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Abstraa

We have eperimentally verified existence of the frozen-in field in thermally poled fibre
devices. The method can be used to measure both the magnitude and the diredion of the
frozen-in field as well as x®. The relationship between x® and x® for thermally poled devices
Is also investigated in this paper.



1. Introduction

Large linea eledro-optic (LEO) coefficients and second-order nonlineaities (SON) in silica
fibres and waveguides will make possble many more adive fibre and waveguide devices for
WDM systems, for example, eledro-optic modulators and switches, eledricdly tunable Bragg
gratings and long periodic gratings, eledricdly tunable filters, frequency converters and
parametric oscill ators, etc. The aeaion of X is explained by the establishment of a strong
eledric field in the anodic region of the thermally poled devices resulting from depletion of
positive mobile charges under the gplied poling field™. Charge distributions in poled gasses
were studied by the laser induced presaure pulse (LIPP™ and the eching techniques?. It is
suggested that there ae two layers of space darge: negatively charged depletion region and
positively charged layer. However, these two methods give neither the diredion ror the
magnitude of the frozen-in field in poled gasses. Furthermore, it is gill not clear whether x@ is
induced by high d.c. field via X or orientation of dipoles, or a mmbination of both!. This
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where V, . is the pegk-to-peek voltage & the output of the interferometer. From Equation 1,
the dedro-optic coefficient r is cdculated using
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where A = 6328 nm isthe free spaceopticd wavelength of the light, V.. is a pe-to-peek a.c.
testing voltage, d is the distance between two eledrodes, nis the refradive index of the core
and L isthe length of fibre devices. X isrelated to r by the equation
@ - ﬁ ______
X = 2 r. (3)

The fibre devices were made from twin-hole fibres with two fine dedrodes threaded into the
two holes. In Fig.2, the dedrode in the hole neaer to the wre is denoted as the Active
Eledrode while the other is denoted as the Ground Eledrode. Either a positive or a negative
d.c. voltage, with resped to ground, can be gplied to the Active Eledrode for poling. The
crosssediona geometry of the devices and the distribution of the dedricd fields in the
devices before and after poling are
shown in Fig. 2. The solid field :
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In the experiments, an a.c. testing Fig. 2 Field distribution for a positive voltage applied to (a) an unpoled
voltage V.. of much smaler fibre device and (b) apoled fibre device with a frozen-in field.

amplitude (~200V) was superimposed onto the d.c. voltage V. The linea EO modulation by
the V4 Signal was then measured from the output of the MZI. Before poling, V4. applied to the
unpoled devices can cause a second-order nonlineaity;

x=x"e., 4)

where x® is the third-order nonlineaity of the unpoled fibre devices, and Es = Vgdd.
Combining Egs. (2), (3) and (4), X for unpoled fibre devices can be expressed by means of
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where V is the half-wave voltage crresponding to V4. As ead quantity on the right side of
Eq. (5) is measurable, the value of X can be cdculated. Fig.3a shows the measured x@ of an
unpoled device & a function of the gplied Vg. It follows from Eq.(4) that x® can be
estimated from the dope of
the plot. For our twin-hole
fibre devices, the value of x®
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Fig. 3 () DC-caused x® before poling (solid line)
(b) DC-caused X ® after poling (dash line)

3. Results and Discussion

Fresh devices were poled at +3.5 kV d.c. voltage and at 250 °C for ~ 1 hour. After poling, a
frozen-in field was induced in the devices. To investigate this frozen-in field in the poled fibre
devices a small a.c. testing voltage V.. was superimposed onto the d.c. voltage V4. EQs (2)
and (3) indicate that X is proportional to Ag. It can be seen in Fig 3 that X® has a linea

dependence on V.. x® becane zeo when the frozen-in field was balanced by a V4. of -3.7
kV. So the magnitude of the frozen-in field in this device can be estimated as 200 V/um. The
diredion of the frozen-in field is the same & the diredion of the external field caused by the
positive V. The formation of the frozen-in field may be explained as follows. When the fibre
device was heaed to a temperature of > 200 °C, positive ions in the glass network became
mobile and migrated to the cahode under the positive external poling field. The region nea to
the anode was depleted of positive ions and contained negatively charged centers (layers)
embedded in the glassmatrix. Due to the short distance between the anode and the negatively
charged layers (~ afew pm), there was a very strong eledricd field between them. lonizaion
took placein the high field at the anodic region, and eledrons migrated into the anode. The
ionizaion process creded a positively charged layer between the anode and the negatively
charged depletion region. The frozen-in field then existed in the aeabetween the postively
and negatively charged regions, which was shematicaly shown in Fig 2b.

Interestingly in Fig. 3 the two dopes of the d.c.-caused EO modulation in the fibre devices
before and after poling are different. This may be due to a change in the value of x® or due to
the dfed of the frozen-in field Eqqen, Or @ combination of both after poling through the
modified relationship

X(Z) = ng)led Edc + i(nzd)uced = ng)led (Edc + Efrozen)’ _____ (6)



where xgm is the third-order nonlineaity of the poled devices, and Xi(?])ducaj is the induced
SON after poling.

Eq.(6) assumes the model of frozen-in eledric field for poling. It follows that a dange in
material property might have occurred and hence the value of x®. In the cae of thermal
poling, this could be aciated with the migration of charges in the glasslattice & well as the
re-distribution of residual frozen-in thermal stress In either case, both the material property
and the internal field can be dhanged. It would be interesting to investigate the relaxation time
of these changes.

Using Eq. (6), With Eezen being 200V/m from Fig.3b, xyeq iS estimated to be 2.2 % 10%

(m/V)? , which is 2.2 times of the value of X for unpoled fibres. These estimations ®em to
fal in the expeded range, which provides some support for the frozen-in field model of glass
poling. From the microscopic point of view, random dipoles in the glass network are digned
under the frozen-in field. The digned dipoles could gve ahigher maaoscopic value of X than
randomly distributed dipoles. However, the evidence of possble changes in x® means that the
contribution to X is more than just due to the frozen-in field done. We ae airrently including
the changes of X in the frozen-in field model for thermal poling of glassfibres.

4. Conclusions

To our best knowledge, it is believed that this paper is the first to report a method to measure
both the magnitude and the diredion of the frozen-in field in poled silica devices. The value of
X for unpoled sili cadevices can aso be obtained from the same measurement. The method is
suitable for any isotropic opticd materials. The present result supports the frozen-in field
model of glassthermal poling and indicates the posshili ty that X of the glassfibre might have
been varied by thermal poling.
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