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We investigate optimal twin-hole poling optical fiber configurations, including distances between core and 
each electrode, and poling voltage based on the two-dimensional charge dynamics model. We propose a 
poled fiber with optimized χ(2) as well as single-polarization property. Small distance between core and anode 
 guarantees the poled fiber with large χ(2) in fiber core and large polarization-dependent loss. A maximum χ(2) in 
the core region either outside or inside nonlinear layer can be realized by appropriately selecting  edge-to-edge 
distance between core and cathode. The maximum χ(2) in the core region can be even larger by increasing the 
poling voltage.
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poling process based on the previous one-dimensional 
two charge dynamics model[1]. In this letter, we inves-
tigate the fiber configurations, including edge-to-edge 
distances between core and electrodes, and poling volt-
age for optimizing the electric field inside and outside 
nonlinear layer as well as maximizing the utilization of 
reversed electric field while providing a large PDL and 
relative low propagation loss.

Here the simulations are based on the finite element 
method. The diagram of twin-hole optical fiber along 
with parameters is shown in Fig. 1. Edge-to-edge dis-
tance between core and anode and cathode are defined 
as d1 and d2, respectively. Assuming the twin hole is filled 
with Ag electrodes, refractive indices of the core and 
cladding are 1.45 and 1.4444 at wavelength of 1.55 μm  
for a single-mode operation. 

The two-dimensional charge dynamics model is pro-
posed according to the previous one-dimensional charge 
dynamics model[1], which can be described as
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where C(x, y, t) is the concentration of charge carri-
ers, i is the kind of charge carrier, Ф(x, y, t) is the 
electric potential distribution during poling process, 
D is the diffusion coefficient which can be defined as 
Di = kBTµi/e, and z, μ, F, kB, and ε are charge spe-
cies (positive or negative), mobility, Faraday constant, 
Boltzmann constant, and the permittivity of samples, 
respectively. Parameters for the equation are taken 
from Ref. [1]. 

We first demonstrated a large PDL and relatively 
low propagation loss as functions of d1 and d2 in the 

Due to the macroscopic inversion symmetry structure, 
even-order nonlinear susceptibilities (χ(2n)) were forbid-
den in glass-based materials, limiting its application in 
active optical devices. Thermal poling can break the 
symmetry structure and introduce a relatively large χ(2) 
in silica glasses[1–3] and waveguides[4–6] via subjecting high 
voltage across the sample at elevated temperature. The 
poling process is mainly determined by charges migra-
tion, fast sodium ions and following slow ionized hydro-
gen ions. After poling, a second-order nonlinear active 
layer, including depletion region and ions exchange 
region (in the order of 3–80 μm in the one-dimensional 
silica glasses), is formed underneath the anode surface, 
accompanied with a strong electric field (EDC). χ(2) is 
introduced via χ(2) = 3EDCχ

(3), where χ(3) is the intrinsic 
third-order nonlinear susceptibility. 

It has been proved that the introduced electric field 
is proportional to sample thickness[1] in one-dimensional 
silica glasses. In addition, the zero potential condition 
after poling gives rise to reversed electric field outside 
nonlinear layer[7] which is in the same order of magni-
tude compared with electric field in nonlinear layer in 
fiber due to the small distances between electrodes[5]. 
However, for thermal poling in optical fiber, especially 
in twin-hole optical fiber, to the best of our knowledge, 
investigations on distances between core and electrodes 
for optimal electric field profile in both directions have 
not been reported. Polarization properties of metal filled 
twin-hole poling fiber have been investigated and found 
that the fiber provides high polarization-dependent loss 
(PDL) and relatively low propagation loss with a short 
distance between core and electrodes under appropriate 
fiber configurations[8]. Based on the knowledge, a single 
polarization and poling optimized twin-hole optical fiber 
is possible. A two-dimensional charge dynamics model 
is established for numerical investigation of thermal 
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Fig. 3. Two-dimensional distributions of χ(2) modulus after pol-
ing at t = 3600 s, d1 = 3 , and d2 = 7 μm, poled at 5 kV, 250 °C.
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Fig. 1. Diagram of twin-hole optical fiber.

twin-hole fiber (Fig. 2). With a pair of Ag electrodes 
and radius of hole as 15 μm, the results in Fig. 2 indi-
cate that d1 (or d2) should be kept between 3 and 5 μm 
while d2 (or d1) should be kept larger than 3 μm if we 
want to obtain a high PDL as well as relatively low loss 
within the twin-hole poling/poled optical fiber with a 
length of dozens of centimeters. For d1 = d2 = 3 μm,  
the PDL is 598.23 dB/m and the propagation loss 
of y-polarization mode of HE11 mode is 35.22 dB/m, 
while d1 = d2 = 5 μm, the PDL and loss are 94.98 
and 5.84 dB/m. By increasing d2 from 3 to 9 μm, the 
PDL spans from 598.23 to 261.23 dB/m, and prop-
agation loss in the y-polarization mode spans from 
35.22 to 16.70 dB/m. The loss can be further reduced 
from 16.70 to 7.75 dB/m by increasing the radius 
of the hole from 15 to 22 μm, while the PDL barely 
changes.

For the purpose of realizing an optimum χ(2) in the 
twin-hole fiber, we investigated the influence of dis-
tances between electrodes, including d1 and d2 on time 
evolution of average χ(2) in core region based on the 
two-dimensional charge dynamics model. Results are 
shown in Figs. 3, 4 and 5.
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Fig. 4. Time evolution of average χ(2) in fiber core after poling 
with d2 varying, d1 = 3 μm. Solid line, dashed line, dotted line, 
and dash-dot line represent d2 = 3, 5, 7, and 9 μm, respectively.
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Fig. 2. (a) PDL and (b) propagation loss as functions of edge-to-
edge distance between core and electrodes, d represents d1 = d2.

A typical two-dimensional χ(2) distribution after pol-
ing is shown in Fig. 3. A nonlinear layer is located 
underneath anode surface with the electric field 
pointing from anode surface toward cathode and 
fiber outer surface. While outside the nonlinear layer, 
a reversed electric field is induced due to the zero 
potential condition. Time evolution of average χ(2) in 
the core region with d2 and d1 varies as shown in 
Figs. 4 and 5. 

In Fig. 4, with d2 spanning from 3 to 9 μm while  
d1 = 3 μm, time evolution of χ(2) in core are quite the 
same with an abrupt increase followed by a decrease 
to zero and gradually increasing process. Note that 
the process is consistent with the Mach–Zehnder 
interferometer-based real-time electric-optic coeffi-
cient measurement in previous literature[9,10], the after 
poling calculation leads to the discrepancy of model 
results and experimental results in previous litera-
ture which are measured in real-time during poling. 
Results in Fig. 4 indicate that two maximum aver-
age χ(2) in opposite directions occur during poling, 
which depend on the poling time. For the purpose of 
optimizing, when d1 is fixed, a smaller d2 leads to a 
larger reversed χ(2) in the core region for short poling 
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Fig. 5. Time evolution of average χ(2) in fiber core after poling 
with d1 varying, d2 = 3 μm. Solid line, dashed line, dotted line, 
and dash-dot line represent d1 = 3, 5, 7, and 9 μm, respectively.

time, whereas a larger d2 leads to a larger positive χ(2)  
for long poling time, that is, when d1 = d2 = 3 μm,  
the two maximum χ(2) are −0.177 pm/V at 60 s (negative 
sign means a reversed direction compared with inside 
nonlinear layer) and 0.066 pm/V at 6180 s, respectively, 
when d1 = 3 μm, d2 = 9 μm, the χ(2) are −0.123 pm/V  

at 60 s and 0.119 pm/V at 6180 s, respectively. 
Results in Fig. 5 show that size of d1 significantly 

affects the thermal poling results in the core region, 
which mainly determines the magnitude of introduced 
electric field and its coverage rate in the core region. It 
can be deduced that a smaller d1 can lead to a larger 
average χ(2) in the core region, either χ(2) inside nonlin-
ear layer or reversed χ(2) outside nonlinear layer. The 
utilization of the two kinds of χ(2) in opposite directions 
depends on poling time.

In addition to the fiber configurations, the poling volt-
age is another parameter for optimizing the χ(2) in fiber 
core. Figure 6 shows the time evolution of average χ(2) 
in fiber core after poling with different applied voltages.  
It is obvious that larger poling voltage contributes 
to larger maximum average χ(2), with both the χ(2) in 
 opposite directions.

In conclusion, we investigate the optimal fiber configu-
rations, including distances between core and anode and 
cathode, and poling voltage based on the two-dimen-
sional charge dynamics model in association with the 
PDL and propagation loss in the metal/alloy filled twin-
hole optical fiber. For the purpose of designing a single-
polarization twin-hole optical fiber with optimal and 
effective χ(2), it is necessary to decrease the edge-to-edge  
distance between core and anode. A maximum χ(2) in the 
core region can be achieved with a small edge-to-edge  

distance between core and cathode for a short pol-
ing time (−0.177 pm/V) or a large edge-to-edge dis-
tance between core and cathode for a long poling time 
(0.119 pm/V). Meanwhile, a single-polarization twin-
hole fiber can be achieved with the PDLs 598.23 and 
261.23 dB/m, correspondingly. By increasing the pol-
ing voltage, the two maximum χ(2) can be even larger. 
The poling optimized single-polarization twin-hole fiber 
is applicable for electro-optic modulators and switches.
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Fig. 6. Time evolution of average χ(2) in fiber core after pol-
ing with applied voltage varying, d1 = 3, d2 = 7 μm. Solid line, 
dashed line, and dotted line represent U = 3, 4, and 5 kV, 
respectively


