

+) Equation 7 

 

𝜕𝑛𝐴𝑔2+

𝜕𝑡
= Γ𝐾(𝑛𝐴𝑔2+ , 𝑛𝑒 , 𝑛ℎ, 𝑛𝐴𝑔+ , 𝑛𝐴𝑔0) Equation 8 
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𝜕𝑛𝐴𝑔2
+

𝜕𝑡
= Γ𝐾(𝑛𝐴𝑔+ , 𝑛𝐴𝑔+ , 𝑛𝐴𝑔0) − ΓDiss(𝑛𝐴𝑔2

+) Equation 9 

 

The concentration of silver species during cluster formation can be expressed by the 

above equations. 

Absorption of laser pulse energy is mainly explained by multiphoton ionization (MPI), 

impact ionization, and recombination. In Equation 1 and Equation 2, the laser-induced 

electron and hole source is expressed as 

Γ𝐼 = 𝜎𝐾 (
𝐼

ℏ𝜔
)
𝐾

(𝑛𝑎𝑡
0 − 𝑛𝑒) + 𝜎

𝐼

𝑈𝑔

𝑛𝑒 −
𝑛𝑒

𝜏𝑟

 Equation 10 

 

where I(r, t, z)  is the distribution of the laser intensity, experimentally Gaussian 

distribution. And the first term represents MPI process, the second term is written for impact 

ionization, and the last term corresponds to the recombination process. In Equation 10, σ 

is the inverse bremsstrahlung cross section, τr  represents electron-hole recombination 

time. 

The intensity of the laser pulse decreases as follow:  

𝜕𝐼

𝜕휁
= −𝜎𝐾 (

𝐼

ℏ𝜔
)
𝐾

(𝑛𝑎𝑡
0 − 𝑛𝑒)𝐾ℏ𝜔 − 𝜎𝐼𝑛𝑒 Equation 11 
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where the input laser pulse intensity distribution 𝐼|𝜁=0 = 𝐼0Φ(𝑟)𝑒−𝜏2/𝜏0  with τ0 =

𝜏𝑝/2√ln 2, τp is the laser pulse duration(FWHM), 휁 ∈ [0, 𝐿𝜁]. The time in the frame moving 

with group velocity of the laser pulse υg is τ = υg𝑡 − 𝑧, and the position of the laser pulse 

in space, correspondingly to its central time slice (τ = 0): ζ = υg𝑡. 

Experimentally, the energy absorption is is only about 0.04% to 0.5% when the 

injection laser irradiance ranges from 2 TW/cm2 to 9 TW/cm2. So the electron and hole 

source term after each laser pulse can be approximate as follows: n̅e(r) = n𝑒
0Φ(𝑟)𝐾  , 

where n𝑒
0 = 1017 𝑐𝑚−3  for all considered pulse irradiance. And Φ(𝑟)  is term for a 

normalized beam shape with radial symmetry, where r is the radial coordinate and K is the 

order of the multiphoton ionization processes. So for train of laser pulses, the electron and 

hole source term can be written as follow:  

Γ𝐼 = ∑ �̅�𝑒(𝑟)𝛿(𝑡 − 𝑛𝑡𝐿)

𝑁𝑝

𝑛=1

 Equation 12 

 

where tL = 1/𝜈, 𝑁𝑃 is the number of pulse train, and 𝜈 is the repetition rate of laser 

pulse. 

Finally the absorption of the laser pulse intensity can be estimated by solving Equation 

11 with ne = �̅�𝑒(𝑟) skipping the avalanche term. The radial distribution of the absorbed 

energy density S(r) is  
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𝑆(𝑟 ) =
1

𝐿𝜁

∫ 𝐼𝑎𝑏𝑠(𝑟, 𝜏)
+∞

−∞

𝑑𝜏 Equation 13 

 

where 𝐼𝑎𝑏𝑠(𝑟, 𝜏) = I(r, τ)|𝜁=0 − 𝐼(𝑟, 𝜏)|𝜁=𝐿𝜁
. The value of the absorbed energy Eabs is 

𝐸𝑎𝑏𝑠 = ∫ ∫ 𝐼𝑎𝑏𝑠(𝑟, 𝜏)𝑟 𝑑𝑟𝑑𝜏
∞

0

∞

0

 Equation 14 

 

The temperature distribution in space and time is calculated according to 

𝜕𝑇

𝜕𝑡
= 𝐷𝑡ℎ∆𝑇 +

1

𝐶𝑃𝜌
∑ 𝑆(𝑟)𝛿(𝑡 − 𝑛𝑡𝐿)

𝑁𝑃

𝑛=1

 Equation 15 

 

where S is the heat source term calculated in Equation 13, 𝐶𝑃 and 𝜌 are specific heat 

capacity and the density of the glass, respectively, and 𝑁𝑃 is the number of laser pulses. 

𝐷𝑡ℎ is the heat diffusion coefficient in the glass, assumed as a constant. The first term in 

this equation represents the temperature diffusion ΓDth
 in Equation 1, and the second term 

corresponds for laser energy absorption Sth in Equation 1. 

Diffusion ΓD and mobility ΓM terms of general model for silver ions Ag+ and electron 

e- are coupled:  
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ΓD + ΓM = ∇(𝐷∇⃑⃑ 𝑛) − ∇(μE⃑⃑ dc𝑛) Equation 16 

 

where D is the diffusion coefficient of the considered species, n is the its concentration, 

μ =
q

kT
D is the mobility in the electric field E⃑⃑ dc defined according to the Einstein relation, 

and q is the particle charge. Generally, the diffusion process of the metallic species 

depends on the lattice temperature T. So diffusion coefficient can be expressed as: 

𝐷(𝑇) = 𝐷(𝑇0) exp (
𝐸𝑎

𝑘𝑇0

) exp (−
𝐸𝑎

𝑘𝑇
) Equation 17 

 

where 𝑘 is the Boltzmann constant and 𝐸𝑎 = 0.8 eV is the activation energy [39]. 

The charge distribution Q for particular case of silver-containing glass is calculated as 

follow: 

𝑄

𝑞0

= 𝑛𝐴𝑔+ + 2𝑛𝐴𝑔2+ + 𝑛𝐴𝑔2
+ + 𝑛ℎ − 𝑛𝑒 − 𝑛𝐿− Equation 18 

 

where 𝑞0  is the absolute value of the electron charge. 𝑛𝐿−  is concentration of the 

input silver ion. 𝑛𝐿− = nAg+
0 . 

Here, the kinetic terms 𝛤𝑘  for clustering silver ions can be expressed with the 

electrons e-, holes h+, silver ions Ag-, complexes of silver ions with electrons Ag0, doubly 
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ionized silver ions Ag2+, and silver cluster Ag2
+. It all starts with the first femtosecond laser 

pulse. This pulse brings the photo-ionization of the glass. Photo-electrons and holes in this 

process are trapped in the silver ions contained in the glass. Thus there are three 

competitive kinetic reactions. electron-hole recombination, 𝐴𝑔+ + 𝑒− → 𝐴𝑔0 , and 𝐴𝑔+ +

ℎ+ → 𝐴𝑔2+ . Ag0, which has relatively high mobility, undergoes a chemical reaction with 

silver ions Ag+ again, forming a silver cluster Ag2
+. 𝐴𝑔0 + 𝐴𝑔+ → 𝐴𝑔2

+. For electrons and 

holes, 𝛤𝑘 in Equation 2 and Equation 3 are as follow: 

𝛤𝑘(𝑛𝑒, … ) = −𝐾𝑟𝑛𝑒𝑛ℎ − 𝐾𝑟𝑛𝐴𝑔2+𝑛𝑒 − 𝐾𝐴𝑔0𝑛𝐴𝑔+𝑛𝑒 Equation 19 

 

𝛤𝑘(𝑛ℎ, … ) = −𝐾𝑟𝑛𝑒𝑛ℎ − 𝐾𝑟𝑛𝐴𝑔0𝑛ℎ − 𝐾𝐴𝑔2+𝑛𝐴𝑔+𝑛ℎ 

 
Equation 20 

 

Here the first term is for electron-hole recombination and is related to the 

recombination constant Kr, estimated as Kr =
1

τr𝑛𝑒
0 . The second terms are for 

recombination of electron-Ag2+ and hole-Ag0. And the last terms represent the electron/hole 

trapping by silver ions characterized by thermally activated kinetic constants 𝐾𝐴𝑔0  and 

𝐾𝐴𝑔2+. 

In Equation 6, the concentration of silver ions 𝑛𝐴𝑔+ expressed as partial derivative of 

time can be written as: 
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𝛤𝑘(𝑛𝐴𝑔+ , … ) = −𝐾𝐴𝑔0𝑛𝐴𝑔+𝑛𝑒 − 𝐾𝐴𝑔2+𝑛𝐴𝑔+𝑛ℎ − 𝐾𝐴𝑔2
+𝑛𝐴𝑔+𝑛𝐴𝑔0

+ 𝐾𝑟𝑎𝐴𝑔0𝑛ℎ + 𝐾𝑟𝑛𝐴𝑔2+𝑛𝑒 + 2𝐾𝐴𝑔+𝑛𝐴𝑔2+𝑛𝐴𝑔0 
Equation 21 

 

where the first and second terms are for the trapping of free electron and hole 

respectively. The third term represents the formation of silver cluster Ag2
+, and the fourth 

and fifth terms correspond to the recombination processes of hole-Ag0 and electron-Ag2+. 

Similarly, in Equation 7, Equation 8, and Equation 9, 

𝛤𝑘(𝑛𝐴𝑔0 , … ) = 𝐾𝐴𝑔0𝑛𝐴𝑔+𝑛𝑒 − 𝐾𝐴𝑔2+𝑛𝐴𝑔+𝑛𝐴𝑔0 − 𝐾𝑟𝑛𝐴𝑔0𝑛ℎ

− 𝐾𝐴𝑔+𝑛𝐴𝑔2+𝑛𝐴𝑔0  
Equation 22 

 

𝛤𝑘(𝑛𝐴𝑔2+ , … ) = 𝐾𝐴𝑔2+𝑛𝐴𝑔+𝑛ℎ − 𝐾𝑟𝑛𝐴𝑔2+𝑛𝑒 − 𝐾𝐴𝑔+𝑛𝐴𝑔2+𝑛𝐴𝑔0  Equation 23 

 

𝛤𝑘 (𝑛𝐴𝑔2
+ , … ) = 𝐾𝐴𝑔2

+𝑛𝐴𝑔+𝑛𝐴𝑔0  Equation 24 

 

The thermal dependence of the kinetic constants is evaluated according to the 

Arrhenius equation with pre-exponential factor given by the collision theory [40]. 

𝐾𝐴𝑔(𝑇) = 𝐾𝐴𝑔(𝑇0)√
𝑇

𝑇0

𝑒𝑥𝑝 (
𝐸𝑎

𝑘𝑇0

)𝑒𝑥𝑝 (−
𝐸𝑎

𝑘𝑇
) Equation 25 
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This dependency also applies to reactions of silver species formation. The 𝐾𝐴𝑔 is the 

kinetic constants for all silver species.: 𝐾𝐴𝑔0, 𝐾𝐴𝑔2+, 𝐾𝐴𝑔2
+, 𝐾𝐴𝑔+. 

Laser induced silver clusters' dissociation is applied to the general model. The photo-

dissociation of metallic cluster is a thermally assisted process determined by the ratio 

between the photon energy and the dissociation energies of different dissociation 

processes of the clusters. That is the reason the dissociation coefficient Kdiss  is an 

experimental parameter derived from the measurements. The decrease of the silver cluster 

Ag2
+ in the center of the laser focal volume is caused by following two factors.: The high 

temperature of lattice and the photon energy from the fs laser pulse. Firstly, when lattice 

reaches a high enough temperature (about 200 K, lower than Tg), the thermal dissolution 

of silver cluster can be described by the interplay between the redox potential of the glass 

composition, ionization of the glass, and the glass temperature. Secondly, photon-

dissociation due to high energy laser pulses is explained by multiphoton dissociation.  

Considering the dissociation of the smallest silver clusters (Agm
+ , m > 2), we will take 

an empirical approach. Both multiphoton assisted dissociation and high temperature 

assisted dissociation occur through following chemical pathway.: 

𝐴𝑔2
+ + ℏ𝜔 → 𝐴𝑔+ + 𝐴𝑔+ + 𝑒− Equation 26 
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So dissociation term in Equation 2, Equation 4, Equation 6, and Equation 9 can be 

written as: 

𝛤𝐷𝑖𝑠𝑠 = 𝛼𝐷𝑖𝑠𝑠 ∑ 𝐾𝐷𝑖𝑠𝑠𝑛𝐴𝑔2
+𝛿(𝑡 − 𝑛𝑡𝐿)

𝑁𝑝

𝑛=1

 Equation 27 

 

where 𝛼𝐷𝑖𝑠𝑠  corresponds to the mass and charge conservation according to the 

dissociation pathway (𝛼𝐷𝑖𝑠𝑠 = −1 𝑓𝑜𝑟 𝐴𝑔2
+, 2 𝑓𝑜𝑟 𝐴𝑔+, 𝑎𝑛𝑑 1 𝑓𝑜𝑟 𝑒−) . The distribution 

of laser intensity and the temperature of lattice that induce dissociation are the same as 

the distribution of irradiated laser intensity. And Dissociation function 𝐾𝐷𝑖𝑠𝑠(𝑟) takes the 

form of a step-function by dissociation functionality. In other words, the dissociation function 

has a unity value at the center of the Gaussian beam and a value close to zero at the 

periphery of the beam. So 𝐾𝐷𝑖𝑠𝑠(𝑟) is phenomenologically presented as a function of the 

absorbed laser pulse energy by the dependence on the source term S in the heat diffusion 

Equation 15:  

𝐾𝑑𝑖𝑠𝑠(𝑟) = 1 − 𝑒𝑥𝑝 [−
𝑆(𝑟)𝑁

𝑆0
𝑁 ] Equation 28 

The two free parameters 𝑆0 and N are terms for the position and the steepness of the 

dissociation threshold. 

 

 



２５ 

 

2.2.4 Optical properties of silver containing glass 

 

The writing patterns with silver-cluster created produced above processes has a 

different properties from the three types of modifications, and is classified separately as 

type Argentum (so called type A) [41]. Type Argentum requires less laser energy than other 

types and bring different morphology of refractive index changes. Type I modifications lead 

to smooth and negative refractive index changes, while Type Argentum is characterized by 

a positive change refractive index along the silver clusters made. That is, the pattern of the 

ring shape is created. Figure 5 shows the new position of type Argentum. 

 
Figure 5 Classification of modifications according to laser flux and types of refractive 

index change [41] 

Figure 6 shows the configurations, fluorescence images of confocal microscopy and 

images of High Resolution Scanning Electron Microscopy(HRSEM) when the laser beam 

is irradiated on silver containing glass sample. Figure 6 (a) is the configuration that shows 

the focusing volume when the laser beam is irradiated onto the sample. In the edge of 

writing zone, the silver cluster is induced. Figure 6 (b) shows the fluorescence image of a 

laser induced silver cluster at the front and side view. Figure 6 (d) shows the chessboard 
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pattern by moving the sample on the same plane. In Figure 6 (e), the existing writing pattern 

is erased  by secondary writing and rewritten at the overlapping part. 

 
Figure 6 Configurations of type argentum modification with stationary focus (a) and in the 
same plane (g). Fluorescence images of writing pattern in the front and side view (b, e). 
Images obtained by High Reflection Scanning Electron Microscopy(HRSEM) (c, f). [42] 
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Type A modifications also differ in the sign of the refractive index change. In Type I, 

Figure 7 (a) has a negative change in refractive index, but in Type A it has a positive change 

as shown in Figure 7 (b) [41].  

 
Figure 7 Comparison of refractive index changes between type I and type A [41] 

Silver-doped phosphate glasses have the fluorescence properties shown in Figure 8 

[28]. The three glass sample differ in compositions: (expressed in mol percent) (1) Poly-

phosphate: 61.14 P2O5 – 21.58 Ga2O3 15.28 Na2O – 2 Ag2O, (2) Pyro-phosphate: 46.6 

P2O5 – 16.45 Ga2O3 – 34.95 Na2O – 2 Ag2O, (3) Ortho-phosphate: 51.53 P2O5 – 12.12 

Ga2O3 – 51.53 Na2O – 2 Ag2O, keeping the ratio Ga2O3 / P2O5 = 0.35 constant. Samples 

of these combinations have common fluorescence emission spectra from λem = 450 nm 

to λem = 650 nm when excited with excitation wavelength at λex = 405 nm. The intensity 

of fluorescence varies depending on the intensity of irradiance, writing speed, and number 

of writing pulses. As Figure 8 (b) shows, the faster the writing velocity, the smaller the 

number of pulses that affect the writing structure, as a result it bring lower fluorescence 

intensity. 
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Figure 8 Fluorescence properties of silver-containing phosphate glass (a) Fluorescence 

image of structures engraved on glasses sample with three different chemical 
composition, (b) Fluorescence intensity according to writing velocity, (c) Spectrum 
distribution of emitted light when excited with a laser of 405 nm wavelength [28]. 

In Figure 9 silver-doped phosphate glasses exhibited refractive index change ranging 

from 0.9 × 10−3  to 8 × 10−3  when irradiated with fs pulse laser from 6 TW/cm2  to 

9 TW/cm2  [43]. The variation in refractive index also depends on the laser irradiance, 

writing speed, and number of writing pulses. The larger the irradiance and the more the 

number of pulses (i.e. the lower the writing speed), the larger the refractive index change 

and the greater the fluorescence intensity. 
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Figure 9 Refractive index change for laser irradiance and number of pulses; (a) matrix of 
structures for 2 parameter changes; (b) Image showing optical path difference for one 
structure; (c) Graph showing refractive index change for two parameters change [43] 

 

 

  



３０ 

 

2.3 Experimental set-up: fs-Laser, AOM and SLM  

 

2.3.1 femtosecond laser and Experimental set-up  

 

Yb:KGW femtosecond laser (T-pulse 200, Amplitude system, 9.8 MHz repetition rate, 

average power 2.4 W, 390 fs pulse FWHM duration and operating at 1030 nm) was used 

for DLW. Figure 10 shows the complete experimental set-up for DLW with Acousto-Optic 

Modulator, Spatial Light Modulator, and XYZ stage. When writing, mainly Zeiss air objective 

(20x, NA = 0.75) and Mitutoyo air objective (20x, NA = 0.40) were used for focusing. 

Newport company's XPS was used for XYZ positioning of the sample within few nano-

meter resolution. 

 
Figure 10 Experimental Setup Schematic for Direct Laser Writing; fs laser, Acousto-Optic 

Modulator, Spatial Light Modulator, and XYZ stage. 
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2.3.2 Acousto-Optic Modulator 

 

The power of the laser beam can be controlled by adjusting the voltage applied to the 

Acousto-Optic Modulator (AOM). The voltage across the material of the AOM controls the 

intensity of sound, and the intensity of sound modulates the intensity of the diffracted beam. 

In this study, fused silica was used as an acousto-material and a product operating at a 

velocity of 5960 m/s (model number: AMQ80-A0.7-L1030.1064-Z20, AA Opto-Electronic 

company). As the voltage across the fused silica can be adjusted from 0 V to 1 V, so the 

laser power that is diffracted into m = 0 order can be varied from 0 W to 1.80 W. At this 

time, the applied voltage and output power do not have a linear relationship but look like 

sigmoid function shown as Figure 11. Therefore, we can inversely calculate the irradiance 

to the sample from the applied voltage. 

 
Figure 11 Graph showing the relationship between voltage to both fused silica and laser 

power at m=0 order 
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2.3.3 Spatial Light Modulator 

 

The laser beam passing through the AOM can be adjusted two-dimensionally at the 

focal plane of the objective lens via the Spatial Light Modulator(SLM). That is, the spatial 

distribution of light such as the phase, polarization state, and propagation direction can be 

modulated according to the information we need. In this study, liquid-crystal-silicon SLM 

(LCOS, X10468-03, 800 × 600 pixel, Hamamatsu Photonics) was used to control the 

wavefront of the laser beam. Figure 12 show a program coded by IGOR program to control 

phase on SLM mask. With this program, symmetrical focusing, asymmetrical focusing, 

Hermite-Gaussian focusing, and Laguerre-Gaussian focusing were enabled, and 

parameters were set to precisely manipulate the focusing position and spatial shape of the 

beam. Table 1 The SLM mask which control the phase of laser beam and the DLW patterns 

in the silver containing glass for different modes of focusing. Table 1 shows the SLM mask 

for respective focusing mode and DLW patterns in silver containing glass. 
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Figure 12 IGOR Program, which is designed to control SLM mask, enables several 

modes of focusing and precisely adjust the positioning of the laser beam. 

 
Symmetrical 

focusing 

Anamorphic 

focusing 

Hermite-Gaussian 

focusing 

Laguerre-Gaussian 

focusing 

SLM 

Phase 

mask 

    

DLW 

patterns 

in silver 

doped 

glass 
    

Table 1 The SLM mask which control the phase of laser beam and the DLW patterns in 
the silver containing glass for different modes of focusing.  
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Chapter 3. 1-dimensional DLW and its spatial 
redistribution of Silver species 

 

 

3.1 Introduction 

 

Femtosecond (fs) laser modification technology of materials has made tremendous 

progress over the past decade, to access a large panel of applications that require special 

optical, physical and/or chemical properties associated with integrated bulk or surface 

functionalities [44]. While considering laser-induced element redistribution, most of the 

reported literature deals with processes in thermal regime with temperature increase above 

glass fusion [45,46]. Additional potentialities rely on the innovative synthesis of prepared 

materials with photosensitive agents [34]. In this framework, controlling the photosensitive 

agents under laser irradiation in a non-thermal regime, as well as the spatial redistribution 

and chemical evolution due to activated chemical reactivity, is of prime importance to 

achieve reliable nano- and micro-scale material changes with high optical quality. Such 

control and understanding is highly challenging since it involves multi-scale material 

changes, which requires correlative investigation approaches. 

In chapter 3, based on near-field scanning optical microscopy (NSOM) images, 

chemical micro-probe analysis, spatial profile after soft etching, and numerical simulations 

of the silver species redistribution, the fs laser-induced spatial redistribution of silver 

species of our photosensitive silver-containing phosphate glasses is described correlatively. 
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These results corroborate each other, and have led us to retrieve for the first time the 

nanoscale spatial profile of soft chemical etching rate of laser-induced modifications. 

 

 

3.2 Experimental Methods: used glass sample, laser irradiance, 
and analyses 

 

A silver-containing zinc phosphate glass 55 ZnO - 40P2O5 - 4Ag2O - 1Ga2O3 (in mol. %) 

was used to fabricate 1 dimensional patterns as previously detailed [47]. Direct laser writing 

(DLW) was carried out with a Yb fs oscillator (Amplitude Systèmes, T-pulse 500, 9.1 MHz, 

1030 nm, 390 fs FWHM), focused with a microscope objective (Mitutoyo, M Plan Apo NIR, 

20x N.A. 0.4). 

DLW was performed to create a structure with a length of 400 μm by longitudinally 

translating the glass sample along the laser beam propagation. Sample velocity was 100 

μm/s and laser irradiance was 5 - 10 TW/cm2, typically. The irradiated sample was then re-

polished perpendicularly to these fluorescent structures, to make them intersect the glass 

interface. The white light image of the sample produced after above process is shown in 

Figure 13(a). Figure 13 (b, c) are images obtained after focusing a laser beam of 405 nm 

and 632.8 nm with an objective lens. 
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Figure 13 (a) White light image of 1D DLW patters sample after etching process; (b, c) 
Images obtained by CMOS camera after injection of 405 nm and 632.8 nm laser beam 

with objective lens. 

NSOM experiments were performed in illumination mode [48], where point-like light 

injection was achieved with a tapered optical fiber probe tip (100 nm aperture), as shown 

in Figure 14. A nano-positioning stage allowed for ultrafine lateral scanning of regions of 

interest. The distance between the tip and the sample surface remained constant under 

100 nm by feedback control of a shear force detection system based on a quartz crystal 

tuning fork (resonance frequency of 32.768 kHz). The collection part of the setup (with a 

low NA objective and a single channel PMT detector) is a wide field collection. The spatial 

resolution of light injection results from the point-by-point scanning of the surface sample 

with the tapered optical fiber tip. Two wavelengths were considered, at 405 nm and 632.8 

nm, to respectively achieve resonant and non-resonant evanescent coupling of the non-

radiating light field from the output of the tapered optical fiber tip into free-optics propagation 

in the glass substrate. 
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Figure 14 Experimental set-up of Near-field Scanning Optical Microscope in illumination 
mode, with light injection from a tapered optical fiber probe tip (100 nm aperture). 2 laser 
sources, objective lenses (focusing (20x, 0.40NA) and imaging (40x, 0.60NA)), long pass 

filter, and single channel photomultiplier detector (PMT). 

 

 

3. 3 NSOM Results and discussion 

 

During NSOM experiment, the feedback control on the shear force positioning system 

showed no surface height modification as shown in Figure 15(a, b) while scanning a laser 

induced structure, indicating a truly flat surface at the structures after polishing, which 

excludes any topological artifact. Indeed, by injecting a laser diode excitation source at 405 

nm and collecting light above 435 nm after a long-pass filter (Edmund GG-435), the high-

resolution image of the transverse distribution of fluorescent silvers at the surface was 
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obtained (see Figure 15(b)). The horizontal cross section along the diameter of the 

fluorescent tubes is given by Figure 15 (c) (green curve). Similar to confocal fluorescent 

imaging (not shown here), NSOM shows the clear annular distribution of silver clusters, the 

larger fluorescence pedestal coming from the concomitant excitation and fluorescence 

collection from planes below surface. 

 
Figure 15 (a, d) Image of surface topology obtained from NSOM in illumination mode;  
(b, e) Image of near field optical signal obtained by NSOM when the silver species are 
excited by 405 nm laser diode and 632.8 nm He-Ne laser; (c, f) Associated line profiles 

through center of ring-shape silver cluster 

While injecting a He-Ne laser source at 632.8 nm and collecting light with a long-pass 

filter (665 nm, Edmund RG-665), the NSOM image (Figure 15(e)) led to a non-zero 

background signal and a weakly brighter double-ring distribution (6% increase) that 

typically matches the position of the fluorescent ring image from Figure 15(b), and to a 

darker distribution (17% decrease) inside the annular silver cluster distribution (Figure 15(f), 
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red curve). Similar NSOM image had also been obtained while collecting without the RG-

665 long-pass filter: since the fluorescence excitation of both the randomly distributed Ag+ 

ions and the 3D localized silver clusters is extremely weak while excited at 632.8 nm [49], 

we thus believe that measurements (Figure 15(e) and Figure 15(f), red curve) are mostly 

from the 632.8 nm residual background, after the non-resonant evanescent coupling. 

NSOM image with the He-Ne injection remarkably gave access to new insight 

concerning the laser-induced silver-mediated material modification, comparatively to the 

UV-excited counterpart. The proposed interpretation of the observed spatial distribution at 

632.8 nm (Figure 15(e) and Figure 15(f)) is that it corresponds to a direct image of the local 

redistribution of silver element (ions and clusters) after DLW, as discussed hereafter. First, 

our phosphate glass typically shows a linear correlation between the refractive index of 

non-structured bulk samples and their silver content. Second, several reports evidence of 

the laser-induced migration of silver elements over mesoscopic scales (larger than 100 nm) 

during laser irradiation: Bellec et al. have shown by high-resolution electron scanning 

microscopy the enhancement of silver elements correlatively located at the position of the 

silver clusters [33]; by chemical analysis from electron microprobe, Desmoulin et al. have 

observed the partial depletion of the silver reservoir (about 10-20%) in the center of laser-

induced silver-based annular structures (same structures as those of the present study) 

[50]; Marquestaut et al. have reported by back-scattered electron scanning microscopy that 

the created silver cluster distributions could further be thermally developed into 3D-

localized plasmonic metallic silver nanoparticles [51]; Third, local index change can result 

from both a local density change and/or the local creation of new polarizable chemical 

bounds (as occurring for the creation of silver clusters). Abou Khalil et al. recently reported 
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the direct correlation between spatial distributions of silver clusters and associated 

refractive index change [43]. Thus, light interaction at 632.8 nm with silver elements is 

mostly non-resonant. Any correlation between a local index change and the 3D distribution 

of silver elements can mostly be related to density aspects, thus to the local of silver 

element concentration (ions and clusters). Thus, non-resonant NSOM coupling efficiency 

appears as directly depending on the local refractive index experienced by the light field in 

the sub-wavelength regime at the glass surface, at the output of the tapered optical fiber 

tip. Thus, it directly depicts the spatial redistribution of silver elements (silver ions and 

clusters), as shown in Figure 15(e) and Figure 15(f). 

 

 

3. 4 Simulation and result 

 

Remarkably, the NSOM experience at 632.8 nm seems to be the first direct optically-

based imaging (instead of electron beam approaches [33,50,51]) of the laser-induced 

reservoir depletion of silver ions and silver element redistribution. Although qualitative, the 

NSOM method appears as a unique imaging approach since it provides a great sensitivity 

to local composition dependences, while the chemical micro-probe analysis (although fully 

quantitative) generally shows a limited sensitivity of 1 – 2 %: Desmoulin et al. had seen 

only the reservoir depletion of silver ions, but not the creation of silver clusters (see Figure 

16 from [50]). Consequently, NSOM and electron microprobe appear as highly 

complementary tools. 
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Figure 16 Numerical modeling of the laser-induced redistribution of silver species (8.8 
TW/cm2, Npulse = 200 or 1400), showing the profiles of the silver ions (black line), the 

induced silver cluster and hole centers (green line), and all of silver species (red line). 

To support the interpretation of non-resonant NSOM, numerical investigations were 

performed with our multi-scale multi-pulse multi-physics numerical model of laser-activated 

silver ion migration and photochemistry [38], considering similar laser irradiation 

parameters and silver-containing glass (intensity = 8.8 TW/cm2, Npulses = 200 or 1400, beam 

radius at the focal plane r0 = 2.5 µm). The full calculated redistribution of silver species was 

extracted, including the silver ions(Ag+), the induced silver clusters(Ag2
+) and the remaining 

hole centers(Ag2+). Figure 16 shows the normalized calculated silver element distributions: 

the Ag+ ions (black curve), the total silver elements (red curve: 𝑛𝐴𝑔+ + 𝑛𝐴𝑔2+ + 2𝑛𝐴𝑔2
+), and 

the induced clusters and holes (green curve: 𝑛𝐴𝑔2+ + 2𝑛𝐴𝑔2
+). The numerical model obeys 

the overall conservation of silver elements. The Ag+ distribution (black curve) shows both 

the central Ag+ depletion due to their radial outward diffusion, but also their reduction at the 

periphery of the irradiated spot by chemical consumption to create the silver clusters (as 

observed also with the red curve of silver cluster and hole distributions). Still, the overall 
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silver element distribution (red curve) confirms both the central depletion due to ion 

migration and the accumulation at the periphery due to the chemical precipitation and 

stabilization with silver clusters. Such silver element distribution (red curve of Figure 16) 

remarkably matches the 1D cross-section of the He-Ne injected NSOM experiment (Figure 

15(e)), especially for Npulses = 1400. The silver element redistribution (Figure 16, red curve) 

shows a slightly smaller ring diameter than that of the simulated silver clusters (Figure 16, 

green curve), possibly corresponding to the non-resonant NSOM double-ring structure 

(Figure 15(c), red curve). This corroborates the interpretation of the NSOM approach, 

strengthening our description of laser-activated mechanisms of silver-containing glasses in 

an athermal regime. 

To go further, spatially-distributed etching rates have been investigated, by 

correlatively considering the spatial distribution of silver elements from micro-probe 

measurements [9] and the present NSOM data. Figure 17(a) depicts the experimental 

surface morphology of the laser-modified area revealed after 6 minutes soft etching with 

dionized water (blue curve, from [50]). Spatial etching rate distributions have been 

designed (Figure 17(a), green curve) [52], so that the simulation of the associated 

simulated etching process leads to a surface profile (Figure 17(a), red curve) in very good 

agreement with the experimental surface profile (Figure 17(a), blue curve). The optimized 

etching rate profile shows the normalized behavior of the pristine glass at the periphery of 

the laser-modified area (typically corresponding to 0.22 nm/s for the considered soft etching 

conditions). At the position of silver clusters, the etching rate strongly drops by a factor of 

20.6, corresponding to a chemically hardened area of the laser-modified glass. Between 

the silver cluster localization, the etching rate shows a Gaussian-like distribution (FWHM = 
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310 nm), with central and pedestal values being 2.5 times larger and 1.8 times smaller, 

respectively, than that of the pristine glass. This shows a very strong chemically-sensitive 

material modification highly located in the center of the laser irradiation, with non-trivial 

etching sensitivity distributions. Figure 17 (b) provides then the comparison of such etching 

rate distribution (green curve) with the micro-probe measurement of the silver element 

distribution (blue curve, from [43]) and the present non-resonant NSOM measurement 

interpreted as the refractive index spatial distribution (red curve), independently revealing 

the presence of the three same laser-affected areas. 

 
Figure 17 (a) Experimental topological profile (blue curve) and simulated etching-induced 

topological profile (red curve) adjusted by optimizing the normalized etching rate 
distribution (green curve). (b) Silver element distribution by micro-probe measurement 

(blue curve, from [9]) and NSOM measurement (red curve, from Figure 16 (d)) with 
respect to the optimized normalized etching rate distribution (green curve). 
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Indeed, the NSOM measurements of silver element accumulation and cluster creation 

correlate with a very low etching rate (radius between 1 to 1.8 μm). Moreover, the silver 

reservoir depletion is independently shown by NSOM and electron micro-probe. Finally, the 

estimation of a very strong on-axis etching rate (240 nm, FWHM, green curve) corroborates 

the very narrow on-axis silver depletion (sub-200 nm, FWHM, blue curve), which may even 

be seen in the on-axis NSOM trace (red curve). Thus, laser-induced index change 

distributions [43] as well as the spatially-distributed etching rate depend here on the local 

concentration and nature of silver species [28], and on additional glass matrix 

rearrangements such as release of molecular oxygen to ensure charge compensation and 

material stabilization, as reported in thermal poling [53] or for glass irradiations in a thermal 

regime [54]. 

 

 

3. 5 Conclusion  

 

In conclusion, we have reported for the first time the correlative description of laser-

induced silver redistribution in terms of chemical micro-probe, NSOM and numerical 

modeling. The results significantly strengthen the understanding of material modifications 

in such glasses in a non-thermal interaction regime. In particular, it has been found that the 

spatial distribution of species in silver-containing glasses produced by femtosecond laser 

irradiation has a significant effect on chemical etching selectivity. This should help for future 
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development of nanoscale surface chemical patterning, such as for 2D photonics crystal 

applications [55]. 
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Chapter 4. 2-dimensional DLW and application 

 

 

4.1 Introduction 

 

Research on Direct Laser Writing (DLW) with glass samples, especially fused silica, 

has been actively conducted for decades. In particular, type I modification induces a smooth 

refractive index change of glass which results from the formation of color center [56–58], 

and/or the change of the density [59,60], it is appropriate to use it as a method of 

manufacturing waveguides. In general, to manufacture optical fibers, optical glass is 

transformed into an extremely pure preform glass cylinder by modified chemical vapor 

deposition (MCVD) method. Then, when the preform blank cools down, it goes through 

quality control testing. Lastly the optical fiber is manufactured via a fiber drawing tower. The 

optical fiber is used to manufacture the optical communication devices such as splitter and 

coupler, as shown in Figure 18(a). And polymer devices with a size larger than the mm 

scale are made through a step-by-step cast method as shown in Figure 18(b) [61]. But 

these method requires many steps and a lot of time, and has a limitation in the dimension 

of the device.  
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Figure 18. Fabrication of optical splitter/coupler. (a) The fused biconical taper process 
with optical fiber; (b) The fabrication process of the optical beam splitters by casting 

method 

Direct laser wiring can be an alternative to overcome the limitations of conventional 

optical device manufacturing. This method, shown in Figure 19, can produce optical fibers 

and structures in a very short time and extend the optical device to 3-dimensional as well 

as 2-dimensional. This method also allows micromachining up to several hundred nm. 

These advantages have high usability in optical devices using transparent substrates and 

are likely to be connected to industry. 

 
Figure 19. Schematic for optical device fabrication through Direct Laser Writing (DLW) 
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This chapter will introduce the study of two-dimensional waveguides produced by Type 

A modifications in silver containing zinc phosphate glass. In particular, the fabrication, 

performance and characteristics of symmetric Y-junction and asymmetric Y-junction will be 

covered. Asymmetric Y-junctions were fabricated by carving the two branches with different 

irradiance and the output ratios were measured. We confirmed that asymmetric optical 

splitters with various output ratios can be fabricated by using DLW in silver containing glass. 

We believe our results could suggest ways to fabricate 3D integrated circuits and optical 

devices with Direct Laser Writing. 

 

 

4.2 Experimental Methods 

 

4.2.1 Type A DLW for waveguide 

 

Type A DLW in silver containing glass allows the center to be photo-dissociated, 

bringing the peripheral deformation of the ring-shape as in chapter 3. At this time, two-

dimensional (2D) structures can be created by moving the sample mount. In this case, the 

1D ring-shape pattern is extended to a 2D narrowly spaced double line, as shown in Figure 

20 [43]. The thickness of this double line is changed according to the laser irradiance and 

the writing speed [38]. The structures fabricated in this paper usually have a thickness of 

less than 2 um.  
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Figure 20. (a) Schematic image showing 2D structure fabrication with type A modification; 

(b) Top and side view of fabricated 2D structure [38] 

Alain A. KHALIL compares the refractive index changes of the waveguides produced 

by type I DLW and type A DLW as shown in Figure 21 [41]. He gave optical path difference 

(OPD) profiles for two following variables, the laser pulse energy and the writing speed. 

Figure 21(a) shows the optical path difference of a type I waveguide and Figure 21(b) 

shows the OPD of a type A waveguide. Figure 21(1) shows the white light image and 

fluorescence image for the top/side view of the both waveguides. Figure 21(2) shows the 

case where the laser pulse energy is fixed and the writing speed is changed, and Figure 

21(3) the writing speed is fixed and the laser irradiance is changed. Type I waveguides 

made with pulse energy below 1 uJ have a negative index change with or without a center 

pick. On the other hand, type A waveguide always has a positive index change. Therefore, 

type A DLW in silver containing glass has a suitable condition for manufacturing typical 

waveguide. 
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Figure 21. (a) Type I waveguide and (b) type A waveguide. (1) The image of Top/Side 

view of DLW pattern for both type. Various Optical path differences profiles for two types 
as a function of (2) laser pulse energy and (3) writing speed. 
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4.2.2 Preparation of samples 

 

The silver containing zinc phosphate glass used in this chapter has the following molar 

composition. PZnGa5.5-Ag5.5, [p]: 52.7 %, [Zn]:36.3 %, [Ga]: 5.5 %, [Ag]: 5.5 %. This glass 

sample was developed and manufactured by Institut de Chimie de la Matière Condensée 

de Bordeaux (ICMCB) and sensitively forms silver clusters by femtosecond laser irradiation 

at 1030 nm. Figure 22 shows the characteristics of these glasses sample that both the 

radius of the ring-shaped DLW pattern (Figure 22(a)) and the refractive index change 

(Figure 22(b)) increase as the writing laser's irradiance or number of pulses increases 

[38,43]. 

 
Figure 22. Experimental/theoretical relationships between (a) the radius of Ag2

+ ring 
structure and number of pulses/laser irradiance, (b) refractive index change and number 

of pulses/laser irradiance 

 

4.2.3 Fabrication of Y-junction 

 

To fabricate the Y-junctions, Yb:KGW femtosecond-laser (9.8 MHz repetition rate, 390 

fs pulse(FWHM) and wavelength at 1030 nm) and Zeiss air objective (20×, NA = 0.75) were 
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used. The irradiance of the laser beam incident on the sample was controlled through an 

Acousto-Optic Modulator (AOM). As mentioned in the previous chapter, the irradiance of 

the laser beam determines the radius and index change of the silver cluster, which can be 

utilized to fabricate symmetric and asymmetric Y-junctions. In this experiment, the voltage 

applied to AOM was set to have a constant 0.1V interval between 0.6V and 1V. The 

irradiance in the focal plane of the objective lens is shown in the following table. 

Voltage applied 
to the AOM device (V) 

Irradiance in the focal plane of 
an objective lens (TW/cm2) 

Irradiance ratio 

0.60 9.693 0.69 

0.70 11.57 0.83 

0.80 13.03 0.93 

0.90 13.52 0.97 

1.0 14.01 1.0 

Table 2. The relation between voltage applied to the AOM and Irradiance in the focal 
plane of an objective lens 

Y-junction, a two-dimensional optical device, is made of two s-bends with flip symmetry, 

as shown in Figure 23. One S-bend has a length of 6mm and consists of four parts. Part 1 

is straight waveguide, the section from the input to the curve before. Part 2 is the section 

where two waveguides are coupled and is an arc of a circle with a radius of 150 mm and a 

height of 12.5 um to minimize curvature loss of waveguide. Part 3 is an arc with the same 

specifications as part 2, but the center of curvature is at the bottom. This section is intended 

to guide the split beam to the output after the coupling is completed. Finally, part 4 is the 

section from the end of curve to the output, and the outputs of two s-bend is 50 μm apart. 

These Y-junctions were made through two writings, the upper branch and the lower branch. 
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In the writing process, the symmetric Y-junction was fabricated by setting the irradiance 

and writing speed of the two branches identically, and the asymmetric Y-junction was 

produced by fixing the writing speed and varying the irradiance. The symmetric Y-junction 

was produced with a writing speed of 0.1 mm/s and an irradiance of 14.01 TW/cm2. In the 

case of asymmetric Y-junction, the upper branch was fixed with irradiance of 14.01 TW/cm2, 

and the irradiance of lower branch was set to the irradiance of 13.52 TW/cm2, 13.03 

TW/cm2, 11.57 TW/cm2, and 9.693 TW/cm2. This other irradiance allows the asymmetrical 

waveguide to be manufactured by varying the width of the branch double line and the 

degree of refractive index change. N. Syafiqah Mohamed-Kassim fabricated and simulated 

a large scale asymmetric Y-junction by making branch sizes different [62]. 

 
Figure 23. Structure schematic of Y-junction.; lt: total length of Y-junction, l1: The length 
from the input to the point where it is divided into two branches, l2, l3: Length of curved 
part with curvature of 150mm, and l4: Length from the end of the curve to the output 
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4.2.4 Measurement of output and optical path difference 

 

In order to measure the output of the fabricated symmetric/asymmetric Y-junctions, the 

experimental setup is shown in Figure 24. The resulting waveguide was mounted on a 

nano-stage (PI company, P-611.3 NanoCube®, XYZ piezo system) with a resolution less 

than 1 nm. Since our type A DLW induces silver clusters with double lines, measured the 

output variation by changing the inject position in the vertical direction of the double line 

using the nano-stage. The laser beam was injected into the Y-junction input using a 20X, 

0.40NA objective lens. The output intensity was measured using a 40X, 0.60NA objective 

lens, CCD camera, and beam profiler. 

 
Figure 24. Experimental setup to measure the output of the Y-junction 

The optical path difference (OPD) was measured by using wave front sensor 

(PHASICS Inc., SID4-HR GE) with a phase resolution of 1 nm and 100X, 1.30 NA oil 

objective lens (Zeiss, Plan-Neofluar). And the refractive index change was calculated using 

the measured OPD. 

  



５７ 

 

4.3 Result and discussion  

 

4.3.1 Symmetric Y-junction 

 

The output of symmetric Y-junction fabricated under the same conditions in the upper 

and lower branches was measured. Since the mode of the output beam changes a lot 

according to the injection coupling between input and laser beam, the experimental setup 

was made to maintain a single mode. Type A DLW has a total of four outputs since it induces 

a double line in one waveguide. In general, coupling occurs between two waveguides at 

close distance. However, double lines are considered to be an output because they have 

a spacing of less than 2 μm. This double line acts like a waveguide and is believed to be 

an effective single line rather than a coupling. Figure 25 shows the output shapes and 

output profile of symmetric Y-junction. It was confirmed that the incident laser beam was 

divided with a ratio of 51.30% and 48.70% at the end of two effective outputs.  

 
Figure 25. Output image and profile line of symmetric Y-junction 



５８ 

 

Since the waveguide fabricated with type A DLW is not a single circular waveguide, 

the output power and output ratio were tracked by moving the injection position vertically 

to the double line, as shown in Figure 26. Here the output power and ratio vary depending 

on the injection position while maintaining a single mode. Figure 26(b) shows how the total 

power for the injection position of the laser beam changes with interval of 200 nm. It has a 

shape similar to the Gaussian distribution of a He-Ne laser beam. A 20x, 0.40NA injection 

objective lens was used, and this lens has a beam waist of about 1.9 um. Figure 26(c) 

shows the tendency for the output ratio of the upper branch to change according to the 

transition of the injection position. This graph shows that the output ratio can vary from 20% 

to 75% as the injection position shifts. Also, at the incident position with the highest total 

power, the output has a ratio of about 40% - 60%, not 50% - 50%. 
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Figure 26. (a) A white light image of the input of a waveguide made of Type A DLW; (b) 

the relationship between injection position with 200 nm interval and total power; (c) 
variation of output ratio for injection position 

 

4.3.2 Asymmetric Y-junction 

 

Unlike symmetric Y-junction, where two branches were written by using the same 

irradiance, the upper branch was fabricated by fixing high irradiance and the lower branch 

by changing irradiance as shown in Figure 27. The upper branch is engraved from the input 

to the end of the output with an irradiance of 14.01 TW/cm2, and the lower branch is once 

again engraved from the input to the end of the output with irradiances of 13.52 TW/cm2, 
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13.03 TW/cm2, 11.57 TW/cm2, and 9.69 TW/cm2. At this time, the l1 part was overwritten 

with two different irradiances. 

 
Figure 27. Shape of asymmetric Y-junction and applied irradiance for each branch 

In this paper, four different asymmetric Y-junctions were fabricated and the output was 

measured. The total power and output ratio of asymmetric Y-junction were measured for 

the injection position at the same time. Then, Gaussian fitting was performed on the total 

power, and the point with the strongest output power was obtained. In Figure 28(a), the 

position was defined as injection position = 0 and the output ratios at the lower branches 

for different splitters are shown. The slope at the point where injection position = 0 is 

different for each Y-junction, which is considered to be related to injection coupling. The 

output profiles when the injection position is 0 are shown in Figure 28 (b). For each case, 

the split ratios are 43%-57%, 33%-67%, 27%-73%, 22%-78%, and 4%-96%. In this paper, 
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four beam splitters were fabricated, but it can be seen that different asymmetric beam 

splitters can be made by adjusting irradiance differently. 

 
Figure 28. (a) Changes of output ratios of lower branch according to injection position for 
different asymmetric Y-junctions; (b) Output profiles and output ratios for one symmetric 

and four asymmetric beam splitter, when injection position = 0 
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As shown in Figure 29, refractive index changes (Δn) of one symmetric Y-junction and 

four asymmetric Y-junctions made through type A DLW was measured by using a wave 

front sensor. When the irradiance was 14.01 TW/cm2, a modification induces an average 

index change of 5.1x10-3. The index changes decrease as the laser irradiance decrease. 

There was an index change of 4.8x10-3 when the irradiance was 13.52 TW/cm2. An index 

change of 4.4x10-3 when the irradiance was 13.03 TW/cm2. An index of 2.9x10-3 when the 

irradiance was 11.57 TW/cm2. And when Irradiance was 9.693 TW/cm2, there was an index 

change of 2.7x10-3. In addition, as laser irradiance decreases, the spacing of the double 

lines decreases as follows. 2.44 μm, 2.22 μm, 2.00 μm, 1.78 μm, and1.56 μm. 

Irradiance 

(TW/cm
2
) 

average 
Index change (∆𝑛 ) 

Thickness of 
double line (𝜇𝑚) 

14.01 0.00509 2.44 

13.52 0.00475 2.22 

13.03 0.00435 2.00 

11.57 0.00290 1.78 

9.693 0.00270 1.56 

 

 

Table 3. Refractive index change and thickness of double line according to the laser 
irradiance. 
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Figure 29. Index changes and profiles for one symmetric Y-junction and four asymmetric 

Y-junctions 
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4.3.3 Modified asymmetric Y-junction 

 

A modified asymmetric Y-junction in a different form from the asymmetric Y-junction 

produced in the previous chapter was designed and written as shown in Figure 30. In the 

existing asymmetric Y-junction, the part from input to l1 was overwritten, but in the new 

asymmetric Y-junction, it was engraved only once in this section. In the modified 

asymmetric Y-junction, irradiance in the section where coupling between two waveguides 

occurs is fabricated under the same conditions as the asymmetric Y-junction. But in order 

to make the output size of the upper branch and that of the lower branch same at the end 

of Y-junction, the writing irradiance was increased from l1 to l4 in three steps as shown in 

Figure 30(b).  

 
Figure 30. Shape of modified asymmetric Y-junction and applied irradiance for each 

branch. 
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The modified asymmetric Y-junction made in this way has the result of outputs, as 

shown in Figure 31. In Figure 31(a), the slope of output ratio for lower branch is similar to 

the previous asymmetric Y-junction. And it is also confirmed that the output ratio has almost 

similar results except 1-0.69 Y-junction. (The output shape is damaged due to some 

scratches on the surface of 1-0.69 modified asymmetric Y-junction) Figure 31(b) shows that 

1-0.97 asymmetric Y-junction has an output ratio of 33% - 67%, 1-0.99 asymmetric Y-

junction has an output ratio of 28% - 72%, 1-0.83 asymmetric Y-junction has an output ratio 

of 16% -84%, and 1-0.69 asymmetric Y-junction shows that it has an output ratio of 0% -

100%.  

Compared to the previous asymmetric Y-junction, it is found that the modified 

asymmetric Y-junction has a more gradual curve. That means that modified asymmetric Y-

junctions have less sensitive dependence of output ratio with respect to inject position. And 

when it is used, it has a less limitation of the incidence position. 
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Figure 31. (a) Changes of output ratios of lower branch according to injection position for 

four modified asymmetric Y-junctions; (b) Output profiles and output ratios for four 
modified asymmetric beam splitter, when injection position = 0 
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4.3.4 Near field injection with NSOM fiber tip 

 

In the previous chapter, the laser beam was injected into the input of the waveguide 

by using 20X, 0.40NA objective lens. In this case, the focused beam has spot with a 

diameter of about 2um. Meanwhile, the double line of our waveguide is spaced from 1.56 

um to 2.44 um depending on the laser irradiance. One of the double lines has a thickness 

of about 600 nm.  

As shown in Figure 32(a), laser beam was injected into only one of the double lines by 

using the illumination NSOM mode. The NSOM fiber (LovaLite company, E50-SM600-

Al500-2, pulled type NSOM tip) has an aperture of 500 nm that is slightly smaller than the 

thickness of the waveguide, and is coated with Al and Cr with a thickness of 50 nm. In the 

illumination mode, the NSOM fiber tip has a large diffraction due to the small aperture size. 

So the distance from the end of fiber to the entrance of the Y-junction was maintained to 

be less than 100 nm with feedback system of NSOM.  

Figure 32(b, c) is a graph showing the output ratio when incident on the symmetric Y-

junction, and Figure 32(d, e) is a graph showing the output ratio when incident on the 

asymmetric Y-junction with a NSOM fiber. When comparing the injection using the objective 

lens and the injection using the NSOM probe tip, the tendency of the output change for the 

injection position has almost the same result. However, in the case of the probe tip injection 

into the asymmetric Y-junction (Figure 32(e)), there is a section in which the output mode 

changes, so the output ratio of the upper branch and that of the lower branch are crossed. 

These results support the fact that a double line fabricated with type A DLW is an effective 

single mode.  
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Figure 32. (a) Schematic showing beam injection into waveguide using NSOM probe tip; 
(b, c) output ratio result when the objective lens and the NSOM probe tip is used to put 
incident beam in the symmetric Y-junction; (d, e) output ratio result when the objective 

lens and the NSOM probe tip is used to put incident beam in the asymmetric Y-junction. 
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4.4 Conclusion 

 

In this chapter, Y-shaped beam splitters, 2D structures made by using type A direct 

laser writing (DLW), was fabricated and its performance was measured. It was confirmed 

that a waveguide of a general shape in which the refractive index of the core is larger than 

that of cladding can be produced through type A DLW. Depending on the writing laser 

irradiance, positive refractive index changes from 2.7x10-3 to 5.1x10-3 occur. A symmetric 

Y-junction and various asymmetric Y-junctions were designed and fabricated using double 

line waveguides, and the output ratios were measured according to the transition of the 

injection position. It was confirmed that the output ratio could be from 96%-4% to 57%-43% 

due to the different irradiance in the process of writing between the upper branch and lower 

branch. In conclusion, we suggest that DLW in silver containing zinc phosphate glasses 

can be utilized easily and quickly to fabricate the desired type of optical device with only 

the writing process. 
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Chapter 5. 5-dimensional Optical Data Storage 

 

 

5.1 Introduction 

 

It is no exaggeration to say that human civilization and culture today can be achieved 

through records and media. The history of human record dates back to prehistoric times, 

the days before the writing of letters. Known as the oldest murals in existence, the painting 

int the Chauvet-Pont-d'Arc cave in southern France is known to have been written about 

30,000 years ago. Since the invention of letters, various media have been used to convey 

information, including mud, stones, animal bones and leathers, and papyrus. In these days, 

it is possible to send and receive digitized information through the Internet instead of analog 

methods. This approach has led to a dramatic increase in the amount of information, as 

shown in Figure 33. 

 
Figure 33. Historical evolution of the information recording in human society 
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In particular, Optical Data Storage (ODS) was started in 1976 with a Compact Disc 

(CD) derived from the laser disc technology demonstrated by Sony. After that ODS has 

evolved into Digital Versatile Disc(DVD), High Definition Digital Versatile Disc(HD DVD) 

and Blu-ray to increase storage capacity. This advance has been made by optimizing the 

laser wavelength, the numerical aperture of the objective lens, and the depth of writing 

plane. Figure 34 shows the schematics, surface images, physical sizes, and the data 

storage capacities for four ODS mediums. 

 

Figure 34 Comparison of features of four ODS mediums; CD, DVD, HD DVD, and Blu-ray 

After the above four ODS generations, the next mediums expected were Holographic 

Versatile Disc(HVD) and Digital Multilayer Disk(DMD), as shown in Figure 35. HVD 

employs two lasers with different wavelengths. The red laser beam is called the reference 

beam and serves as addressing and positioning. The other green or blue laser beam, called 

the signal beam, is used to write and read data. Figure 35 (b) shows that the interference 

fringes of these two lasers are used to write information in the photo polymer recording 
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layer. Using this method, it has a maximum data storage capacity of 6 TB. However, it has 

the following four disadvantages. (i) The price is too expensive to be in mass production, 

(ii) lack of error-correction technology, (iii) the optical system must be perfectly prepared, 

and (iv) short lifespan because it records data in the polymer.  

And, as the name suggests, DMD is a way of storing information by stacking DVDs in 

layers. In other words, it means three-dimensional data storage, not two-dimensional data 

storage as shown in Figure 35 (d). Edwin Walker produced a DMD with a 200-layer, 1TB 

data capacity through two-photon recording[63]. Nevertheless, it is still difficult to 

commercialize because DMD is expensive and has cross-talk between layers. It will also 

depend on the material used, but the lifetime is similar to that of traditional ODS. 

 

Figure 35. (a) Holographic Versatile Disc(HVD); (b) Schematic showing how HVD uses 
two laser beams to store information; (c) Digital Multilayer Disk(DMD); (d) Cross section 

of DMD layers recorded in a 3D disc 
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Despite remarkable progress, conventional storage media (CD / DVD, Blu-ray, HVD, 

DMD, USB, etc.) still have limitations on storage capacity and persistence over time [64,65]. 

To overcome storage capacity limitation, it has been reported that two-photon point 

excitation can be used to increase data storage density [66]. Figure 36 shows how P. Zijlstra 

et al. increased data storage density dramatically by using different incident laser 

wavelengths and polarizations [67]. The birefringence parameters of self-assembled nano-

gratings were also employed to increase data storage dimensionality as shown in Figure 

37 [68,69]. S. Alasfar et al. showed that different polarizations in urethane–urea copolymers 

can be used for high-density optical data storage (ODS) [70]. X. Ouyang investigated multi-

level ODS with wavelength and polarization multiplexing in glass containing gold nanorods 

[71]. 

 
Figure 36. Experimental results of Min Gu's group using different wavelength laser beam 

and polarization 
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Figure 37. Experimental results from Kazansky's group implementing 5 dimensional ODS 

by adding orientation of nano-gratings and retardance by using type II type DLW 

Various materials and structures for long-term storage have been developed due to 

the limitations of present storage devices. Bow-tie nanoscale fuses on graphene were 

proposed to demonstrate permanent write-once-read-many application [72]. Permanent 

data storage in ZnO thin films was investigated by filamentary resistive switching devices 

[73]. Patterns fabricated in fused silica glasses have offered an estimated lifetime of more 

than 100 million years, making them suitable for the development of ultra-long lifetime ODS 

[69]. 

Type I or type II direct laser writing (DLW) had been usually adopted to produce nano- 

and micro-scale ODS units in fused silica and nanostructured glasses [74]. For the type I 

DLW, isotropic refractive index change was induced by the melting or thermal process. In 

case of type II DLW, birefringent index change was generated by periodic nanostructures. 

However, both of these DLW techniques require intense laser irradiance to create the 

modification. In contrast, the recently reported type A DLW can be performed in silver-

containing glasses with relatively low incident laser irradiation of around 5 to 10 TW/cm2 

[41], taking advantage of tailored materials with sensitizing agents [34]. Fluorescent hollow 
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cylindrical structures were fabricated by using the Type A DLW [28,75], showing an 

increasing fluorescence intensity while the incident laser irradiance increases [28,76]. For 

long-term storage, an ageing test was carried out on a climatic test chamber at 100°C for 

3100 h corresponding to a reference for long-term passive storage. No gradual changes in 

optical performance and less than 1% change in fluorescence spectra were observed [35]. 

In this paper, we investigate 5D ODS in silver-containing Zinc-phosphate glasses by 

using a type A DLW. Fluorescence intensity modulation, obtained by controlling the incident 

laser irradiance, was used to provide an additional dimension to ODS, in addition to the 

three spatial coordinates. In order to further increase the encoding dimensionality, the 

hollow cylindrical structure has been transformed into a hollow elliptical structure by 

performing an anamorphic focusing of the femtosecond laser, introducing the structure 

orientation as another experimental degree of freedom. By combining 16 levels of laser 

irradiance and 16 levels of ellipse orientation, two different images of 100×100 pixels in the 

format of 4-bit bitmap were embedded into one single image inside the silver-containing 

glass. The original images were decoded with an accuracy of 60.5% and 25.1% for ellipse 

orientation and fluorescence intensity, respectively, for the 4-bit bitmap format. When the 

3-bit bitmap format is applied, the reading accuracy for the ellipse orientation was increased 

from 60.5% to 85.0%. In addition, by measuring the fluorescence intensity profile of primary 

ODS unit, we show that the data storage capacity can be reached to 14.9 Gb/cm3. 
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5.2 Experimental Methods 

 

5.2.1 Preparation of sample 

 

Since silver-containing glasses show a high photosensitivity, integrated waveguides, 

ribbon fibers, and diffraction gratings have been fabricated. For the sake of DLW quality, a 

commercial transparent silver-containing glass sample (AG01® from the ArgoLight 

company) was used. A block of fluorescent glass was specifically prepared to secure the 

reliability and stability. Fluorescent clusters were created in AG01® by femtosecond laser 

irradiation at 1030 nm, enabling the type A DLW, by tailoring irradiation parameters for the 

targeted 5D ODS. The imaging of all the laser-induced fluorescent features were observed 

with a confocal microscope (Leica, DM6 CFS TCS SP8) with 1 Airy disk pinhole and a Leica 

microscope objective (20x, NA = 0.75), under excited with a 405 nm laser. 

 

5.2.2 First parameter for expansion of dimension: orientation of 
ellipse 

 

Yb:KGW femtosecond laser (Amplitude system, 9.8 MHz repetition rate, 390 fs pulse 

FWHM duration and operating at 1030 nm) was used for DLW, using a Zeiss air objective 

(20x, NA = 0.75), as shown in Figure 38. The front-wave phase of the laser beam was 

adjusted by the liquid-crystal-silicon spatial light modulator (SLM; LCOS, X10468-03, 

800×600 pixel, Hamamatsu Photonics). In particular, the SLM phase mask with a cylindrical 



７８ 

 

profile was introduced to generate elliptically-shaped fluorescent patterns at the sagittal 

focus, so as to introduce the orientation encoding level [77]. 

 
Figure 38. Femtosecond laser tightly focused in the silver containing glass, resulting in 

subsequent production of fluorescent silver clusters at its periphery. 

For anamorphic focusing, the sagittal focusing coefficient was g_a and the tangential 

focusing coefficient was g_b. And the focal length was adjusted by changing these two 

focusing coefficients respectively. The sagittal focusing coefficient g_a was set and fixed at 

-0.000449 to focus on the plane of the sample we observe with the CMOS camera. Figure 

39 shows the variation of SLM mask and DLW patterns according to the manipulation of 

tangential focusing coefficients g_b. When the tangential focusing coefficient is the same 

as the sagittal focusing coefficient, we can see that it has a DLW pattern of ring-shape. On 

the other hand, as the value of the tangential focusing coefficient changes, the long axis of 

the ellipse-shape gradually changes due to anamorphic focusing. 
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Figure 39. Variation of SLM mask and DLW patterns according to the manipulation of 

coefficient of tangential focusing 

However, as shown in Figure 39, the tangential focal length elongates as the tangential 

coefficient increases, in other words the astigmatism is to be larger. So the range of the 

anamorphic coefficients needs to be set. As the tangential focusing coefficient changes, 

the eccentricity and fluorescence intensity are measured. The ellipse-shape's DLW pattern 

will later change its orientation. Therefore, as shown in Figure 40(a) we have determined 

that the eccentricity of ellipse must be greater than or equal to 0.5 for this ellipse to have a 

clear ellipse shape. However, Figure 40(b) shows that having a large eccentricity lowers 

the fluorescence intensity. This also adversely affects the decoding process. Therefore, we 

set the range of tangential coefficient from -0.000419 to -0.000409 to satisfy both 

eccentricity and fluorescence intensity simultaneously. 
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Figure 40. Variations of eccentricity(a) and fluorescence intensity(b) of ellipse-shape DLW 

pattern according to tangential focusing coefficient 

The 16-step orientations of the elliptical pattern at the sagittal focus were produced by 

rotating the SLM mask. The orientation angle of the SLM mask then depicts the orientation 

of the main axis of the cylindrical phase contribution, which will also correspond to the 

orientation of the associated laser-induced fluorescent pattern. In this framework, Figure 

41 shows the 16-step orientation angles of the SLM patterns at 0˚, 11.25˚, 22.5˚, 33.75˚, 

45˚, 56.25˚, 67.5˚, 78.75˚, 90˚, 101.25˚, 112.5˚, 123.75˚, 135˚, 146.25˚, 157.5˚, and 168.75˚. 

Astigmatism was intentionally enhanced by anamorphic focusing to clearly illustrate here 

the orientation direction of the elliptical pattern. 
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Figure 41. Images of orientation change of elliptical patterns obtained by SLM phase 

mask manipulation, corresponding to 24 = 16 orientation-encoded digital levels. 

Figure 42 shows that the fluorescent pattern obtained by DLW varies with the distance 

from the focal plane. As displayed in Figure 39, in the case of anamorphic focusing with the 

cylindrical phase mask (such as it is the case for astigmatic beams), the caustic form 

(including both orientation and eccentricity) keeps on evolving with depth around the focal 

plane depth. In contrast, for symmetric focusing, the circular writing pattern does not 

change much with depth. The fluorescence intensity at the sagittal focus was observed to 

be the strongest with a clear oval pattern, and the eccentricity of the ellipse was also found 

to be the best for optimal post-DLW operation of orientation retrieving. 
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Figure 42. Fluorescent silver cluster distributions for several depths with respect to the 

tangential focal plane, respectively corresponding to circular or elliptical fluorescent 
shapes (confocal microscope imaging (20x, NA = 0.75) with excitation at 405 nm), for 

symmetrical or anamorphic focusing conditions. 

 

5.2.3 Second parameter for expansion of dimension: Intensity of 
fluorescence 

 

Although 1 bit-writing for intensity of 0 or 1 was used in conventional ODS medium, 

Arnaud Royon showed that 4bit-writing is possible with DLW in silver-containing glass [76]. 

The modification of the silver-containing glass depends on the laser irradiance, which can 

be determined by measuring the fluorescence intensity. And the irradiance of the laser at 

the sample was controlled by applied voltage at Acousto-Optic Modulator(AOM), called a 

Bragg cell. The voltage applied to the AOM is controlled between 0V and 1V, and the 

applied voltage and intensity of the 0th order diffracted beam are not linear as shown in 

Figure 43. In addition, when the voltage applied to AOM is low, photo-dissociation is not 

enough, and the modification is completed without formation of ellipse shape. Figure 43 (b) 

shows that a minimum voltage of 0.6V must be applied to the AOM for the orientation of 

ellipse to be retrieved. Therefore, the voltage range that satisfies both conditions, (i) 
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fluorescence intensity should have maximum linearity and (ii) orientation of ellipse should 

be retrieved, is from 0.6V to 0.8V. 

 
Figure 43. Fluorescence intensity change(a) and retrieving result of ellipse orientation(b) 

according to voltage applied to AOM 
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The AOM voltage command led to sample irradiations from 9.4 to 12.7 TW/cm2 (pulse 

energy from 41.7 nJ to 56.2 nJ) at the beam focus, where the lower irradiance limit was 

slightly above the production of identifiable ellipsoidal patterns. Since laser intensity is not 

linear according to the AOM voltage, the voltage applied to the AOM is adjusted so that the 

laser intensity is evenly spaced for the 16-step DLW, so as to further provide 24 = 16 

intensity-encoded digital levels as shown in Figure 44. 

 
Figure 44. Relation between intensity level and fluorescence intensity (a, c) when voltage 

intervals from 0.6V to 0.8V are divided equally and (b, d) When optimized by dividing 
fluorescence intensity interval equally 
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It should be emphasized that in this experiment the range of laser irradiation was 

carefully chosen to be appropriate for writing patterns with sufficient fluorescence emission 

amplitude, so as to subsequently allow for an accessible reading of both the ellipse 

orientation and the intensity of fluorescence simultaneously. In our previous experiment 

[15], the laser irradiance was varied in a larger range, from a low irradiance level slightly 

above the DLW threshold up to a high irradiance level slightly below the material damage 

threshold, because in that case only fluorescence intensity was encoded and measured. 

 

5.2.4 Fluorescence calibration matrix with 16 intensity levels 
and 16 orientations of ellipse 

 

Inset image in Figure 45 shows the 28 = 256 fluorescence matrix fabricated by 24 = 16 

levels of ellipse orientation and 24 = 16 levels of laser irradiance in the silver-containing 

glass. Here, the vertical axis represents the 16 levels of orientation, and the horizontal axis 

corresponds to the 16 levels of incident irradiance. From such a calibration microscope 

image, the measured fluorescence intensity versus the incident irradiance level is displayed 

in Figure 45. As shown in Figure 45, fluorescence intensity at level 5 (45˚) was the highest, 

and increased linearly while increasing the incident laser irradiance. Minimum fluorescence 

intensities for different orientation levels were distributed irregularly, but the linearity with 

the laser irradiance increase was mostly maintained. We believe that this variation is mainly 

due to the residual mismatch between the center of the laser beam and the center of the 

SLM mask for anamorphic focusing and/or due to a minor astigmatism of the incident laser 



８６ 

 

itself. The graph from Figure 45 can be further used as a calibration matrix to retrieve 5D 

stored data in the reading process. 

 
Figure 45. Measured fluorescence intensity versus incident laser irradiance, to calibrate 
the 5D decoding process. The inset image shows a fabricated matrix with 16 intensity 

levels and 16 orientations in the silver-containing glass. 

 

 

5. 3 Outline of writing and reading process of optical data 
storage using two additional parameters with type A DLW 

 

We confirmed the possibility of 5D Optical Data Storage using two independent 

parameters determined in the previous chapter with the flow shown in Figure 46. We select 

two images that represent the data of intensity and orientation respectively. As the first step, 

each pixel of the images selected is converted into an 8-bit image having 256 levels. At this 

time, the stored image can be represented as a matrix, where Mi0 is the first matrix of the 



８７ 

 

intensity parameter and Mo0 is the first matrix of the orientation variable. The saved Mi0 and 

Mo0 are converted once again for writing. The intensity image is converted to p-bit image 

and the orientation image is converted to q-bit image, represented by Mi1
p and Mo1

q. The 

converted intensity matrix Mi1
p is utilized for by the voltage of the AOM, simultaneously the 

converted orientation matrix Mo1
q is used for the rotation of the SLM mask. In this way, the 

two variables are intertwined so that one image is engraved in the sample through the type 

A DLW. The intensity image of this entangled image is represented by Mi2 and the 

orientation image by Mo2. At this time, Mi2 can be recognized directly as usual point drawing. 

Mo2, on the other hand, is hidden because it contains an image as an orientation of ellipse. 

This is the end of the waiting process. Mi2 will reach Mi3 through q-bit decoding. Likewise, 

q'-bit retrieving for Mo2 brings Mo3. In the reading process, q and q 'can be optimized 

according to the situation. In this study, we studied the writing and reading process for the 

following number of bits. (p, p’=4 (fixed)), (q, q’=4 (16 level) or 3 (downgraded to 8 level)) 
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Figure 46. Flow map showing how intensity part and orientation part are utilized in 

writing/reading process of 5D optical data storage 

 

 

5. 4 Writing process with 256 levels: 16 levels for fluorescence 
intensity and 16 levels for orientation of elliptical pattern 

 

For the writing process, two images of two Nobel Prize-winning French physicists were 

selected for simultaneous DLW using both levels of incident irradiance and ellipse 

orientation. Each image, composed of 100×100 pixels, was converted to 4-bit bitmap 

format based on 16 levels of incident irradiance (Figure 47(a)) and 16 levels of ellipse 

orientation (Figure 47(b)), respectively. 
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Type A DLW with 16×16 levels was used to inscribe a single image composed of two 

entangled images at the same XY plane in the silver-containing glass, as shown in Figure 

47(c). Each fluorescent pattern was produced by irradiating 106 laser pulses through a 

Zeiss objective lens (20×, NA = 0.75). Patterns were written with a spacing of 7 μm so that 

adjacent patterns do not overlap laterally. Therefore, the entangled image inscribed through 

the writing process has a size of 700 μm × 700 μm. 

As show in Figure 47(c), the image recorded using laser irradiance is visually 

recognizable in the entangled ODS image. The image recorded by the ellipse orientation 

also partially appears due to the slight coupling of fluorescence intensity distribution with 

respect to the orientation direction. Indeed, the fluorescence intensity was partially affected 

by non-uniform laser irradiance and/or by the slight intrinsic laser astigmatism, when 

rotating the ellipse pattern of the SLM mask, as mentioned above. Therefore, in order to 

retrieve the ellipse orientation of each pattern, a fluorescence correction matrix was 

required, similarly to what discussed about Figure 45. Hence, the calibration fluorescence 

matrix with 16×16 intensity and orientation levels was simultaneously fabricated near the 

entangled DLW image, as shown in Figure 47(d), in order to minimize the reading errors. 

During the imaging process, we paid attention to reduce the non-uniformity from the 

scanning type of microscope so that a small region of interest (124.67 μm × 124.67 μm × 

4096 pixels, pixel dwell time: 300 ns, 4 frame average) was selected and repeated step-

by-step to cover the full image. 
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Figure 47. (a) and (b) are the original images of two Nobel laureates encoded in 16 grey-

scale levels; (c) is the DLW entangled image by independently addressing the 16 
orientation levels of (a) and the 16 irradiance levels of (b); (d) Fluorescence calibration 

matrix observed by confocal microscopy to retrieve intensity-orientation correlations and 
to provide the dedicated correction for subsequent fluorescence intensity reading 

(excitation at 405 nm). 
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5. 5 Reading process with 256 levels: 16 levels for fluorescence 
intensity and 16 levels for orientation of ellipse 

 

Each of the 100x100 patterns of the entangled image (Figure 47 (c)) has been 

compared with the 256 patterns of the calibration matrix (Figure 45, insert) for the readout 

process. In this process to overcome the un-uniformity of the confocal microscope, we tried 

to split the 100x100 image into 49 (7x7) split images to minimize the vignetting effect. The 

DLW pattern with information was compared with all of the 256 patterns in the calibration, 

and the pattern with the smallest deviation among the 256 patterns in the calibration matrix 

is selected. The pattern with information is then considered to have the same 

intensity/orientation level as the intensity/orientation level of the selected pattern. So level 

of fluorescence intensity and level of ellipse orientation were obtained simultaneously. In 

this way, decoding of one pattern was complete. Decoding was done for all information 

patterns sequentially, eventually the merged laser-imprinted image was split into two 

decoded images, as represented by Mi3
q and Mo3

q in Figure 46. 

The retrieved images decoded over 16 orientation levels and 16 intensity levels are 

shown in Figure 48(a) and Figure 48(b). Detailed error analysis was performed to quantify 

the fidelity of the readout process and this was shown as a table and histogram for each 

DLW pattern. Comparing each of the two decoded images with the original 4-bit bitmap 

images, it was found that the orientation and intensity readout fidelities were 61% and 25%, 

respectively. The 4-bit orientation readout errors showed 34% 1-bit error and 5% 2-bit error. 

The 4-bit intensity readout errors showed 43% 1-bit error and 32% 2-bit (or more) error. 

The readout fidelity of intensity level was lower than that of the elliptical orientation level. 
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The lower intensity readout fidelity is mainly due to inhomogeneous intensity distribution of 

the readout laser at the focal plane. Figure 48(c) and Figure 48(d) display the level 

difference (namely the bit error) between the original and retrieved images for orientation 

and intensity, respectively. In other words, Figure 48(c) and Figure 48(d) are the level error 

images resulting from overall coding process. Even more than for Figure 48(c), the image 

generated by the elliptical writing appears slightly in Figure 48(d), due to the nonlinearity of 

intensity levels for the different elliptical orientations. As mentioned above, such 

nonlinearity occurs when the laser beam is not ideally aligned with the SLM mask and/or 

when the laser beam intrinsic astigmatism tends to couple the two intensity/orientation 

degrees of freedom. Therefore, we believe that this cross-correlation may be significantly 

decreased by minimizing the misalignment between the center of the laser beam and the 

center of the elliptical phase pattern on the SLM and/or with a laser showing a lower 

astigmatism. Moreover, in the error images, one can easily observe the successive 

positions of selected region of interest while imaging with the fluorescence microscope, 

showing how the composite image shown in Figure 47(c) has been recorded. Such a non-

uniformity of sensitivity within the field of view of the used fluorescence microscope strongly 

affects and degrades the present retrieving process, which is indeed independent of the 

encoding and writing process. Strong improvement can thus be expected using a better 

spatially calibrated fluorescence microscope. 

Figure 48(e) shows the histogram of the level difference between the original and 

decoded levels for the orientation dimension (∆O). The accuracy increased from 61% to 

95% if adjacent levels of ΔO = ±1 were included, as expected if the number of reading 

levels was reduced. Figure 48(f) indicates the histogram of the level difference between 
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the original and decoded levels for the fluorescence intensity (ΔI). Similar to orientation 

fidelity issues, the accuracy increased from 25% to 68% when including adjacent level of 

ΔI = ±1. 

For a more in-depth analysis, Table 4, Table 5, Figure 49, Figure 50, Figure 51, Figure 

52, Figure 53, Figure 54, Figure 55, and Figure 56 show the results of each orientation / 

intensity level for 256 unit patterns. Table 4, Figure 49, Figure 50, Figure 51, and Figure 52 

are the results for orientation decoding, and Table 5, Figure 53, Figure 54, Figure 55, and 

Figure 56 are the results for intensity decoding. In Table 4, in the case of ΔO=0 retrieved 

results are good in certain orientations, but not very good in some orientations. Including 

the case of ΔO=±1, the result is still not good at 11.25 degree, but the retrieving result of 

most orientation is improved. Although this error comes from experimental misalignment, it 

is worth verifying with 3-bit decoding rather than 4-bit decoding. Decoding results for each 

orientation/intensity can be found in histogram with the following detailed analysis. Number 

of patterns used, retrieving result, and errors. 
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Figure 48. (a) Retrieved image from the initial image in Figure 47(a); (b) Retrieved image 
from the initial image in Figure 47(b); (c) Level difference between Figure 47(a) and 16(a); 
(d) Level difference between Figure 47(b) and 16(b); (e) Histogram of the level difference 

between original and decoded levels for the orientation direction; (f) Histogram of the 
level difference between original and decoded levels for the fluorescence intensity. 
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ΔO=0 
Orientation Level 

0 11.25 22.5 33.75 45 56.25 67.5 78.75 90 101.25 112.5 123.75 135 146.25 157.5 168.75 

In
te

n
s
ity

 L
e
v
e
l 

1 87.50% #DIV/0! 0.00% 100.00% #DIV/0! 100.00% #DIV/0! #DIV/0! 0.00% 0.00% 0.00% 100.00% 0.00% 0.00% #DIV/0! 100.00% 
2 93.44% 76.92% 100.00% 40.00% 50.00% 77.78% 20.00% 20.00% 40.00% 40.00% 44.83% 84.21% 0.00% 20.00% 43.43% 100.00% 
3 95.82% 38.56% 100.00% 33.33% 79.41% 82.22% 16.22% 9.30% 71.19% 94.40% 83.12% 13.07% 13.20% 51.15% 32.53% 99.84% 
4 77.27% 29.84% 100.00% 47.37% 100.00% 73.68% 21.43% 16.67% 77.78% 90.91% 60.00% 7.41% 16.67% 32.31% 18.75% 100.00% 
5 90.53% 5.60% 97.44% 91.67% 90.00% 66.67% 90.00% 46.67% 68.00% 95.65% 29.41% 0.00% 9.09% 65.12% 0.00% 100.00% 
6 73.91% 3.65% 87.93% 95.00% 94.44% 40.00% 83.33% 50.00% 73.33% 81.25% 42.86% 0.00% 19.05% 67.74% 0.00% 100.00% 
7 87.50% 1.16% 77.61% 100.00% 100.00% 92.31% 46.67% 42.11% 53.85% 78.57% 42.86% 0.00% 5.26% 84.38% 22.22% #DIV/0! 
8 100.00% 0.00% 73.47% 100.00% 100.00% 92.86% 80.00% 61.54% 92.86% 75.00% 46.15% 0.00% 40.74% 80.00% 12.50% #DIV/0! 
9 100.00% 0.00% 68.97% 100.00% 94.74% 91.43% 87.50% 70.00% 100.00% 100.00% 36.36% 0.00% 68.97% 100.00% 16.67% #DIV/0! 
10 100.00% 0.00% 73.53% 100.00% 100.00% 100.00% 59.26% 78.57% 100.00% 100.00% 44.83% 17.86% 87.04% 97.44% 20.00% #DIV/0! 
11 100.00% 0.00% 87.50% 100.00% 94.12% 100.00% 88.89% 100.00% 100.00% 98.00% 73.91% 27.50% 89.66% 100.00% 0.00% #DIV/0! 
12 100.00% 0.00% 88.89% 100.00% 87.50% 100.00% 100.00% 70.00% 100.00% 93.85% 91.49% 30.23% 94.87% 100.00% 9.52% #DIV/0! 
13 100.00% 0.00% 87.50% 100.00% 100.00% 100.00% 100.00% 89.29% 100.00% 96.15% 94.87% 52.63% 96.67% 99.47% 12.82% 100.00% 
14 100.00% 0.00% 75.00% 100.00% 100.00% 100.00% 100.00% 100.00% 100.00% 100.00% 97.22% 68.42% 93.62% 98.11% 8.18% 100.00% 
15 #DIV/0! 0.00% 0.00% 100.00% 100.00% 100.00% 100.00% 100.00% 100.00% 100.00% 100.00% 75.00% 100.00% 100.00% 15.38% 100.00% 
16 #DIV/0! #DIV/0! #DIV/0! #DIV/0! #DIV/0! #DIV/0! #DIV/0! #DIV/0! 100.00% 100.00% 100.00% #DIV/0! #DIV/0! #DIV/0! #DIV/0! #DIV/0! 

 

ΔO=±1 
Orientation Level 

0 11.25 22.5 33.75 45 56.25 67.5 78.75 90 101.25 112.5 123.75 135 146.25 157.5 168.75 

In
te

n
s
ity

 L
e
v
e
l 

1 0.00% #DIV/0! 0.00% 0.00% #DIV/0! 0.00% #DIV/0! #DIV/0! 100.00% 83.33% 100.00% 0.00% 100.00% 0.00% #DIV/0! 0.00% 
2 6.56% 7.69% 0.00% 60.00% 50.00% 0.00% 20.00% 80.00% 60.00% 60.00% 48.28% 15.79% 87.50% 80.00% 56.57% 0.00% 
3 4.18% 25.49% 0.00% 66.67% 20.59% 15.56% 45.95% 86.05% 27.12% 5.60% 14.29% 35.18% 71.57% 44.26% 67.47% 0.16% 
4 22.73% 25.00% 0.00% 52.63% 0.00% 26.32% 71.43% 83.33% 22.22% 9.09% 35.00% 66.67% 75.00% 63.08% 81.25% 0.00% 
5 9.47% 64.80% 2.56% 8.33% 10.00% 33.33% 10.00% 53.33% 32.00% 4.35% 70.59% 80.00% 54.55% 27.91% 100.00% 0.00% 
6 26.09% 67.88% 8.62% 5.00% 5.56% 60.00% 16.67% 50.00% 26.67% 18.75% 57.14% 70.00% 57.14% 25.81% 100.00% 0.00% 
7 12.50% 66.28% 22.39% 0.00% 0.00% 7.69% 53.33% 57.89% 46.15% 21.43% 57.14% 78.95% 73.68% 12.50% 77.78% #DIV/0! 
8 0.00% 81.03% 18.37% 0.00% 0.00% 7.14% 20.00% 38.46% 7.14% 25.00% 53.85% 92.31% 44.44% 20.00% 87.50% #DIV/0! 
9 0.00% 97.06% 27.59% 0.00% 5.26% 8.57% 12.50% 30.00% 0.00% 0.00% 63.64% 96.15% 31.03% 0.00% 83.33% #DIV/0! 
10 0.00% 94.12% 26.47% 0.00% 0.00% 0.00% 40.74% 21.43% 0.00% 0.00% 55.17% 82.14% 12.96% 2.56% 80.00% #DIV/0! 
11 0.00% 95.00% 12.50% 0.00% 5.88% 0.00% 11.11% 0.00% 0.00% 2.00% 26.09% 72.50% 10.34% 0.00% 100.00% #DIV/0! 
12 0.00% 66.67% 11.11% 0.00% 12.50% 0.00% 0.00% 30.00% 0.00% 6.15% 8.51% 69.77% 5.13% 0.00% 90.48% #DIV/0! 
13 0.00% 100.00% 12.50% 0.00% 0.00% 0.00% 0.00% 10.71% 0.00% 3.85% 5.13% 47.37% 3.33% 0.53% 87.18% 0.00% 
14 0.00% 100.00% 25.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 2.78% 31.58% 6.38% 1.89% 91.82% 0.00% 
15 #DIV/0! 100.00% 100.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 25.00% 0.00% 0.00% 84.62% 0.00% 
16 #DIV/0! #DIV/0! #DIV/0! #DIV/0! #DIV/0! #DIV/0! #DIV/0! #DIV/0! 0.00% 0.00% 0.00% #DIV/0! #DIV/0! #DIV/0! #DIV/0! #DIV/0! 

 

ΔO=0, ±1 
Orientation Level 

0 11.25 22.5 33.75 45 56.25 67.5 78.75 90 101.25 112.5 123.75 135 146.25 157.5 168.75 
In

te
n
s
ity

 L
e
v
e
l 

1 87.50% #DIV/0! 0.00% 100.00% #DIV/0! 100.00% #DIV/0! #DIV/0! 100.00% 83.33% 100.00% 100.00% 100.00% 0.00% #DIV/0! 100.00% 
2 100.00% 84.62% 100.00% 100.00% 100.00% 77.78% 40.00% 100.00% 100.00% 100.00% 93.10% 100.00% 87.50% 100.00% 100.00% 100.00% 
3 100.00% 64.05% 100.00% 100.00% 100.00% 97.78% 62.16% 95.35% 98.31% 100.00% 97.40% 48.24% 84.77% 95.41% 100.00% 100.00% 
4 100.00% 54.84% 100.00% 100.00% 100.00% 100.00% 92.86% 100.00% 100.00% 100.00% 95.00% 74.07% 91.67% 95.38% 100.00% 100.00% 
5 100.00% 70.40% 100.00% 100.00% 100.00% 100.00% 100.00% 100.00% 100.00% 100.00% 100.00% 80.00% 63.64% 93.02% 100.00% 100.00% 
6 100.00% 71.53% 96.55% 100.00% 100.00% 100.00% 100.00% 100.00% 100.00% 100.00% 100.00% 70.00% 76.19% 93.55% 100.00% 100.00% 
7 100.00% 67.44% 100.00% 100.00% 100.00% 100.00% 100.00% 100.00% 100.00% 100.00% 100.00% 78.95% 78.95% 96.88% 100.00% #DIV/0! 
8 100.00% 81.03% 91.84% 100.00% 100.00% 100.00% 100.00% 100.00% 100.00% 100.00% 100.00% 92.31% 85.19% 100.00% 100.00% #DIV/0! 
9 100.00% 97.06% 96.55% 100.00% 100.00% 100.00% 100.00% 100.00% 100.00% 100.00% 100.00% 96.15% 100.00% 100.00% 100.00% #DIV/0! 

10 100.00% 94.12% 100.00% 100.00% 100.00% 100.00% 100.00% 100.00% 100.00% 100.00% 100.00% 100.00% 100.00% 100.00% 100.00% #DIV/0! 
11 100.00% 95.00% 100.00% 100.00% 100.00% 100.00% 100.00% 100.00% 100.00% 100.00% 100.00% 100.00% 100.00% 100.00% 100.00% #DIV/0! 
12 100.00% 66.67% 100.00% 100.00% 100.00% 100.00% 100.00% 100.00% 100.00% 100.00% 100.00% 100.00% 100.00% 100.00% 100.00% #DIV/0! 
13 100.00% 100.00% 100.00% 100.00% 100.00% 100.00% 100.00% 100.00% 100.00% 100.00% 100.00% 100.00% 100.00% 100.00% 100.00% 100.00% 
14 100.00% 100.00% 100.00% 100.00% 100.00% 100.00% 100.00% 100.00% 100.00% 100.00% 100.00% 100.00% 100.00% 100.00% 100.00% 100.00% 
15 #DIV/0! 100.00% 100.00% 100.00% 100.00% 100.00% 100.00% 100.00% 100.00% 100.00% 100.00% 100.00% 100.00% 100.00% 100.00% 100.00% 
16 #DIV/0! #DIV/0! #DIV/0! #DIV/0! #DIV/0! #DIV/0! #DIV/0! #DIV/0! 100.00% 100.00% 100.00% #DIV/0! #DIV/0! #DIV/0! #DIV/0! #DIV/0! 

Table 4. Fidelity results calculated from orientation decoding by ODS unit pattern; the bit 
errors for ΔO=0, ΔO=±1, and ΔO=0, ±1. 
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Figure 49. Histogram of retrieving results for each orientation level of orientation decoding; 0°, 11.25°, 22.5°, and 33.75° 
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Figure 50. Histogram of retrieving results for each orientation level of orientation decoding; 45°, 56.25°, 67.5°, and 78.75° 
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Figure 51. Histogram of retrieving results for each orientation level of orientation decoding; 90°, 101.25°, 112.5°, and 123.75° 
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Figure 52. Histogram of retrieving results for each orientation level of orientation decoding; 135°, 146.25°, 157.5°, and 168.75° 
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ΔI=0 
Intensity Level 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 

O
rie

n
ta

tio
n
 L

e
v
e
l 

0 0.00% 91.26% 19.10% 26.36% 45.26% 28.99% 42.86% 8.70% 36.84% 0.00% 28.57% 61.54% 0.00% 50.00% #DIV/0! #DIV/0! 
11.25 #DIV/0! 46.15% 11.11% 24.19% 0.00% 3.65% 1.16% 3.45% 8.82% 5.88% 5.00% 0.00% 0.00% 0.00% 0.00% #DIV/0! 
22.5 0.00% 0.00% 89.83% 7.69% 0.00% 12.07% 5.97% 24.49% 48.28% 20.59% 12.50% 0.00% 50.00% 75.00% 100.00% #DIV/0! 
33.75 0.00% 40.00% 74.07% 0.00% 75.00% 0.00% 0.00% 0.00% 94.74% 7.14% 0.00% 16.67% 0.00% 12.50% 100.00% #DIV/0! 

45 #DIV/0! 66.67% 23.53% 0.00% 60.00% 0.00% 0.00% 0.00% 42.11% 0.00% 58.82% 62.50% 6.25% 0.00% 0.00% #DIV/0! 
56.25 0.00% 88.89% 11.11% 5.26% 40.00% 30.00% 0.00% 28.57% 20.00% 20.00% 19.05% 75.00% 0.00% 22.22% 100.00% #DIV/0! 
67.5 #DIV/0! 0.00% 21.62% 64.29% 0.00% 50.00% 46.67% 13.33% 6.25% 11.11% 50.00% 11.54% 73.68% 0.00% 0.00% #DIV/0! 
78.75 #DIV/0! 40.00% 9.30% 41.67% 0.00% 0.00% 5.26% 53.85% 35.00% 28.57% 0.00% 6.67% 17.86% 75.00% 83.33% #DIV/0! 

90 0.00% 60.00% 3.39% 48.15% 0.00% 6.67% 46.15% 21.43% 43.75% 0.00% 25.00% 23.53% 50.00% 47.06% 0.00% 0.00% 
101.25 0.00% 85.00% 2.40% 9.09% 0.00% 25.00% 7.14% 10.00% 4.55% 10.00% 18.00% 21.54% 11.54% 4.55% 66.67% 100.00% 
112.5 0.00% 100.00% 14.94% 0.00% 5.88% 50.00% 35.71% 30.77% 3.03% 0.00% 13.04% 25.53% 61.54% 19.44% 25.00% 0.00% 

123.75 0.00% 100.00% 0.50% 0.00% 0.00% 35.00% 10.53% 15.38% 11.54% 28.57% 30.00% 30.23% 17.54% 68.42% 25.00% #DIV/0! 
135 0.00% 100.00% 18.78% 4.17% 27.27% 19.05% 5.26% 7.41% 31.03% 14.81% 29.31% 30.77% 17.78% 8.51% 30.00% #DIV/0! 

146.25 0.00% 60.00% 17.70% 27.69% 32.56% 0.00% 25.00% 10.00% 33.33% 12.82% 58.00% 1.18% 29.79% 42.45% 14.29% #DIV/0! 
157.5 #DIV/0! 31.31% 40.45% 48.21% 61.54% 3.23% 5.56% 12.50% 0.00% 40.00% 0.00% 0.00% 3.42% 2.73% 0.00% #DIV/0! 

168.75 0.00% 10.00% 15.78% 13.11% 100.00% 0.00% #DIV/0! #DIV/0! #DIV/0! #DIV/0! #DIV/0! #DIV/0! 40.00% 0.00% 0.00% #DIV/0!  

ΔI=±1 
Intensity Level 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 

O
rie

n
ta

tio
n
 L

e
v
e
l 

0 87.50% 8.20% 79.70% 45.45% 40.00% 62.32% 16.07% 47.83% 5.26% 71.43% 50.00% 15.38% 100.00% 0.00% #DIV/0! #DIV/0! 
11.25 #DIV/0! 23.08% 40.52% 15.32% 6.40% 0.00% 3.49% 5.17% 8.82% 5.88% 35.00% 66.67% 0.00% 60.00% 0.00% #DIV/0! 
22.5 0.00% 100.00% 10.17% 92.31% 35.90% 18.97% 26.87% 34.69% 37.93% 70.59% 43.75% 72.22% 25.00% 25.00% 0.00% #DIV/0! 
33.75 100.00% 60.00% 25.93% 94.74% 8.33% 65.00% 0.00% 90.00% 5.26% 92.86% 33.33% 22.22% 28.57% 75.00% 0.00% #DIV/0! 

45 #DIV/0! 33.33% 76.47% 42.11% 0.00% 83.33% 36.36% 16.67% 15.79% 82.35% 17.65% 18.75% 43.75% 33.33% 50.00% #DIV/0! 
56.25 100.00% 0.00% 88.89% 15.79% 33.33% 30.00% 61.54% 21.43% 48.57% 50.00% 66.67% 15.00% 100.00% 22.22% 0.00% #DIV/0! 
67.5 #DIV/0! 40.00% 45.95% 0.00% 80.00% 16.67% 46.67% 46.67% 12.50% 44.44% 0.00% 84.62% 15.79% 100.00% 0.00% #DIV/0! 
78.75 #DIV/0! 0.00% 72.09% 25.00% 66.67% 25.00% 42.11% 0.00% 30.00% 28.57% 40.00% 40.00% 42.86% 16.67% 16.67% #DIV/0! 

90 100.00% 0.00% 71.19% 7.41% 60.00% 20.00% 7.69% 64.29% 18.75% 65.38% 7.14% 76.47% 26.19% 41.18% 66.67% 100.00% 
101.25 100.00% 10.00% 89.60% 0.00% 21.74% 37.50% 35.71% 35.00% 4.55% 20.00% 24.00% 52.31% 28.85% 50.00% 0.00% 0.00% 
112.5 100.00% 0.00% 84.42% 10.00% 29.41% 14.29% 50.00% 30.77% 33.33% 6.90% 21.74% 53.19% 17.95% 63.89% 12.50% 100.00% 

123.75 100.00% 0.00% 99.50% 11.11% 30.00% 0.00% 47.37% 30.77% 42.31% 10.71% 40.00% 34.88% 49.12% 18.42% 66.67% #DIV/0! 
135 100.00% 0.00% 79.70% 54.17% 18.18% 28.57% 26.32% 37.04% 13.79% 50.00% 36.21% 44.87% 20.00% 51.06% 20.00% #DIV/0! 

146.25 100.00% 20.00% 70.82% 66.15% 4.65% 45.16% 34.38% 40.00% 33.33% 82.05% 16.00% 74.12% 39.36% 31.13% 57.14% #DIV/0! 
157.5 #DIV/0! 40.40% 46.07% 44.64% 7.69% 58.06% 55.56% 37.50% 50.00% 20.00% 4.55% 9.52% 23.08% 7.27% 15.38% #DIV/0! 

168.75 57.14% 71.67% 37.03% 83.61% 0.00% 100.00% #DIV/0! #DIV/0! #DIV/0! #DIV/0! #DIV/0! #DIV/0! 0.00% 30.00% 50.00% #DIV/0!  

ΔI=0, ±1 
Intensity Level 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 
O

rie
n
ta

tio
n
 L

e
v
e
l 

0 87.50% 99.45% 98.81% 71.82% 85.26% 91.30% 58.93% 56.52% 42.11% 71.43% 78.57% 76.92% 100.00% 50.00% #DIV/0! #DIV/0! 
11.25 #DIV/0! 69.23% 51.63% 39.52% 6.40% 3.65% 4.65% 8.62% 17.65% 11.76% 40.00% 66.67% 0.00% 60.00% 0.00% #DIV/0! 
22.5 0.00% 100.00% 100.00% 100.00% 35.90% 31.03% 32.84% 59.18% 86.21% 91.18% 56.25% 72.22% 75.00% 100.00% 100.00% #DIV/0! 

33.75 100.00% 100.00% 100.00% 94.74% 83.33% 65.00% 0.00% 90.00% 100.00% 100.00% 33.33% 38.89% 28.57% 87.50% 100.00% #DIV/0! 
45 #DIV/0! 100.00% 100.00% 42.11% 60.00% 83.33% 36.36% 16.67% 57.89% 82.35% 76.47% 81.25% 50.00% 33.33% 50.00% #DIV/0! 

56.25 100.00% 88.89% 100.00% 21.05% 73.33% 60.00% 61.54% 50.00% 68.57% 70.00% 85.71% 90.00% 100.00% 44.44% 100.00% #DIV/0! 
67.5 #DIV/0! 40.00% 67.57% 64.29% 80.00% 66.67% 93.33% 60.00% 18.75% 55.56% 50.00% 96.15% 89.47% 100.00% 0.00% #DIV/0! 

78.75 #DIV/0! 40.00% 81.40% 66.67% 66.67% 25.00% 47.37% 53.85% 65.00% 57.14% 40.00% 46.67% 60.71% 91.67% 100.00% #DIV/0! 
90 100.00% 60.00% 74.58% 55.56% 60.00% 26.67% 53.85% 85.71% 62.50% 65.38% 32.14% 100.00% 76.19% 88.24% 66.67% 100.00% 

101.25 100.00% 95.00% 92.00% 9.09% 21.74% 62.50% 42.86% 45.00% 9.09% 30.00% 42.00% 73.85% 40.38% 54.55% 66.67% 100.00% 
112.5 100.00% 100.00% 99.35% 10.00% 35.29% 64.29% 85.71% 61.54% 36.36% 6.90% 34.78% 78.72% 79.49% 83.33% 37.50% 100.00% 
123.75 100.00% 100.00% 100.00% 11.11% 30.00% 35.00% 57.89% 46.15% 53.85% 39.29% 70.00% 65.12% 66.67% 86.84% 91.67% #DIV/0! 

135 100.00% 100.00% 98.48% 58.33% 45.45% 47.62% 31.58% 44.44% 44.83% 64.81% 65.52% 75.64% 37.78% 59.57% 50.00% #DIV/0! 
146.25 100.00% 80.00% 88.52% 93.85% 37.21% 45.16% 59.38% 50.00% 66.67% 94.87% 74.00% 75.29% 69.15% 73.58% 71.43% #DIV/0! 
157.5 #DIV/0! 71.72% 86.52% 92.86% 69.23% 61.29% 61.11% 50.00% 50.00% 60.00% 4.55% 9.52% 26.50% 10.00% 15.38% #DIV/0! 
168.75 57.14% 81.67% 52.81% 96.72% 100.00% 100.00% #DIV/0! #DIV/0! #DIV/0! #DIV/0! #DIV/0! #DIV/0! 40.00% 30.00% 50.00% #DIV/0! 

Table 5. Fidelity results calculated from intensity decoding by ODS unit pattern; the bit 
errors for ΔI=0, ΔI=±1, and ΔI=0, ±1. 
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Figure 53. Histogram of retrieving results for each intensity level of intensity decoding; 1, 2, 3, and 4 
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Figure 54. Histogram of retrieving results for each intensity level of intensity decoding; 5, 6, 7, and 8 
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Figure 55. Histogram of retrieving results for each intensity level of intensity decoding; 9, 10, 11, and 12 
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Figure 56. Histogram of retrieving results for each intensity level of intensity decoding; 13, 14, 15, and 16 
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5. 6 Reading process with 64 levels: 8 levels for fluorescence 
intensity and 8 levels for orientation of ellipse 

 

As shown in Section 5.5, including two adjacent levels improves the accuracy of 

decoding while correlatively accepting to reduce the number of both orientation and 

intensity encoding levels, reducing thus the reading level resolution. Therefore, Figure 57(a) 

and Figure 57(b) represent the decoding of Figure 47(c) while considering only 23 = 8 

ellipse orientation levels and 23 = 8 fluorescence intensity levels. The reading fidelity 

obtained from orientation direction and fluorescence intensity levels was 85% and 47%, 

respectively. The 3-bit orientation readout errors showed 15% 1-bit error and no higher-bit 

error. The 3-bit orientation readout error showed 43% 1-bit error and 10% 2-bit (or more) 

error. Figure 57 (c) and Figure 57(d) display the level difference between the original and 

retrieved images with respect to orientation angle and laser irradiance. Figure 57(e) shows 

the histogram of the level difference between original and decoded levels for the orientation 

angle (∆O’). The accuracy increased from 85% to 99.82% if adjacent levels of ΔO’ = ±1 

was included. Figure 57(f) indicates the histogram of the level difference between original 

and the decoded levels for the fluorescence intensity (ΔI’). The accuracy increased from 

47% to 90.15% when including adjacent level of ΔI’ = ±1.  
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Figure 57. (a) Retrieved image from the initial image in Figure 47(a); (b) Retrieved image 
from the initial image in Figure 47(b); (c) Level difference between Figure 47(a) and 25(a); 
(d) Level difference between Figure 47(b) and 25(b); (e) Histogram of the level difference 

between original and decoded levels for the orientation direction; (f) Histogram of the 
level difference between original and decoded levels for the fluorescence intensity. 

Table 6 shows the summary of the writing/reading accuracy. In the case of orientation, 

reading accuracy remains about 60.5% when decoded for the 16 levels. It is increased from 
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60.5% to 85.0% when decoded at 8 levels. For the fluorescence intensity, the reading 

accuracy increases accordingly from 25.1% to 47.1%. Considering simultaneously both 

irradiance and orientation degrees of freedom, the overall 8-bit readout (24×24 = 28 = 256 

levels) has led to information coding (inscription and readout processes) with a fidelity of 

14.24%. Similarly, the overall 6-bit readout (23×23 = 26 = 64 levels) has led to information 

coding (inscription and readout processes) with a fidelity of 43.66%. By considering (i) a 

fluorescence microscope with a better response homogeneity, (ii) a laser source with a 

better stabilized pulse train and (iii) by managing to reduce any intrinsic laser astigmatism 

and/or any experimental misalignment between the laser and the SLM, there is no doubt 

that accuracy can be improved even further. Indeed, any orientation and/or intensity error 

that may directly be encoded in the calibration matrix systematically leads to subsequent 

artificial additional retrieving error, which degrades the fidelity of the overall process. 

Method 

Orientation Level Retrieval  Intensity Level Retrieval  Overall Level Retrieval 

ΔO = 0 ΔO = 0,±1 ΔI = 0 ΔI = 0,±1 
ΔO = 0  

and ΔI = 0 
ΔO = 0,±1  

and ΔI = 0,±1 

16 x 16 Level 
Writing 

 16 x 16 Level 
Reading 

60.54% 95.25% 25.14% 68.11% 14.24% 66.30% 

16 x 16 Level 
Writing  

 8 x 8 Level 
Reading 

85.00% 99.82% 47.14% 90.15% 43.66% 90.98% 

Table 6. Summary of the writing/reading accuracy 

For a more in-depth analysis, Table 7, Table 8, Figure 58, Figure 59, Figure 60, and 

Figure 61 show the results of each orientation / intensity level for 64 unit patterns. Table 7, 

Figure 58, and Figure 59 are the results for orientation downgrade-decoding, and Table 8, 

Figure 60, and Figure 61 are the results for intensity downgrade-decoding. In Table 7, in 
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the case of ΔO’=0 compared to 4-bit decoding, it has improved results but still has poor 

retrieved results for certain orientations (0°, 112.5°, 135°). Downgrade-decoding results for 

each orientation / intensity can be found in histogram with the following detailed analysis. 

Number of patterns used, retrieving result, and errors. 

ΔO’=0 
Orientation level 

0 22.5 45 67.5 90 112.5 135 157.5 

In
te

n
s
ity

 le
v
e
l 

1 92.65% 92.86% 88.24% 30.00% 57.14% 90.38% 24.14% 100.00% 

2 73.13% 100.00% 94.87% 39.62% 97.00% 61.00% 61.59% 100.00% 

3 35.45% 98.58% 92.45% 71.43% 92.41% 57.75% 67.92% 100.00% 

4 32.74% 97.35% 100.00% 75.81% 98.36% 64.41% 82.65% 100.00% 

5 39.29% 98.96% 98.90% 88.31% 100.00% 63.79% 100.00% 100.00% 

6 50.94% 100.00% 95.95% 91.49% 100.00% 85.23% 100.00% 100.00% 

7 55.56% 100.00% 100.00% 95.59% 100.00% 90.59% 98.61% 100.00% 

8 0.00% 100.00% 100.00% 100.00% 100.00% 90.48% 100.00% 100.00% 

 

ΔO’=-1,+1 
Orientation level 

0 22.5 45 67.5 90 112.5 135 157.5 

In
te

n
s
ity

 le
v
e
l 

1 7.35% 0.00% 5.88% 70.00% 42.86% 9.62% 68.97% 0.00% 

2 26.87% 0.00% 5.13% 60.38% 3.00% 39.00% 37.56% 0.00% 

3 64.55% 0.00% 7.55% 28.57% 7.59% 42.25% 29.25% 0.00% 

4 67.26% 0.00% 0.00% 24.19% 1.64% 35.59% 17.35% 0.00% 

5 60.71% 0.00% 1.10% 11.69% 0.00% 36.21% 0.00% 0.00% 

6 49.06% 0.00% 4.05% 8.51% 0.00% 14.77% 0.00% 0.00% 

7 44.44% 0.00% 0.00% 4.41% 0.00% 9.41% 1.39% 0.00% 

8 100.00% 0.00% 0.00% 0.00% 0.00% 9.52% 0.00% 0.00% 

 

ΔO’=-1, 0, +1 
Orientation level 

0 22.5 45 67.5 90 112.5 135 157.5 

In
te

n
s
ity

 le
v
e
l 

1 100.00% 92.86% 94.12% 100.00% 100.00% 100.00% 93.10% 100.00% 

2 100.00% 100.00% 100.00% 100.00% 100.00% 100.00% 99.15% 100.00% 

3 100.00% 98.58% 100.00% 100.00% 100.00% 100.00% 97.17% 100.00% 

4 100.00% 97.35% 100.00% 100.00% 100.00% 100.00% 100.00% 100.00% 

5 100.00% 98.96% 100.00% 100.00% 100.00% 100.00% 100.00% 100.00% 

6 100.00% 100.00% 100.00% 100.00% 100.00% 100.00% 100.00% 100.00% 

7 100.00% 100.00% 100.00% 100.00% 100.00% 100.00% 100.00% 100.00% 

8 100.00% 100.00% 100.00% 100.00% 100.00% 100.00% 100.00% 100.00% 

Table 7. Fidelity results calculated from orientation downgrade-decoding by ODS unit 
pattern; the bit errors for ΔO’=0, ΔO’=±1, and ΔO’=0, ±1. 
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Figure 58. Histogram of retrieving results for each orientation level of orientation downgrade-decoding; 0°, 22.5°, 45°, and 67.5° 
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Figure 59. Histogram of retrieving results for each orientation level of orientation downgrade-decoding; 90°, 112.5°, 135°, and 157.5° 
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ΔI’=0 
Intensity level 

1 2 3 4 5 6 7 8 

O
rie

n
ta

tio
n
 

le
v
e
l 

0 88.24% 34.63% 26.76% 17.49% 23.81% 41.51% 22.22% 0.00% 

22.5 21.43% 91.60% 32.62% 21.19% 76.04% 15.79% 48.15% 100.00% 

45 82.35% 21.37% 56.60% 34.09% 43.96% 72.97% 13.51% 62.50% 

67.5 20.00% 60.38% 28.57% 53.23% 29.87% 35.11% 67.65% 62.50% 

90 83.33% 17.17% 17.72% 36.07% 23.08% 53.67% 34.59% 50.00% 

112.5 100.00% 7.25% 35.21% 37.29% 15.52% 42.61% 60.59% 57.14% 

135 93.10% 48.73% 26.42% 39.80% 40.71% 54.61% 53.36% 34.15% 

157.5 24.70% 71.73% 52.54% 46.15% 43.75% 0.00% 14.88% 20.00% 

 

ΔI’=-1,+1 
Intensity level 

1 2 3 4 5 6 7 8 

O
rie

n
ta

tio
n
 

le
v
e
l 

0 10.29% 50.83% 50.00% 26.46% 39.29% 39.62% 55.56% 100.00% 

22.5 71.43% 8.40% 60.28% 61.59% 21.88% 82.89% 29.63% 0.00% 

45 11.76% 78.63% 28.30% 54.55% 48.35% 27.03% 70.27% 25.00% 

67.5 70.00% 22.64% 59.18% 30.65% 58.44% 51.06% 20.59% 37.50% 

90 16.67% 80.26% 65.82% 49.18% 66.35% 32.20% 59.40% 50.00% 

112.5 0.00% 92.75% 21.13% 40.68% 63.79% 43.75% 33.53% 42.86% 

135 6.90% 51.10% 68.87% 52.04% 59.29% 42.44% 42.92% 63.41% 

157.5 69.88% 27.92% 44.07% 50.00% 25.00% 40.63% 42.98% 80.00% 

 

ΔI’=-1, 0, +1 
Intensity level 

1 2 3 4 5 6 7 8 

O
rie

n
ta

tio
n
 

le
v
e
l 

0 98.53% 85.46% 76.76% 43.95% 63.10% 81.13% 77.78% 100.00% 

22.5 92.86% 100.00% 92.91% 82.78% 97.92% 98.68% 77.78% 100.00% 

45 94.12% 100.00% 84.91% 88.64% 92.31% 100.00% 83.78% 87.50% 

67.5 90.00% 83.02% 87.76% 83.87% 88.31% 86.17% 88.24% 100.00% 

90 100.00% 97.42% 83.54% 85.25% 89.42% 85.88% 93.98% 100.00% 

112.5 100.00% 100.00% 56.34% 77.97% 79.31% 86.36% 94.12% 100.00% 

135 100.00% 99.83% 95.28% 91.84% 100.00% 97.05% 96.29% 97.56% 

157.5 94.58% 99.64% 96.61% 96.15% 68.75% 40.63% 57.85% 100.00% 

Table 8. Fidelity results calculated from intensity downgrade-decoding by ODS unit 
pattern; the bit errors for ΔI’=0, ΔI’=±1, and ΔI’=0, ±1. 
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Figure 60. Histogram of retrieving results for each intensity level of intensity downgrade-decoding; 1, 2, 3, and 4 
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Figure 61. Histogram of retrieving results for each intensity level of intensity downgrade-decoding; 5, 6, 7, and 8 
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5. 7 Calculation for optical data storage density 

 

The storage capacity of optical data storage was estimated by measuring the intensity 

profile of basic storage unit. Figure 62(a) is the fluorescence image measured by 236×236 

pixels for an area of 7.6 μm × 7.6 μm. Figure 62(b) and Figure 62(c) represent the intensity 

cross-section profiles of basic storage units along the y and x axes, respectively. From 

these two profiles, we can find that at least 5 μm × 5 μm space is required to prevent 

overlapping from adjacent patterns. Figure 62(d) shows an intensity profile measured at 

500 nm intervals on the z axis near the tangential focal plane. The fluorescence intensity 

depth distribution has a Gaussian distribution and shows the strongest signal at the focal 

plane. To eliminate crosstalk completely, a 20 μm gap is required between layers. 

 
Figure 62. (a) An image of unit pattern fabricated by using type A DLW; (b) the profile of 

fluorescence intensity along the y-axis (short axis of ellipse); (c) the profile of 
fluorescence intensity along the x-axis (long axis of ellipse); (d) the profile of fluorescence 

intensity and Gaussian fitting along the z-axis(depth) at z = 0 focal plane 
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Figure 63 shows the experiment result Royon performed with a 40x, 0.75 NA objective 

lens in the same experimental setup. In his result, there is no crosstalk between layers, and 

the information is well kept [76]. In our case, a storage capacity of 8 bits (4 bits for intensity, 

4 bits for orientation) can be fabricated in a volume of 5 μm × 5 μm × 20 μm. Thus, a storage 

density of 14.9 Gb/cm3 can be reasonably expected to be obtained in the current 

experimental conditions, while performing laser structuring with an air objective. 

Furthermore, while considering tighter-focusing conditions with oil microscope objectives 

(100×, NA = 1.3) we have observed elsewhere symmetrical circular patterns with diameters 

of 0.8 µm and thicknesses of 4 µm. With a 5 μm × 5 μm dedicated surface for an individual 

encoding unit (without lateral reading overlap) and 10 µm gap in depth between two layers, 

one could even access a storage density of 119.2 Gb/cm3 while laser structuring with an 

oil objective. This higher OSD density still needs to be demonstrated with the proposed 

approach, especially by showing that the ability of anamorphic beam caustic shaping is still 

maintained at such tight focusing. 

 

 
Figure 63. Royon's experimental data written at 20 um intervals between layers to 

overcome crosstalk [76]. 
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5. 8 Conclusion  

 

We have demonstrated 5D optical data storage encoded in orientated type A DLW 

modifications in the silver containing Zinc-phosphate glass by using a relatively low laser 

irradiance (with very high number of pulses with sub-100 nJ pulse energies) compared to 

conventional DLW (with low number of pulses at the μJ pulse energy level). Five 

dimensions were achieved by adding the orientation of ellipse pattern and fluorescence 

intensity to 3D position. The ellipse pattern was created by anamorphic focusing, and the 

orientation was adjusted to 16 levels by employing SLM. In addition, AOM device was used 

to adjust the femtosecond laser irradiance of 16 levels.  

Two different images were embedded simultaneously on the same plane of silver 

containing glasses by type A DLW. In particular, a 100×100 pixel image in the format of 4-

bit bitmap was used for 5D recording by employing 16 levels of ellipse orientation and 16 

levels of laser irradiance. At the same time, a calibration matrix was fabricated separately 

nearby the DLW image to allow for the readout process. The two different original images 

of 4-bit bitmap format were successfully restored. The corresponding reading fidelities of 

60.5% and 25.1% were obtained for the orientation direction and fluorescence intensity 

levels, respectively. In addition, it is shown that the reading accuracy can be greatly 

improved to 85.0% and 47.1% when 3-bit bitmap format was applied. The experimentally-

obtained fidelity appears relevant for image storage and readout, but progress with respect 

to fidelity are still needed while considering hexadecimal information coding. Still, these 

results demonstrate the proof-of-concept of the proposed approach, which is 5-dimension 

multi-level optical data storage. Therefore, we believe that data storage densities up to 14.9 
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Gb/cm3 (using a NA = 0.75 air objective) and up to 119.2 Gb/cm3 (using a NA = 1.3 oil 

objective) can be achieved by using our proposed technique for the next-generation 

permanent recording.  
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Chapter 6. Conclusion 

 

 

This paper is a study of a new type of direct laser writing, so-called as type Argentum 

DLW, in silver containing zinc phosphate glasses by using femtosecond pulse laser. The 

characteristics of this new type DLW were studied, and it was confirmed that this technique 

can be utilized in one-dimensional, two-dimensional, three-dimensional, and five-

dimensional. 

When silver-containing zinc phosphate glasses are irradiated with femtosecond laser 

pulses, ring-shaped Agm
x+ clusters are formed due to non-linear absorption. The 

fluorescence properties of the silver cluster induced by this type are different from those of 

the original glass, and the refractive index is also different. Although there is a difference 

depending on the composition ratio, when excitation using a 405nm laser, the induced 

cluster emits a fluorescence signal from 450nm to 650nm. And for the samples used in this 

experiment, the refractive index varies from 2.7x10-3 to 5.1x10-3 according to the injection 

irradiance. 

The correlative description of laser-induced silver redistribution in terms of chemical 

micro-probe, NSOM and numerical modeling have been reported for the first time. The 

results significantly strengthen the understanding of material modifications in such glasses 

in a non-thermal interaction regime. In particular, it has been found that the spatial 

distribution of species in silver-containing glasses produced by femtosecond laser 

irradiation has a significant effect on chemical etching selectivity. This should help for future 
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development of nanoscale surface chemical patterning, such as for 2D photonics crystal 

applications. 

The Y-shaped beam splitters, 2D structures made by using type A direct laser writing 

(DLW), was fabricated and its performance was measured. It was confirmed that a 

waveguide of a general shape in which the refractive index of the core is larger than that 

of cladding can be produced through type A DLW. Since the type A DLW always induces 

positive refractive index changes from 2.7x10-3 to 5.1x10-3, it is very suitable for making 

waveguide. A symmetric Y-junction and various asymmetric Y-junctions were designed and 

fabricated using double line waveguides, and the output ratios were measured according 

to the transition of the inject position. It was confirmed that the output ratio could be from 

96%-4% to 57%-43% due to the different irradiance in the process of writing between the 

upper branch and lower branch. So DLW in silver containing zinc phosphate glasses can 

be utilized easily and quickly to fabricate the desired type of optical device with only the 

writing process. 

Finally, by researching 5D optical data storage using type A DLW, the scope of 

application was further expanded. We have demonstrated 5D optical data storage encoded 

in orientated type A DLW modifications by using a relatively low laser irradiance (with very 

high number of pulses with sub-100 nJ pulse energies) compared to conventional DLW 

(with low number of pulses at the μJ pulse energy level). Five dimensions were achieved 

by adding the orientation of ellipse pattern and fluorescence intensity to 3D position. The 

ellipse pattern was created by anamorphic focusing, and the orientation was adjusted to 

16 levels by employing SLM. In addition, AOM device was used to adjust the femtosecond 

laser irradiance of 16 levels.  
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Two different images were embedded simultaneously on the same plane of silver 

containing glasses by type A DLW. In particular, a 100×100 pixel image in the format of 4-

bit bitmap was used for 5D recording by employing 16 levels of ellipse orientation and 16 

levels of laser irradiance. At the same time, a calibration matrix was fabricated separately 

nearby the DLW image to allow for the readout process. The two different original images 

of 4-bit bitmap format were successfully restored. The corresponding reading fidelities of 

60.5% and 25.1% were obtained for the orientation direction and fluorescence intensity 

levels, respectively. In addition, it is shown that the reading accuracy can be greatly 

improved to 85.0% and 47.1% when 3-bit bitmap format was applied. The experimentally-

obtained fidelity appears relevant for image storage and readout, but progress with respect 

to fidelity are still needed while considering hexadecimal information coding. Still, these 

results demonstrate the proof-of-concept of the proposed approach, which is 5-dimension 

multi-level optical data storage. Therefore, we believe that data storage densities up to 14.9 

Gb/cm3 (using a NA = 0.75 air objective) and up to 119.2 Gb/cm3 (using a NA = 1.3 oil 

objective) can be achieved by using our proposed technique for the next-generation 

permanent recording. 

In conclusion, the fluorescence characteristics of type A DLW in silver containing zinc 

phosphate glasses were studied, and its utility as a multi-dimension application was 

confirmed. We believe this technology has great potential for nano-scale patterning in 

semiconductor and fabrication of micro-scale optical devices.  
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Résumé 

 

Au cours des 30 dernières années, alors que la largeur d'impulsion des lasers a été 

réduite et que les lasers haute puissance ont été développés, des recherches sur 

l'interaction entre le photon et les matériaux utilisant des lasers femtosecondes ont été 

activement menées. La haute densité d'énergie des lasers pulsés femtosecondes permet 

des processus de photoionisation non linéaire de plusieurs manières selon. Cet article 

rapporte une étude d'une écriture laser directe de type Argentum dans des verres de 

phosphate de zinc contenant de l'argent en induisant une déformation d'absorption non 

linéaire d'impulsions laser femtoseconde. Lorsque des verres de phosphate de zinc 

contenant de l'argent sont irradiés avec des impulsions laser femtoseconde, des amas en 

forme d'anneau se forment en raison d'une absorption non linéaire. Les propriétés de 

fluorescence et l'indice de réfraction de l'amas d'argent induit par cette déformation sont 

différents de ceux du verre d'origine. 

Des comparaisons simultanées de microsondes chimiques, de NSOM et de 

modélisation numérique ont été utilisées pour analyser la distribution des espèces d'argent 

induite par laser. Les résultats renforcent considérablement la compréhension des 

modifications matérielles de ces verres dans un régime d'interaction non thermique. En 

particulier, il a été constaté que la distribution spatiale des espèces dans des verres 

contenant de l'argent produits par irradiation laser femtoseconde a un effet significatif sur 

la sélectivité de la gravure chimique. 
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Les séparateurs de faisceau en forme de Y, des structures 2D fabriquées à l'aide de 

DLW de type A, ont été fabriqués et leurs performances ont été mesurées. Il a été confirmé 

qu'un guide d'onde de forme générale dans laquelle l'indice de réfraction du noyau est plus 

grand que celui du revêtement peut être produit par le biais d'un DLW de type A. Étant 

donné que le DLW de type A induit toujours des changements d'indice de réfraction positifs 

de 2,7 x 10-3 à 5,1 x 10-3, il est très approprié pour fabriquer un guide d'onde. Une jonction 

Y symétrique et diverses jonctions Y asymétriques ont été conçues et fabriquées à l'aide 

de guides d'ondes à double ligne, et les rapports de sortie ont été mesurés en fonction de 

la transition de la position d'injection. Il a été confirmé que le ratio de sortie pourrait être de 

96% -4% à 57% -43% en raison de l'irradiance différente dans le processus d'écriture entre 

la branche supérieure et la branche inférieure. Ainsi, les verres DLW en argent contenant 

du phosphate de zinc peuvent être utilisés facilement et rapidement pour fabriquer le type 

de dispositif optique souhaité avec uniquement le processus d'écriture. 

Enfin, en recherchant le stockage optique de données 5D (ODS) à l'aide de DLW de 

type A, le champ d'application a été élargi. Nous avons démontré le stockage optique de 

données 5D encodé dans des modifications orientées DLW de type A en utilisant un 

rayonnement laser relativement faible par rapport au DLW conventionnel. Cinq dimensions 

ont été obtenues en ajoutant l'orientation du motif d'ellipse et l'intensité de fluorescence à 

la position 3D. Le motif d'ellipse a été créé par mise au point anamorphique, et l'orientation 

a été ajustée à 16 niveaux en utilisant SLM. De plus, un dispositif AOM a été utilisé pour 

régler l'irradiance laser femtoseconde de 16 niveaux. 
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Pour confirmer la possibilité du 5D ODS proposé, deux images différentes ont été 

simultanément intégrées dans une image par DLW de type A. Et les deux images originales 

différentes au format bitmap 4 bits ont été restaurées avec succès. Les fidélité de lecture 

correspondantes de 60,5% et 25,1% ont été obtenues pour la direction d'orientation et les 

niveaux d'intensité de fluorescence, respectivement. De plus, il est démontré que la 

précision de lecture peut être considérablement améliorée à 85,0% et 47,1% lorsque le 

format bitmap 3 bits a été appliqué. En utilisant la technologie proposée, nous avons atteint 

une densité de données maximale de 14,9 Gb / cm3, et nous pensons que des densités de 

stockage de données allant jusqu'à 119,2 Gb / cm3 (en utilisant NA = 1,3 cible pétrolière) 

peuvent être atteintes.  

En conclusion, les caractéristiques de fluorescence du DLW de type A dans des verres 

de phosphate de zinc contenant de l'argent ont été étudiées et son utilité en tant 

qu'application multidimensionnelle a été confirmée. Nous pensons que cette technologie a 

un grand potentiel pour la structuration à l'échelle nanométrique dans les semi-conducteurs 

et la fabrication de dispositifs optiques à micro-échelle. 

  



134 

 

  



135 

 

국 문 요 약 (Abstract in Korean) 

 

극초단 고출력 레이저를 이용한 다차원 비선형 Direct Laser 

Writing 및 특성 평가 연구 

 

지난 30년간 극초단 고출력 레이저가 개발되고 연구됨에 따라, femtosecond 펄스 

레이저를 이용한 photon과 물질간의 상호작용에 대한 연구가 활발히 이루어지고 있다. 

높은 에너지 밀도를 가지는 femtosecond 레이저 펄스는 물질의 특성에 따라 다양한 

메커니즘으로 비선형 광이온화를 가능케한다. 이 논문은 femtosecond laser pulse를 

은 이온을 함유한 황화 아연 유리에 조사함으로써, 비선형 흡수 변형을 유도하는 

type A Direct Laser Writing (DLW)에 관한 특성 및 응용에 관한 연구를 보고한다.  

이 샘플에 femtosecond laser pulse train을 조사하면, 비선형 흡수로 인한 은 

이온의 재배치과정을 통해 ring의 형태를 가지는 cluster를 형성한다. 이렇게 형성된 

cluster는 기존의 유리 샘플과는 다른 fluorescence 특성과 refractive index를 

가지게 된다. Chemical micro probe, near-field scanning optical microscopy (NSOM), 

수치 계산을 동시에 비교하여 은 이온들의 분포를 분석하였다. 이를 통해 유리 

샘플과 같은 non-thermal interaction regime에서 물질의 변형에 대한 이해를 높일 

수 있다. 특히 femtosecond laser로 유도된 은 이온 종의 공간적 분포가 Chemical 

etching selectivity에 미치는 영향 분석하였다.  

Type A DLW을 통해 만들어진 2차원 구조물인 Y형태의 beam splitter를 제작하고, 

그 성능을 측정하였다. 이러한 방법으로 만들어진 광도파관은 일반적인 형태의 

광도파관이 가지는 core 물질의 refractive index가 cladding의 refractive index 

보다 높은 특징을 가진다. 조사되는 레이저 세기와 쓰기 속도에 따라 다르지만, 

2.7x10-3 에서 5.1x10-3 의 positive refractive index 변화를 가지고, 이는 
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광도파관으로 활용하기에 적당하다. 대칭적 Y-junction, 비대칭적 Y-junction을 설계, 

제작하고 그 성능을 비교하였다. Type A DLW은 레이저 beam이 focusing되는 voxel의 

외곽부분에만 silver cluster를 남기기 때문에, 2차원 구조에서는 두 줄의 writing 

patter을 남긴다. 이렇게 만들어진 광도파관은 입사 coupling이 굉장히 크기 때문에 

입사 위치에 따른 beam splitter의 output을 측정하였다. 각기 다른 레이저 세기로 

upper branch와 lower branch를 만든 비대칭적 Y-junction은 57%-43%에서 96%-

4%까지의 beam splitting 성능을 가진다. 이렇게 은 이온을 함유한 황화 아연 유리에 

Direct Laser Writing방식으로 2차원 구조물을 제작하면 높은 구조적 자유도를 

가지고 빠르게 제작할 수 있기 때문에, micro-size 광학부품을 제작하는데 유용하다.  

2차원에서 확장하여, 5차원 광학적 정보 저장(5D Optical Data Storage; 5D 

ODS)에 대한 연구를 하여 type A DLW의 활용성을 더욱 높일 수 있음을 확인하였다. 

Type A DLW은 기존 다른 그룹의 5D ODS 연구에서 사용된 레이저 세기보다 낮은 레이저 

세기를 활용할 수 있다는 강점을 가진다. 5차원은 기존의 공간적 3차원에 타원 

패턴의 방향 그리고 형광 세기를 더해주어 구현하였습니다. 타원 패턴은 symmetrical 

focusing이 아닌 anamorphic focusing을 하여 유도하였고, 방향은 Spatial Light 

Modulator (SLM)의 holographic mask를 회전시켜 16단계로 변화시켰다. 형광 세기는 

Writing pattern을 제작할 때, Acousto-Optic Modulator (AOM)를 사용하여 레이저의 

세기를 조절하여 16단계로 변화시켰다.  

이렇게 제안된 5D ODS의 가능성을 확인하기 위해, 서로 다른 2개의 사진을 

타원의 방향, 형광 세기로 나타낼 수 있도록 변환하고, 이를 하나의 writing 

이미지가 동시에 내포하도록 제작하였다. 이렇게 제작된 이미지를 4-bit 형식으로 

디코딩하여 원래의 정보를 다시 얻었다. 타원의 방향에 포함된 정보는 60.5%의 

정확도, 형광 세기에 포함된 정보는 25.1%의 정확도로 복원되었다. 그리고 정확도를 

높이기 위해 3-bit 형식으로 디코딩하였을 때는 각각 85.0%, 47.1%의 정확도로 

복원되었다. Type A DLW을 이용한 5D ODS는 14.9 Gb/cm3의 최대 저장 밀도를 가지고, 
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좀 더 높은 Numerical Aperture를 가지는 Objective lens를 사용하면 최대 119.2 

Gb/cm3까지 저장 밀도를 증가시킬 수 있다.  

종합적으로 이 논문은 은 이온이 함유된 황화 아연 유리에 femtosecond laser 

pulse를 이용한 Direct Laser Writing의 특성을 연구하고, 다차원 응용에 대한 연구 

결과를 보여준다. 우리는 이 기술이 반도체 분야에서 nano-size의 pattering, micro-

size의 광학 부품 분야 등에 폭 넓게 활용될 것이라 전망한다.  
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