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ABSTRACT

Thermal poling using microstructured electrodes on oxyfluoride glasses have been investigated
and the impact on optical properties is evaluated. A micrometer refractive index modification based on
the sodium and fluorine migration have been evidenced, creating a layer with different chemical
composition compared to the original glass. Topological and optical properties modifications after
poling treatment are discussed. For the first time, we described the migration of negative fluorine ion
in the direction of the cathode from the glass network. Na and F migration led to a layer richer in

oxides with a strong contrast of + 0.06 of the refractive index in the imprinted structures.
Keywords: glass; thermal poling; fluorophosphate; refractive index modification

1. INTRODUCTION

Thermal poling is a very powerful technique for local modification of optical, electrical and
chemical properties in glass surface.[1] It comprises in employing a dc electric field below the glass
transition temperature (Tg) and cooling the glass before removing the dc bias developing an increase

of mobility of charge carriers, mainly alkali and alkaline-earth cations [2—6] and also some anionic
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species, as first considered in 1963 by Von Hippel et al, [7] being responsible for the creation of a
expended layer of few hundred of nanometers up to several micrometers depending on the experimental
parameters.[8] This process induces at the anode side depletion of cations, structural
reorganization,[9,10] change of the surface reactivity,[11,12] wettability and modification in surface
potential,[13] modifications of the index and induced second-order nonlinear response (change in
optical properties).[14,15] Surface patterning of those modifications have been recently demonstrated
using structured electrodes.[16,17]

Indeed, glasses treated by thermal poling have prominent potential for applications in materials
with multiple functionalities as photonic integrated circuits for instance. Looking more specifically to
the modifications of the optical properties, it is in consequence possible to develop in a glass by thermal
poling, arrays of microlenses, micro-optic devices such as waveguides and diffraction gratings[18].
The patterning of these modifications can be done using structured electrodes that act like stamps to
control the surface properties in the micrometer scale, paving the way for design of these functional
elements.[19]

Upon thermal poling, mobile ions present in the glass composition drift to the cathode, resulting
in a sodium depleted zone on the anodic side. In most glass compositions described in the literature,
the mobility of sodium cations and oxygen are the main drifted species responsible for the
compositional changes, even if the thermal poling is also reported to promote migration of bigger
alkalis, such as potassium or alkaline earth ions such as calcium but in a less extent.[20] Hence, the
resulting poled layer is mainly composed by the network-former compounds and shows different
chemical and physical surface properties as compared to the original glass. Thermal poling effect has
been substantially studied in several oxide glasses such as silica glass[21], silicates[22,23],
phosphates[24], tellurides[25,26], heavy metal oxides[10], as well as chalcogenide glasses. [27,28]
These works have assisted to better understand the mechanism happening in the development of
properties in different kind of glasses. The atomic structure of the glass adjusts the compositional
changes that take places during the treatment by poling, rearranging the “parent” glass structure with
local coordination changes, condensation reactions and injecting protons or other counter-ions to
maintain the charge-balance requirements to the glass network.

On the other way, oxyfluoride glasses have not been yet used, to the best of our knowledge, as
materials in thermal poling. The role of conductive fluorine ions migration in the optical and structural
properties is still unknown and could be explored to promote great changes in glass properties. One
promising system is the use of fluorophosphate glasses as host for the development of optical devices
from thermal poling. They offer the promise of emerging the profitable optical properties of fluoride

with the advantageous mechanical properties of oxide glasses. They have been extensively described
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in literature for photonic applications, taking its optical properties advantages.[29,30]

In this context, the aim of this work is on engineering fluorophosphate glass material to tailor
their optical properties upon thermal poling. The migration of not only cationic species, but also
fluorine upon poling treatment is explored and the impact on the glass surface property and structure
is investigated. A particular attention is targeted on the impact of the thermal poling using a micro-

structured electrode on the refractive index modification.

2. EXPERIMENTAL PROCEDURE

Oxyfluoride vitreous sample with the molar composition 50Na(PO3),—20GdF3;—20BaF,—10CaF»
(mol %), labelled as NPGF, was prepared by the conventional melt-quenching method. To avoid
fluorine losses, powder precursors were mixed and melted at 950 C in a capped platinum crucible in
an electric furnace for 20 min. Finally, the melted glass was cooled rapidly in a brass mold kept at 20
C below the glass transition temperature (Tg = 290 °C) and kept in a resistive oven for 4 h to remove
residual stresses.

Prior poling, the glass transition temperature was determined by differential scanning
calorimetric (DSC) measurements performed using a TA Instruments 2910 calorimeter at a heating
rate of 10°C.min"! and placing glass pieces of around 20 mg into the Al pans under nitrogen atmosphere
and Raman measurements were done on a spectrometer HR800 (Horiba/Jobin Yvon) in backscattering
mode using a continuous laser operating at 532 nm was used.

Thermal poling was then performed under a N> flow of 6 L/min. Polished glass sample was
heated at 250 C and the DC voltage was raised to 1.2 kV with a 350 V/min rate and left at these
conditions for 30 min. The glass was then cooled down to room temperature before removing the dc
bias. The anode consisted of a home-prepared patterned ITO electrode facing the sample. In the present
work, they were made by laser ablation of a 100 nm thick indium tin oxide (ITO) layer (8-12 Q sq™")
deposited on a microscope glass slide using a nanosecond YAG laser source at 1064 nm with a
scanning speed of 1000 mm/s at pulse energy of 150 pJ. The pattern was inscribed on the electrode
placed on a microscope stage controlled by a software. The final ITO coated microscope slide was
then composed of alternating conductive and nonconductive areas. After structured, the ITO free side
of the electrode was covered by a gold conductive thin film to ensure conductivity. A piece of silicon
wafer was used on the cathode side, and a soda lime glass was used in the middle of the silicon and
the sample to avoid reduction of the sample at the cathode.

Secondary ion mass-spectrometry (SIMS) evaluations were performed on a PHI Adept 1010

dynamic SIMS system. Excitation of secondary ion emission was made by a focused primary ion beam



of Cs" at 2 KeV. For the negative secondary ions, sample was biased to - 30 keV and for positive ions
+ 30 kV. A qualitative distribution of elements in poled sample was examined by etching of the surface
with ion beam. An area of 300 x 300 um? was scanned. Etching rate was obtained from the profundity
of the crater measured by optical profilometry

Infrared reflectance spectra were recorded in reflection mode prior and after poling treatment to
achieve details on the structural modifications related with the charge migrations in a Vertex 70V
spectrometer in a primary vacuum. The equipment is equipped with a deuterated triglycine sulfate
detector, a globar type source and a mid/far infrared range beam splitter. Kramers-Kronig analysis
were used to calculate the absorbance spectra from these spectra.[31]

Atomic Force Microscopy (AFM) measurements were performed at the samples by an AFM
Dimensions Icon (Bruker) using a PFQNE-AL cantilever.

The refractive index change An was evaluated using a commercial quantitative phase imaging
QWLSI sensor, SID4Bio by PHASICS in transmission mode placed on a microscope. An intensity
image and a phase image showing the optical path difference (OPD) produced by the transmitted light

is the final output of the wave front sensor.

3. RESULTS AND DISCUSSION
3.1. Bulk glass characterization

The oxyfluoride vitreous sample 50NaPOs-20GdF;-20BaF>-10CaF; obtained using classical
melt quench technique and the thermal properties were analyzed by DSC and is shown in Figure 1. The
sample exhibit a glass transition temperature (Tg) of 290 C obtained from the onset point of the DSC
curve and an onset crystallization temperature (Tx) of 380 C. The thermal stability against
crystallization corresponding to the temperature difference between Tg and Tx is AT = 90C, high

enough to obtain large pieces of glasses suitable for the thermoelectrical polarization investigation.
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Figure 1. DSC curve of the oxyfluoride NPGF glass.

The refractive index of the NPGF glass was also measured at different wavelengths, 589 nm,
644 nm and 656 nm, and the values obtained are 1.539, 1.533 and 1.531, respectively. The values are
in the range of other oxyfluoride glasses with similar composition exhibiting a classical wavelength

refractive index dispersion.[32,33]

3.2.Thermal poling and subsequent surface topology and composition modification of the poled

glass.

Prior to imprinting, an ITO patterned electrode has been prepared. An illustrative representation
of the prepared electrode is depicted in Figure 2. After laser irradiation, electrode structuring simply
consisted of a 1 cm? surface area, which half of the electrode was non-structured (in yellow in the
figure 2, with conductive area) for macroscopic measurements, and the other half consists of structures
of 30 um x 30 um of ablated square (white in the figure 2), distanced by 10 um conductive lines. The

structured electrode is then used as “stamps” during the imprinting poling process.
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Figure 2. Schematic representation of the patterned electrode used in this work. The contact and non-

contact zones are represented in yellow and white, respectively.

The thermal poling was then performed under nitrogen at 250 C and 1.2 kV to avoid proton
injection. After 30 minutes of poling, the glass sample was cooled to 25 C and the initial applied
electric field removed. Figure 3a shows, using white light microscopy, that the structured pattern was
faithfully transposed to the glass poled surface by leaving a clear optical contrast at the surface. In
Figure 3b, the degradation of the ITO electrode used as anode after the poling process was observed.
This observation could give the first indication of a hypothesis of possible fluorine loss during the
process within the anode side leading to the corrosion of the ITO layer, but further characterization

and studies need to be done for prove such hypothesis.

Figure 3. (a) Micrography of the surface imprinted micropattern of the NPGF glass after thermal

poling treatment. (b) Microscope image of the structured electrode surface degraded after poling.



The Figure 4 evidence the changes of topology measured by AFM on imprinted area on the poled
glass surface. The change of topology occurs with a surface variation around 60 nm of amplitude
(Figure 4 (b)). These features appear on locations where the ITO was in electrical contact with the
glass surface, known as electrostatic imprinting process of topology. [34—36] Such topology variations
are linked to the migration of mobile ions after thermal poling and especially sodium ions in glasses
leading to important structural rearrangements of the glass network accompanied by a density

change.[11,14,36,37]
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Figure 4. (a) Topology image collected by AFM and (b) profile of the NPGF glass surface after

thermal poling.

Chemical composition changes were studied using SIMS on the poled oxyfluoride glass. The
SIMS chemical profile of positive and negative ions distribution were collected across the non-
structured part of the electrode used for the thermoelectrical process, giving access to a large poled

area. The result can be seen in Figure 5.
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Figure 5. SIMS profile from the anode entering inside the glass for positive (a) and negative (b) ions
on the NPGF oxyfluoride glass after poling treatment. The vertical dot line represents the initial point

where the real trend of SIMS total ion signal can be drawn.

In Figure 5, the depth profile of positive and negative charges is inferred as counts per second
signal as a function of surface depth. For both charge profile, the first few tens of seconds are because
of charge distribution stabilization in the SIMS method, no real trend can be drawn up to 25 nm. The
depth of the crater during the total exposure of the glass surface during the SIMS thickness has been
determined at 400 nm by measuring the optical profilometry, as shown in supporting information
(Figure S1). The evolution of the concentration profile of the positive species Na, Gd, P and Ba are
shown in Figure 5a. One can notice that the sodium depletion occurs on a depth of about ~180 nm,
assuming that the sputtering speed remains constant during the whole SIMS analysis, while the relative
concentration of the Gd and Ba increases. Regarding the phosphorus cation, the profile appears
constant. Concerning the anions profile shown in figure 5b, on can observe an increase of the oxygen
and the phosphorus relative concentration while the proportion of fluorine decreases also on a depth
about 180 nm. The relative concentration evolution of hydroxyls appears fairly constant along the
whole thickness investigated. Based on the SIMS investigation, a clear depletion of sodium and
fluorine is observed, which results in an increase in the relative concentration of the less mobile ions
(Ba, Gd, P) which form the resulting glass network in the poled affected thickness. Based on the profile
investigation, one can propose that the sodium ions have been carried along the electric field from the
anode to the cathode while the fluorine anions went through the inverse route. The observed
degradation of the ITO electrode after poling shown in Figure 3 is in line with such hypothesis and the

attack of the ITO layer by the fluorine species. The whole process occurring during the poling is then
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expected to create an oxygen enriched glass layer in the 180 nm poled region with a low concentration
of fluorine anions and sodium cations inducing a possible large chemical and physical property

variations.

3.3. Structural evolution of the glass after poling.

The poling procedure induces clear modification of the surface material composition on a depth
up to 180 nm. Such modification is expected to produce important changes of the glass network which
can be explored using IR vibrational spectroscopy.

Prior poling, Raman and Infrared spectroscopy have been conducted as reported in Figure 6a
and 6b (black curve), respectively. Raman spectra of oxyfluoride phosphate glasses with similar
composition (NaPO3-BaF2-YF3) have been previously studied and the structure described in literature.
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Figure 6. (a) Raman spectra of the NPGF oxyfluoride glass. (b) Comparison of absorption coefficients
(o) obtained by the reflectance spectra Kramers-Kronig transformation of the NPGF glass prior (black
curve) and after (red curve) poling recorded under vacuum. Asterisks highlights the positions with
spectral modifications.

The Raman spectrum is formed mainly of a band at ~1040 cm™!

which is assigned to PO3
symmetric stretching modes of P»(O,F)7 dimers, in Q" units, and a band at 1110 cm™!, assigned to PO
stretching modes of metaphosphate groups. The band near 900 cm™ suggest the existence of P-F

bonding,[39,40] and the band observed near 740 cm™' is assigned to the P-O-P symmetric stretching



mode of bridging oxygen between two phosphate tetrahedral in short chains, such as Q" species. At
lower frequency, the bands in the region 450-650 cm™! are typically bands of alkaline-earth bonded to
fluorine species observed in pure fluoride glasses.[41] At 540 cm™ i.e. the band has been assigned to
NaF.[42]

Regarding the infrared spectroscopy, the bands in the region 1000-1250 cm™ were assigned to
vasPO3%" (POsF, Q') units, normally present at 1090 cm™ for fluorophosphate glasses and vasPO"
(PO32F, Q%) units at 1150 cm™. At 900 cm™! the band is due to Vasym(POP) stretching vibration of Q! in
chains and/or P-F bonding and at 735-745 cm™' of POP ring stretching mode. At 500 cm™! the band is
generally to v(POP) for phosphates,[43] while for fluoride glasses can be assigned to the stretching
modes of M-F bonds.[44] Some of these network chains bring negative charges that are balanced by
Na" charges, so it is expected modifications at these units after sodium depletion, but not only, since
fluorine also due a role in these units, possibly causing modifications on it.

The structure of our NPGF glass as described by Raman above consists in the most part of Q!
units in P2(O,F); dimers and the presence of some metaphosphate groups (Q? units). It is known that
sodium ions dominantly interact with phosphate units rather than fluoride species in fluorophosphate
glasses.[38,40,45] Therefore, it is reasonable to believe that sodium departures will affect mainly these
phosphate units. The fluorine anions can be present in different anionic units as Gd-F, Na-F, Ba-F, but
also be present in different Q! linked to phosphorus, forming P-F bonds, denoted as Q'ir, Q'2r, which
means one Q' unit having one F and two F, respectively, which has been proven to exist in previously
studies by "F{*'P}double-resonance and 2D 3'P{!°F} HMQC experiments by nuclear magnetic
resonance in similar glasses, showing that F ions have bond connectivity with these phosphorus
species.[38,40]

To get information about the structural modifications after poling, a comparison of absorptions
obtained by IR reflectance was used. IR in reflection mode allows to probe submicron surface layer of
the thermal poled sample and get information about these modifications, depicted in Figure 6b. The
spectra were acquired at the anode side prior poling (in black) and after poling (in red) between 400
and 1500 cm™!. The crucial region with modifications in this section is ~ 1040 cm™'. One can see that
thermal poling treatment induced a significant decrease of the absorption for the band ~1040 cm™,
described above to belong to (FPO3*) Q' units. It is assumed here that the changes are mainly
connected to the Na" and F~ depletion layer observed by SIMS in Figure 5, which leads to the decrease
of the Q! units. Previous report of NaPOs(1-x)Fx glasses [42] have shown a decrease in the band ~
1040 cm™ as the F content in the glass is lower. The extend of modification related to each ion is

difficult at this point, since both are present at these units.
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3.4. Refractive index modification by thermal poling

To better characterize the optical changes induced by the imprinted structure in the poled glass,
the variation of the refractive index An is an essential parameter, and for that, the SID4Bio wave front
sensor by PHASICS was used. The phase image of the imprinted structure in NPGF glass is shown in
Figure 7a and displays a positive optical path difference (OPD) in the poled zone (darker areas in the
image). The value of An was calculated by dividing the OPD by the thickness (I) of the imprinted
region (An = OPDA). Considering the thickness (1) of the poled layer determined above by SIMS and
the optical profilometry (Figure S1), the qualitative value of An of the imprinted structures was
determined. In order to evaluate the refractive index change, the surface topology (by AFM) in the

poled region has been considered and compared to the phase contrast image showed in Figure 7.
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Figure 7. (a) Phase image under white light illumination of the NPGF imprinted structure after poling,
(b) schematic representation of our system allowing describing refractive index and thicknesses of the
different zones and in particular the zone affected by the thermal poling experiencing a contraction

and (c) refractive index change (An) profile obtained from the phase image.
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The optical path difference between the virgin glass and the zone affected by the poling treatment can

be written as follow:

OPD = OP, — OP,, ()
OP, = ngjr.dy + Ny . dp, (2)
OP, = Ngiass - (dp + dy), (3)

where nair 1s the refractive index of air (7air = 1), nglass 1S the refractive index of our NPGF glass (nglass
= 1.53), d, is the poled layer thickness determined by SIMS (180 nm), dx is the topological change
profile obtained by AFM and nx is the refractive index of the poled layer. The OPD is the optical phase
difference between the optical phase in the poled zone (OPx) and the outside of the poled zone (OP1)

Based on the average depth and phase contrast profile obtained for the same region of the
imprinted poled glass, the refractive index profile could be obtained and the An profile (An = nx - nglass)
is shown in Figure 7. A positive An up to ~0.06 was observed in the poled region, showing that the
departure of fluorine and sodium impact the refractive index. Considering that a reduction of the
sodium content should tend to decrease the refractive index, as observed in previously reported thermal
poled sodium borophosphate glasses, [46] and that the fluorine departure is expected to have the
opposite effect.[47]

Since the fluorine anions has much less polarizability than the oxygen, injection of fluorine in
silica glass has been used to produce step-index fibers i. e., [48,49] being the fluorine responsible to
decrease the refractive index. Similar approach was also responsible for refractive index decrease in
phosphate glasses. [42] Therefore, in our case, as we observe fluorine departure (ejection of fluorine
in the poled layer), the opposite effect is expected, so the fluorine departure observed after poling
treatment is considered to be the main phenomenon driving the refractive index change in our glass.

The formation of a rich oxygen layer during poling is then definitely promoting a highest
refractive index when compared to the original oxyfluoride glass. These changes can be correlated
with structural rearrangements upon poling. Following sodium departure linked to Q! phosphate
groups, charge compensation is done by the formation of additional P-O-P linkages. The role of
fluorine ions departure on the structural change is more complex and conclusions could not be
unraveled, since fluorine can be present in different anionic units bonded to phosphorus or the other
ions present in glass matrix. Therefore, the question remains open and future work is necessary to

comprehend the role of fluorine drift and its impact on the chemical reactivity of the glass surface for
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instance since the oxide layer is expected to show different resistance to water as compared to the

oxyfluoride “virgin” glass.

4. CONCLUSION

In this work, the use of thermal poling in fluorophosphate glass as an imprinting process to
induce optical modification has been demonstrated. It was described not only cationic migration
towards anode (sodium in our case), but also fluorine anionic migration towards cathode from the glass
network occurs upon poling treatment, forming a controlled oxide richer layer under the glass surface
in contact with the anode compared to the original glass. The distribution of sodium and fluorine in
the glass were analyzed and revealed that a 180 nm layer with less sodium and fluorine was created.
It has been shown that using micro-structured electrodes it was possible to faithfully transfer the
electrode pattern to the glass poled surface through the electrostatic imprint process during poling
treatment. Topological changes have been also observed with a surface variation of -60 nm of
amplitude and the phase contrast image analysis has allowed evidencing that a positive n variation of
0.06. These results open huge perspectives for implementing flat micro-optical components under the
fluorophosphate glass surface with high refractive index contrast by controlling cations and anions

migrations.
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