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Abstract: Precipitation of silver nanoparticles (Ag-NPs) can occur in a
silver-doped lanthanum borogermanate glass matrix, either under thermal
annealing or femtosecond direct laser writing (DLW). Macroscopic
transmission and localized p-fluorescence emission spectra provide typical
plasmon resonance behavior of Ag-NPs. Annealing leads to the spatially
random homogeneous creation of small NPs at low concentrations, while
DLW shows higher and broader plasmon peaks, proving highly
concentrated 3D localized structured NPs. DLW at high fluencies shows
photo-induced dichroism, potentially giving access to 3D dichroic photonic
responses.
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1. Introduction

Significant progress in advanced functionalized materials was achieved during the last two
decades. Space-selective three-dimensionally (3D) structured composite materials with
enlarged optical properties [1-3] were developed using direct laser writing (DLW) and
thermal processes successively or simultaneously in tailored glass matrices.

Metal ion glass doping also had a huge impact since it can lead to the formation of
metallic nanoparticles (NPs), either spatially randomly-distributed from thermal annealing [4,
5] or from laser-induced 3D space-selective precipitation [6—11], leading to plasmonic
properties thanks to surface plasmon resonances. Additionally, with metal-glassy composite
materials, DLW led to the realization of dichroic structures related to laser-induced aspherical
silver NPs [12, 13] in silicate after the ion exchange process. It enables the demonstration of
true five-dimensional optical recording by taking advantage of the wavelength-dependent
anisotropic plasmon response of poly-disperse silver rods [14]. Silicate glass matrices often
suffer from a very low solubility of the silver ions and also a low refractive index. Weak
plasmon resonance magnitude can thus be achieved in bulk silicate glasses. A lanthanum
boro-germanate matrix is of interest because it combines good solubility of the silver ions,
high refractive index and good optical quality as previously reported [15-17].

In this article, we report what would be, to our knowledge, the first study of the
incorporation of silver ions in the LGB glass. We focused on the precipitation of NPs, from
both thermal and laser-induced methods, providing a detailed comparative analysis, especially
about the strength of the associated effective absorption properties. The consequence of NP
precipitation on fluorescence was also studied, giving a direct experimental access to local
laser-induced absorption. Finally, an unexpected anisotropic transmission behavior was also
observed. All these aspects make the LBG matrix a good candidate for silver-ion doping
supporting its high potential for the development of photonic devices.

2. Materials and methods

Glass samples with the composition 99 [25La,0; — 25B,0; — 50GeO,] + 1 Ag,O (mol %)
were made using the melt-quenching technique. The raw material mixture was placed in a Pt
crucible and melted up to 1250 °C for 10 hours. The obtained glass samples were annealed at
25°C below the glass transition temperature T, = 687 + 3°C for 15 hours and cut (1 mm
thick), and optically polished. These pristine glass samples were homogeneous, colorless and
transparent (Fig. 1(a)).

The pristine glass samples were annealed close to their glass transition temperature at
680°C for 2 hours, leading to spatially randomly homogeneous silver NP precipitation after
thermal treatment. Laser-induced irradiation was conducted using a regenerative amplified Ti:
Sapphire laser (RegA 9000, Coherent Inc. at 800 nm, pulse duration t= 80 fs, and repetition

rate f,,=250kHz ). The beam was tightly focused in the bulk at a constant depth of 180 pm
(objective, 40 x, N.A.= 0.65). The focal spot diameter was estimated to 2 X ®, = 0.9 pm.
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The samples were mounted on a high-resolution motorized 3D translation stage. The selected
irradiation pattern was defined as 1 mm?® (Fig. 1(c)), consisting of individual lines equally
separated by a spacing of 10 um. The chosen writing speeds (v =250 and 750 pm/s) led to
the estimation of the number of pulses N that overlapped at each position during laser
structuring at constant translation speed, as N =2xw, xf, /v. The average power (P = 125

and 230 mW measured after the objective lens), was adjusted by a half-wave plate and a

polarizer. The pulse fluence was estimated as F=P/(f,, (mx ®’)).

The annealed sample was ground into powder and the embedded silver nanoparticles were
observed using a transmitted electron microscope (TEM, TECNAI F20). For pristine and
processed samples (both annealed or irradiated samples), the absorption spectra were
measured by a UV/Vis spectrophotometer (Varian Cary 5000). A micro-fluorescence study
was performed with a confocal p-spectrometer (Horiba Jobin-Yvon, LabRAM HR800), with
a reflective microscope objective (UV enhanced Cassegrain objective, 36 x, N.A. = 0.5,
typically leading to a micron-scale lateral spot size. The excitation source was a CW He: Cd
laser (Kimmon, 325 nm, 30 mW, TEM,).

3. Results and discussion

After heat treatment, the annealed sample became yellow (Fig. 1(b)). The TEM images (Fig.
1(d)) revealed the presence of spherical NPs of 6.6 £ 3.5 nm diameter, estimated from the
particle histogram over a set of 23 particles (Fig. 1(e)). However, we should note that this
method of observation does not allow us to visualize nanoparticles of very small size.

o
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N W A

Particle size distribution

(=]
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5 10
Particle size (nm)

Fig. 1. Samples of the Ag -doped LBG glass (a) before and (b) after annealing at 680 °C for
2h, and (c) after localized femtosecond laser irradiation with the irradiation parameters: N =
900 with F = 39 J/cm? (transparent square of 1 mm?®) and 72 J/em® (green square). (d) TEM
image of silver nanoparticles inside LBG-Ag glass after annealing at 680 °C for 2h and (e)
measured particle size distribution.

In the case of the annealed sample, the absorbance spectrum (Fig. 2(a), spectrum f3)
showed a relatively narrow Lorentz-shape absorption band centered at 449 nm (FWHM = 35
nm), associated to the extinction due to the Ag-NPs surface plasmon resonance. Laser
irradiations on pristine glass sample led to plasmon resonance also located near 445 nm. A
broader Gaussian-shape absorption band (FWHM = 92 nm), as seen in Fig. 2(a), suggests the
production of Ag-NPs with a larger size distribution, a spatial gradient of NP concentration
distribution and local dielectric constant modifications. For weak irradiation conditions (e.g. F
=39 J/em® and N = 900, Fig. 3(a), spectrum ), absorbance spectra did not show evidence of
the plasmon band, which does not necessarily mean the absence of NPs. As the laser fluence
increases (e.g. F = 72 J/em®), the plasmon band appears and grows with the increase (from N
=300 to 900, Fig. 2(a), spectra d and €) of the number of pulses.

In the case of the homogeneous samples (the pristine and annealed ones), the calculation
of the linear absorption coefficient was performed with respect to the actual sample thickness
(typically 1 mm). This led to low absorption coefficients (Fig. 2(b), spectrum [), related to
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rather low spatial densities of NPs. In the case of laser-modified samples, the samples were
first cut and polished perpendicularly to the written lines. Thus, the resulting longitudinal
cross-sections of the structured areas gave a direct visual access to their thicknesses, as well
as to the nature of the photo-induced modification, either in terms of index profile change or
of the precise localization of the NPs. Indeed, laser-modified volumes (Figs. 1(c) and 3(c))
showed darkened profiles with restricted thickness (typically 10 um measured for both
spectra & and ¢ of Fig. 2(b)) but containing very high NP concentrations, which led to
extremely high absorption coefficients, typically up to 1200 cm™'. Moreover, by considering
the lateral distance between two successive darkened areas containing NPs and the associated
fractional coverage of the sample section, one can claim that such absorption coefficients may
locally be even higher. Therefore, such NP densities correspond to an effective medium,
requiring the Maxwell-Garnett theory that we used to calculate the filling factors and mean
radius of the Ag-NPs [12]. Such filling factors from DLW are two orders of magnitude higher
than that obtained with annealing (typically from 107 up to 107*).
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Fig. 2. (a) Absorbance spectra of the 1mm thick Ag™-doped LBG glass samples: (o) pristine
sample, (B) annealed sample, (y, 9, €) irradiated samples for three irradiation conditions,
respectively. (b) Linear absorption coefficient spectra of the Ag'-doped LBG glass samples for
the five (a, B vy, 6, €) samples, as computed with respect to the actual thickness of the exposed
region. f and ¢ are the filling factors and mean radius of the Ag-NPs, estimated from the
Maxwell-Garnett theory for silver NPs in the LGB glass.

Complementary information was provided by a fluorescence emission study of the
samples. The pristine glass (Fig. 3(a), spectrum o) showed a strong intrinsic fluorescence
emission, centered at 525 nm which is associated to pre-existing emitting centers. According
to our fluorescence excitation and emission, the pristine glass would contain paired silver ions
as well as another group of species, that we call Ag,, responsible here for our fluorescence
spectrum. The fluorescence spectrum ratio between the normalized spectral response of the
pristine glass (Fig. 3(a), spectrum o)) and the weak irradiation condition (F = 39 J/cm” and N =
900, Fig. 3(a), spectrum y) was roughly equal to 1. This lack of spectral modification means
that no evidence of a nanoparticle plasmon influence is observed and no silver clusters are
created after DLW. The Ag, elements would thus be stable and at equilibrium in the glass
material. On the other hand, the fluorescence amplitudes of the different DLW conditions are
almost the same (Fig. 3(a), spectra y, 6 and ¢), but larger than the amplitude for the pristine
(Fig. 3(c), fluorescence image). One can suppose that the geometric shape of the structures
(Fig. 3(c), bright-field image) and the associated index changes play the role of a lens to
enhance the fluorescence excitation and/or collection inside the structure. Furthermore, the
fluorescence spectra corresponding to larger irradiation (profiles 8 and €) are significantly
modified in the 420-470 nm range, namely the spectral region of the Ag-NPs surface plasmon
resonance. The Fig. 3(b) shows the fluorescence spectrum ratios between our new reference
from weak irradiation condition spectrum y and the high irradiation condition spectra ¢ and €
(Fig. 3(b), plain lines). These ratios show a Gaussian-shape band located near 445 nm directly
related to the selected spectral absorption of the Ag, fluorescence emission by the Ag-NPs. At
low photon energy, the ratios equal 1 meaning that no fluorescence is absorbed since such
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spectral range is located too far from the plasmon resonance. As already seen with the linear
absorption coefficients (Figs. 2(b) and 3(b), dotted lines), while the laser fluence increased
(e.g. F = 72 J/em?®), the plasmon influence was shown to appear around the plasmon central
wavelength (typically 445 nm) and to grow with the increase of the number of pulses (from N
= 300 to 900, Figs. 3(b), spectra & and €). Here, the intrinsic glass fluorescence was used to
identify the plasmon behavior, since the estimated fluorescence ratios (Fig. 3(b)) roughly
correspond to the linear absorption coefficients obtained in Fig. 2(b) for spectra 6 and &, even
though these two approaches differently integrated the local spatial distributions of NPs.

To describe the evolution of the silver species by DLW, we follow the mechanism
previously introduced in Ref [11], where laser irradiation had shown the formation of silver
species, labeled Agp, an intermediate state of silver clusters that had showed no specific
fluorescence emission, but that appeared to be necessary for the subsequent NP formation.
Here, the Ag-doped LBG pristine glass already contains a fraction of such silver clusters Agg,
allowing for the growth of a small quantity of Ag-NPs during the annealing process (Figs. 1
and 2(a), spectrum o). During DLW, high local temperature can be reached, directly allowing
thus for diffusion processes to grow such Agg species and reduce them into Ag, NPs.
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Fig. 3. Micro-fluorescence studies of the Ag'-doped LBG glass excited at 325 nm versus
irradiation parameters (the same as those of the absorbance study, Fig. 2). (a) Normalized
fluorescence spectra measured at the position marked by the blue cross. (b) Associated
fluorescence ratio spectra with weak irradiation condition y, which highlights the fluorescence
discrepancy due to NP plasmon extinction (full lines) and the linear absorption coefficients
from Fig. 2(b). (¢) Top image: transversal cross-sections of the structured area with the
parameters (F = 72 J/cm® and N = 300 pulses); Top image from white light transmission
microscope imaging; Bottom image is the reconstructed fluorescence image, showing the

fluorescent silver cluster spatial distribution. Note S is the axis of the laser displacement

inside the bulk during laser structuring, and K is the associated laser propagation direction.

Finally, we explored broadened irradiation conditions in terms of higher fluence, but
lower number of pulses, which turned out to bring new fundamental observations thanks to
macroscopic transmission measurements in polarized light. For F = 79 J.em™ and N = 112,
the resulting linear absorption coefficient led to a broad band centered at 454 nm,
corresponding to the plasmon response of the laser-induced NPs. No significant influence of
the incident linearly polarized light was observed, globally associated to an isotropic optical
response (Fig. 4, spectra {, for horizontal (H = parallel to the lines) or vertical (V =
perpendicular to the lines) polarizations, as well as for larger number of pulses (Fig. 4, spectra
n, F =79 J.em™ and N = 450, for H, V or at 45° polarizations). The higher number of pulses
finally led to the appearance of two bands located at even higher but polarization-dependent
absorption coefficients (Fig. 4, spectra 0, F = 102 J.em™ and N = 450, for H, V or at 45°
polarizations). The interpretation of such optical anisotropy is still under investigation. The
origin may result from the laser-induced creation of oriented non-spherical oblate NPs (in
addition to the spherical ones), corresponding to the second absorption band at 488 nm [13].
Since we wrote linear patterns, we also noticed diffraction grating effects whose efficiency
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may be polarization-dependent. In such case, the diffraction phenomenon may also contribute
to the extinction behavior, leading to an effective anisotropic response.
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Fig. 4. Linear absorption spectra of the Ag" -doped LBG glass in polarized light, for the
pristine glass (spectrum a), and for three other irradiation conditions: spectra (§) for F = 79
Jem? and N =112, (0) F =79 J.em™ and N = 450, and (0) F = 102 J.cm™ and N = 450,
respectively, in structured areas (see insert) for H, V and 45° linear polarization direction.

4. Conclusion & perspectives

In this article, we have reported for the first time, the silver ion insertion in the well-known
LBG glassy matrix. Besides the localized dielectric phase transition by means of either
thermal annealing or of laser irradiation [18] we have proposed that such silver-doped glassy
matrix can also undergo metallic Ag-NP precipitation, also either under thermal annealing or
under DLW. Similarly to the localized dielectric phase transition, thermal annealing has led to
the spatially random homogeneous creation of small NPs (6.6 £ 3.5nm) at rather low
concentrations, while femtosecond DLW at room temperature has produced 3D spatially-
localized high-concentration areas of NPs. This demonstrated that the LBG matrix provides a
very favorable environment for NP precipitation and stabilization.

NP formation was tracked with macroscopic transmission measurements, but also by
localized p-fluorescence emission. We have recorded the plasmon resonance behavior,
centered at 445 nm, which could be associated to an extremely high linear absorption
coefficient, over 1000 cm™'. In particular, such coefficients were locally much higher (by 3
orders of magnitude) in the region of laser-induced modifications, compared to that obtained
with the annealing process. Finally, for very high fluencies, DLW even led to a polarization-
dependent absorption behavior including the isotropic plasmon band at 445 nm, and a new
band centered at 500 nm for the probing polarization parallel to the laser-induced lines, which
may open dichroic polarization-dependent optical responses.

Finally, by exploring lower fluencies, localized moderate amount of NPs could be
regarded as potential nucleation centers for localized dielectric phase transitions, while
considering a supplementary nucleation treatment. Therefore, the silver-doped LBG glass
could become a relevant candidate for plasmonic functionalities, resulting from the multi-
scale laser-induced 3D architecture including both spatial distributions of metallic NPs and
non-centrosymmetric dielectric crystallites. This suggests potentialities for the enhancement
of the nonlinear optical behavior of dielectric particles in interaction with the NPs.
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