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Abstract: The femtosecond direct laser writing technique in glasses has been widely used and
extensively studied during the last two decades. This technique provides a robust and efficient
way to directly inscribe embedded 3D photonic devices in bulk glasses. Following direct laser
writing, a local refractive index change (An) is induced that is generally classified under three
distinguished types (type I, type Il & type III). Each type allows for the fabrication of its own
variety of 3D photonic components. However, in silver containing glasses, direct laser writing
induces the creation of a new type of refractive index change, called type Argentum (type A).
It is based on the creation of silver clusters that allow for the creation of optical waveguides.
In this paper, we report that both type I and type Argentum modifications could be triggered in
silver containing glasses by finely choosing the inscription parameters. A comparative study
between both types of single mode waveguides is presented taking into account the morphology,
An profile and the guided mode profile. Finally, we highlight the originality of type Argentum
waveguides paving the way for promising applications not accessible by type I waveguides.

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Femtosecond Direct Laser Writing technique (DLW) [1] has been used during the past two
decades to create three dimensional (3D) embedded optical components inside glasses for different
applications. It consists on focusing a femtosecond laser beam inside transparent materials which
induces a permanent refractive index change (An) inside the glass that can be used to form the
basis of photonic components. The An induced by femtosecond pulses is generally classified as
three different types based mainly on the laser fluence: type I, type Il & type III [2]. For a given
optical material, the three types are generally accessible by adjusting the writing parameters.
Type I is a smooth refractive index change that can be caused by: a variation of the glass density
[3-5] which is due to the local heating and melting followed by a cooling process after laser
passage [6], the formation of color centers [4,7,8], or ion exchange in glasses [9]. It consists
of an intrinsic modification of the glass matrix itself leading to a An. Type I refractive index
change/modification is the most commonly used for the creation of optical components such
as waveguides [10-17], integrated optical components [18-21] and recently quantum photonic
circuits in glasses [22,23]. However, it has been reported that type I modification could exhibit a
negative An in some glasses such as BK7 borosilicate [24,25], ZBLAN [26] and phosphate glasses
[8,27]. In addition, it was found that the sign of An could highly depend on the laser parameters
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used as well as the glass composition as reported by several research groups [16,25,26,28], which
complicates the creation of fype I optical waveguides in some glass materials.

Recently, we developed new glasses in which silver ions were incorporated inside the glass
matrix as a photosensitive support for DLW [29-31]. In such silver containing glasses, DLW
allows the formation of fluorescent silver clusters Agp** in the vicinity of the laser-glass
interaction voxel [30-33]. Those silver clusters are at the origin of a novel type of refractive
index change/modification that we call type Argentum, referred to as type A for easier reading
(based on the Latin name of silver, Argentum), acting as an extrinsic modification from the glass
matrix itself in silver containing glasses [34]. It allows the creation of optical waveguides as well
as photonic components as was demonstrated previously [34].

In this paper, a comparative study between the type I and the type A refractive index change
is presented. We demonstrate that in the same glass substrate made of silver containing zinc
phosphate (see Experimental method section for composition and fabrication protocol), type 1
and type A refractive index changes could both be induced by wisely adjusting the laser writing
parameters. We perform the inscription of single mode waveguides of both types. Then, we
present a morphology comparison between both types of waveguides, writing regimes, the An
profile as well as near field mode profiles. Finally, the advantages of the type A modifications are
highlighted.

2. Experimental method

2.1. Glass synthesis

The silver containing zinc phosphate glass investigated in the manuscript have the following
composition: 51.3 POs/; - 35.2 ZnO - 5.5 Ga0O3/,-8 AgOy > (mol %). The glass composition
corresponds to a pyrophosphate glass composition. Such zinc phosphate glass matrix has
been investigated by Fletcher et al. in which they noticed a low color center formation
[35]. Pyrophosphate are also reported for exhibiting an intermediate photosensitivity towards
femtosecond laser irradiation, the metaphosphate having the lowest [36]. The glass was melted
using the standard melt-quench technique. High-purity precursors (ZnO, Zn(PO3),, Ga03,
NaPO3, AgNO3) were weighted in powder forms and mixed together in a platinum crucible. The
mix was ramped up (1 °C.min~") at 1150 °C and kept at this temperature for 12 hours to assure
complete homogenization of the melt. Following the liquid was rapidly quenched in a glassy state
and annealed at T,-40 °C (Tg = 380°C) for 4 hours to relax mechanical stress before being slowly
cooled down at room temperature. The glass sample was cut and polished to optical quality
for the laser inscription process. For the laser injection and the waveguiding characterizing the
sample was cut and polished again for a perfect injection and visualization of the guided mode.

2.2. Direct laser writing

Two laser setups were used for the inscription of each type of modification. For fype I waveguides,
a chirped pulse amplification system (Coherent RegA) was used, operating at a repetition rate of
250 kHz and emitting at 800 nm with a 100 fs pulse duration. A microscope objective of 50x -
0.5 NA Nikon was used for the laser inscription. The energy pulses varied from 0.5 pJ to 2.5 pJ.
A quarter-wave plate was inserted in the beam path and adjusted to obtain circularly polarized
light. A cylindrical lens telescope (ellipticity of a/b = 1/8) was used for beam shaping in order
to have circular waveguides. The glass sample was mounted on a mechanical stage (Newport
XML210 and GTS30V). The laser writing occurred 160 um below the surface using energy
pulses going from 0.5 pJ to 1 uJ and writing speeds of 1 mm/s, 5 mm/s, 10 mm/s and 25 mm/s.
For the inscription of rype A waveguides, a Yb:KGW femtosecond oscillator (T-pulse 200 by
Amplitude systems) was used operating at 9.8 MHz, emitting at 1030 nm wavelength with a pulse
duration of 390 fs with an average output power of 2.5 W. The laser irradiance deposited in the
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glass was controlled using an acousto-optic modulator enabling the accumulation of N = 10°-10°
pulses with energies between 20 nJ and 120 nJ. A 20x - 0.75 NA Zeiss objective was used to
focus the laser inside the glass sample which is placed on a high precision 3D stages (XMS-50,
Micro controller, Newport). The waveguide was written 160 um below the surface using a laser
irradiance of 9 TW/cm? (Ep =42 nJ) and a writing speed of 60 um/s. Both laser parameters are
shown in Table 1. In this paper, the blue color is used to refer to type I modification using the
Ti:Saphire laser while the orange color refers to the type A modification using the T-pulse 200
laser.

Table 1. Table summarizing the parameters of the two lasers used for laser writing

Laser Pulse energy Fluence Irradiance Writing speed Microscope objective
Ti:Saphire 0.5-2.5u 31 -56 J/em? 680 - 1050 TW/cm? 1-10 mm/s 50x - 0.5 NA
T-pulse 200 20-80nJ 0.9 - 2.7 J/em? 3-12 TW/em? 10 - 100 um/s 20x - 0.75 NA

2.3. Mode profile setup

The photo-inscribed waveguides were tested by injecting a 630 nm laser diode using butt-coupling
method with an HP-460 fiber (core diameter 2.5 yum — NA =0.13). Then, a 100x - 0.55 NA
Mitutoyo objective was used to collect the near-field guided mode and conjugates it on a high
definition CCD camera.

2.4. An measurement

The refractive index change (An) profile and amplitude of all the written waveguides were
measured using the SID4Bio wave front sensor by PHASICS Inc under white light illumination.
A 50x - 0.55 NA objective was used to visualize the An of type I waveguides where a 100x-1.3
NA oil immersion objective was used for type A waveguides.

3. Results and discussion
3.1.  Morphology comparison

Using two different laser setups both type I and type A waveguides were inscribed in the same
glass substrate. First, we start by characterizing the type I waveguides. Series of type I waveguides
were written typically 160 um below the glass surface of a silver containing zinc phosphate glass
(see Experimental method section) while changing the laser parameters. The pulse energy was
varied from 0.5 uJ to 1 pJ while the writing speed between 1 mm/s and 25 mm/s. For the sake
of brevity, only one single mode (SM) type I waveguide is fully characterized and compared
to a SM rype A waveguide. Type I SM waveguide is obtained using a pulse energy of 0.65 pJ
and a writing speed of 5 mm/s. Under white light (WL) illumination, the top view of type I SM
waveguide reveals a single smooth line of modification that is typical of type I modification
(Fig. 1(a.i)). From the side view, a white colored triangular shape waveguide was observed that
is surrounded by a dark ring as shown in Fig. 1(a.iii). Such waveguide morphology was also
observed by other research groups in Eagle 200 glasses [37-39]. Under blue excitation, a very
weak-fluorescence (compared to fype A structures) was observed to surround the waveguide
under high camera exposure time (Figs. 1(a.ii) - (1.iv)). The weak fluorescence indicates the
formation of only few silver clusters following laser inscription. Knowing that the laser writing
process is performed using a relatively low repetition laser (250 kHz compared to 9.8 MHz the
laser used to create type A waveguides) and high writing speeds, the ideal conditions for the
creation and aggregation of silver clusters Ag,,** were not met.

On the other hand, direct laser writing process of type A waveguides and the optimization
of the laser parameters for SM waveguides were reported previously [34]. Herein, we limit



TN

Research Article Vol. 9, No. 6/1 June 2019/ Optical Materials Express 2643

(@)

Top ViewWL i Top View WL

(ii) Top View Fluo (i) Top View Fluo

Aex=405 NM, Ay mission=450 NM Xex=480 NM, Aymission Visible range

Side View WL Side View Fluo Side View WL Side View

Fluo

Fig. 1. Top View white light illumination (a.i) for fype I waveguide (b.i) type A waveguide.
Top view fluorescence of (a.ii) type I waveguide (b.ii) type A waveguide. Side view white
light illumination of (a.iii) rype I waveguide (b.iii) type A waveguide. Side view fluorescence
image of (a.iv) type I waveguide (b.iv) type A waveguide. Two different morphologies were
observed for each rype of modification. The difference of the color of fluorescence is due to
different high pass filters used in each observation.

the results to only one SM fype A waveguide written using a pulse energy of 42 nJ (laser
irradiance of 9 TW/cm?) and a writing speed of 60 um/s. The waveguide exhibited a significant
fluorescent response under blue excitation (Figs. 1(b.ii) - 1(b.iv)) which is related to the emission
of the photo-induced silver clusters as previously reported [30-32,40,41]. Figure 1 shows a
morphology comparison between type I waveguide and type A waveguide under WL illumination
and blue excitation. A large heat affected zone is observed for the type I waveguides (Fig. 1(a.iii))
compared to a non-existing one for rype A modification. This indicates that rype I modification is
induced by a thermal inscription regime knowing that the modified zone is larger than the laser
focal spot size. The dimensions of the type I modified region is 24 um x 38 um compared to
3 um x 6 um for a type A modification (Fig. 1). However, type I waveguide exhibited a circular
shape which is due to the beam shaping used (see Experimental method section) compared
to an elliptical type A waveguide where no beam shaping was applied (Fig. 1(a.iii) - 1(b.iii)).
Fluorescent confocal images and WL illumination from the top and side view of fype A, reveal a
double line feature following one laser passage (Fig. 1(b)) which is typical of type A modification
as has been reported before [32,34]. The absence of the fluorescence in the center is due to the
photo-dissociation of the silver clusters by the high laser intensity [30—33].

Two different lasers were used for the creation of two different types of modifications. Type I
modification was induced using a relatively low repetition rate laser of 250 kHz and pulse energies
in the order of uJ (0.5 wJ — 1 wJ) and the photo-induced structures were based on a thermal regime
due to thermal affected zone observed (Fig. 1(a.iii)). On the other hand, fype A modification
was induced using high repetition rate laser of 9.8 MHz and pulse energies in the order of nJ
(20 nJ - 80 nJ) and the photo induced structures were based on an athermal regime (no thermal
affected zone) (Fig. 1(b)). It is well known that the thermal inscription regime is directly linked
to a high repetition rate laser [42]. Yet, our results reveal a paradoxical phenomenon. In order to
understand and explain the results, both laser parameters (fluence and irradiance) as well as the
laser absorbed dose as a function of the different writing speeds were calculated (see Appendix
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section) and represented as shown in Fig. 2. One can see that the type A modification is induced
using significantly lower laser fluence in the range of 0.9 J/cm? to 2.7 J/cm? compared to 31
J/em? to 56 J/em? for type I modification (Fig. 2(a)). Also, a significantly lower laser irradiance
for type A modification in the range of 3 TW/cm? to 12 TW/cm? compared to higher irradiances
of 680 TW/cm? to 1050 TW/cm? for type I modification (Fig. 2(b)). In addition to that, a lower
laser absorbed dose (ten times less calculated based on the four-photon absorption coefficient
[41]) ranging from 0.04 J/cm? to 2.8 J/cm? for fype A compared to higher values of 37 J/cm? to
1200 J/cm? for type I modification as a function of the different writing speeds (Fig. 2(c)). Each
regime is induced based on totally different laser parameters and significantly different ranges of
laser fluence, irradiance and dose absorbed. Therefore, one can say that the thermal and athermal
inscription regimes are not only linked to the laser repetition rate. The laser repetition rate, the
energy pulse as well as the writing speed (laser dose deposited) defines the inscription regime
whereas it is thermal or athermal. Furthermore, calculating the highest temperature difference
AT that occurs in one point induced by one laser pulse for both lasers confirms our claim (see
Appendix section). For the fype A modification, a maximum AT of 10K (athermal regime) was
calculated compared to a significantly larger value of AT in the case of fype I modification. It
represents a remarkable increase in the temperature following one laser pulse that can heat the
glass above the transition temperature Tg and melts it resulting in a thermal inscription regime.

Laser Ti:Saphhire
ype Type |
(a) 0.9J/cm>— 2.7J/cm 31Jlem? = 56J/cm?
- - 3

J

0 10 20 3 40 50 60 70 80 9 100
2.
Fluence [J/cm?]

Laser Ti:Saphhire
Type |
680 TW/cm® —1050 TW/cm®

b - —

1 1 1 1 1 1 1 1 1
0 150 300 450 600 750 900 1050 1200 1350 1500

Irradiance [TW/cm2]

Laser Ti:Saphhire
Type |
— 4 1mm/s

370 Jlem® = 1200 J/iem®

 —] 4 10mm/s
' 37 Jlem® = 120 J/iem®

o100 100 10t 10° 10°
Laser dose absorbed [J/cms]

Fig. 2. Laser parameters for both lasers used for the writing process: (orange) T-pulse 200
laser used for the inscription of rype A modification, (blue) Ti:Saphire laser used for the
inscription of fype I modification. (a) laser fluence (b) laser irradiance (c) calculated laser
dose absorbed as a function of the writing speed.

3.2. Refractive index and mode profiles

The refractive index change (An) for the type I SM waveguide was measured using the Quadri-
Wave Lateral Shearing Interferometry (QWLSI) (see Experimental method section) as shown
in Fig. 3. A smooth line of refractive index change was observed from the top view which is
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typical of fype I modification (Fig. 3(a.i)). The An profile extracted from the phase image reveal
a positive An peak surrounded by a negative An (Fig. 3(a.ii)). Going back to the side view image
of the waveguide under WL illumination (Fig. 1(a.iii)), one can correlate the bright part to a
positive An and the dark ring to a negative An acting as a depressed cladding. The positive An
peak was measured to be ~2 x 1073 as shown in (Fig. 3(a.ii)). Compared to the pristine glass’s
refractive index, the positive peak exists well below it. The laser inscription process induces a
strong negative An on the edges but a positive An peak in the center (Fig. 3(a.ii)). Whereas, for
the fype A modification shown in (Fig. 3(b)), a positive double line feature is observed from the
top view phase imaging which is expected [34]. The An profile consists of two positive An peaks
of 2.3 x 1073 each, spatially associated to the silver cluster distributions as previously reported
[34]. Therefore, each type of modification exhibits totally different An profiles.

( ) ymo 10 30 50

&

=3
g

An~2x103

P ST S S PR T '
20 -15 <10 -5 0 5 10 15 20 25
Distance [um]

(ii)

4 3 -2 -1 0 1 2 3 4 5
Distance [um]

(i) (ii)

Fig. 3. Top view phase image of (a.i) fype I waveguide, (b.i) type A waveguide. Refractive
index profile of (a.ii) type I waveguide exhibiting one single positive An peak of 2 x 1073,
(b.ii) Type A waveguide exhibiting two positive An peaks of 2.3 x 1073, DLW conditions for
type I: (Ep=0.65 uJ - v=5mm/s — Trep=250 kHz - NA = 0.55-160 um below the surface),
type A (Ep=42nJ- v=60 um/s -Trep =9.8 MHz - NA =0.75 -160 um below the surface).
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Following An characterization, the sample was installed on the transmission setup and a 630 nm
diode laser was injected inside the waveguides (see Experimental method section). The near-field
mode profile following laser injection in each type of waveguides is shown in Fig. 4. For the
SM type I waveguide, a circular mode profile was observed that is the fundamental mode LPO1.
Horizontal and vertical line profiles show that the mode is a Gaussian one of 4.5 um x 5.2 um,
almost a circular one. Even though the waveguide exhibited large dimensions of 24 um x 38 um,
the guiding region is only around 5 um x 5 um which is correlated to the white region under white
illumination (Fig. 1(a.iii)) exhibiting a positive An peak (Fig. 3(a.ii)). The large dimensions of
the modified zone are due to the heat affected zone that is generated following laser inscription.
For the type A SM waveguide, the fundamental mode is an elliptical mode supported by two
close and highly interacting waveguides [34]. One should recall that for the inscription of type I
waveguides, the beam was shaped in order to have circular waveguides which was not the case
for the inscription of type A waveguides. Even though the fype I waveguide exhibited larger
dimensions compared to fype A, the guided mode profile’s dimensions are comparable, 4.5 um
x 5.2 ym compared to 3 um x 5.2 um respectively. The propagation losses of the type I waveguide
in this case were estimated to exhibit upper value of 4.5 dB/cm (estimated using the same method
as in [34]) which is quite high compared to type A waveguide losse of 1.2 dB/cm [34]. The high
losses of the type I waveguide could be explained by the inhomogeneity of the glass sample as
well as the formation of defects during the laser inscription. Moreover, self-periodic ripples were
sometimes observed during the writing process which could explain the waveguides’ high losses.
No further efforts were put to create low losses type I waveguide, yet, waveguides exhibiting
losses below 0.4 dB/cm were reported by other research groups in phosphate based glasses
[13,43].
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Fig. 4. Near-field mode profile following laser injection at 630 nm for (a.i) type I waveguide
(b.i) type A waveguide. Normalized horizontal intensity averaged along the horizontal
axis of (a.ii) type I mode profile exhibiting a FWHM of 4.5 um (b.ii) type A mode profile.
Normalized vertical intensity average along the vertical axis of (a.iii) zype I mode profile
exhibiting a FWHM of 5.2 um (b.iii) fype A mode profile exhibiting a FWHM of 5.2 um. A
circular mode profile exhibited by rype I waveguide compared to an elliptical one for frype A
waveguide while exhibiting more or less the same dimensions.

3.3.  Flipping An and type A advantages

The refractive index change (An) of all the written fype I structures/waveguides was measured. It
was found that the fype I An is flipping its sign as a function of the laser parameters (Fig. 5(a))
which was also reported before by many research groups [8,25-27]. Using a higher writing speed
(Fig. 5(a.l)) or lower pulse energy (Fig. 5.a.ii) induces the flipping of the An from positive to
negative. Indeed, one can observe that the initial material response following laser inscription
tends to be a negative An, yet increasing the laser deposited dose (lower speed of writing and/or
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higher energy pulse), induces the rising of a positive An peak in the middle of the interaction
voxel (Fig. 5(a)). Compared to type A modification, the photo-induced An is always a positive
one as shown in Fig. 5(b). No matter what the conditions of DLW were, a positive fype A An is
observed as long as they exceed the threshold of creation of silver clusters Agm,**.

As a closure, one can say that wisely choosing the laser parameters, and the laser regime,
either type I or type A modification could be triggered inside silver containing glasses. Type I
modification is an intrinsic modification acting on the glass matrix itself where the photo-induced
An, positive or negative could be generally based on the creation of color centers [4,7,8] and/or
a change in the glass density [3—5]. On the other hand, Type A modification is an extrinsic
modification where the laser energy acts on the photo-chemistry inside the glass matrix by photo-
exciting the pre-existing silver ions Ag+ and developing the silver clusters Agp,** responsible
for the positive An and supporting the waveguiding properties. Type A occurs in the low pulse
energy regime (20 nJ — 80 nJ) compared to type I (0.5 WJ — 1 W) as shown in Fig. 6. This
type of modification presents some advantages compared to the well-known type I. It always
exhibits a positive An following laser inscription, however, the type I modification could be a
positive or a negative one based on the glass composition [16] or the laser parameters [25,26]
which complicates the creation of optical components. Type A waveguide exhibited smaller
dimensions in this case specifically knowing that in our experiments the fype I modification
exhibited remarkably large dimensions. Finally, one of the most important advantages of type A
modification is the capability of writing near-surface waveguides (in the low pulse energy regime)
with no need for additional processing which is not the case with rype I modification [44].
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Fig. 5. Various optical path differences (OPD) profiles measured by the SID4Bio (see
Experimental method section) for (a) rype I waveguides (b) type A waveguides as a function
of the (i) writing speed (ii) pulse energy. The type I An flips its sign as a function of the laser
parameters whereas fype A is always a positive one. The An values are retrieved from the
OPD measured using the SID4Bio by dividing the OPD by the thickness of the waveguide.
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Fig. 6. The new suggested classification of the different types of modification/refractive
index change fluence in glasses as a function of the laser fluence.

4. Conclusion

In silver containing glasses, wisely choosing the laser parameters, either type I or type A
modifications could be triggered in the same glass substrate. The fype I modifications are formed
using the thermal regime with high laser fluence and a low repetition laser (250 kHz) compared
to an athermal regime for type A modification using a low laser fluence and a high repetition laser
rate (9.8 MHz). Single mode waveguides of each type (type I and type A) were inscribed in the
same glass substrate. A morphology comparison between two single mode waveguides of each
type reveals a large heat affected zone for type I modification compared to a non-existing one
for type A. The overall waveguides dimensions are 24 pym x 38 um and 3 um x 6 pm respectively
for type I and type A waveguides. However, the guided mode profiles dimensions are roughly
identical knowing that the guiding region of type I waveguide is 5 um x 5 um. Moreover, the
An of Type I flips from positive to negative as a function of the laser parameters whereas the
type A modification is always a positive one. In closing, we report a type of modification called
type A (referring to the Latin name of silver, Argentum), based on the creation of silver clusters
Ag,** that occurs in the low pulse energy regime sitting well below the well-known rype [
modification. This new type exhibits many advantages compared to type I: always positive An,
smaller structures’ dimensions and the capability of writing near-surface waveguides paving the
way towards interesting sensing and spectroscopy applications.

Appendix:

The highest temperature difference AT that occurs in one point induced by one laser pulse as
given by:
_ %
PGy
where Q) is the energy deposited by voxel, p is the molar density of the glass and C, the heat
capacity.
The energy deposited by voxel Q, is obtained by dividing the energy deposited Ep by the
volume of the voxel:

AT (1)

Ep
= 2
Q= N 2
where the energy deposited Ep is given by:
2,3
Ep = a™9Tx (%) I4ZZNL (3)

With @™ = 14.6 + 1 x 1073cm’ /TW? is the estimated coefficient absorption corresponding to the
four photon process (measured using a pump-probe experiment) [41], T is the laser repetition rate

with wyg = :/V_z% and zy; = \% the non-linear waist and Rayleigh length with N =4 corresponding
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to a four photon absorption effect, and 7 the laser irradiance. The deposited energy calculated for
parameters used for rype I modification exceeded the energy of the pulse which is not normal. The
formula used in that case is not fully compatible when using high pulse energies and three photon
absorption. Therefore, the energy deposited was limited to 1 pJ. Finally, those calculations are
only approximate to show the large difference between the two laser parameters used.
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