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Effect of sodium to barium substitution on the space charge implementation
in thermally poled glasses for nonlinear optical applications
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Thermally poled niobium borophosphate glasses in the system 0.55(0.95 y) NaPO3+y/2 Ba(P
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Na2B4O7)+0.45Nb2O5 were investigated for second order optical nonlinear (SON) properties. B

glasses were studied by Raman spectroscopy, thermal analysis, optical and dielectric measureme

The sodium to barium substitution does not lead to significant changes in optical proper

crystallization of glasses and coordination environment of polarizable niobium atoms. However,

ionic conductivity decreases drastically with the increase of barium concentration. Secondary ion m

spectroscopy has been used to determine the element distribution in the anode layer of the therm

poled glasses. The second order optical susceptibilities gradually decrease from w(2)
¼ 2.8 pm/V to z

with the increase of barium content. Using a simple electrical model, variations of nonlinear opt

responses have been correlated with dielectric characteristics.
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chosen with the aim to optimize the value of the imbed
electric field, Eint. In that sense, recent studies have shown t
glasses with large concentration of charge carriers can exh
significant quadratic optical nonlinearity after thermal pol
[8 10]. These promising results point out the importance
concentration and mobility of cations on the efficiency o
thermal poling treatment. For instance, in the particular syst
(1 x)(0.95NaPO3+0.05Na2B4O7)+xNb2O5, both second (w(2))
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hus, to optimize the w(2) efficiency in a poled glass, the choice
new composition can be led on the basis of w(3) values by

g the introduction of ‘‘d0’’ ions such as Ti4+, Nb5+ [4 6] or
vy cations having an electronic configuration with ns2 lone
s (Te4+, Bi3+, Tl+) [7]. In addition, a glass composition might be
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induced w(2) remain quite constant in the range 0.42 0.5 pm
For these two particular systems, i.e. the same glass ma
modified either by sodium or calcium, one has observed either
presence or the absence of correlation between w(2) and w
According to Eq. (1), such differences clearly indicate that
nature of mobile charge carriers is a key point to optimize
internal electric field induced by poling and thus to optim
the SON properties of poled glasses.

In this work, borophosphate glasses in the system 0
((0.95 y) NaPO3+y/2 Ba(PO3)2+0.05Na2B4O7)+0.45Nb2O5 (y ¼

0.1, 0.3, 0.5, 0.8) were studied in order to determine the influe



of ionic conductivity on thermal poling conditions and quadratic
optical nonlinearity values. Piecemeal replacement of sodium on
barium is expected to change the ionic conductivity keeping the
niobium content relatively constant. A tentative correlation
between the induced w(2) responses and the dielectric character
istics of poled glasses will be presented.
2. Experimental

2.1. Samples preparation and characterization

Transparent amorphous glasses of compositions 0.55((0.95 y)
NaPO3+y/2 Ba(PO3)2+0.05Na2B4O7)+0.45Nb2O5 with y ¼ 0, 0.1, 0.3,
0.5, 0.8 (hereafter marked as NBP45 NBP45Ba10, NBP45Ba30,
NBP45Ba50 and NBP45Ba80, respectively) were prepared from
commercial reagent grade powders of NaPO3 (Merck, 99.9%),
BaCO3 (Aldrich 99.98%), Na2B4O7 (Alfa Aesar, 99.5%) and Nb2O5

(Cerac, 99.99%). To achieve a total replacement of sodium by
barium, the glass 0.55 (0.475Ba(PO3)2+0.05BaB4O7)+0.45Nb2O5

(hereafter marked as NBP45Ba100) was also prepared. As
mentioned above, compositions of prepared glasses were chosen
to provide sequential replacement of two Na+ by one Ba2+ keeping
constant the relative proportions of other atoms.

Stoichiometric mixtures of starting materials were melted in
platinum crucible at 1673 K for 30 min in air. The melt was poured
on a brass plate and quenched by sandwiching with another brass
plate to obtain 1 mm thick glasses. Quenched glasses were
annealed at 873 K for 24 h in order to diminish internal stresses.
Annealing of barium containing glasses was done in an oxygen
atmosphere to avoid a blue coloration due to the partial reduction
of Nb5+ to Nb4+. All glasses were homogeneous and free of
crystals. Samples were cut and polished on both sides for optical
characterization.

Thermal analyses were performed on the DSC (differential
scanning calorimetry) apparatus (SSC 5400 H Seiko instruments)
in the 50 950 1C temperature range with a heating rate of
10 K/min. Platinum was used as reference sample. The glass
transition temperatures (Tg) and crystallization onset tempera
tures (Tc) were determined from tangent intersection of the DSC
curves. The measured values of Tg and Tc were reproducible with
an accuracy of 75 K. Density measurements were performed
using the Archimede method with diethylorthophtalate as
immersion liquid.

X ray diffraction (XRD) patterns of initial and heat treated
samples were collected on Philips Xpert powder diffractometer
(CuKa radiation, y y geometry, reflection mode) at room tem
perature. The Raman spectra were recorded with a Labram
confocal micro Raman instrument (typical resolution of 3 cm 1),
in the backscattering geometry at room temperature. The spectro
photometer includes a holographic Notch filter for Rayleigh
rejection, a microscope equipped with 100� objectives, and a
CCD detector. The 514.5 nm emission line of an argon ion laser was
used for excitation.
2.2. Dielectric properties

Prior to the measurements, the faces of the polished glass
plates were electroded with platinum using rf magnetron
sputtering. Gold or silver was avoided because a diffusion takes
place on heating the sample above 200 1C. The dielectric response
was measured under a weak ac field (0.1 kV/cm) using an HP 4194
impedance analyzer covering a frequency range from 100 Hz to
10 MHz. The temperature was controlled using a chromel alumel
thermocouple directly in contact with the sample; it could be
monitored between 300 and 800 K with an accuracy better than
0.5 K.

2.3. Secondary ion mass spectrometry (SIMS)

SIMS measurements were performed on CAMECA IMS 4F
spectrometer. Excitation of secondary ion emission was made by a
focused primary ion beam of Cs+ at 14.5 keV under an incident
angle of 261 (for registration of negative secondary ions, sample
was biased to 4.39 kV) and a beam of O2+ at 5.5 keV under an
incident angle of 421 (for registration of positive secondary ions,
sample is biased to +4.38 kV). To avoid charging, samples were
covered by thin layer of gold (�30 nm). In order to diminish the
contribution of molecular ions, registered ions were separated on
energy with 150 eV offset. Distributions of elements in poled and
nonpoled samples were analyzed by etching of the surface with
ion beam. An area of 0.125�0.125 mm2 was scanned by ion beam
and during this process the signals of selected elements were
recorded from an area of 30mm in diameter at the center of the
crater created by the ion bombardment, as function of time.
Etching rate was calculated from the depth of the crater measured
by profilometer Tencor.

2.4. Optical measurements and thermal poling

Optical transmission spectra were recorded at room tempera
ture using double beams spectrophotometer CARY (UV Vis NIR)
in the wavelength range 200 3000 nm. The polished samples with
500mm thickness were used for measurements.

Thermal poling experiments were performed using the
following procedure: 500mm thick samples were sandwiched
between polished silicon wafer at the anode and thin borosilicate
glass plate at the cathode, then pressed on both sides and heated
(temperatures are noted in Table 3) . The poling voltage 1.5 or 2 kV
was applied for 30 min. Increase of poling voltage led to dielectric
breakdown and mechanical destruction of the sample. Samples
were cooled down before the external voltage was removed.

Measurements of refractive indices and SHG responses were
performed as described earlier [14]. The source was a Q switched
Nd/YAG laser operating at wavelength 1064 nm. The pulse width
and the repetition rate of output pulses from the laser were 15 ns
and 30 Hz, respectively. The polarized source beam was split into
two branches by a beam splitter. One branch recorded the
fundamental intensity with a Ge photodiode, the other which
passed through a polarizer to adjust its polarization, was focused
on the sample with a spot of 100mm in diameter. The 2o
transmitted signals were detected by a first photomultiplier and
averaged over 50 pulses. The pulse energies at the sample were no
more than 150mJ for the infrared beam. The calibration of the SHG
intensities is obtained using a quartz z cut taking d11 ¼ 0.3 pm/V
at 1064 nm as reference [15]. This versatile experimental setup
allows linear refractive index to be estimated at o or 2o with a
second photomultiplier by collecting the corresponding 2 Y
reflected wave around the Brewster angle over the 10 801 Y
range. A LiNbO3 crystal in phase matching condition was used as a
532 nm source. The Maker fringes were analyzed using a general
ellipsometrical analysis for planar multilayered media [14]. Maker
fringes signals, with pp and sp polarization configurations, where
pp (sp) means p polarized (s polarized) incident pump beam and
p polarized transmitted second harmonic beam, were recorded
for the studied samples. The determined values of the linear
refractive indices were used in further simulations to allow the
estimation of the nonlinear zone thickness with good accuracy.
The step like profile has been used to approximate the thickness
and SON efficiency in the nonlinear layer computations. The only







Fig. 4. Conductivity spectra s(o) obtained for NBP45Ba30 (a) and NBP45Ba80 (b) glasses at different temperatures.
sodium is maximal on the surface and then decreases gradually to
zero. Maximal concentration of sodium in this layer is two orders
of magnitude lower than in the bulk glass. This injection layer
could not be clearly seen on the profile of negatively charged ions
because this type of analysis is less sensitive to sodium ions. Small
decrease of the barium concentration is observed in a layer of
�0.75mm thick. Ettori et al. [22] have studied the migration of
calcium and magnesium ions by ‘‘corona’’ poling of borosilicate
glasses. A ‘‘pile up’’ effect was observed for these mobile ions with
an accumulation behind the sodium depletion front.

A remarkable result is the shape of hydrogen profile in the
poled zone. Hydrogen is already present in the as prepared
NBP45Ba10 glasses before thermal poling. In contrast with results
presented for thermally poled silica glasses [23,24], no injection of
hydrogen is observed. Here, hydrogen ions migrate together with
sodium ions during thermal poling and accumulate after
the sodium depletion front. The concentration of remaining
hydrogen in the depleted region is two times less than that in
the bulk glass.
4. Discussion

If one refers to Eq. (1), w(2), variations have to be discussed on
the basis of the respective influence of w(3) and Edc. Structural
characterization and crystallization studies can provide indication
regarding the third order NLO properties. In glasses containing a
large proportion of niobium oxide, the w(3) response has been
related to the formation of a 3D corner sharing arrangement of
NbO6 octahedra in a tungsten bronze like structure arrangement
[6,11,16,25,26]. Notably, Lipovskii et al. have clearly correlated the
intensity of the Raman mode linked to Nb O Nb bridges in a 3D
network (pointing at 650 cm 1 in Fig. 2) with the electro optical
Kerr coefficient [16]. In the present study, the sodium to barium
substitution does not induce important modification of the Raman
spectra. For all the compositions, the main contribution remains
the vibrational mode due to Nb O Nb bridges in a 3D network at
650 cm 1. In addition, the crystallization studies show also the
formation of the Na1.1Nb2.98O8 phase for all the compositions
containing sodium (i.e. from NBP45 to NBP45Ba80). These










