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Thermal poling was proven successful to induce second order nonlinear properties and concurrent mod-
ification of composition, structure and chemical reactivity in glasses. With current efforts to reduce
devices sizes in components employing such attributes, means to control changes at the micrometer scale
are needed. We present a micro-imprinting poling process to locally tailor surface properties of a glass.
Measurements using infrared, Raman and second harmonic generation microscopies confirm that
changes in glass structure associated with an induced static electric field are responsible for the enhanced
surface reactivity that is successfully controlled at the micrometer scale.

� 2016 Elsevier B.V. All rights reserved.
New developments in integrated photonics, nanotechnology,
lab-on-a-chip and other photonic applications require local control
of the surface properties to develop ‘smart substrates’. Glasses are
ideal materials for such applications as they have good optical
properties and are easy to manufacture. Recently, we demon-
strated modification of glass surface reactivity using thermal pol-
ing [1]. Specifically, we showed that it was possible, through
careful selection of the parent glass composition, to induce a
charged structure in the glass’ surface, yielding an enhancement
of surface affinity towards atmospheric water.

Thermal poling is performed on a sample heated below its glass
transition temperature. The temperature is high enough to
increase the mobility of cations present inside the glass matrix. A
strong DC electric field is then applied across the sample which
induces charge dissociation at the anodic side of the poled glass.
Upon thermal poling various types of charges are moving; their
nature and role has been the center of many discussions in the lit-
erature and a complete description of the process is yet to be
found. The process implying positive charge migration has been
thoroughly described and is accepted by the community. Under
the electric field, positive charges migrate towards the cathode.
The process taking place is mainly a cationic conduction which
involves sodium cation migration for the most part. Over time, a
layer depleted of these cations is formed under the anodic surface
[2]. For glasses containing more than one cationic specie, other
cations also migrate and accumulate at the limit between the
sodium depleted layer and bulk glass [3,4]. If positive charge
migration alone is taken into account, the static electric field build-
ing up at the anode quickly reaches value exceeding the dielectric
breakdown. It is thus necessary to account for further compensa-
tion processes which are strongly dependent on the poling condi-
tions, blocking versus non-blocking electrodes, and on the glass
itself. If thermal poling is performed in non-blocking electrodes
conditions, protons and water can be injected inside the glass
through the anode [5,6]. When the treatment is performed under
blocking anode conditions, only species present inside the glass
matrix prior poling come into play during the process. Negative
charges are thought to play a role in that process by migrating
towards the anode [7,8]. The nature and conduction mechanisms
of these negative charge carriers are still unclear but several
hypotheses have been suggested. Carlson first suggested that oxy-
gen anions were forming and then migrate towards the anode
where they would be neutralized [9]. This argument for the pres-
ence of an oxygen depleted layer has been proven true in several
papers [10,11]. Other studies have mentioned that molecular oxy-
gen could be forming through oxidation of oxygen anions and that
conduction was then taking place through the electrons release
during oxidation [7,12,13]. However, other studies have suggested
that the process also present a strong electronic contribution [14–
16]. When the internal electric field reaches value close to the
dielectric breakdown, the electronic charge carriers come into play
and are no longer negligible [4,16,17], formation of oxygen can
then be accounted for through bond breakage and formation of
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peroxide radicals. Two of these peroxide entities would then react
to form molecular oxygen [18]. All discussions agree that upon
cooling charges are frozen inside the matrix [19–21], inducing a
strong static electric field in the glass, which can reach values up
to 0.1–1 GV/m and be stable for years in some glass matrix [22–
24].

The first use of thermal poling was for glass to metal sealing
[25] but it was then found to be useful in nonlinear optics since
the formation of the strong electric field effectively breaks the
glass’ centrosymmetry. This process disrupts the glass’ initial iso-
tropic nature inducing second-order nonlinear optical properties
such as second harmonic generation (SHG) [22,26] through an
electro-optical effect called electric field induced second harmonic
generation (EFISH) [23]. More recently the poling-induced electric
field itself has been proven useful for enhancing surface reactivity
in bioglasses and ceramics to promote bone growth and bonding
[27–29]. Thermal poling has also been shown to enable control
of a material’s properties at a micrometer scale. The process has
been demonstrated to work up to submicronic scales by mean of
patterned electrodes [30–34] but to date, only the optical proper-
ties and surface relief have been studied. In this letter we demon-
strate that the surface reactivity of a borosilicate glass can be
precisely controlled at the micrometer scale by use of patterned
electrodes.

Borosilicate glasses of composition SiO2 39%, B2O3 51% and
Na2O 10% were prepared as described elsewhere [1]. The glass slab
was then cut in one-millimeter-thick samples which were optically
polished. Glasses were visually inspected and showed no sign of
inhomogeneity or phase separation.

A microscope glass slide with a 100 nm thick ITO layer depos-
ited on it was used as the anode. The ITO layer was structured by
laser ablation using a 1064 nm nanosecond yttrium aluminum gar-
net (YAG) laser. Various patterns were written on the surface by
moving the sample with a motorized stage (X, Y) under the laser
beam. AFM measurements performed in simple peak force taping
mode, not presented here, show that the 100 nm thick ITO layer
is entirely removed from the glass surface following laser ablation
ensuring no electronic conductivity in these regions. Rectangles
40 � 60 lm2 were written on the ITO electrode as this dimension
allows spatial mapping over this area using l-SHG, l-Raman and
l-IR spectroscopy.

The glass sample was put between the patterned electrode at
the anode and a silicon wafer at the cathode and placed in the pol-
ing cell. The treatment took place in a nitrogen atmosphere and the
sample was heated at 300 �C. After 10 min, when a constant tem-
perature was reached, a DC bias of 3000 V was applied across the
sample for 30 min. The sample was then brought back to room
temperature and only then the DC bias was removed.

To prevent any reaction of the poled glass with the laboratory
atmosphere, the cell was placed in a glove bag, filled with nitrogen,
once the poling was performed. The sample was taken out of the
poling cell and placed in a controlled atmosphere cell fitting under
an optical microscope. To evaluate the efficiency of the thermal
poling, the sample was first studied under an optical microscope
to examine the patterned electrode’s transfer fidelity to the glass’
poled surface. The pattern is precisely transferred to the glass sur-
face through the electrostatic imprint process taking place during
poling, as observed in Fig. 1(a) [35].

It has been documented that an efficient thermal poling breaks
the centrosymmetry of the glass by inducing a strong static electric
field in the near anode surface [22]. This electric field contributes
to SHG in the glass through the electro-optical effect EFISH men-
tioned earlier. To evaluate the effectiveness of the poling at the
micrometer scale, we used a SHG microscope based on a modified
micro-Raman spectrometer HR800 equipped with a 1064 nm
picosecond laser, described elsewhere [36]. A SHG map of one of
the rectangle imprinted on the glass surface was obtained with a
50� objective, using a radial polarized doughnut shaped beam pro-
file that probes the longitudinal (along z) SHG contribution, Fig. 1b.
It is important to define the referential in which our SHG measure-
ments are made. In this article, in-plane components correspond to
a signal located in the plane of the glass surface (x-y plane) while
longitudinal components are perpendicular to the x-y plane, i.e.
along the z-axis.

The SHG active zone is spatially located around the rectangle.
The maximum of intensity in the active zone is 10 times higher
than the background measure inside the rectangle pattern. The
intensity variation between the ITO-free area and the poled area
and the location of the SHG active zone are in agreement with
the literature [37]. These measurements however differ with our
results previously published for niobium borophosphate glasses
[38]. In this other study, we could observe two contributions to
the SHG signal with the longitudinal polarization that were located
on each side of the edges of the patterns. In the case of the borosil-
icate glass presented here, the second contribution is not clearly
observed. The second major difference with previous literature
results is that the SHG active zone is present over distances as wide
as 10 lm, while on the niobium borophosphate glasses, the signal
was confined to spatial regions of less than 5 lm. The third major
difference in our study is that components of the SHG signal in the
plane of the substrate are not contributing as much to the SHG sig-
nal and have considerably lower intensities.

The SHG response as depicted in Fig. 1 is however clearly struc-
tured and is linked to an edge effects and a higher density of
charges induced in the border of the patterns. In a classical thermal
poling treatment, carried out without structured electrodes, the
electric field is perfectly perpendicular to the surface thus only giv-
ing a longitudinal and uniform intensity of the SHG across the
poled surface. By removing strips of ITO on the electrode, a field
enhancement phenomenon seems to be taking place by changing
the charge density along the glass surface as well as promoting
charge displacement not only along the z-axis but also in the x-y
plane of the glass (the x-y plane being in the plane of the glass sur-
face and the z axis going inside the sample). Along the patterned
area, an increase of two order of magnitude in the charge concen-
tration is observed, thus giving more trapped charges after poling
and enhancing the SHG in these areas [38]. The in-plane poling
contribution which should give the other contribution to the elec-
tric field is greatly related to the ITO-ablated area and to surface
current formation. The overall SHG intensity is smaller in thermal
poling of borosilicate glasses compared to borophosphate niobium
glasses. The geometry of the electro-optical anisotropy induced in
both glasses is different and it is possible that depending on the
glass composition, surface currents responsible for this effect are
accessible at different ranges in the structured areas. The area over
which the electric field is going to be induced and structure would
therefore be different, therefore leading to various thickness and
intensity of the SONL active area.

To evaluate the departure/migration of sodium from the poled
region, vibrational spectroscopy is suitable in this glass as sodium
migration leads to a necessary re-arrangement of the glass matrix
which greatly impacts the borate network [1,39]. Al-IR spectro-
scopic study was performed using a PerkinElmer Spotlight 400
spectrometer under air with a resolution of 4 cm�1 between
4000 and 750 cm�1 with a 1 cm�1 resolution. The borosilicate glass
used here lies on the boric acid anomaly and its structure was fully
described elsewhere [1,39,40]. Its glass network is made of reticu-
lated silica tetrahedra and borate groups close to pentaborate enti-
ties. Every sodium added to the glass is present in the vicinity of a
4-coordinated boron tetrahedron acting as a charge compensator.
The remaining boron entities are 3-coordinated B£3 (where £



Fig. 1. (a) Optical micrograph of a rectangle inscribed on the surface after poling and (b) corresponding l-SHG map across the rectangle imprinted on the sample.

12 A. Lepicard et al. / Chemical Physics Letters 664 (2016) 10–15
denotes a bridging oxygen) triangular units in rings and non-rings
units.

Following thermal poling, l-IR reflectance spectroscopy was
used to probe the structural changes close to the glass’ surface
inside and outside the patterns. An optical micrograph of several
patterns imprinted on the glass is shown in part (a) of Fig. 2, as well
as three individual spectra recorded on positions A, B & C, shown
on the optical micrograph, and the corresponding IR-map showing
the integrated area linked to B£3 triangular units asymmetric
stretching mode [1200 and 1550 cm�1] distribution.

All spectra presented in this figure were normalized to the
intensity of the band peaking at 1075 cm�1, attributed to the asym-
metric stretching vibrations of Q4 silicon – oxygen tetrahedra, i.e.
fully cross-linked SiO4 tetrahedra [41–43]. The band peaking at
910 cm�1 is attributed to the asymmetric stretching vibrational
mode of B£�

4 tetrahedra, i.e. a boron tetrahedron with a neighbor-
Fig. 2. Optical micrographs of the surface (a), spectra taken on positions A, B & C on the op
rectangle presents on the optical micrograph, presenting the intensity distribution of th
ing sodium cation to balance its charge [39,44]. The boron network
presents another contribution between 1250 and 1500 cm�1 that
corresponds to an asymmetric stretching vibrational mode of
B£3 triangular units in ring and non-ring configurations [40].
The IR spectrum taken inside the pattern, at position A, presents
the same signature as the unpoled base glass, showing that poling
was not effective in this area. Now looking at the IR spectra taken
outside the patterns, positions B and C, in Fig. 2(b) several changes
should be highlighted. The most drastic change concerns the signa-
ture of the B£3 triangular units which, in addition to its large
increase, goes from a double band to a single band. Simultaneously,
the band of the B£�

4 tetrahedra decreases in intensity. The IR map
(Fig. 1c) taken on the highlighted blue rectangle of the optical
micrograph (Fig. 1a) shows the intensity distribution of the B£3

band around a pattern. It is observed that inside the pattern the
contribution of this group is highly lowered compared to its sur-
tical micrographs and IR map (b) and corresponding micro-IR map taken on the blue
e B£3 band between 1200 and 1500 cm�1 (c).



Fig. 3. Optical micrograph of the glass surface after exposure to atmosphere (a), Raman spectrum taken outside of a pattern after exposure to atmosphere (b), Raman map
recorded around the pattern presented on the optical micrograph, the intensity of the band of boric acid peaking at 880 cm�1 was imaged (c), IR reflectance spectrum taken
outside a pattern after exposure to atmosphere (d) and IR map recorded around four squares showing the distribution of the intensity of the integrated band of asymmetric
stretching vibration of OH groups between 3000 and 3500 cm�1 (e).
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roundings. This map also shows that the structural change taking
place in the poled region (outside the rectangle) is homogeneous
while the region inside the rectangle is left unchanged.

Changes observed in the regions where thermal poling was
effectively taking place can be directly linked to the departure of
sodium cations towards the cathode. Absence of charge compen-
sators in the vicinity of B£�

4 tetrahedra forces them to re-arrange
into B£3 triangular units, thus forming a network close to pure
B2O3 which have a single band in IR-spectroscopy [1,39]. In the
process it should be noted that the silica tetrahedra are not
impacted by the poling.

The structural changes observed in IR spectroscopy indicates
the departure of sodium from the vicinity of the B£�

4 tetrahedra
and indirectly indicates the formation of molecular oxygen. It is
however difficult to conclude on the intermediate reaction and
on the nature of the oxygen specie during this process. Two
hypotheses can be considered, (i) the creation of oxygen anions
or (ii) the creation of peroxide radicals. The first possibility implies
the breakage of a BAOAB bonds and the formation of oxygen
anions which recombine following a redox process to form molec-
ular oxygen. The second possibility is the breakage of a BAOASi or
BAOAB bond followed by the release of one electron and the for-
mation of peroxide radicals which will then combine to form
molecular oxygen [18]. In our case, we do not rule out any of these
two possibilities but conclusions cannot easily be drawn and the
question remains open.

As shown in our previous article, once poled, the formation of a
new structure, associated with a strong internal electric field
enhanced the glass’ reactivity towards atmospheric water. All mea-
surements shown so far were carried out before the glass reacted
with the laboratory atmosphere, either under controlled atmo-
sphere or in air before any reaction. To evaluate the glass surface’s
reactivity, the sample was let free to react with its surrounding
environment until it started to show signs of reaction as observed
previously [1]. One should keep in mind that the kinetic of this pro-
cess is highly dependent on the humidity content of the laboratory
and that this parameter is not controlled in this study.

Fig. 3 focuses on the vibrational study of the surface after it
reacted with the atmosphere. The top row shows the Raman vibra-
tional study and the bottom row, the infrared study. The optical
micrograph (Fig. 3a) shows visible signs of reactivity with the
appearance of dark spots on the surface of the glass. Part (b) of
the figure presents a Raman spectrum recorded at the surface
which presents fine peaks in addition to the broader contribution
of the glass network. The borate network has two main active
modes, at 770 and 805 cm�1, respectively corresponding to a trib-
orate group with one B£�

4 and to B£3 triangular units in rings
[45,46]. At lower wavenumbers, a large envelope can be attributed
to mixed stretching and bending vibrations from the silicate net-
work [47]. In addition to the mode of the glass, several contribu-
tions from boric acid, H3BO3, as seen previously in the literature
[1], are present. The bending mode of the OABAO bound is
observed at 500 cm�1, the BAO symmetrical and antisymmetrical
stretching vibrational mode at 880 cm�1 and 1384 cm�1 and the
bending mode of BAOH bonds at 1172 cm�1 are all present. The
two last contributions at 3165 and 3251 cm�1 are attributed to
OAH stretching vibrational modes [48]. Presence of boric acid is
easily explained, as it is known that following the creation of the
charged borate structure, atmospheric water is attracted to the
surface of the glass, and then reacts with it through a leaching pro-
cess to form boric acid [1]. Map (c) depicts the distribution of the
integrated area under the main peak of boric acid at 880 cm�1.
From this map, it can be observed that boric acid is only present
outside the pattern. The intensity of the integrated band is null
across the pattern while outside of it, it is more than an order of
magnitude stronger. Boric acid is thought to be dissolved in water
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at the surface of the glass as it is known to be soluble in water even
at room temperature [49].

Infrared reflectance spectroscopy (bottom row) allows further
confirmation of the information observed with Raman spec-
troscopy. Spectra recorded in areas that have reacted with the
atmosphere present a distinctly different signature from either
the base glass or post-poled glass, illustrated in Fig. 3(d). A large
contribution from asymmetric stretching vibration of OH groups
is observed between 3000 and 3500 cm�1. The vibrations originat-
ing from the glass network are also changed with a large decrease
of the B£3 triangular units. However, as a large water band is pre-
sent in the spectrum, it is hard to draw conclusions on the glass
network. Infrared reflectance measurements only probe the first
few microns of a surface and the water band thus masks the con-
tribution of the sub-surface glass network. Such a spectrum can
only give valid information on the presence of water at the surface.
A map of the distribution of this water band is shown on part € of
Fig. 3. The infrared map was recorded on a larger zone to image
four squares (one fully and the three others partially). Water pres-
ence is correlated to the areas where changes occur upon poling
while inside the patterns, no water signature is observed. The
important information to remember from this IR-map is that inside
the pattern, the OH band is null whereas outside of it, it strongly
increases, thus showing the unique spatial selectivity of the surface
reactivity enhancement imparted by the l-poling process.

In conclusion, the use of a patterned electrode during thermal
poling has been proven as an effective way to imprint spatially
specific designs, control the location of the induced electric field,
control the scale over which structural modifications take place
and finally control the reactivity on a glass’ surface. It is also shown
that with the use of patterned electrodes, an enhancement of the
SHG signal at the border of the patterns is observed due to a con-
finement effect of the electric field. Moreover, as observed in infra-
red spectroscopy, the glass structure is efficiently modified at a
micrometer scale around the pattern. A poling-induced charged
surface structure was formed and tailored on a micrometric scale.
The poled area also exhibited enhanced surface reactivity towards
atmospheric water. This reactivity was only enhanced on the effec-
tively poled area, corresponding to areas in close contact with ITO
upon poling. These new results allow to foresee the use of a micro-
poling technique to tailor physical and chemical properties of
glasses and to use it for a variety of applications, ranging from pho-
tonics to lab-on-a-chip devices.
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