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Micro-Raman analysis has been carried out on the cross section of thermally poled sodium-niobium
borophosphate glasses. We were able to measure with accuracy an enhanced Raman response from
the nonlinear optical (NLO) layer formed at the anode side of the poled glasses. The thickness of the
NLO layer has been estimated. Several spectral changes were observed within this layer, which
manifest important structural rearrangements after thermal poling. Possible mechanisms leading to
structural reorganization in the space charge region are discussed. © 2007 American Institute of

Physics. [DOI: 10.1063/1.2724798]

I. INTRODUCTION

The development of photonics applications, e.g., as
electro-optic switches and modulators, provide a means to
implement low-cost active optical devices with low losses
and good fiber compatibility. In this context, recent works
have demonstrated that large values of second order nonlin-
ear optical coefficient [x®] can be obtained in thermally
poled inorganic glasses or transparent glass ceramics.' ™ Be-
cause of the good thermal, optical, and mechanical stabilities
of such materials, they can be considered as potential candi-
dates in this domain.

In previous works, we have reported that large x® val-
ues can be reproducibly induced in niobium sodium-
borophosphate glasses in bulk or thin film forms by thermal
poling treatment.™ In such glasses, the second order nonlin-
ear optical (NLO) response has been correlated to a third
order NLO process through interaction of a high ) value,
linked to the presence of a three-dimensional (3D) niobate
network,®® with a static internal electric field (E;p) induced
by a migration of sodium ions away from the anode

4
surface.*’

X2 =3xXVE;y. (1

Nevertheless, the mechanisms responsible for the formation
of the space charge region at the anode (E;,) are still not
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understood. Notably, the extent of displacement of the posi-
tive charge (sodium ions) in the NLO layer would induce
alone an internal field 10* times larger than that correspond-
ing to the measured x? value.* Thus, structural rearrange-
ments should prevent the development of such a strong in-
ternal field. This work is an attempt to reveal possible
reorganizations of the glass matrix by employing micro-
Raman spectroscopy.

Il. EXPERIMENT

Bulk glasses of composition (1-x)(0.95 NaPOj
+0.05 Na,B,0,)+xNb,0Os, noted by bpnx where x is the
mole fraction of Nb,Os, x=0.35, 0.4, and 0.45, were elabo-
rated by a classical solid phase process. High purity reagent
powders of NaPOj;, Na,B,0;, and Nb,Os were mixed,
grounded, and melted in platinum crucibles at a temperature
of 1300 °C. Glass samples were obtained by quenching the
melt in a brass preform (1 mm depth). The glass was an-
nealed in air at 10 °C below glass transition temperature,
and then cut and polished on both sides to give transparent
specimens 1 mm thick.

Thermal poling was done in air at ambient pressure and
at a temperature of 230 °C, using a silicon wafer at the an-
ode and a soda lime glass plate at the cathode to prevent
reduction of the sample. The glass plates were heated at the
poling temperature for at least one hour before applying an
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FIG. 1. (Color online) Schematic representation of the experimental con-
figuration. The X-Y face shows the cross section of a poled glass specimen
studied by micro-Raman spectroscopy in the backscattering geometry. V and
H indicate the polarization of the exciting laser beam.

electric field of 2 kV. After a thermal poling treatment of
30 min the samples were cooled down to room temperature
before removing the dc bias.

Raman spectra were recorded at room temperature on a
Labram confocal micro-Raman instrument (Horiba/Jobin-
Yvon) in the backscattering geometry, using the 632.8 nm
excitation line of a He/Ne laser and typical resolution of
3 cm™!. The spectrophotometer includes a holographic Notch
filter for Rayleigh rejection, a microscope equipped with a
100X objective, and a Charge Coupled Device (CCD) air
cooled detector.

Each poled glass plate was cut with the cross section
parallel to the applied dc field (X-Y plane in Fig. 1), and was
slightly polished to obtain uniform flat surfaces. Raman
spectra were collected from the cross section in steps of
0.5 um from the anode to the cathode region, e.g., along line
a-c in Fig. 1, with a ~1.5 um spatial resolution. Spectra
were recorded with the incident laser beam polarized either
along or perpendicular to the direction of the applied field for
poling, i.e., H and V in Fig. 1, respectively. Laser beam focus
and intensity were kept constant during spectral acquisition
at different points of the cross section.

lll. RESULTS

Raman spectra were measured along the cross section of
three poled glasses with compositions bpn35, bpn40, and
bpn45. For each glass composition studied, the spectra rep-
resenting the bulk (middle of line a-c¢ in Fig. 1) and the
cathode side (close to point ¢ in Fig. 1) were found to be
identical. However, Raman spectra recorded at the anode re-
gion (close to point a in Fig. 1) revealed systematic changes
within the first five microns from the anode surface (point a).
Such progressive spectral variations are clearly observed in
Fig. 2, where the whole Raman intensity recorded close to
the anode appears twice as strong as that of the bulk glass
response. In addition, outside the NLO layer, e.g., between 4
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FIG. 2. (Color online) Micro-Raman spectra collected from the cross sec-
tion at distances, d, from the anode surface of a poled glass with composi-
tion bpn40.

and 5 um from the anode side to the cathode side, the Ra-
man spectra remain unchanged. Besides this overall spectral
intensity modification, the shape of the Raman spectrum
does vary significantly inside the NLO layer (Fig. 2).

Polarized Raman spectra (VV+VH and HV + HH) of the
bpn35 poled sample, measured inside the NLO layer, are
reported in Fig. 3. No spectral modification is evidenced
whatever the polarization of the incident beam is. Similar
results were found for the other poled glasses studied in this
work.

We focus now on the Raman band shape differences be-
tween the NLO layer and the bulk part of poled glasses.
Figure 4 reports normalized Raman spectra of the three stud-
ied glasses collected at the anode side (NLO layer) and in the
bulk. Regarding the phosphate entities in glass, on the first
hand the symmetric stretching mode of the phosphate tetra-
hedral is expected in the range of 950—1200 cm™' depending
on their level of structural modification.*'” On the other
hand, a less intense symmetric stretching mode of P-O-P
bridges is expected from around 650 to 750 cm™~'. While the
former band appears as a weak shoulder at around
1030 cm™! in the Raman envelope of the bulk bpn35 glass,
the latter one is probably hidden by a much stronger niobate
band with a large envelope from 500 to 950 cm™! attributed
mainly to the symmetric stretching vibration of Nb—O bond-
ing moities.”'" In particular, the higher frequency band or
shoulder at 900 cm™ is attributed to NbOg octahedra with
nonbridging oxygen atoms, Nb—O~---Na*, while modes as-
sociated with bridging bonds of the phosphoniobate network
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FIG. 3. (Color online) Micro-Raman spectra measured within the NLO
layer with two polarization configurations.
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FIG. 4. (Color online) Micro-Raman spectra of three poled glass composi-
tions recorded in the NLO layer and in the bulk.

are expected in the 500—-850 cm™' range. These include
NbOg octahedra bridging with niobium and phosphorus cen-
ters (750—850 cm™') and Nb—O-Nb bonds in a 3D niobate
network (600—750 cm™!). These two contributions are
clearly discerned on the Raman spectra measured in the bulk
(Fig. 4, unpoled area) and in addition, the lower frequency
band gains relative intensity upon increasing the niobium
oxide content. This is consistent with a gradual build up of a
3D niobate network from bpn35 to bpn45. Upon thermal
poling, we observe in the NLO layer (anode side) only one
strong band peaking at an intermediate frequency, e.g.,
720 cm™! for poled bpn40 and 690 cm™! for poled bpn45.

In order to highlight further spectral differences induced
by poling, Fig. 5 details Raman difference spectra between
normalized spectra measured in the NLO layer and in the
bulk of glasses bpn35 to bpn45. This figure shows a clear
increase at 725 cm™! and a decrease at 820 and 900 cm™'.
Noticeably, the relative changes in the Raman spectra upon
poling are more pronounced for glasses of lower niobium
oxide content (bpn35).

IV. DISCUSSION

A. Raman intensity enhancement in the nonlinear
optical layer

A key result of this work concerns the effective probing
of the NLO layer by micro-Raman spectroscopy. Figure 6
presents the integrated Raman intensity of the poled bpn40
glass from 400 to 1400 cm™! versus distance from the anode
surface that manifests a clear enhancement of the Raman
signal in the NLO layer. According to the axial spatial reso-
lution of this experiment (~1.5 wm), we estimate a thick-
ness of the NLO layer in the range of 3—4 um. This result is
in very good agreement with previous findings from Maker
fringes analyses6 and depth profile determinations of sodium
concentration® on similar poled glasses.
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FIG. 5. (Color online) Micro-Raman difference spectra of three poled glass
compositions, obtained by subtracting the normalized spectra collected in
the NLO layer and in the bulk of each glass.

The origin of Raman intensity enhancement in the NLO
layer is not known. If we consider only the interaction be-
tween light and material, the induced polarization, P, can be
expanded in terms of the incident electric field E,

P=g[xVE,+ X?EE,+ XVEEE,+ ...]. ()

In terms of the internal static electric field, E;,, induced at
the anode side, the induced polarization reads

P=go X" + 2XPE + 3XPEEi + ... JE,,. 3)

Typical orders of magnitude for susceptibilities are as fol-
lows:  xV~102@~10"2m/V; x¥~1022 m?/V2
Based on such values and considering a static electric field of
E~10° V/m, the linear [2x?E,,] and quadratic
[3XYEEin] electro-optic terms should contribute to the to-
tal induced polarization P at a level of 2X10% and 3
X 1%, respectively.
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FIG. 6. (Color online) Integrated Raman intensity (ranging from
400 to 1400 cm™") in steps of 0.5 wm from the anode side of the bpn40
poled glass.
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Focusing on the Raman response, we consider now the
modulation of the induced polarization, given by Eq. (3),
under coordinate Q of a normal mode,

JP J
— | =eo—=[(x"" + 2xPE; + 3XPEL + ... )E,).
(aQ)O SO&Q[(X X int X int ) w]

4)

In the far-field regime, we can neglect spatial modulations of
both electric fields, i.e., the JE;,/dQ and JE/IQ terms. Then,
relation (4) simplifies and reads

(1 @)
(56), == (%) +2 25,
0/, a0 /o 0

o)
3E12m<ﬁ;(—) + } (5)
0 /o

The first term corresponds to spontaneous Raman scattering,
whereas the second and third terms are, respectively, the lin-
ear (Pockels) and quadratic (Kerr) electro-optic vibrational
contributions. As a first order approximation, we may esti-
mate the derivatives of the susceptibilities with respect to the
normal coordinate Q range in the same relative scaling with
the absolute susceptibilities under consideration, i.e.,

{o?x(’””} /{&X(")} ~ 10710 6)
a0 1y a0 1o .

In amorphous materials such as glasses or polymers,
there is no spontaneous quadratic NLO response [ x'?'] and,
presumably, one would expect that the linear electro-optic
vibrational contribution [second term in Eq. (5)] should be
very low. Since the third order susceptibility is permitted
even in isotropic materials, we should not neglect its vibra-
tional contributions especially when the dc or optical electric
fields are strong enough. Thus, for a material submitted to a
strong static electric field, one may expect additional contri-
butions to the Raman intensity arising from cross-term inten-
sities in a first order development as

e (220
22 2
e
e

This static field dependence of the Raman polarizability has
been observed in polystyrene by Aussenegg et al.? They
observed an increase of relative Raman intensity in the order
of 102-1072 for a static field of ~0.1X10° V/m. These
experimental results range in quite good agreement with our
hypotheses. Indeed, upon such a static electric field the linear
[2x?E,, ] and quadratic [3x® E,,E;,] electro-optic contribu-
tions could be estimated, respectively, around 2 X 1% and
3X0.01% to the total induced polarization P.
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Let us consider now the glassy materials under investi-
gation. The static electric field induced in poled glasses can
be estimated through Eq. (1). Cardinal ef al. have reported a
X value of 54X 10722 m2/V? for a bpn43 sample.” As we
measured a y? value ranging in 1—3 pm/V for this particu-
lar glass composition,6 we estimate that the internal electric
field ranges in the order of 10° V/m. We recall that for this
kind of poled glasses, the quadratic NLO response measured
by the Maker fringes technique [x¥?(—2w;w,w)] were re-
lated to the y¥(—2;0,w,w) term.* Similarly, concerning
the enhanced Raman response we expect the third order term
[first term of the quadratic electro-optical contribution in Eq.
(7)] to be dominant versus the second order term (linear
electro-optic contribution). Then, in a first approximation, if
we assume no change in all susceptibilities responses in the
NLO layer after the poling treatment, the relative Raman
enhancement, A/l,, can be expressed as follows:

- (;X(3)
I,-1 90
p 0

T VX“)J ’ )

Al

where [, and I, are the Raman intensities in the NLO layer
and in the bulk, respectively. With an internal field of
10° V/m, Eq. (8) suggests an enhancement in the order of
6%, which is more than an order of magnitude lower than the
increase in Raman intensity observed in this work (~80%).
It may indicate that our assumption of unchanged suscepti-
bilities responses in the NLO layer is not valid. As a matter
of fact, ¥V’ should be affected by the departure of Na ions, a
process leading to the decrease of the index of refraction.'
Concerning x'¥, some of us have recently evidenced that, for
an unpoled glass at this composition, around 50% of the Kerr
coefficient originates from vibrational contributions. "

Finally, the observed large changes in composition after
thermal poling, due to the Na ions migration, may have in-
duced large changes in the first and third order susceptibili-
ties within the NLO layer. Such an effect could make the
6E2 [9x'?150], and [9x'V/ 80Q], terms in Eq. (8) ranging in
the same order and, thus, account for the observed intensity
enhancement. On the other hand, if a reorientation process
occurs after poling this may also induce an intrinsic y'? that
would contribute to the Raman intensity mainly through the
term 4[dx'"/9Q1[dx'?/ IQ1yE;y. Further experiments are
currently scheduled to confirm these hypotheses and to get
more accurate knowledge of the susceptibilities responses in
the NLO layer.

B. Structural evolution induced by thermal poling

Possible structural mechanisms accounting for the ob-
served spectral trends in Figs. 4 and 5 are now discussed. We
recall that the NLO layer formed by thermal poling is char-
acterized by a depletion of sodium ions.* Thus, the decrease
in intensity of the 900 cm™! band characteristic of NbOg oc-
tahedral with Nb—O---Na* bonds is consistent with a migra-
tion of sodium ions from the anode area.

To understand the effect of poling on the bands mea-
sured at 720 and 820 cm™!, we consider analogous crystal-
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line niobate materials. The crystalline phase NbPOj5 consists
of chains made of corner-sharing NbOgy octahedra, with PO,
tetrahedra acting as chain cross links. This induces a distor-
tion of NbOg octahedra, which have four identical coplanar
Nb-O bonds (1.97 A) and two unequal Nb—O bonds perpen-
dicular to the plane (1.78 and 2.32 A). In this case, the sym-
metric stretching of NbOg octahedra occurs at around
800 cm™.'® Also, bands between 650 and 750 cm™ appear
in niobate oxides possessing block structures with distorted
NbOg octahedral. For example, in crystalline phases
H-NDb,O5 and (P or V)NbyO,s the corner-sharing NbOg oc-
tahedra, which are slightly distorted with Nb—O bonds rang-
ing from 1.9 to 2 A, exhibit their symmetric stretching in the
range of 600—650cm™!. This is in comparison to edge-
sharing NbOg octahedra (highly distorted, with Nb—O bonds
ranging from 1.7 to 2.3 A), which have the symmetric
stretching mode in the range of 650-750 em™."7

Based on the above considerations, the additional spec-
tral changes in the NLO layer indicated by an intensity de-
crease at 820 cm™! and increase at 720 cm™' (see Fig. 5) may
arise from complex structural reorganizations in the phos-
phoniobate glass matrix. Although no definite conclusions
can be drawn at present, the observed spectral trends suggest
a distortion of NbOg octahedra induced by the thermal poling
treatment. Such a spatial reorganization, triggered by the mi-
gration of sodium ions, would compensate for the excess
negative charge in the NLO layer without destroying the
glassy network stressed under the strong internal dc electric
field.

The observed increase of the relative proportion of dis-
torted NbOg octahedra in the space charge layer may origi-
nate from two different mechanisms. The first one could be a
structural reconstruction from corner- to edge-sharing NbOg
octahedra; this mechanism drives a partial release of oxygen
atoms and an efficient anionic migration. The second mecha-
nism may be related to a strong local charge redistribution of
the niobate network under structural distortion; this would
enhance the local polarizability of the medium and would be
consistent with an increase of the Raman signal in the NLO
space charge layer. In any case, a more detailed structural
analysis would require complementary studies of poled
glasses. They may include microhyper-Raman spectroscopy
to track possible interactions between Ej;, and the quadratic
NLO susceptibility in the Raman response ¥ and infrared
specular reflectance to obtain additional structural informa-
tion of the NLO layer.19

V. CONCLUSIONS

Thermally poled glasses of compositions (1-x)
X(0.95 NaPO5+0.05 Na,B,0,)+xNb,0s, x=0.35, 0.4, and
0.45, have been studied by probing the anode to cathode
cross section using micro-Raman spectroscopy. The spectra
measured within the NLO layer revealed important changes
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induced by poling including a clear enhancement of the Ra-
man intensity and systematic variations in band shapes. The
observed spectral variations indicate a thickness of the NLO
layer in the order of 3—4 wm, in very good agreement with
results of previous reports. The Raman intensity enhance-
ment has been associated to the presence of a strong static
electric field induced by the migration of sodium ions away
from the NLO layer. This permanent internal dc field in the
NLO layer may induce additional quadratic electro-optic
contribution and sequential occurrence of structural reorga-
nizations connected, probably, to a partial migration of oxy-
gen and, as a consequence, to a significant modification of
Raman spectral density and shape.
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