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Strength and Symmetry of the Third-Order
Nonlinearity During Poling of Glass Waveguides

Carl J. Marckmann, Yitao Ren, Goëry Genty, and Martin Kristensen

Abstract—Negative thermal poling introduces second-order
nonlinear effects into silica glass. The effects are studied using the
charge separation model allowing for the third-order nonlinear
effect to be anisotropic. The second-order nonlinear coefficient
(2) is found to be consistent with the results reported previously

by Arentoft et al. (1999), Renet al. (2002), and Marckmannet al.
(2001) and the third-order nonlinear coefficient (3) is found to
be anisotropic but constant during poling.

Index Terms—Amorphous materials, electrooptic devices, elec-
trooptic Kerr effect, electrooptic measurements, Pockels effect.

I. INTRODUCTION

SILICA glass is an amorphous and, therefore, effectively
a centrosymmetric material and thus does not exhibit a

second-order nonlinear effect. This has prevented the develop-
ment of nonlinear silica glass components such as electrooptic
switches, modulators, tunable filters, and wavelength con-
verters. In 1991, Myerset al. [2] succeeded in inducing a
second-order nonlinearity in silica glass using thermal poling
by which the silica glass is heated while a large static electric
field is applied across it. UV poling was discovered in 1995 by
Fujiwaraet al. [3]. This represents another method for inducing
a large second-order nonlinearity in silica glass. It is performed
by applying a large static field across the sample while it is
excited by UV irradiation. Unfortunately, the poling-induced
second-order nonlinear effects are either too small to be used in
components or difficult to reproduce. Therefore, a significant
effort is put into achieving a large reproducible second-order
nonlinear effect in silica glass. It has turned out that one of the
keys to achieving this goal is to understand the properties of
the third-order nonlinear effect.

II. SAMPLE PREPARATION

Our samples consist of an n-type silicon wafer with three
glass layers deposited on top: the buffer layer (lower cladding
layer), the core layer, and the top cladding layer. The buffer
layer was made by thermal oxidation, the core and top cladding
layers were made by plasma-enhanced chemical vapor deposi-
tion (PECVD). The core layer was doped with germanium and
nitrogen. The germanium doping makes the core sensitive to
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UV light [4]. Nitrogen doping was used for two reasons: First,
nitrogen makes the poling more stable because it increases the
charge trapping density in the interfaces between the core and
cladding layers [5], [6]. Second, it is possible to make smaller
components due to the larger refractive index step between
core and cladding layers. Content estimation of the dopants
yields 5.9 atomic% ( 18.9 molar%) Ge and 4.5 atomic%
( 3.2 molar%) N [7]. After deposition of the glass layers and
two-hour annealing at 800C in a nitrogen atmosphere, an alu-
minum mask was deposited on top of the glass layers defining
straight waveguides. Deuterium loading was used to increase
the UV sensitivity of the core layer [18]. By illumination of the
sample with UV light from a KrF excimer laser, waveguides
were made in the core layer. After deuterium out-diffusion and
removal of the aluminum mask, Bragg gratings were made
in the waveguides using a phase-mask [8]. The samples were
annealed two times at 375C for 1.5 h to ensure that changes
measured in the Bragg wavelength in the poling experiments
were due to induced nonlinearities and not annealing effects.
Finally, a top electrode was made with silver paste covering
the region with Bragg gratings. The width of the top-electrode
is 7 mm, while the width of a waveguide is7 m. In all
measurements, a waveguide was chosen approximately in the
center of the top electrode in order to have an isotropic electric
field across the waveguide. This, together with previous mea-
surements showing almost no change in the dielectric constant
as a function of applied UV fluence, indicates that fringe fields
can be neglected.

III. M EASUREMENTS

In the measurements, light from an erbium-doped fiber ampli-
fier (EDFA) or from a tunable laser was sent through a polarizer,
polarization controller, then the sample(s) connected with an
optical spectrum analyzer (OSA).1 Transmission spectra were
recorded with different voltages applied across the sample(s) for
both polarizations before and after poling. Typical transmission
spectra are shown in Fig. 1. From the transmission spectra it is
clear that the samples are at least double-moded (the modes de-
noted fundamental mode and higher order mode) due to the rel-
atively large width of the UV written waveguides. There is bire-
fringence in the samples due to stress in the grown layers as seen
in the transmission spectra. Polarization dependent loss (PDL)
for the two samples is low (PDL 1 dB) and thus both polariza-
tions were analyzed. Both modes of the samples were analyzed.
Thermal poling of sample A2 was performed by heating the

1The polarizer was omitted when using the tunable laser due to its highly
polarized output.
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Fig. 1. Transmission spectra of sample A2.

sample to 375 C while applying 2 kV to the top electrode and
grounding the silicon wafer. Sample A8 was poled by heating it
to 357 C with 2.5 kV applied across the sample in order to
test the optimum poling parameters found by Renet al. [9].

IV. THEORY

By neglecting terms higher than second order in the electric
field, , across the sample, the change in refractive index
can be expressed as a function of

(1)

where is the second-order nonlinearity and is the third-
order nonlinearity [10]. Silica glass is a centrosymmetric mate-
rial and thus is zero.

The mechanism of inducing a second-order nonlinearity
in silica glass by electric field poling is not fully understood and
two models exist [11].

A. The Dipole Model

In the dipole model, the induced second-order nonlinearity,
, is explained by a reorientation of dipoles in the glass

during poling. As the sample cools down, the dipoles are
frozen in according to the externally applied electric field. The
realignment of dipoles orders the material, yielding a nonzero

. According to Prasad and Williams [12] the reorientation
of dipolar entities also yields a change in during poling.

B. The Charge Separation Model

In the charge separation model, it is assumed that mobile
charges (e, Na , Ag , etc.) in the glass move toward the elec-
trodes as the high voltage and the heating is applied. These
charges will predominantly be trapped at the interfaces between
the core and cladding layers, giving a sheet of charge on each
side of the core layer with different polarity, yielding an internal
field across the core layer. If an external field is ap-
plied across the sample, the total field across the sample will be

Fig. 2. The center values of the fundamental mode, TM polarization after
poling, of sample A8 plotted versus the externally applied voltage and fitted
to a parabola. The crosses represent the measured values and the vertical lines
represent the experimental uncertainties.

TABLE I
MEASUREDVALUES OFE , � , AND � FOR SAMPLE A2

. Inserting this expression into (1) and multi-
plying by the vacuum wavelength yields the change in Bragg
wavelength as a function of the electric field

, , and are constants of a parabola. From these we can
obtain the internal field ( ), the induced second-order non-
linearity ( ), and the third-order nonlinearity
( )

and (2)

V. EXPERIMENTAL RESULTS

Allowing to be anisotropic, it is possible to analyze
our measurements using the charge separation model. For
each applied voltage, the transmission spectra are fitted with
two Gaussian functions (one for each mode). The center of
each mode is plotted versus the externally applied voltage and
fitted to parabolas as seen in Fig. 2. Inserting the values of the
constants and found from the curve fits into (2) yields
the results presented in Table I for sample A2 and Table II for
sample A8.



1296 IEEE PHOTONICS TECHNOLOGY LETTERS, VOL. 14, NO. 9, SEPTEMBER 2002

TABLE II
MEASUREDVALUES OFE , � , AND � FOR SAMPLE A8

TABLE III
MEASURED-VALUES AFTER POLING FOR SAMPLES A2 AND A8

VI. DISCUSSION ANDCONCLUSION

According to the theory [13], one would expect that an
isotropic media placed in a dc electric field would yield

The values calculated for the two samples after poling are
listed in Table III. The values are close to 1.0. The significant
discrepancy between the from our experiments and that
from the theoretical expectation is partially attributed to the
anisotropy of the third-order nonlinearity as found in Tables I
and II. Compressive stress2 and dispersion in are other
possible explanations to the observed anisotropy. Further
work is needed to make final conclusions to the origin of the
anisotropic nature of observed in this letter.

The values found for the third-order nonlinearity are different
from the values found by Liuet al. [14], [15] for bulk silica,

, the reason probably being the
heavy doping of our core layer [16].

The values of found in this article are in accordance with
the results previously reported by our group [1], [9], [17]. As
seen from Table II of sample A8, the values of obtained
by poling using the optimized parameters found by Renet al.
[9] are a factor of 1.9 larger than the induced in a similar
sample (sample A23 in Table I) poled under nonoptimized con-
ditions. However, the symmetry properties are not significantly
different.

The dipole model cannot explain our results because we could
not observe a change in during poling within the exper-
imental errors. However, a change is expected by the dipole

2From simulations the geometrical birefringence is found as�n =

n � n � 3:3 � 10 . Calculations following [19] and [20] yield that
the stress-related birefringence is�n � �9:7 � 10 and thus the dom-
inating birefringence term. From Fig. 1 it is found that the total birefringence
is �n = �n + �n � �4:8 � 10 in fair agreement with the
above mentioned birefringence terms.

3Sample A2 has previously been investigated in [17].

model. On the other hand, the value as expected from
the charge separation model is not fulfilled either.

In conclusion, we have found that the optimal poling condi-
tions almost double the . The measured is found to be
anisotropic, contrary to the expectations for an isotropic mate-
rial. Further work is in progress to elaborate on the origin of the
anisotropy of and to increase the effect to a level where
it is possible to use silica-based electrooptic devices.
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