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Abstract: We report on fluorescence and second-harmonic generation
correlative microscopy of femtosecond direct laser-induced structures in a
tailored silver-containing phosphate glass. We compare the spatial
distributions of the related permanent electric field and silver clusters. The
latter appear to be co-localized where the associated electric potential
ensures favorable reduction-oxidation conditions for their formation and
stabilization. Space charge separation is shown to occur prior the cluster
formation. The associated electric field is a key parameter for silver
clustering, thanks to electric field assisted silver ion motion. Future
photonic structures combining 3D laser-structured fluorescence and
nonlinear optical properties in such tailored glass will require an optimal
control of the induced electric field distribution.
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1. Introduction

Femtosecond direct laser writing (DLW) in homogeneous glasses gives three-dimensional
access to local material modifications at the micro-nanoscale, at the root of chemical [1],
mechanical [2] as well as optical [3] contrasts. Such approach already demonstrated an
extremely broadband range of fundamental mechanisms and original applications [4,5].
Fluorescence contrast has already largely been reported [6], providing suitable approach
for perennial high-density 3D data storage [7]. On the other hand, nonlinear optical contrast
has also been reported, in a smaller proportion, with third-harmonic generation (THG) [8] but
also effective second-harmonic generation (SHG), even in an initially centro-symmetric
material, thanks to local space charge separation. Such buried static electric field induced
second-harmonic generation (EFISHG) has largely been reported under thermal poling
leading to intense electric fields up to 10’ V.m™ [9—11], with a typical thickness of the poled
region ranging from 1 to few tens of microns. Such effective second-order nonlinearity
originates from the coupling of the static electric field E, . with the third-order nonlinear

(3)

susceptibility x¥ of the glass, to make X! =3E . -+x”. While thermal poling is restricted

to 2D material structuring, direct laser poling (DLP) gives promising 3D access to the local
engineering of the buried electric field at the root of the EFISHG, with similar remnant
electric field amplitude [12]. However, to our knowledge, no correlative studies of both
fluorescence and nonlinear laser-induced responses originating from fs DLW were conducted
in detail, in order to improve the understanding of the joint production processes of both of
these optical responses.

In this article, we report on correlative microscopy studies of both fluorescence and
effective second-order nonlinear responses that resulted from 3D fs laser irradiation in our
tailored silver-containing phosphate glass. We depict original spatial distributions of SHG for
different DLW conditions, enlarging recently published observations [12]. Then, fluorescence
and SHG spatial distributions are compared, showing a clear anti-correlation of these patterns.
The buried static electric field, originating from the space charge creation under DLP, is
modelled, which offers experimental access to the local electric potential modification. The
fluorescence pattern, originating from silver cluster production, is shown to remarkably match
such modified electric potential distribution. Laser-induced space charge separation and
fluorescent cluster creation are investigated, providing correlative information on both laser-
induced buried electric field and associated electric potential modifications, respectively. The

EFISHG efficiency (x\; ~0.6pmV ', typically corresponding to E,. ~8.10°V.m™") and

remarkable stability are being detailed elsewhere [13], which is quite comparable to that
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obtained with thermal poling. Such work provides a new interpretation of the sequence of
mechanisms at play during fs DLW in our tailored glass.

2. Experimental method
2.1. Glass sample & DLW setup

Our tailored glass was a silver-zinc containing phosphate glass, with 5% of Ag,0, classically
prepared as reported elsewhere [6,13]. DLW was performed with a home-made nonlinear
microscope as described elsewhere [5,7] (KGW:Yb oscillator, 5SW, 10 MHz, 470 fs at 1030
nm, T-Pulse 500, Amplitude Systemes; a Mitutoyo objective APO PLAN IR, 100 x , NA 0.7;
a high-precision 3D translation stage XMS-50 stages, Micro-Contrdle, 50 nm resolution).
DLW was performed in the bulk at typically 160 microns below the surface, at fixed positions
or by linearly moving the glass sample at controlled speed.

2.2. Correlative fluorescence and nonlinear SHG imaging setup

Another home-made nonlinear microscope was developed to perform the correlative study of
both silver cluster fluorescence and EFISHG [13]. For the SHG, it included a femtosecond
laser (KGW:Yb oscillator, 1W, 50 MHz, typically 200 fs at 1030 nm, T-Pulse 20, Amplitude
Systemes), a wave plate and Faraday rotator to control laser irradiance, a Gires-Tournois
interferometer (GTI) mirror pair to partially compensate the setup group velocity dispersion, a
half-wave plate to control the incident polarization orientation, a loosely focusing objective to
provide broad-field illumination and to prevent longitudinal polarization at the focus
(Olympus, 10 x , NA 0.25). For the fluorescence, the excitation was performed with a 405 nm
laser diode (100 mW). Both SHG and fluorescence signals were alternatively or
simultaneously collected with a sharp collecting objective (Olympus, 100 x , NA 0.8) by
imaging the illuminated laser-induced emitting structures onto a Peltier-cooled high-
sensitivity 2D CCD camera (Hamamatsu C4742-95) mounted with a band-pass filter centered
at 515 nm (20 nm bandwidth FWHM) and a long-pass filter (above 450 nm) for both SHG or
fluorescence signals, as seen in Fig. 1. Such approach ensured that SHG and fluorescence are
exactly collected in the same focal plane, preventing any chromatic artifact in the recorded
spatial distributions of each property.
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Fluorescence Laser source 2 se ce

wave
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150 mW
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Fig. 1. Correlative microscopy setup for silver cluster fluorescence and EFISHG response.

3. Results and discussion
3.1. Topologies of laser-induced fluorescence and SHG patterns

For DLW performed at fixed position under TEM,, Gaussian-shaped laser beam, we observed
the creation of a fluorescent hollow pipe made of silver clusters, seen as a single fluorescent
ring from the top (Fig. 2(a)), as previously reported [5,6,14]. SHG imaging also showed
nonlinear patterns with cylindrical revolution symmetry, but with a significantly distinct
spatial distribution since it was composed of a double-ring SHG structure (Figs. 2(b)-2(¢)).
Indeed, Fig. 2(b) demonstrates the EFISHG nature of the nonlinear four wave mixing process,
thanks to polarization dependence analysis as reported elsewhere [12,13]. For an unpolarized
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incident probe beam, we observed the complete SHG emission pattern with its radial
distribution and its intrinsic cylindrical revolution symmetry. Finally, EFISHG spatial
distribution remarkably differed from that reported in Choi et al. [12], where only one SHG
ring was observed. Further research will explain if this comes from different DLW conditions
(1.5 MHz versus MHz repetition rates), or from our better-spatially resolved imaging setup.

—
1.5 um 1.5 pm

Fig. 2. DLW of an individual point with fixed sample (4.53 J.cm™, 10° pulses), observed in the
plane perpendicular to light propagation: (a) single-ring fluorescence pattern; (b) and (c)
double-ring EFISHG pattern, giving new insight with respect to previously reported EFISHG
observation [12], for either horizontal linearly polarized or unpolarized incident fs near
infrared (NIR) probe beam, respectively.

For DLW performed with linear sample translation of the sample under TEM,, Gaussian-
shaped laser beam, we observed linear structures along the laser irradiation. Such linear
structures differ from that obtained under fixed DLW position, but also differ between
fluorescence and SHG signals. The single-ring fluorescent hollow pipe structure changes into
a double-wall structure whose thickness corresponds to the nonlinear confocal parameter
during the DLW process. This is in agreement with the fact that the edges of the writing beam
create fluorescent clusters, while its center erases such objects and related fluorescent
properties [14]. Correlatively, the double-ring EFISHG pattern under fixed DLW position
turned into a four-line structure (Fig. 3(b)), also showing the typical 9:1 ratio dependence
with polarization as detailed elsewhere (with an efficiency of 0.6 pm.V™' and an exceptional
stability as long as thermal constraints remain below glass transition temperature) [13]. Note
that Fig. 3(a) shows the whole linear fluorescent structure thanks to the spatially broad
excitation of the fluorescent clusters. Figure 3(b) only partially shows the nonlinear structure
since the SHG response is convolved with the incident laser irradiance profile.
Simultaneously observed fluorescent and nonlinear structures showed correlated but distinct
spatial distributions (Fig. 3(c)).

|

P exc. 405 nm
1.5 um & 1030nm (femto)

Fig. 3. DLW of a single linear structure with sample translation (5.15 J.cm™, 180 um.s™),
observed in the plane perpendicular to light propagation: (a) double-line fluorescence pattern;
(b) four-line EFISHG pattern; and (c) both fluorescence & EFISHG spatially correlated
patterns. Only the edges of the writing beam create structures, turning single/double rings at
fixed DLW position into double-line/four-line structures under sample translation.

3.2. Spatial correlation between fluorescence and SHG laser-induced patterns

Detailed analysis of the spatial correlation between laser-induced fluorescence and SHG
patterns was led on linear structures obtained under sample translation, since it allows an
easier discussion. However, results can directly be extended to DLW at fixed positions (Fig.
2).
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Fig. 4. Transverse spatial distributions: (a) fluorescence and EFISHG profiles, showing distinct
but correlated topologies; (b) modeled buried static electric field from the EFISHG profiles,
and associated electric potential modification; (c) spatial overlapping of fluorescence and
electric potential profiles, demonstrating the co-localization of silver cluster stabilization and
local reduction-oxidation condition modifications.

EFISHG and fluorescence signals were obtained by numerically integrating the associated
images along the vertical direction, i.e. the translation direction. This provided smoothed
horizontal cuts perpendicular to the translation direction. Figure 4(a) shows both the
transverse spatial distribution of EFISHG and fluorescence signals. Note that the maxima of
the fluorescence pattern were located exactly at the position of the zero EFISHG signal,
showing clear anti-correlation between buried electric field and silver cluster spatial
distributions. The modeling of EFISHG signal, by considering several imaging planes and
solving the associated Poisson equation [13], led to the optimized spatial distribution of the
electric field, as depicted in Fig. 4(b), where we also reported the spatial distribution of the
associated electric potential V. since E,. =—-VV,.. The absolute orientation of the

electric field and the related sign of electric potential are fixed under the hypothesis that most
of the charge displacement is related to negatively charged species, namely mostly electrons
being freed during DLW. Figure 4(c) repeats such electric potential spatial distribution, in
direct relation with the local space charge separation distribution, and overlaps that of the
fluorescent silver cluster, which provided here an excellent correlation.

3.3. Distinct EFISHG and fluorescence build-up processes versus DLW conditions

We performed fs DLW of linear structures with sample translations at eight different speeds
(from 20 up to 300 um.s™") and four distinct fluencies (3.52, 3.99, 4.53 and 5.15 J.cm™ while
the damage threshold was typically 5.55 J.cm™ in our experimental conditions), typically
corresponding to the overlapped irradiation of 10° down to 0.66 x 10° pulses. The EFISHG
signal starts to appear for a writing fluence above 3.5 J.cm™, and is almost independently
from to the writing speed and associated pulse number. Above this fluence, the EFISHG
amplitude is very constant, depicted by a plateau region that corresponds to the local
saturation of the buried electric field amplitude and related electric potential modifications
(Fig. 5). On the contrary, the fluorescence signal amplitude depends both on the fluence and
the writing speed. It starts to appear above a writing fluence of 4 J.cm™, and does not reach a
plateau within the range of the experimental writing parameters. By comparing the growth of
EFISHG and fluorescence amplitudes, we can conclude on a very distinct scheme of
formation for space charge separation (probed by EFISHG) and silver clusters (probed by
fluorescence).
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Fig. 5. Correlative EFISHG and fluorescence relative intensities versus DLW incident fluence
for 1.1 x 10° laser pulses (speed of 180 um.s™). EFISHG shows a threshold behavior between
3 and 3.5 J/em?, a very steep increase followed by a plateau above 4 J/cm? corresponding to the
saturation of the buried static electric field. Compared EFISHG and fluorescence signals show
different build-up behaviors: EFISHG appears prior the fluorescence, demonstrating that the
net space charge separation is not the consequence of the silver cluster existence, but rather the
cause of the reduction/oxidation stabilization of such chemical species.

3.4. Breakthrough interpretation of DLW mechanisms for EFISHG & cluster fluorescence

These observations provide a remarkable breakthrough in the understanding of the writing
processes in these glasses. We previously thought that the DLW-induced production of silver
clusters, associated to silver ion Ag” and silver metal Ag” diffusion, was leading to the
creation of a net space charge separation at the root of the EFISHG response [12]. Now, we
provide the following interpretation: (i) the EFISHG signal appears for moderate irradiance
conditions, even if the induced temperature increase does not significantly activate chemical
species mobility, which corresponds thus to non-thermally driven diffusion; (ii) the EFISHG
signal appears before any visible fluorescence, demonstrating the creation of a net space
charge separation without cluster production (due to the initial absence of significant ion
mobility); (iii) the net space charge separation thus results mainly from the entropic diffusion
of free hot electrons followed by their subsequent trapping, resulting in electron migration
and in the creation of a buried static electric field E ., and in a modification of the spatial

distribution of the associated electric potential V. ; (iv) once it has reached its saturation

amplitude, the spatial distribution of given favorable electric potential values are at the root of
the subsequent localized chemical stabilization and growth of the silver clusters in such
glassy matrix. Therefore, the silver cluster formation is thermally activated but mostly driven
by the buried electric field and the chemical stabilization is associated to the local electric
potential decrease, corresponding to more favorable oxido-reduction conditions in our
tailored glass. Thanks to electron charge conservation, excluding any charge compensation at
this stage, the electron diffusion should lead to a decrease of electronic density in the center
of the irradiated structures. This might help to fix the sign of the electric potential
modification and thus to fix the absolute orientation of the associated static electric field, as in
Fig. 4. Further work is needed to confirm our interpretation, with chemical micro-probing to
measure the final silver species distributions, as well as correlative time-resolved in situ
experiments to probe both fluorescence and EFISHG build-up.

Figure 6 provides a sketch of the build-up behavior of both the space charge separation at
the root of the EFISHG, its associated electric potential modification and the subsequent
fluorescence, all these mechanisms and phenomena occurring below optical damage
threshold.
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Fig. 6. Sketch of build-up mechanisms, consisting first in a net space charge separation with a
saturation plateau, subsequently followed by the growth and stabilization of silver fluorescent
clusters with no visible saturation plateau here. We depict the electric field driven growth of
silver clusters, and their reduction/oxidation stabilization with the associated electric potential.

4. Conclusion & perspectives

In this article, we have reported on the first detailed study of correlative microscopy for both
silver cluster fluorescence and electric field induced second-harmonic generation that resulted
from fs DLW. We have observed original topologies, namely single-ring fluorescent pattern
and double-ring nonlinear SHG pattern for DLW under fixed position. DLW under sample
translation led to distinct spatial distributions as double-line fluorescent pattern and
surprisingly to a four-line nonlinecar SHG pattern. Fluorescent silver cluster spatial
distribution has been found to be anti-correlated with the buried static electric field but to
properly match the associated laser-induced electric potential modulations. Fluorescent silver
clusters appeared to be chemically stabilized under favorable reduction/oxidation laser-
induced conditions: the local electric potential decrease leads to a locally more reductive
behavior of our tailored glass.

The correlated study of the build-up behavior of both EFISHG and fluorescence has
brought a significantly new interpretation on fluorescent silver cluster formation. EFISHG
quickly reaches a plateau regime where the static electric field saturation behaves as the key
parameter to subsequently launch the fluorescence signal production. Space charge separation
appears thus first, and then permits the electric field assisted silver cluster growth and the
electric potential stabilization under more reductive conditions. These new interpretations and
understanding can be related to transient space charge separation in semiconductors under
illumination [15], and should be considered for optimal buried electric engineering, in order
to further fabricate linear fluorescent but also nonlinear 3D laser-induced functionalities.
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