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Design of highly birefringent SF57 soft glass PCF
with low effective mode area
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Abstract: A simple SF57 soft glass photonic crystal fiber (PCF) with a rhombic array of four elliptical holes in the
core region and a hexagonal lattice of elliptical air hole cladding was proposed. The birefringence and effective mode
area of the proposed PCF were studied by the full vectorial finite element method with anisotropic perfectly matched
layers. A high birefringent SF57 soft glass PCF with low effective mode area has been obtained, which shows good po-
larization stability and large tolerance to fabrication errors. The proposed PCF has high birefringenceup to 1. 01 x

107", low mode areas of 1.52 pm” and 1.55 wm’ for x and y polarizations at 1.55 pm.
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Introduction

Photonic crystal fibers (PCFs)!" consisting of silica
with an array of air holes in the cladding have attracted
much attention due to the excellent propagation proper-
ties, and they supply diversified applications in optical
communication, optical sensing, nonlinear optics and va-
rious polarization-sensitive devices etc. *’ in  recent
years. One of the most fruitful aspects of PCFs is their ap-
plications as polarization maintaining fiber ( PMF). Fur-
thermore, high modal birefringence can be achieved with
specially designed PCFs to realize PMF. It is possible to
realize birefringent PCFs by altering the air holes in the
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cladding to the asymmetrical distribution'** | or by intro-
ducing asymmetric structure in the core regionm. Fur-
thermore , numerical simulations have indicated that even
higher birefringence could be realized by introducing el-
liptical holes in either cladding or the core region'®®
and a design using elliptical air holes has been realized
experimentally[gj .

Nowadays, non-silica compound glasses like soft
glasses have been effectively used in formation of PCFs.
Stacking, extrusion, drilling and casting all have been
used for fabrication of soft glass microstructured optical fi-
bers'”’. Soft glass PCFsoffer unique optical properties,
which cannot be provided by silica PCFs, such as high

refractive index, high nonlinearity, mid-infrared transmis-
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sion, and high rare earth solubility. Recently, soft glass
PCFs'"""*) have been reported in the literature to achieve
high birefringence at 1.55 pm.

In this paper, we proposed a simple SF57 soft glass
PCF with a hexagonal elliptical-hole cladding; there is a
rhombic array of four elliptical holes in the fiber core.
The main purpose of the proposed PCF structure was to
simultaneously achieve high birefringence and low effec-
tive mode areaby using the full-vector finite element
method with anisotropic perfectly matched layers. Fur-
thermore, we discussed the characteristics of both SF57
soft glass and silica glass PCF with the same structure.
Finally, the possibility of fabrication for the proposed
PCF was briefly considered.

1 Theory and modeling

By using the full-vector finite element method, the
effective refractive index of the proposed PCF was calcu-
lated ; the birefringenceis expressed as'’’

B(A) = \Re(niﬂ»()\)) - Re(n; (1)) |, (D)
where n,; and n; are the real part of the effective refrac-
tive index of two orthogonal polarization fundamental
modes. The background material of the proposed PCF is
soft glass of type SF57 whose Sellmerier coefficients can
be found in Ref. 11.

The cross-sectional view of the proposed SF57 soft
glass PCF is shown in Fig. 1. It has four-ring elliptical air
holes in the cladding and a rhombic array of four ellipti-
cal holes in the core region, the medium one is arranged
in a SF57 soft glass. As shown in Fig. 1, elliptical air
holes arranged in a triangular array in the cladding can
destroy the symmetry to obtain high birefringence, b and
a are the major and minor axes of the elliptical air holes,
and the ellipticity  =b/a. The air-hole pitch A is taken
to be 1. 6 wm. Moreover, in order to enhance birefrin-
gence, four elliptical holes with a rhombic array are in-
troduced into the core region, which reduce the core di-
ameter, so we can also obtain a small effective mode are-
a. Four elliptical holes with a rhombic array are consid-
ered as identical, with the elliptical air-hole major axis
b, and minor axis a,; the core region ellipticity n, = b,/
a, The pitches between the holes in the vertical and hori-
zontal direction are labeled as A, and A, , respectively.
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Fig.1 Cross section of the proposed PCF
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2 Numerical results and discussion

In general, the birefringence is an important param-
eter to define the polarization property of fibers. Fig. 2

shows that the birefringence in the short wavelength
range is not obviously altered. The value of the birefrin-
gence within the longer wavelength band increases with
the increase of the ellipticity 1. The mode field distribu-
tion of PCF with different ellipticity in the short wave-
length range is well limited in the core. With longer
wavelengths of light accessing to the air hole cladding,
the influence of the asymmetry of layer on the fiber bire-
fringence is growing; so the ellipticity has larger effect on
the birefringence in the longer wavelength. When the el-
lipticity 7 is 2. 15,2.35, and 2.5 ,the corresponding bi-
refringence can be up to 8.44 x 107>, 9.06 x 10 >, and
9.53 x 10 7% at 1. 55 wm, respectively, which is much
higher than those obtained in the elliptical hole silica
PCF*,
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Fig.2 Variation of birefringence at different ellipticity 5
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To obtain higher birefringence, we referenced the
cases in which four air holes are arranged in a rhombic
array with different A ;and A,. Figure 3 shows the varia-
tion of the birefringence at different A, and A,. As
shown in Fig.3(a), when A, value keeps constant, the
birefringence increases with the decrease of A,. When
Ayis 1.4 pm, 1.5 pm, or 1.6 pum, the corresponding
birefringence can be up to 1. 01 x 107',9.67 x 1072,
and 9.31 x 107 at 1. 55 wm, respectively. Fig. 3 (b)
shows the birefringence increases with the decrease of A,
as A, keeps constant. When A, is 0.86, 0. 90, or
0.94, the corresponding birefringence can be up to 1. 01
x107",9.53 x 10 * and 8.95 x 10 % at 1. 55 pm, re-
spectively. In agreement with our previous discussion,
Fig.3(c¢) indicates the birefringence of the fundamental
mode under different A,/A, at 1. 55 pm. Smaller value
of both A, and A, can be used to obtain even higher bire-
fringence. It can be seen that smaller core area could
generate larger birefringence, while the intensity distri-
bution of the fundamental mode is not well confined in
the core. The birefringence of 1.06 x 10" at 1.55 wm
under A, =0.8 wm and A, =1.4 pm is larger at the ex-
pense of slightly poorermode field distribution. In order
to gain higher birefringence and a better mode field dis-
tributionin a wavelength range around 1.55 pwm, here we
select the value of A, =0.86 pm, A, =1.4 pm.

Next, we referenced the case in which four air holes
were arranged in a rhombic array with A, =0.86 pm,
A, =1.4 pum, so that the birefringence would be mainly
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effected by the shape of the elliptical holes in the core
region. To focus on the impact of the hole shape on the
birefringence, the size of the air holes in the cladding is
kept the same, while a, and b, are varied. As shown in
Fig.4, the birefringence increases with q, increasing as b,
is fixed ,while decrease with the decrease of b, as a, is uni-
form. The asymmetry of the proposed PCF increases with
the increase of the elliptical hole size in the core region.
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Figure 5 shows the birefringence and effective mode
areain SF57 soft glass PCF and silica PCF with the same
structure parameter of A, =0.9 pm, A, =1.4 pm, A =
1.6 pm, . =2.5, a; =0.3 pm, b, =0.8 pm. As
shown in Fig. 5(a), the difference of birefringence in
SF57 soft glass PCF and silica PCF become larger as the
wavelength increases. The birefringence in SF57 soft
glass PCF and silica PCF can be up to 9.53 x 10~ and
4.57 x 107 at 1. 55 pm, respectively. The birefrin-
gence of SF57 soft glass PCF is almost 2 times higher
than that of silica PCF, so the SF57 soft glass optical fi-

ber is more suitable for application in polarization main-
taining PCF. Fig.5(b) shows that x-polarized mode area
of SF57 soft glass PCF and silica PCF are 1.34 pm’ and
2.85 um’, and y-polarized mode area of SF57 soft glass
PCF and silica PCF are 1.55 wm® and 2. 77 pm’ at
1.55 pm, respectively. The mode area of silica PCF is
over 2 times higher than that of SF57 soft glass PCF, so
the soft glass is more suitable for the application in highly
nonlinear PCF.

0.12 T T T T
,=0.2 um, »,=0.8 um
0.1 b —#—a,=0.3 pm, ,=0.8 um
—e—q,=0.3 um, 5,=0.7 p

0.08 |

X 0.06

0.04 |

0.02 |

06 0.8 1 1.2 14 16 1.8 2
Alpm

Fig.4 Variation of birefringence with different a, and b,

K4 XTSRS R LSRR R ay, by B2 1R

0.12 T T
—w— soft glass
0.1 | —e— silica glass

0.08
= 0.06
0.04
0.02
3 (@)
0 1 1 1 1 1 1
0.6 08 1 1.2 1.4 1.6 1.8 2
Alpm
6 ; - : . .
——x-polarized soft glass
5 | —y-polarized soft glass

x-polarized silica glass
—+—y-polarized silica glass

L

06 08 1 1.2 1.4 1.6 1.8 2

Alpm

Fig.5 Variation of (a)B, (b) A,for both soft glass and silica
PCF under with the same structure parameter

K5 MRIZEHSECT AR AL SRR T R AL (a)
XATGT, (b) A e A A2 1k

According to the discussion above, in order to gain
higher birefringence and lower effective mode, the struc-
ture parameters for the proposed soft glassare selected to
ben=2.5, A, =0.86 pm,A, =1.4 pm,a, =0.3 pm,
by =0.8 wm. Fig.6(a) shows that the birefringence of
the soft glass PCF is as high as 1.01 x 10" at 1.55 pm
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which is greater than the high birefringence of 4. 50 x
1072 of soft glass PCF with liquid crystal core'"!. As
shown in Fig. 6 (b), x- and y-polarized effective mode
areas are low to 1.52 Mm2 and 1.55 Mmz at 1.55 pm,
respectively. Figs. 7(a) and 7 (b) show the electric
field distribution of x- and y- polarized fundamental mode
for the proposed PCF withthe parameter of A, =0.86 um,
A, =14 pm, A =1.6 um,n =2.5,a, =0.3 pum, b, =
0.8 pm at 1.55 pum, respectively. The mode field of x and
y polarization are well confined in the fiber core.
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Finally, we briefly considered the possibility of fab-
rication for the proposed PCF. In a standard fiber draw-
ing, 1% variation of structural parameter occurs una-
voidably during the fabrication process. It is the limited
precision that is the only way to guarantee the parame-
ters. Therefore, we deduced that all the geometric param-
eters are varied in 5% from the optimum values. Tab.
1 shows that 5% of a hole’s deviation from its designed
position, either in the cladding or core region, can lead
to at most 5. 7% changes in the birefringence. It is as-
sumed that the proposed PCF has good tolerance of this
novel design to fabrication errors. In the fabrication
process, the elliptical holes may be sensitive to collapse
and to change into circular on due to the surface tension.
To overcome these problems,new methods such as extru-
sion, drilling and casting have been introduced for fabri-
cation such PCFs.

Table 1 Birefringence tolerance for the optimum structural
parameters fluctuations at 1. 55 pm
R1 K LSS pm RAENSHTURHNITHEELL

Structure parameters

. B, (B-By) /B
variation

An/n=+5% 0.105 814 -5.18%
An/n=-5% 0. 095 567 +5.01%
Ang/ng=+ 5% 0.105 755 -5.12%
Any/no= -5% 0.094 873 +5.69%
AAY/A =+ 5% 0. 095 867 + 4.68%
AAY/A, = 5% 0. 104 901 ~4.27%
ANy Ay =+ 5% 0.097 739 +2.84%
Ay Ay = =5% 0.103 480 -2.87%

3 Conclusions

In this paper, a highly birefringent SF57 soft glass
PCF with low effective mode area was proposed and ana-
lyzed by FEM with PML. By introducing a rhombic array
of four elliptical holes into the fiber core region,which is
not only to obtain higher birefringence but also achieve
lower effective mode area. In addition, we have also
compared SF57 soft glass PCF with silica PCF with the
same structure, and then find out that soft glass PCF has
higher birefringence and smaller effective mode area than
those of silica PCF. Hence soft glass PCFs possess high
potential as PMF. With the parameter of A, =0.86 pum,
A, =1.4 pm, A =1.6 pm, n=2.5, q, =0.3 pm,
by =0.8 pum, the birefringence of the proposed SF57 soft
glass PCF is as high as 1.01 x 10", and x- and y-polar-
ized effective mode areas are 1.52 um® and 1.55 pm’at
1.55 pm,respectively. The proposed PCF has good tol-
erance of this novel design to fabrication errors, and
therefore may be realized very close to theoretical de-
sign. The obtained results make a contribution to the
production and application of optical devices based on
such photonic crystal fibers.
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