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Numerical simulation of photonic-crystal tellurite-tungstate
glass fibres used in parametric fibre devices

V.0. Sokolov, V.G. Plotnichenko, V.O. Nazaryants, E.M. Dianov

Abstract.  Using the MIT Photonic-Bands Package to
calculate fully vectorial definite-mode eigenmodes of Max-
well’s equations with periodic boundary conditions in a plane-
wave basis, light propagation is simulated in fibres formed by
point defects in two-dimensional periodic lattices of cylin-
drical holes in a glass or of glass tubes. The holes and gaps
between tubes are assumed filled with air. Single-site
hexagonal and square lattices are considered, which were
most often studied both theoretically and experimentally and
are used to fabricate silica photonic-crystal fibres. As a
defect, a single vacancy is studied — the absent lattice site
(one hole in a glass or one of the tubes are filled with the same
glass) and a similar vacancy with nearest neighbours
representing holes of a larger diameter. The obtained
solutions are analysed by the method of effective mode
area. The dependences of the effective refractive index and
dispersion of the fundamental mode on the geometrical
parameters of a fibre are found. The -calculations are
performed for tellurite-tungstate 80TeO,-20WO; glass
fibres taking into account the frequency dispersion of the
refractive index.
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In this paper, we considered fibres representing a fragment
of a two-dimensional photonic crystal with a spatially
periodic dependence of the refractive index in the cross
section and a defect in the central region. The latter forms
the fibre core, while the surrounding lattice forms the fibre
cladding. We will call such fibres photonic-crystal fibres
(PCFs).

It is known that due to a cladding in the form of a
photonic crystal, PCFs possess a number of properties
different from those of usual fibres. For example, PCFs
can be single-mode in a very broad wavelength range [1].
The magnitude and slope of dispersion can change strongly
depending on the geometrical parameters of PCFs, which
allows one, for example, to shift its zero value to consid-
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erably shorter wavelengths compared to a glass, and to
obtain dispersion with a small slope in a rather broad
wavelength range or the required dispersion at a given
wavelength [2—5]. Scaling of the geometry of a single-mode
PCF makes it possible to change the effective mode area in a
broad range (almost by two orders of magnitude), which
provides the control of the magnitude of nonlinear effects in
PCFs [4, 6].

Currently PCFs based on a silica glass v-SiO, are being
actively fabricated and studied (see, for example [7, 8]).
However, materials with higher values of the refractive
index and nonlinear susceptibilities than for v-SiO, are
required for many applications. Glasses based on TeO, (see,
for example, [9, 10]) belong to such materials and are now
successfully used to fabricate PCFs [11,12].

The main task of our paper is the search for PCF
structures based on a tellurite glass, which can be used in
fibre parametric devices (amplifiers, etc.) operating at a
wavelength of 1.55 um. The basic requirements to such
PCFs are:

(1) the high third-order susceptibility;

(1) the possibility of obtaining a sufficiently high power
density in a fibre core, i.e., a sufficiently small core diameter;

(iii) the zero efficient dispersion near the operating
wavelength;

(iv) the single-mode operation.

We simulated numerically the propagation of light in
fibres representing a point defect in a two-dimensional
periodic lattice formed by either cylindrical holes in a glass
or by glass tubes with holes and gaps between them filled
with air (¢ = 1). We considered single-site hexagonal and
square lattices, which were most often studied theoretically
and experimentally and are used for fabricating silica PCFs.
As a defect, we studied a single vacancy — the absent lattice
site (one hole in a glass or one tube filled with the same
glass) and a similar vacancy with nearest neighbours repre-
senting holes of a larger diameter. Figures 1-4 show
fragments of the corresponding lattices in the defect vicinity.
We used the following notation of PCFs studied in the
paper:

HH PCF: a PCF formed by a filled central hole in a
simple hexagonal lattice of cylindrical holes in a glass;

SH PCF: a PCF formed by a filled central hole in a
simple square lattice of cylindrical holes in a glass;

HHI1 PCF: a PCF formed by a filled central hole in a
simple hexagonal lattice of cylindrical holes in a glass and by
the larger-diameter holes of the first row around the filled
hole;
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Figure 1. Fragment of a hexagonal lattice of holes in a glass (HH PCF).
The dashed circle shows the absent hole representing a defect (vacancy)
in the regular lattice of holes.

Figure 4. Fragment of a hexagonal lattice of glass tubes with a vacancy
surrounded by tubes with the larger internal diameter (HT1 PCF). The
dashed circle shows the absent hole in a central tube (vacancy).
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Figure 2. Fragment of a square lattice of holes in a glass (SH PCF). The
dashed circle shows the absent hole representing a defect (vacancy) in the
regular lattice of holes.
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Figure 3. Fragment of a hexagonal lattice of holes in a glass with a
vacancy surrounded by larger-diameter holes (HH1 PCF). The dashed
circle shows the absent hole in a central tube representing a defect
(vacancy) in the regular lattice of holes.

HT1 PCF: a PCF formed by a filled tube in a simple
hexagonal lattice of cylindrical glass tubes and by tubes with
a larger inner diameter in the first row around the filled tube.

All the calculations were performed for tellurite-tung-
state 80TeO, — 20WO; (below, simply tellurite) glass fibres
taking into account the frequency dispersion of its permit-
tivity. The experimental dependence of the latter in the
transparency region of the glass was approximated by the
Sellmeyer formula

e(l)=A+B(1—-Cr ) '+ D1 —EL),

where the coefficients 4 = 2.4909866, B = 1.9515037, C =
5.6740339 x 1072 pm?, D = 3.0212592, and E = 225 pm?
are taken from [13] and the wavelength A is measured in
pm.

Below, we used the following notation: A is the lattice
period, which is obviously equal to the external diameter D
of a tube for a lattice made of tubes; d is the diameter of
holes in a glass or the internal diameter of a tube; d; is the
diameter of holes in a glass (the internal diameter of tubes)
of the first row around the vacancy (if it differs from d); ¢ is
the glass permittivity; A is the wavelength of the incident
light in vacuum; w is the light frequency; ¢ is the speed of
light in vacuum; f is the pro%)agation constant of the fibre; k
is the wave vector; and Ae(f’f is the effective area of the ith
mode. We assume that light propagates along the z axis
(perpendicular to the xy lattice plane).

According to [14], the effective mode area is

i 2
o _ LI100r0d? ]
ff = ; ,
O )P
where r, are coordinates in the xy lattice plane and 7 (r,)
is the intensity of the ith mode.

The numerical aperture NA was defined according to
[15] as NA =sin3, where & is the half-angle of the beam
divergence. The numerical aperture is related to the effective
mode area by the expression [15]

“12
NA ~ (I—Q—RAesz) .
A
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The effective refractive index is
c

Negr = f—,
w

and the effective dispersion is

_ _% dzncff(i)
¢ da?

All the calculations were performed by using the MIT
Photonic-Bands package [16] (below, MPB), which allows
one to find vector eigenfunctions of Maxwell’s equations
with periodic boundary conditions in the plane-wave basis.
The details of numerical calculations, the features of their
realisation in the MPB package and the operation with the
package are described in [16, 17].

A PCF representing a point defect in a two-dimensional
periodic lattice was calculated by the expanded cell method
[17]. We used in our calculations a cell of size 12 x 12 lattice
periods with a vacancy at its centre. The calculations were
performed for the centre of the Brillouin zone (point I') of
the expanded cell. Such an approach allows one to study
localised modes concentrated in the vacancy vicinity of
diameter ~ 44, which are the guided modes of the PCF. Our
calculations showed that for all localised modes described
below the diameter of the localisation region is noticeably
smaller than 44, i.e., the periodic boundary conditions for
the expanded cell almost do not affect the character of these
solutions.

PCFs of each type were calculated for four lattice
periods changing in the range 1 ym < A < 3 pm, and
for each period — for the relative diameters of holes (internal
diameters of tubes) equal to d/4 = 0.2, 0.4, 0.6, and 0.8. In
the case of the HH1 and HT1 fibres, calculations were also
performed for the relative diameters of the first-row holes
di/A=0.6, 0.7, and 0.8. For each set of geometrical
parameters, we calculated the effective refractive index
for the fundamental (first) mode of the PCF, its effective
dispersion, the effective area of the three lowest modes of
the PCF (each of them being doubly degenerate in polari-
sation), and the numerical aperture for the fundamental
mode. Based on these data, we selected the values of
geometrical parameters satisfying all the above-mentioned
requirements imposed on the PCFs for parametric devices,
and selected in this way several PCFs whose properties will
be discussed below. For each of the selected PCFs we
performed additional calculations with geometrical param-
eters differing from the optimal ones by +5 % in order to
verify the stability of the PCF properties to the possible
scatter in these parameters during fibre fabrication. All the
calculations were performed for the same set of wavelength
in the range from 1.0 to 2.4 pm.

HH PCF with the lattice period A = 1.50 pm. Figure 5
shows the wavelength dependences of the effective disper-
sion M for the fundamental mode for several values of the
relative hole diameter. One can see that for d =0.524 =
0.78 um, this PCF has the zero effective dispersion at a
wavelength of 1.545 pum, the dispersion slope in the vicinity
of this wavelength being ~ 0.37 ps nm~2 km~'. The effec-
tive area of the fundamental mode at the operating
wavelength 1.55 pm is A.p = 1.30964% ~ 3.0 pm? and the
numerical aperture is NA ~ 0.60. Such a PCF is single-
mode at wavelengths A = 1.1 um.
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Figure 5. Spectral dependences of the effective dispersion for the funda-
mental mode in a hexagonal lattice of holes in a 80TeO, — 20WO; glass
(A = 1.50 um) for different relative diameters d/A of holes.

Figure 6 shows the dependence of the effective disper-
sion curve on the geometrical parameters d and A of the
PCF. One can see that as the transverse scale and diameter
of the lattice holes change by +5 %, the dispersion zero
shifts by 10 and 15 nm, respectively, and the dispersion slope
changes by ~ 0.01 ps nm 2 km ',
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Figure 6. Influence of geometrical parameters on the effective dispersion
for the fundamental mode in a hexagonal lattice of holes in a
80TeO, — 20WO; glass (the initial values are Ag=1.50 pum and
dy/ Ay = 0.52). Here and in Figs 8, 10, 12, the solid curve corresponds
to A = Ay and d = d,.

SH PCF with the lattice period A = 1.20 pm. One can
see from the wavelength dependences of the effective
dispersion for the fundamental mode shown in Fig. 7 for
several values of d/A that for d=0.534 =0.64 um the
effective dispersion vanishes at A= 1.551 um and the
dispersion slope in the vicinity of this wavelength is
~0.28 psnm > km~'. In this case, the effective area of
the fundamental mode is A.p = 0.76654% ~ 2.5 pm?, the
numerical aperture is NA = 0.47 at the operating wave-
length 1.55 pm, and the PCF is single-mode for 4 = 0.9 pum.
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Figure 7. Spectral dependences of the effective dispersion for the funda-

mental mode in a square lattice of holes in a 80TeO, — 20WO; glass
(A = 1.20 pm) for different relative diameter d/A of holes.

Figure 8 shows the dependence of the effective disper-
sion curve on the geometrical parameters of the PCF varied
by £5%. The change in the transverse scale results in the
shift of the dispersion zero approximately by 4 nm, whereas
the decrease or increase in the hole diameter by 5 % causes
the shift of the dispersion zero by 40 and 50 nm, respec-
tively. In the former case, the slope of the dispersion curve
changes by ~0.02 psnm > km~! and in the latter by
0.05 ps nm > km .
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Figure 8. Influence of geometrical parameters on the effective dispersion
for the fundamental mode in a square lattice of holes in a 80TeO,—
20WO; glass (the initial values are A = 1.20 pm and d,/ A4, = 0.53).

HH1 PCF with the lattice period A = 2.20 um and the
diameter of the first-row holes around the central filled hole
dy =0.804 = 1.76 um. Our calculations showed that such
structures have waveguide properties in the wavelength
range under study only when other holes of the lattice
have sufficiently large diameters, namely, when d = 0.54 =
1.1 um. Figure 9 shows the wavelength dependence of the
effective dispersion for the fundamental mode. It follows

from the calculations that in the region d = 0.54 the
effective dispersion is virtually independent of the diameter
of lattice holes, vanishing at a wavelength of 1.542 pm, with
the slope ~ 0.40 ps nm~> km~'. At the operating wave-
length A = 1.55 pm, the effective area of the fundamental
mode is Ay = 0.73424°% ~ 3.6 pm®> and the numerical
aperture is NA = 0.41. Such a PCF is single-mode at
wavelengths A 2 1.1 um for d < 0.74 = 1.5 pm.
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Figure 9. Spectral dependences of the effective dispersion for the funda-
mental mode in a hexagonal lattice of holes in a 80TeO,— 20WO; glass
with the increased diameter of the first-row holes (A =2.20 um,
dy/A = 0.80) for d/A = 0.60 and 0.80.

Figure 10 shows the dependence of the effective dis-
persion curve on the geometrical parameters of the PCF. As
follows from the above said, a change in the relative
diameter of the lattice holes d/A does not affect the effective
dispersion, whereas changes in the transverse size and the
diameter of the first-row holes around the central filled hole
by £5% cause the shift of the dispersion zero approx-
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Figure 10. Influence of geometrical parameters on the effective disper-
sion for the fundamental mode in a hexagonal lattice of holes in a
80TeO, — 20WO; glass with the increased diameter of the first-row holes
(the initial values are Ay = 2.20 pm, dy/ Ay = 0.60, and d, /4, = 0.80).
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imately by 24 nm. The slope of the dispersion curve in this
case changes no more than by 0.01 ps nm~> km™".

HT1 PCF with the lattice period (external diameter of
tubes) A = D =2.70 pm and the internal diameter of the
first-row tubes around the central filled tube d; =
0.804 = 2.16 pm. According to our calculations, these
structures have waveguide properties in the wavelength
range under study for all practically important internal
diameters of the rest of the tubes forming the lattice (d =
0.14 =~ 0.25 um), the PCF being single-mode at the wave-
lengths A 2 0.8 pm for d < 0.34 ~ 0.80 um. The spectral
dependences of the effective dispersion for the fundamental
mode are shown in Fig. 11. In the region d = 0.14, the
effective dispersion is almost independent of the internal
diameter of tubes. The dispersion is zero at 4 = 1.548 pm
and the dispersion slope in the vicinity of this wavelength is
0.40 ps nm > km~'. At the operating wavelength A=
1.55 um, the effective area of the fundamental mode is
Ayr =0.45644% ~ 3.3 ym® and the numerical aperture is
NA ~ 0.42.
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Figure 11. Spectral dependences of the effective dispersion for the fun-
damental mode in a hexagonal lattice of tubes in a 80TeO, — 20WO;3
glass with the increased diameter of the first-row tubes (A = 2.70 pm,
dy/A = 0.80) for d/A = 0.20, 0.40, and 0.60.

The influence of the geometrical parameters of the PCF
on the effective dispersion is shown in Fig. 12. One can see
that the effective dispersion is almost independent of the
relative internal diameter d/A of tubes forming the lattice.
As the transverse scale or the internal diameter d; of the
first-row tubes changes by +5 %, the dispersion zero shifts
by ~ 22 and 10 nm, respectively, while the slope of the
dispersion curve changes in both cases by no more than
0.01 ps nm > km ™.

Among all the fibres studied, the SH PCF has the
smallest effective mode area, the smallest dispersion slope
near the dispersion zero (approximately 25 % smaller than
for the rest of PCFs), and the best stability of the dispersion
curve to variations in the transverse scale (the shift of the
dispersion zero is approximately five times smaller than that
for the rest of PCFs). On the other hand, the SH PCF has
the worst stability of the dispersion zero with respect to
variations in the diameter of lattice holes (the shift of the
dispersion zero is almost twice that of the rest of PCFs).

The characteristic feature of HH1 and HT1 PCFs with
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Figure 12. Influence of geometrical parameters on the effective disper-
sion for the fundamental mode in a hexagonal lattice of tubes in a
80TeO, — 20WO; glass with the increased diameter of the first-row tubes
(the initial values are A, = 2.70 pm, dy/A, = 0.20, and d, /A, = 0.80).

increased diameters d; of the first-row holes is the virtual
absence of the influence of the diameter d of holes of the rest
of the lattice on the dispersion curve (see Figs 9 and 11).
However, because the diameter d determines the number of
guided modes, HH1 and HT1 PCFs are single-mode only
when this diameter is sufficiently small. The stability of the
dispersion curve of these PCFs to variations in the trans-
verse scale is approximately the same (and close to that for
the HH PCF). However, in the case of variations in the
diameter d; of the first-row holes, the HT1 PCF proved to
be considerably more stable than the HH1 PCF, the shift of
the dispersion zero for the former being half that for the
latter. It is obviously explained by the stabilising effect of air
gaps between tubes in the HT1 PCF.

The HH1 and HT1 PCFs have approximately identical
effective areas of the fundamental mode, the dispersion
curve slopes, and numerical apertures. The latter proved to
be the lowest among the numerical apertures of fibres
studied. The HH PCF has the largest numerical aperture.

Note in conclusion that the numerical simulation of
tellurite-tungstate 80TeO, — 20WO; glass PCFs (n = 2.11 at
a wavelength of 1.5 um) taking into account the frequency
dispersion of the refractive index allows us to propose
several variants of structures of such fibres for applications
in parametric fibre devices:

(1) The PCF formed by a filled central hole in a simple
hexagonal lattice of cylindrical holes in a glass with the
distance between the hole centres 4 = 1.50 pm and the hole
diameter d = 0.78 um. This fibre will have the zero dis-
persion at a wavelength of 1.545 pym with the dispersion
slope ~0.37 ps nm > km™', it will be single-mode for
wavelengths 4 2 1.1 um, and will have the effective area
of ther fundamental mode A ~ 3.0 pm? and the numerical
aperture NA = 0.60 at the operating wavelength 1.55 pm.

(2) The PCF formed by a filled central hole in a simple
square lattice of cylindrical holes in a glass with the distance
between the hole centres 4 = 1.20 um and the hole diameter
d = 0.64 um. This fibre will have the zero dispersion at a
wavelength of 1.551 um with the dispersion slope
~0.28 ps nm 2 km ™', it will be single-mode at wavelengths
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A2 0.9 um and will have the effective area of the funda-
mental mode Agp~ 2.5 um? and the numerical aperture
NA ~ 0.41 at the operating wavelength.

(3) PCFs formed by a filled central hole in a simple
hexagonal lattice of cylindrical holes in a glass with the
distance between the hole centres 4 = 2.20 pum, the diameter
of the first-row holes around the filled hole d; = 1.76 um
and the diameter of the rest of the holes in the range
1.1 um < d <1.5 um. For holes of any diameter within this
range, such fibres will have the zero dispersion at a
wavelength of 1.542 ym with the dispersion slope
~ 0.40 ps nm~2 km™!, the effective area of the fundamental
mode A.p ~ 3.6 pm?, the numerical aperture NA ~ 0.41 at
the operating wavelength 1.55 um, and will be single-mode
at wavelengths 4 = 1.0 um.

(4) PCFs formed by a filled tube in a simple hexagonal
lattice of cylindrical glass tubes with the distance between
their centres (external diameter) A = D = 2.70 um, the
internal diameter of the first-row tubes around the filled
tube d; = 2.16 um and the internal diameter of the rest of
the holes in the range 0.25 pm < d < 0.80 um. For tubes of
any internal diameter within this range, such fibres will have
the zero dispersion at a wavelength of 1.548 um with the
dispersion slope ~ 0.40 ps nm~> km ™', the effective area of
the fundamental mode A ~ 3.3 pm?, the numerical aper-
ture NA =~ 0.42 at the operating wavelength 1.55 um, and
will be single-mode at wavelengths A 2 0.8 pum.
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