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Abstract

Borogermanate glasses containing terbium ions are interesting materials due to their luminescent
and magnetic properties. Terbium can present two different oxidation states and the thermal
poling technique can be a pertinent way to modulate spatially the oxidation state of these ions. In
this work, we demonstrate using a thermo-electrical imprinting process the transfer of micro
scaled motifs on the surface of a borogermanate glass containing Tb>* resulting in a micrometric
structuring of the oxidation state of Tb>*/Tb*" ions. A large change in absorption and
luminescence optical properties is observed, arising from the distinct properties of trivalent and
tetravalent terbium ions. Correlative micro luminescence, Raman and second harmonic generation
measurements were carried out on the patterned poled glass surface. This has demonstrated an
accurate concomitant modification of the glass structure accompanying large luminescence
changes and the appearance of a second order optical response which could be attributed to a
localized space charge implantation. These original results demonstrate how a simple electrical
process allows managing multi optical properties but also paves the way to induce static electrical
functionalities in a magnetic optical glassy system.

1. Introduction

Designing new materials for which various optical properties are manageable at micrometric scales can lead
to new applications in various fields of photonics. As an example, for integrated photonic circuits (PICS) the
large variety of devices being developed constantly requires the merging of multiple optical functionalities,
including diffractive elements, non-linear responses, and efficient light emission management, among others
[1-6].

Among the wide range of materials available for the manufacture of PICS, glasses stand out due to the
versatility of their compositions, as well as their simple and low-cost preparation. In addition, glasses are
great hosts for rare-earth (RE) ions, which favors the search for luminescent materials with improved optical
properties [5-7]. Borogermanate glasses containing Tb>* ions have been investigated in recent years and
their potential for photonics and magneto-optical devices have been highlighted [8—13]. Indeed, they are
interesting materials due to their luminescent and magnetic properties emerging from the partially filled 4f
electronic configurations of terbium [8—10].

The most stable oxidation state of terbium ions is trivalent, but terbium can also present the tetravalent
state, having a standard Tb**/Tb** reduction potential of +-3.1 V [14, 15]. Regarding the particularities of
these two oxidation states, Tb>T has a 4f® electronic configuration, while Tb** is 4f” and the effective
magnetic moment for Tb>* and Tb** ions are 9.72 uB and 7.94 B, respectively [1, 16]. In addition, Tb>™

© 2024 The Author(s). Published by IOP Publishing Ltd
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ion exhibits its green emission near 544 nm due to the > D,—’Fs transition, while the Tb** ions do not
exhibit emission and due to its absorption band in the visible region it acts as a quenching center [15, 17].

Some glasses may show coexistence between Tb?T/Tb** and the existence of this ratio may depend on
the oxidation-reduction conditions of the melt or on the oxide concentrations of the matrix [12, 18-20].
Knowing that in glasses, terbium can present two different oxidation states influencing structural,
luminescent, optical, and magnetic properties, this opens up opportunities for finding a way to control
and/or modulate spatially the oxidation state of terbium.

A technique that has been effectively used for surface modification is thermal poling, which allows
modulating different properties in various types of glasses [5, 21-30]. The glass surface modification of the
surface consists of heating a glass matrix followed by the application of a high DC voltage for a certain time,
during which dissociation processes of ionic charge carriers, commonly alkaline and alkaline earth cations,
occurs at the anodic interface [21, 31-33]. It induces both (i) a cationic depletion layer forming a new glassy
composition at the anodic surface and (ii) the implantation of a strong static electric field linked to a space
charge formed within a layer ranging from a few nanometers to a few micrometers in thickness depending on
the parameters used [5, 34-36]. Once this process is carried out, the temperature is decreased to ambient,
thus freezing the polarized state on the poled surface.

Opver the years, this technique has been improved employing a structured anodic electrode to modify the
surface in a patterned way with spatial resolutions on the micrometric scale. This transfer of
micro-structured motifs allows controlling several properties, such as chemical reactivity [37], surface
durability [38], surface topology [22], surface electrical potential [39]. With regard to optical properties, it is
possible to induce a second-order response [5, 40], to prepare waveguides [41], micro-lenses with gradient of
refractive index [4] and diffraction gratings [35, 42].

In addition, Lipovskii et al showed the possibility of using poling to oxidize Ag and Cu metallic
nanoparticles to create optical structures with transparent and colored zones with different absorptions [34,
43]. Recently, thermal poling has been used for the electric field manipulation of magnetic and Faraday
rotation performances of a diamagnetic glass, which is of great interest for spintronics devices [44].

Although poling has already been used for several purposes, it has not yet been explored to modulate the
properties of rare earth ions. In this context, we focus our attention on demonstrating the control of the
oxidation state of terbium ions induced by the thermo-electrical imprinting treatment. Raman,
luminescence and second harmonic generation (SHG) correlative imaging are used to show, respectively, the
structural modifications, spatial micrometric control of luminescence and second order optical properties on
the patterned glass surface.

2. Methods

Borogermanate-Tb’ " glasses with a molar composition of 96(46Ge0,-29B,03-16Na,0-5Ba0-4Al,03)
-4Tb4O7 was prepared by the melt-quenching method, which consists of melting of precursor components at
1400 °C for 2 h in a platinum crucible followed by quenching into a stainless-steel mold preheated at 450 °C
and annealed for 2 h [9]. This composition was chosen due to its high sodium concentration, which is
important for the poling process, and because it contains terbium ions, making it possible to study the
oxidation of rare earth ions during this process. This pristine glass was labeled as BGTb.

Figure 1(a) illustrates the thermo-electrical imprinting process that was performed in a sealed enclosure
under an N, flow of 6 1 min~!. A piece of silicon wafer was used as cathode and a borosilicate slide was
placed between the silicon and the sample as a sacrificial layer in order to preserve the optical quality of the
sample at the cathode.

The anode configuration used to pattern the surface was a 100 nm thick platinum film deposited on a
silicate glass slide of 25 mm?, prepared by a classical lithography process resulting in non-conductive squared
motifs of 40 x 40 pm? delimited by 10 um width electrically conductive Pt grid (figure 1(b)). A second
electrode of the same size with a homogeneous platinum film was also used. Glass samples were heated up to
300 °C and a DC voltage of 1 kV was applied (at a 300 V min~! rate) and left at these conditions for 30 min.
Then, the system was decreased to room temperature and finally the external voltage was removed. The
poled samples using the structured and the homogeneous electrode were labeled BGTb-S and BGTb-H,
respectively.

After thermal poling treatment, the absorption spectra for BGTb and BGTb-H were obtained between
200 and 800 nm using a double beam Agilent Cary 5000 spectrophotometer. Micro-luminescence data was
acquired for BGTb-S using a Labram (Horiba) spectrometer with a laser source at 488 cm™!, a
150 grooves cm ™! grating and 50x (N.A. = 0.54) objective. In this configuration, the efficient signal of
luminescence allows mapping for large areas (above 0.1 mm?) to determine the spatial reproducibility of the
imprinting process. Then, correlative Raman, luminescence and SHG maps were acquired for the same
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Figure 1. Schematic representation of: (a) the system used to carry out the thermo-electrical micro-imprinting process and (b)
the platinum patterned electrode used.

imprinted motif. It consists of a modified confocal micro-Raman spectrometer HR800 (Horiba/Jobin Yvon)
with a 100x (N.A. = 0.9) objective. A CW laser operating at 532 nm was used for Raman and luminescence
and a picosecond pulsed laser at 1064 nm was used for SHG. All measurements were done in backscattering
mode. For the SHG measurements, the incident laser polarization and the analyzed SHG signal polarization
states can be linearly polarized either vertically or horizontally.

3. Results and discussion

The BGTD glass obtained by melting quenching is colorless, while the BGTb-S sample after poling treatment
showed a change in color to yellow only in the area located under the structured electrode as seen in
figure 2(a).

This color change may indicate that an oxidation process from Tb** to Tb** occurred as reported for
calcium aluminosilicate and borogermanate glasses containing Tb>* [12, 19]. In figure 2(b) we can see by
optical microscopy that the imprinting process resulted in a very precise pattern, reproducing the electrode
geometry on the glass surface.

The optical absorption spectra of samples BGTb and BGTb-H are shown in figure 2(c). The recorded
absorption bands centered at 302 (1), 318 (2), 340 (3), 350 (4), 358 (5), 370 (6), 378 (7), and 488 (8) nm were
assigned to 4f—4f transitions from the ’Fq ground state of Tb>* to the excited levels of °Hg, (°Dy,1, °H7), °G,,
3Le), (°Lg, °Gy), °Gs, °Lig, (°D3, °Ge), and > Dy, respectively [9, 10, 45]. Looking at the absorption of the poled
region in the BGTb-H, there is a large absorption between 300 and 500 nm which is assigned to the Tb** ions
electronic transitions from ligand-to-metal charge transfer states coming from one molecular orbital of the
oxygen to one f-state of terbium [46, 47]. This broadband covers the blue visible region and gives the sample
a yellow color exactly in the poled area and confirms the oxidation of Tb** ions during the poling process.

In addition to this broad band, it is also possible to notice the absorption band Tb>* as observed for the
pristine glass, this occurs because the absorption spectrum is collected for the entire thickness of the sample
(0.6 mm) while the glass matrix containing Tb** is supposed to correspond to the sodium depletion layer
which have been measured around 1 ym by time-of-flight secondary ion mass spectrometry (ToF-SIMS) as
depicted in figure 2(d). Within this polarized layer, the oxidation of terbium ions is supposed to contribute to
the compensation of the positive charge (Na™) displacement.

For the BGTb-S sample, a micro-luminescence mapping was performed in a 160 x 160 um? area using
for excitation a 488 nm wavelength. The map was generated for emission bands between 530 and 560 nm
(figure 3(a)). Due to the fact that Tb®>* ions present green emission at 541 nm, while the Tb** ions have no
emission [15, 17], a very contrasted luminescence pattern with a reproducible spatial distribution was
created after poling treatment.

Three luminescence spectra (figure 3(b)) were extracted from the map (region 1-3) and shows the bands
at 541, 582, and 620 nm assigned to the characteristic transitions of Tb>* ions from °Dy to ’F; (j = 5, 4, 3)
[9]. In the poled zone (region 1) and the borders of the square (region 2) we observe a decrease in the
luminescence intensity of 86% and 92% as compared to the center of the square (region 3), where the
luminescence was not affected by the poling treatment.

Indeed, the thermal poling allows forming a controlled oxidation layer in a patterned way under the glass
surface in contact with the anode and around the square motifs. We have calculated the emission decrease
expected if a complete oxidation of Tb®>* is induced within a one micron thick polarized layer by taking in to
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Figure 2. (a) Photograph of BGTb, BGTb-H and BGTb-S samples and (b) microscope image of the structured micro-imprinting
surface after poling. (c) Absorbance spectra in the UV-Vis region obtained for BGTb before poling and BGTb-H homogeneously
poled. (Insert shows the partial energy diagram of Tb>* and Tb**) (d) TOF-SIMS depth profile of sodium content of BGTb-H.
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Figure 3. (a) Luminescence map for emission bands between 530 and 560 nm. (b) Emission spectra for BGTb-S poled using
structured electrode.

account the focal volume and the induced absorption for both the excitation and the back scattered emission.
To this aim, if we assume (i) the same laser intensity for all measurements, (ii) no refractive index change
between the pristine glass and the poled sample and (iii) a complete oxidation of Tb*>* within a layer of
thickness L = 1 pm at the anode surface inducing within this layer a complete loss of emission and additional
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absorptions at both excitation (488 nm) and emission wavelengths (521 nm), we can estimate the ratio of
emission intensities between the pristine glass and the poled glass (BGTb-H) using this equation:

Iemission (pristine glass)  Dof « 1pAbs(a88nm) o, | Abs(521mm) )

Temission (poled glass) ~ Dof — L

where Dof is the depth of focus calculated for a numerical aperture of 0.54, L the thickness of the sodium
depletion layer (1 pm as shown in figure 2(d)) and Abs (521 nm) and Abs (488 nm) are obtained from the
absorbance curve of BGTb-H depicted from figure 1(c).

An emission decrease of 85% has been estimated corresponding well with the luminescence variations
reported in figure 3. It denotes that this poling process could induce locally up to a complete oxidation of Tb
ions and this first estimation will be subjected to XPS analysis in a future set of experiments.

The structural changes were evaluated using Raman spectroscopy. Figure 4(a) shows spectra acquired for
the poled zone, square center and pristine glass surfaces. The spectra were normalized in intensity at
515 cm ™!, corresponding to the Ge!*/—~O-Gel*! vibrational modes of a fully interconnected germanate
network [48, 49].

The stretching modes at high frequency are almost inactive for a GeO, glass, but they can be observed
due to the presence of non-bridging oxygen attributed to the band at 838 cm™! for (Ge()30)~ structural
units stabilized by Na™ (where () and O represent bridging and non-bridging oxygen respectively) [49, 50].
This is also due to the presence of a mixture of glass formers for the shoulder at 780 cm ™! linked to
asymmetric stretching of Ge—O-B bridges [49, 51]. The intensity of the Raman band at 838 cm ™! is sensitive
to the thermal poling and a decrease is observed indicating a polymerization of the germanate network in the
poled layer compensating the excess of negative charge after sodium departure.

The restructuring of Ge—O~ terminal bonds into Ge—O—Ge results in the formation of trapped
molecular oxygen in the polarized glassy matrix that presents a stretching mode at 1551 cm™! [52]. The
presence of O, trapped in the poled glass was observed in several poled ionic glasses and is a result of charge
compensation mechanisms linked to the structural rearrangement of the glassy matrix [25, 35, 53]. The
bands between 1200 and 1500 cm ™! are related to borate triangular units vibrations [54-56]. It is also
possible to observe a shoulder around 930 cm ™! due to vibrational modes of borate tetrahedral units [56].
Structural rearrangements of [Bf);]~ units due to the cation migration are not ruled out, but they were not
detected by Raman.

Micro-Raman mapping experiments were carried out in order to follow the spatial locations of structural
changes, and an area of 80 x 80 m? was mapped. The mapping for the band at 1551 cm ™! in figure 4(b)
shows the formation of molecular oxygen under the contact zone with the conductive parts of the electrode.
As the formation of O, is directly related to the restructuring of the network, the mapping of this band tracks
the region where the sodium departure occurred, and shows the imprinting accuracy related to
compositional and structural glass variations.

For an excitation at 532 nm, in addition to the Raman response of the glass network, a contribution from
the luminescence emission of Tb*>* ions can be measured. This contribution corresponds to the >Dy to ”Fs
transition and is observed at 541 nm or 355 cm ™! in Raman shift. Taking advantage of this, we used the same
set of data to correlate the Raman and the luminescence signals and thus to spatially correlate structural
rearrangements with the oxidation of Tb** within the same imprinted pattern. In figure 4(c), the image
corresponding to the integration of the band at 355 cm™~! in Raman shift depicts exactly the same spatial
information as that for a luminescence excited at 488 nm as reported in figure 3(a), confirming that our
correlative Raman/Luminescence approach is suitable.

Such accurate spatial correlation allows us to observe that for Raman mapping, in the contact zone with
the electrode there is the highest concentration of molecular oxygen. This is followed by a gradient at the
square edges until it reaches the center where no O, can be detected (profile depicted in figure 4(d)).

To explain such spatial gradient, one should consider that the amount of O, trapped in the poled glass
matrix probed by Raman gives an indication on the oxidation mechanism of the glass matrix occurring
during the sodium layer depletion. This signal varies mainly as a function of the polarized layer thickness,
which is supposed to be maximum within the zone in direct contact with the electrode (highest local applied
voltage) and decreases gradually from the edges of the electrode toward the center of the square motif.

Differently, looking at the luminescence map we do not observe a simple gradient, there is a high
luminescence in the center, almost no luminescence at the edges and a slight increase in the zone which was
in direct contact with the electrode (luminescence profile provided in figure 4(d)). Finally, one cannot
explain the luminescence spatial distribution with a simple variation of local potential linked to the electrode
geometry as observed for the O, distribution, i.e. for the oxidation of the glass matrix upon the sodium
dissociation/depletion process.
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Figure 4. (a) Raman spectra in the poled zone, square center and pristine glass surfaces at 532 nm. -Raman maps for: (b) the
band of molecular oxygen at 1551 cm ™!, (c) for the Tb>T luminescence band at 355 cm™!. (d) Profile of molecular oxygen,
Luminescence and SHG plotted along a vertical line centered in the middle of the correlative maps. (e) SHG intensity map
realized within the rectangular area depicted in part (C). The SHG mapping was not done for the whole area due to measurement
duration consideration.

The reason why the Tb®>* oxidation spatial distribution does not follow simply the local applied voltage
during this imprinting process is under investigation and will be reported in a following study including a
systematic variation of the poling voltage to determine how both oxidation mechanisms (Tb** and glass
matrix) can be described within a global polarization mechanism adapted for such Terbium rich ionic glassy
system.

The effects of the imprinting process on the second order optical response have been mapped by SHG
confocal microscopy in reflection mode with steps of 1 um along X and Y axes (figure 4(e)). The correlative
microscopies setup allows probing for the same area structural changes, luminescence and nonlinear optical
properties. In the present case, the in-plane SHG components were probed, using the incident beam and the
harmonic signal linear and parallel light polarization states.

6



10P Publishing

J. Phys. Mater. 7 (2024) 03LT01 W Letters

In figure 4(e), it is possible to observe accurate spatial location of the SHG signal confined at the borders
of each imprinted line only if the SHG configuration of polarization is perpendicular to the axis defined by
the square pattern. Such an observation is typical for SHG poled patterns in glasses as already reported in the
literature [35, 40, 52]. By analogy to these previous reports, one can make the assumption that our
observation is linked to an in-plane static field located preferentially at the edges of the electrode breaking the
centro symmetry of the glass, inducing a localized second order optical response.

The precise location of the polarization effect on the glass nonlinear optical properties is attributed to an
in-plane charge concentration gradient promoted by local field enhancements on the edges of the structured
electrode. Such an assumption can also be correlated with the location of the SHG signal within the
concentration gradient of trapped O, measured by Raman (see SHG and Raman profiles in figure 4(d)).

To sum up the signal intensities coming from p-luminescence, p-Raman and p-SHG measurements are
spatially correlated with the electrode’s square patterns, showing the accuracy of the thermal poling
treatment to modify the surface structurally, to control luminescence at the microscale and to implement
localized space charge resulting in second order optical responses.

4. Conclusion

In this work, the control of the oxidation state of terbium ions induced by thermo-electrical imprinting
treatment control has been demonstrated. Our present results show that not only has the sodium migration
been obtained for classical thermally poled ionic glass, resulting in a sodium-free layer around 1 pm and
molecular oxygen formation at 1551 cm ™!, but we also demonstrate the possibility to manage the degree of
oxidation of terbium ions upon poling treatment as a charge compensation mechanism for sodium
departure.

The oxidation of Tb*>* ions to Tb** created a pattern of luminescence signal from high in the region not
affected by the polling to low in the region in contact with the electrode due to the Tb** ions not showing
luminescence. Furthermore, the sample showed an SHG signal on the edges of the squares patterned on the
glass surface. Besides structuring the luminescence properties on a micrometric scale, one should keep in
mind that the glass used has magnetic properties, and therefore, the structuring of the magnetic properties is
also expected since the magnetic response changes with the oxidation of the Tb®>* paramagnetic ions.

Finally, this study opens new perspectives for managing optical functionalities but also strong static
electric fields in Terbium rich magnetic glasses, which is a key milestone of progress towards very original
multi-functional glassy systems.
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