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DWDM Application
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1. Introduction

Over the past years, the internet core rapidly increases, transparent protocols become more
available for DWDM system in the fiber to the home, fiber to the institutions service. In
densely spaced wavelength-routed and large-capacity optical network systems, single-mode
lasers with narrow linewidth and low temperature sensitivity are of particular importance
as the light sources in transmitter modules. The efficient coupling of a laser diode to an
optical fiber has been a problem of general concern since the advent of fiber-optic
communication systems. This chapter will introduce to fabricate a fiber grating external
cavity laser (FGECL) module with a low cost while still maintaining a good single
longitudinal mode performance by using a low-cost AR(Anti-reflection)-coated(5%10-3) laser
and a tapered hyperbolic-end fiber (THEF) microlens for strong coupling the fiber grating
external cavity. Previously, high-performance FGECL modules have only been available by
using a complicated AR-coated(1x10-5) laser process that leads to a high packaging cost. The
FGECL consisted of a HR/ AR-coated diode laser, an uncoated THEF microlens, and a fiber
grating. The results showed that the FGECL module exhibits a side-mode suppression ratio
(SMSR) higher than 44 dB, a higher output power of more than 2 mW, and a larger
operation current range of over 50 mA. In addition, excellent wavelength stability and a
low-penalty directly modulated 2.488 Gbit/s were also obtained for FGECL modules. The
THEF microlens demonstrated up to 86% coupling efficiency for a laser with an aspect ratio
of 1:1.5. A fiber microlens which provides an efficient coupling mechanism to match the spot
size of the diode laser to the fiber is commonly used for optical alignment in FGECL
modules. Low-cost FGECL modules with good performance were achieved primarily owing
to the THEF microlens having a high coupling efficiency (typically 75%) which enhanced the
feedback power from the fiber grating external cavity to the HR/AR-coated laser compared
with the currently available hemispherical microlens which has low coupling efficiency
(typically 50%). Therefore, the packaged FGECL module is suitable for use in low cost 2.5
and 10 Gbit/s lightwave transmission systems, such as gigabit passive optical networks
(GPONs), metropolitan area networks (MANSs), and fiber-to-the-home (FITH) applications.
This chapter is organized as follows:

Part I: A tapered hyperbolic-shaped microlens has been improved for efficient the coupling
of the output from a laser diode into an optical fiber. A tapered hemispherical-end
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fibermicrolens is also evaluated for comparison purposes. The Fresnel diffraction theory is
used to evaluate laser to fiber coupling using microlenses. Experimental results demonstrate
that, for an elliptical Gaussian laser diode with an aspect ratio of 1:1.5, the coupling
efficiencies for the hyperbolic-shaped microlenses and the hemispherical-end fiber
microlenses are 87% and 62%, respectively. Calculation results show excellent agreement
with the measurements. The research results illustrate that a hyperbolic-shaped microlens
has a much higher coupling efficiency than a hemispherical-end microlens due to efficient
mode matching and phase matching. An empirical model and a comparison of coupling
efficiency between hyperbolic-end and hemispheric-end microlenses are presented.

Part II describes a new scheme of the tapered hyperbolic-end fiber (THEF) and experimental
setup. A new lensed-fiber scheme for producing a THEF microlens with an efficient
coupling between a laser diode and a single-mode fiber. The high-coupling performance of
microlenses with a hyperbolic profile was due to the improved mode matching between the
laser and the fiber when compared to currently available hemispherical microlenses, The
THEF microlens is ideally suited to collect all the available radiation emitting from a laser
source. The diffraction theory predicted that near 100% coupling efficiency could be
achieved by a THEF with a circular laser beam pattern, based on both the horizontal and
vertical far-field angles of 20 degrees.

Part III describes a low-cost FGECL modules with good performance which were achieved
primarily owing to the THEF microlenses having a high coupling efficiency (typically 75%).
In general, a high-performance FGECL requires a low AR-coated (1x10-) laser. However,
such packages require complicated processes, which make their cost too high. Using a
temperature-insensitive and low-chirp fiber Bragg grating reflector as the external cavity for
the semiconductor gain element. The possibility fabricating FGECL modules at low cost
while still maintaining a good performance by employing a low-cost AR-coated (5x10-)
laser and a THEF microlens can be demonstrated in the part III. The fiber grating external
cavity lasers (FGECLs) have been developed for 2.5 Gbit/s WDM with a low bit error rate
penalty. It has been shown that the side-mode suppression ratio (SMSR) of the non-AR-
coated FGECL exhibits a current-dependent oscillation.

2. Theoretical fundamentals between a tapered hyperbolic-shaped microlens
and a hemispherical-end fiber microlens

A hyperbolic-shaped microlens, the shape of a perfect microlens was modeled in the shape
of a hyperbolic curve, which was different from the previous studies. The hyperbolic-
shaped microlens of this study transforms accurately the incident Gaussian pattern wave
into a plane wave according to geometric optics. The novel hyperbolic-shaped microlenses
were fabricated by symmetrically tapering the fibers during the unique etching process and
hyperbolically lensing the tips during the fusing process. In comparison with other
techniques of making hyperbolic-shaped microlenses, the fabrication process of our tapered
hyperbolic-shaped fiber microlens is reproducible and suitable for high-volume production.

2.1 A model of the hemispherical-end microlens
Fig. 1(a) shows the hemispherical-end microlens with a radius of curvature of 9.4 pm. The
equation for the hemispherical-end microlens can be expressed as Eq. (1)

R, - Z)Z +1% = Rez 1)

www.intechopen.com



Design of High Performance and
Low-Cost Single Longitudinal Mode Laser Module for DWDM Application 145

where z is the axial coordinate along the optical axis of the lens (the direction of traveling
wave), r is perpendicular to the optical axis, R,is one radius of curvature of the

hemispherical-end microlens, as shown in Fig. 1(b). The phase transformations of the
hemispherical-end microlens can be expressed as Eq. (2)

té(r)zexp[—i-rc-(n—l)-(Ré—«/Rgz—rz)} (2)

where 1 is the refractive index of the fiber core and « represents the wave number of a
propagating wave, given by 2n/A. The Gaussian laser beam entering into the mode field of
the hemispherical-end microlens can be stated as Eq. (3)

U, (x,y,z)=Uy (x,2)- Uy, (y,2)-t,(r) (3)

with Egs. (1), (2) and (3), we can calculate the coupling efficiency of an elliptical Gaussian
mode laser to the hemispherical-end microlens.

2.2 A model of the hyperbolic-shape microlens

The lens shape of a perfect the hyperbolic-shape microlens was modeled by a hyperbolic
curve. Fig. 2(a) shows the hyperbolic-shape microlens with a radius of curvature of 9.4 pm
and the simulated hyperbolic curve from the enlarged tip. The feature of the hyperpolic-
shape microlens has a smaller taper angle than the hemispherical-end microlens and a larger
tilt taper angle of the lens tip of the hyperpolic-shape. The hyperbolic equation can be
expressed as

2 2
z° r
2 . 1 4
e (4)
This formula was derived from the fitted lens radius, R, within the core region and the tilt
angle, 0, of the asymptotic line with respect to the fiber axis, where z is the axial coordinate
along the optical axis of the lens (i.e. the direction of traveling wave), r is perpendicular to
the optical axis and is equal to the square root of x2 + y2, as shown in Fig. 2(b).

0.5 0510 g axis |
(@) (b)

Fig. 1. (a) Hemispherical-end microlens with a radius of curvature of 9.4 pm, right figure is a

simulated hemispherical curve from the enlarged tip. (b) z is the axial coordinate along the

optical axis of the lens (the direction of traveling wave), and r is perpendicular to the optical
axis.
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We assume that the circle was fitted perfectly within the fiber core region. The repeatability
of the measurement is within 1um. Hence, the center point, (h, 0), of the circle can be
calculated with the following equation,

[1/tan(6,)" |+1
2. [\/[rf /tan(é’a)}2 +a® - a}

where 7¢is the fiber core radius. Since the following equation needs to be satisfied,

ha) =17 - )

R,+a—-h(a)=0 (6)

R, is one radius of curvature of the hyperbolic-shape microlens, the value of a can be solved
in terms of the measured parameters. The value of b is calculated from the asymptotic
relationship,

b=a-tan(8,) @)

The phase transformations for the hyperbolic lens can be represented by the following
equations (8) & (9)

toy(x) = exp[—i x-(n —1)-((a/b)-\/b2 +(x+d,)? - aﬂ (8)
ty (v) =exp| - (n-1)-((o/0) o7 + (4, ~a]| ©

where n is the refractive index of the fiber core, and d. and d, represent the deviation (offset)
of the lens from the fiber center axis in the horizontal and vertical directions, respectively.
The mode field after the hyperbolic-shape microlens can be expressed as

un (x,y,z) = usx (x’Z)'usy(y’Z)' téx (x)'tfy (y) (10)

2.3 Experiments and analysis of transmission properties

The laser-to-fiber coupling was modeled based on the Fresnel diffraction theory. From the
elliptical Gaussian laser source to the fiber microlens, which used Fresnel diffraction for
beam propagation through the free space. At the lens tip, a phase delay caused by the fiber
microlens was added to the electric field. Finally, an overlap integral between the
transformed field and the fiber mode field was calculated to obtain a coupling efficiency.
The mode field patterns for both the laser and fiber were assumed to be Gaussian and the
1550 nm laser diode had an elliptical emission pattern. The measured full-width-half-
maximum (FWHM) far-field angles along the horizontal and vertical directions, 6, and 6,
were used to calculate the laser mode-field radii at the front facet, @, and @, respectively.
The relationship between the far-field angle and the mode-field radius at the waist can be
derived as

@y =(\In(2)/2) 4/(7 - tan(6,/2)) (11)
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oy, =(\In@)12)4/ (7 tan(0, /2)) (12)

o
\

| A T s

(@) (b)
Fig. 2. (a) Enlarged tip of hyperbolic-shape microlens with a radius of curvature of 9.4 pm.
(b) The circle was fitted perfectly within the fiber core region, z is the axial coordinate along
the optical axis of the lens, r is perpendicular to the optical axis, the tilt angle of the
asymptotic line with respect to the fiber axis with 0,.

S

The laser mode fields at a distance Z from the facet were thus represented by the Fresnel
diffraction theory,

Uy (x,2)= I:exp[—(xl/wox)z +i.(rc/2.z).(x—xl)2} dx, .\/exp(i.x.z)/(i-ﬂ.z) (13)

Ugy (v,2) = I:exp[—(yl/woy)z +i-(/(/2‘z)-(y—y1)2} dy, -\/eXp(i~K'Z)/(i~ﬂ,'Z) (14)

where L is the wavelength, and « is the wave number, given by 2rn/A. Equations (13) and
(14) do not include the astigmatism for the laser diode. This is the case for the well-designed
index-guided lasers. Finally, the coupling efficiency is calculated from the overlap integral
of this new mode field with the fiber fundamental mode field, Us(x, y),

2
I 'f u,(x,y,z)- uf* (x,y)dxdy

1(z) =+~ — (15)
j jUn(x,y,z)-un*(x,y,z)dxdy-I J.Uf(x,y)-uf*(x,y)dxdy

For a fixed fiber lens radius, the coupling efficiency between the laser diode and the fiber
was calculated. The hyperbolic-shape microlenses had a much higher coupling efficiency
than the hemispherical-end microlenses for an elliptical Gaussian laser with an aspect
ratio of 1:1.5. An experimental comparison of the hyperbolic-shape microlenses has
demonstrated a coupling efficiency of up to 86.8% while the hemispherical-end fiber
microlenses with taper asymmetry have demonstrated imperfect coupling of at best
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61.5%. An elliptical Gaussian laser diode with an aspect ratio of 1:1.5, a widely adopted
commercial product, has a full-width-half-maximum (FWHM) far-field divergence of
20°x30°(lateral x vertical) at 20°C and 60 mA, both horizontal angle and vertical angle as
shown in Figs. 3(a) and (b), respectively. Theoretically, a high coupling efficiency can be
obtained under specific conditions, for example, the coupling loss is relative to the radii of
curvature of microlenses and laser diodes aspect ratio. The diffraction theory predicted
that near 100 % coupling efficiency could be achieved by a hyperbolic-shape microlens
with a circular laser beam pattern, based on both the horizontal and vertical far-field
angles of 20 degrees.

Fig. 4 shows the coupling efficiency as a function of radius of curvature for a laser diode
with an aspect ratio of 1:1.5; the hyperbolic-shape microlenses can reach a 95% coupling
efficiency and the hemispherical-end fiber microlenses with a typical coupling efficiency of
only 70% for calculation results. The theory does not take into account any astigmatism in
the endface of the fiber microlens. There is a difference in optical field distributions between
an elliptical Gaussian laser diode and the radius of curvature, not only in the size, but also in
the profile. The coupling loss of a spot-size transformation between the tapered hyperbolic-
shape fiber lens and an elliptical Gaussian laser diode is extremely reduced by controlling
the shape of the hyperbolic lens tapered portion. The hyperbolic-shape microlenses have a
higher coupling efficiency due to larger acceptance angles which was the major reason to
bring about excellent mode matching, as shown in Fig. 5.
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Fig. 3. An elliptical Gaussian laser diode with an aspect ratio of 1:1.5 has a full-width-half-
maximum (FWHM) far-field divergence of 200x30¢ (lateral x vertical) at 20°C and 60 mA
(a) horizontal direction and (b) vertical direction.
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Fig. 5. Hyperbolic-shape microlenses have a higher coupling efficiency due to larger
acceptance angles than the hemispherical-end microlenses.
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For calculating the intensity and wavefront inside the optical waveguide, we have designed
two models of the hyperbolic-shape and the hemispherical-end microlens with Solidworks
software, as shown in Fig. 6. Figs. 6(a-1) and (a-2) show the pictures of the hemispherical-
end microlens and an enlarged tip, respectively. Figs. 6(b-1) and (b-2) show the hyperbolic-
shape microlens and an enlarged tip, respectively. Figs. 7(a) and (b) show the optical
intensity and the two-dimensional contour plots at 4.7 um from the tip of microlens in the
optical waveguide of the hemispherical-end microlenses and the hyperbolic-shape
microlenses, respectively; both microlenses were of a radius curvature of 9.4 um and the
beam was propagating along the z-direction (the fiber axis). Figs. 8(a) and (b) show the
optical intensity and the two-dimensional contour plots at 18.8 um from the tip of microlens
in the optical waveguide of the hemispherical-end microlenses and the hyperbolic-shape
microlenses, respectively. Obviously, .the hyperbolic-shape microlens shows a strengthened
intensity along the waveguide path after transformation by the microlens. The optical
intensity of the hyperbolic-shape microlenses with radii of curvature were of 9.4 pm and 15
pum at 4.7 um from the tip of microlens in the optical waveguide, the strengths were 0.933
a.u. and 0.789 a.u., respectively, as shown in Figs. 9(a) and (b), respectively. Therefore, a
radius of curvature of 9.4 um is an optimal lens of the hyperbolic-shape microlenses of
standard single-mode fibers owing to higher coupling efficiencies after lenses’
transformation. The calculation of the effect of the optical coupling of the hyperbolic-shape
microlenses based on an empirical model is in agreement with the measured results.

(b-1) (b-2)

Fig. 6. Two models with Solidworks software, (a-1) hemispherical-end microlens,
(a-2) enlarged tip of the hemispherical-end microlens , and (b-1) hyperbolic-shape microlens,
(b-2) enlarged tip of the hyperbolic-shape microlens.
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Fig. 7. The optical intensity and the two-dimensional contour plots at 4.7um from the tip of
microlens in the optical waveguide. Both the hyperbolic-shape and the hemispherical-end
microlens were of a radius curvature of 9.4 pm, the beam was propagating along the z-
direction (the fiber axis). (a) hemispherical-end microlens, and (b) hyperbolic-shape
microlens.
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Fig. 8. The optical intensity and the two-dimensional contour plots at 18.8 pm from the tip of
microlens in the optical waveguide. Both the hyperbolic-shape and the hemispherical-end
microlens were of a radius curvature of 9.4 um, the beam was propagating along z-direction
(the fiber axis). (a) hemispherical-end microlens, and (b) hyperbolic-shape microlens.
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Fig. 9. Optical intensity of the hyperbolic-shaped microlenses 4.7 um from the tip of the

microlens in the optical waveguide. The strengths were (a) 0.933 a.u. with curvature radius
of 9.4 um and (b) 0.789 a.u. with a curvature radius of 15um.

Fig. 10(a)-(c) show the variation of wavefronts at the different distances from the tip of
microlens in the optical waveguide, of 1.1471, 4.7, 50 um, respectively. The wavefronts of the
hemispherical-end microlenses aren’t in accordance with the Gaussian shape in the optical
waveguide due to the existence of radiation modes and a greater Fresnel’s reflections on the
endface of the lens tip. From numerical results with a radius curvature of 9.4 pm, the
hyperbolic-shape microlenses have less normalized phase aberration than the
hemispherical-end microlenses with wavelength of 1.55 um, as shown in Fig. 11. It was
evidenced in the phase matching after microlens’s transformation of the hyperbolic-shape
microlens which was not that of the hemispherical-end microlens. From both of the
simulations and experiments, the hyperbolic-shape microlenses can be proved with a much
better coupling efficiency than the hemispherical-end microlenses, due to phase matching
between the Gaussian type laser source and the fiber mode. In addition to the wavefront
matching between the propagating laser beam and the fiber mode, the spot-size matching of
the Gaussian field distribution is a major reason of improving the coupling efficiency for the
hyperbolic-shape microlenses. Compared to the near field intensity patterns, 1 pm of near
the tip of lens in free space, both the hyperbolic-shape microlens and the hemispherical-end
microlens with a radius curvature of 9.4 um are shown in Figs. 12(a) and (b). Obviously, the
hyperbolic-shape microlenses, as shown in Fig. 12 (b), have much stronger optical intensity
and a larger extent of an elliptical field than the hemispherical-end microlenses.

We have compared the optical transformation of the hyperbolic-shaped microlens versus
the hemispherical-end microlens for efficient coupling to an elliptical Gaussian laser diode
of aspect ratio 1:1.5. The coupling efficiencies for both the tapered hyperbolic-shaped
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microlens and a tapered hemispherical-end fiber microlens were calculated based on the
Fresnel diffraction theory and the results are in good agreement with the measurements.
From the theoretical calculations, we show that uncoated tapered hyperbolic-shaped
microlenses, affected solely by Fresnel’s reflections, suffer less than 0.2 dB loss when
coupled to an elliptical Gaussian mode laser of aspect ratio 1:1.5.
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Fig. 10. The variation of wavefronts at the different distances from the tip of microlens in the
optical waveguide at (a)1.1471, (b) 4.7 and (c) 50 um, respectively. (a-1), (b-1) and (c-1) are
for hemispherical-end microlenses. (a-2), (b-2) and (c-2) are for hyperbolic-shape
microlenses.
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Fig. 11. For the hemispherical-end and the hyperbolic-shaped microlenses of curvature

radius 9.4 um, the hyperbolic-shaped microlenses have a less normalized phase aberration
at wavelength 1.55 pm.
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Fig. 12. Near field intensity patterns for: (a) hemispherical-end microlens and (b) hyperbolic-
shaped microlens 1 pm near the tip of the lens. Both the hyperbolic-shaped microlens and

the hemispherical-end microlens are of curvature radius 9.4 pm. The hyperbolic-shaped
microlens shows a larger extent of the elliptical field.
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3. Manufacturing process of fiber microlenses

The fibers used in this discuss were Corning step-index single-mode fibers. The glass
composition was SiO2-GeO,-P,Os for the core and pure SiO; for the cladding with low
impurity content. The fiber core diameter, the beam spot size, and the refractive index
difference were 8 pm, 5 pm, and 0.3%, respectively, at a wavelength of 1.55 um. To obtain
efficient coupling between the diode laser and fiber in a previous study, hemispherical fiber
lenses with a short taper length and a large taper angle with a small radius of curvature
were required. One of the convenient methods of producing short taper lengths and large
taper angles in hemispherical fiber lenses has been reported.

In this chapter, the THEF was redesigned with a longer taper length and a smaller taper
angle with a small radius of curvature than the hemispherical fiber lens. The THEFs were
fabricated by etching the fiber end in a 55% HF solution placed in a teflon beaker, with a
thin layer of oil floating on top, as shown in Fig. 13. Fig. 13 is a sketched diagram of the
etching process; up to 200 fibers may be etched simultaneously in the experiment. The
etching process at room temperature in the HF/oil solution was terminated after 25 min.
The oil on top of the HF solution has the effect of reducing the fiber etching above the bath
surface from the HF vaporization. The higher-density oil floating on the surface of the HF
solution reduces the fiber etching caused by the re-deposition of the evaporated HF
molecules. In this process, the longer taper length and the smaller taper angle of the fiber
end were achieved by controlling the density of the oil floating on top of the HF solution.

Single Mode

Fiber
< —

Al Holder

0il
-—

HF
Teflon Beaker +—

/.. 7. 7

Fig. 13. Setup of the THEF fabrication diagram with the HF solution, oil layer, holder, and
the fibers.

The experimental measurements and numerical calculations for the dependence of taper
angle on oil density for the THEF are presented. The etching process at room temperature
in HF with oil solution was terminated at 25 min. Different densities of oil floating on the
HF solution were investigated. The oil density was defined by weight per volume
(g/cm3). Fig. 14 shows the taper angle as a function of the oil density. This result shows
that the taper angle is dependent on the oil density. The oil floating on the HF with an oil
solution with lower density and much etching effect caused by HF deposition due to
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vaporization exhibits a smaller taper angle. In order to create hyperbolic microlenses for
high-coupling efficiency, straight tapers without lateral offsets were required. This was
achieved by exactly aligning the fiber vertically with the surface of the HF solution in the
fiber holder, as shown in Fig. 13. After the fiber was etched to the desired tapered shape, a
hyperbolic microlens for the THEF was formed by heating the fiber tip in a fusion splicer.
Only one tapered fiber can be processed with a splicing machine at a time to form a lensed
fiber. The duration of the arc discharge and the offset distance between the tapered fiber
tip and the arc discharge line were optimized to obtain the proper melting temperatures.
In addition, the arcings were performed twice and oriented orthogonally from each other
to achieve a symmetrically hyperbolic microlens. A 300-um-long InGaAsP/InP multi-
quantum-well, ridge-waveguide Fabry-Perot laser diode wire bonded on a sub-carrier
was used as the gain medium for the fiber gating laser. The FP laser diode, which has a
90% HR coating at the back facet and a low-cost AR-coated front facet of 0.5%, was
mounted on a TE cooler to control the substrate temperature. The FP laser beam has a far-
field divergence of 20°x30°(lateral x vertical).

30 J/@ -
== Hyperbolic-lens, calculated
28 @® Hyperbolic-lens, measured |

Taper Angle (degree)

072 074 076 078 080 082 084
Oil Density (g/cm?®)

Fig. 14. The taper angle as a function of the local oil density. The taper angle is dependent on
the oil density.

3.1 Measurements of hyperbolic-end and hemispheric-end microlenses

Fig. 15 shows the hemispherical-end microlens and hyperpolic-end microlens with singular
tapered angle by different etching process and fusion parameters. The taper angle of the
hemispherical-end microlens and hyperpolic-end microlens are 20ns and 26yp1, respectively.
The feature of the hyperpolic-end microlens has a smaller taper angle, i.e. 20n,1< 201, and
20np2 larger than 20y is necessary. In Figs. 15(a) and (b), both microlenses have a radius of
curvature of 9.4 pm. The coupling efficiency of the hemispherical-end microlens and
hyperpolic-end microlens as a function of the lenses radius of curvature is shown in Fig. 4.
The distance L between the laser and the fiber lens was optimized at every point for a
maximum coupling efficiency. The high coupling performance of microlenses with a
hyperbolic profile was due to the improved mode matching and the better wavefront
matching between the laser and the fiber compared with the currently available
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hemispherical microlenses, which have a typical coupling efficiency of 50%. The radius of
the hyperbolicend microlens will determine the collimated beam size for mode-size
matching, and the hyperbolic shape will remove the hemispherical aberration for wave front
matching between the propagating laser beam and the fiber mode. This hyperbolic-end
microlens exhibited a better coupling performance compared to other microlenses fabricated
by chemical etching and drawn-tapered fiber techniques, which showed a maximum
coupling efficiency of 65% for a laser diode with an aspect ratio of 1:1.5. Some previous
studies used complicated processes. The lens shape of a perfect THEF was modeled by a
hyperbolic curve, is expressed as Eq.(4).

() | (b)

Fig. 15. (a) Hyperbolic-end microlens, and (b) hemispherical-end microlens with different
tapered angles. Both microlenses have a radius of curvature of 9.4 um.

3.2 An emperical model for taper length depending on oil density

The HF with oil solution can be divided into three layers: the bottom layer of
uncontaminated HF solution, the interface layer of HF with oil solution, and the top-most
layer of oil, as shown in Fig. 16(a). Fig. 16(b) shows the etching processes of tapered fiber.
The oil floating on top of the HF solution decreases the vaporization effect from the HF
solution onto the fiber surface above the HF solution during etching. The local oil density,
Y(g), is assumed to vary in the e-direction.

According to Fig. 16(a), the layers I, II, and III are the fiber dipped in the uncontaminated
HF solution, the interface layer between the oil layer and the HF solution, and oil layer,
respectively. Therefore, the local oil density in layers I, II, and III are zero, a function of e,
and a constant (depending on the oil), respectively. The fiber in layer I can be etched to a
long round stick, while the fiber in layer II can be etched to form a longer taper length and a
smaller taper angle. The etching process in both layers I and II is terminated at room
temperature after 25 min. The local oil density, y(g), in three different layers can be
expressed as

constant &< ¢
@) =1 [p + g y©](e-¢) gy <E<§ (16)
0 £ < &,
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where the p and g are constants. Based on Fig. 16, the taper angle, 0, is given by
6,=05 tan™ (d; /2¢) (17)

where the dyis the fiber diameter of 125 pm. From Egs. (16) and (17) yields

6, =05 tan™ {df [p+ qy(e)]/Zy(e)} (18)

where the constants p and g are —0.113 and 0.169, respectively. The constants p and g are
from the experimental values of the taper angle related to the oil density. To complete the
etching process, the long round stick in layer I disappeared and left a longer taper fiber, as
shown in Fig. 17. Figs. 17(a) and 17(b) show the pictures of different etching time, 18 min.
and 25 min., respectively. Figure 17(c) shows a tapered fiber picture after completing an
etching process to be enlarged by 500 times by SEM (Scanning Electron Micrograph Image).
The taper angles are dependent on etching time and oil thickness, as shown in Fig. 18. In the
interface region, the fiber was subjected to the influence of adhesive force (horizontal
direction) except for surface tension (vertical direction). The activity of the horizontal
direction and the vertical direction were 1,;siné and 71,y =1y — 1oy cOs@, respectively.

The dependence of the taper length and the taper angle between the hemispherical
microlenses and THEFs is shown in Fig. 19.

c 4 Fiber Fiber Fiber Fiber
‘ Oil

I oil

S e,/ \ / \/Oil+I-IF
il \/ Qil+HF

) oo e e e ‘ ‘ HF
I HF

> X t=0 0=<t=<T t=T

Fig. 16. (a) HF with oil solution divided into three layers; layerl: the fiber dipped in the
uncontaminated HF solution, layer Il:the interface layer between the oil layer and the HF
solution, and layer III: oil layer. (b) Etching processes of fiber microlensat different etching
time.
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(@) (b)

Fig. 17. Pictures of different etching time, (a) 18 min. (b) 25 min., and (c) enlarged by 500
times taper fiber after etching process, photo by SEM (Scanning Electron Micrograph
Image).
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Fig. 18. The taper angles are dependent on etching time and oil thickness.

4. Fabrication of fiber gratings laser with uncoated microlenses

In densely spaced wavelength-routed and large-capacity optical network systems, single-
mode lasers with narrow linewidth and low temperature sensitivity are of particular
importance as the light sources in transmitter modules. Using a temperature-insensitive and
low-chirp fiber Bragg grating reflector as the external cavity for the semiconductor gain
element, fiber grating external cavity lasers (FGECLs) have been developed for 2.5 Gbit/s or
10 Gbit/s WDM with a low bit error rate penalty. It has been shown that the side-mode
suppression ratio (SMSR) of the non-AR-coated FGECL exhibits a current-dependent
oscillation. To avoid the formation of an intra cavity and increase the SMSR, Morton et al.
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Fig. 19. The dependence of taper length and taper angle between the hemispherical
microlenses and THEFs.

have demonstrated an FGECL configuration by applying antireflection (AR) coatings to
both the fiber tip and the diode laser front facet (facet closest to fiber tip). However, both
the fiber tip and the diode laser front facet required low AR coatings(1%10-%). This makes
the fabrication process complicated and causes an increase in the cost of the production.
Therefore, compact integration of the diode laser and the fiber grating external cavity,
which would allow the ease of optical coating and the reduction of back reflection from
the fiber tip, is of great research interest for optimizing the FGECL performance. A fiber
microlens which provides an efficient coupling mechanism to match the spot size
of the diode laser to the fiber is commonly used for optical alignment in FGECL
modules.

This paragraph will elucidate the fabrication of a fiber grating external cavity laser (FGECL)
module with a low cost while still maintaining a good performance using a low-cost
AR(Anti-reflection)-coated(5x10%) laser and a tapered hyperbolic-end fiber (THEF)
microlens. Previously, high-performance FGECL modules have only been available by using
a complicated AR-coated(1x10-5) laser process that leads to a high packaging cost. Our
FGECL consisted of a HR/AR-coated diode laser, a THEF microlens, and a fiber grating.
The results showed that the FGECL module exhibits a side-mode suppression ratio (SMSR)
higher than 44 dB, a higher output power of more than 2 mW, and a larger operation current
range of over 50 mA. In addition, excellent wavelength stability and a low-penalty directly
modulated 2.488 Gbit/s were also obtained for FGECL modules. The THEF microlens
demonstrated up to 86% coupling efficiency for a laser with an aspect ratio of 1:1.5. Low-
cost FGECL modules with good performance were achieved primarily owing to the THEF
microlens having a high coupling efficiency (typically 75%) which enhanced the feedback
power from the fiber grating external cavity to the HR/ AR-coated laser compared with the
currently available hemispherical microlens which has low coupling efficiency (typically
50%). Therefore, the packaged FGECL module is suitable for use in low cost 2.5 Gbit/s
lightwave transmission systems.
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4.1 Fiber grating external cavity laser structure

The fiber grating used in the FGECL comprises a single-mode fiber grating, and an uncoated
THEF microlens. They are fabricated on the same photosensitive single-mode fiber with a
mode-field diameter of 9.6 pm at A = 1.55 pm. The fiber Bragg grating is firstly written on
the photosensitive single-mode fiber using 248 nm UV light. The 6-mm-long grating is
formed in the core of germanium-doped silica glass. To stabilize the grating formation,
thermal annealing at 140°C was performed for 40 h. After the preparation and
characterization of the fiber grating, the THEF microlens was processed at the tip of the
single-mode fiber with the grating formation. To conveniently fabricate the high coupling
efficiency THEF microlens, a unique chemical etching and fusing technique was developed.
According to the abovementioned, the THEF were fabricated by symmetrically tapering the
fiber during etching and hyperbolically lensing the tip during fusing process. For a high
coupling efficiency between the diode laser and the single-mode fiber grating, the THEF
microlenses are required to have a small radius of curvature and a low lateral offset between
the microlens center and the fiber axis.

Thermistor Laser chip Saddle shaped clip
. !

-
[—_

! LN
Photodiode i TE cooler Fiber ferrule

THEF microllens fiber with grating

(@) o)

©)

Fig. 20. (a) AR-coated FGECL module, (b) laser-welded butterfly-type FGECL module, and
(c) THEF microlens.
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Fig. 20 shows the FGECL module configuration. The FGECL module consisted of an
HR/AR-coated diode laser, a THEF microlens, a fiber grating, a photodiode, and a TE
cooler, as shown in Fig. 20(a). A laser-welded butterfly-type FGECL module package is
shown in Fig. 20(b). A 300-pm-long InGaAsP/InP multi-quantum-well, ridge-waveguide
Fabry-Perot laser diode wire-bonded on a sub-carrier was used as the gain medium for the
FGECL. The FP laser diode which has a 90% HR coating at the back facet, and a low-cost
AR-coated front facet of 0.5%, was mounted on a TE cooler to control the substrate
temperature. The FP laser beam has a far-field divergence of 20°x30° (lateral x vertical). The
fiber grating with the THEF microlens was assembled in a fiber ferrule, and then the FGECL
module was packaged by laser welding technique, as shown in Fig. 20(b). Fig. 20(c) shows a
THEF microlens.

4.2 Performance of the fiber grating external cavity laser

For each THEF, the maximum coupling efficiency between the laser diode and the fiber was
measured. The coupling efficiency is defined as the ratio of the optical power from a 2-m-
long fiber pigtail with a THEF to that of the FP laser output power. When the maximum
coupling was achieved, the distance between the front facet of the laser and the tapered
hyperbolic-end fiber tip was 9 um. The 3 dB lateral alignment tolerance between the laser
and the fiber was +1.0 um. The apodized fiber grating has a reflectivity of 50% at a center
wavelength of 1539.15 nm, and a 3 dB bandwidth of 0.2 nm. The spectra of non-AR-coated
and AR-coated FP laser diodes are shown in Figs. 21(a) and 21(b), respectively, at a substrate
temperature of 25°C. The non-AR-coated and AR-coated Fabry-Perot laser diodes, and
FGECL module typically exhibit linear L-I curves up to a pumping current of more than 70
mA, as shown in Fig. 22(a). In the Fig. 22(a), the threshold current (Is) of the non-AR-coated
laser, AR-coated laser, and FGECL were 12 mA, 32 mA, and 18 mA, respectively, at a
substrate temperature of 25°C. At an operation current of 70 mA, the output powers of the
non-AR-coated laser, AR-coated laser, and FGECL were more than 14 mW, 7 mW, and 5
mW, respectively. In the Fig. 22(a), the FGECL module has a lower threshold current and
slope efficiency than the AR-coated laser. The spectral characteristics of the FGECL module
can be analyzed as a single-cavity laser formed by a HR back facet and an effective front
facet from the reflectivity and coupling efficiency of the fiber grating external cavity.

The mth mode effective reflectivity Ry at the diode laser front facet, including all the
reflection components from the output end of the FGECL is given by

2

RZs = |TZS|2 =

f+ (1 - |1’2|2) Paext exp(_jzﬂ'vmfext) (19)
where 75, 72ext, Vi, and T are the reflection coefficient of the diode laser front facet, the
external cavity reflection coefficient, the optical frequency, and the round-trip delay through
the length of the external cavity, respectively. Here, the external cavity length is the distance
from the laser diode front-facet to the center of the fiber grating. For the longitudinal mode
of the wavelength located within the 3 dB bandwidth of the fiber grating reflection, the
value of 1y can be estimated by taking into account the fiber grating reflectivity Rg and the
coupling efficiency n, and is given by

R2ext = |1’26xt|2 = 772R (20)

8
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The effective reflectivity Ros has a higher value for the case of higher R; and n. However, for
the FGECL, Ry is lower than the reflectivity of the natural cleavage facet. Therefore, the
mirror loss of the equivalent cavity is higher. The lower slope efficiency of the FGECL may
be induced by the internal refractive loss of the fiber grating, due to the imperfect refractive
index modulation and uncoated section of the grating. Fig. 22(b) shows the lasing spectrum
with an SMSR of more than 44 dB at a substrate temperature of 25°C and an injection current
of 40 mA.
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Fig. 21. Spectra of (a) non-AR-coated and (b) AR-coated FP laser diodes at substrate
temperature of 25°C.
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Fig. 22. (a) Typical L-I characteristics of AR-coated laser, non-AR-coated laser, and FGECL
module at substrate temperature of 25°C and (b) lasing spectrum of FGECL module with
SMSR of more than 44 dB at substrate temperature of 25°C and an injection current of 40
mA.

The lasing peak wavelength (A,) and the SMSR of the AR-coated FGECL as a function of
current (I) is shown in Fig. 23. In the range of current from 18 to 70 mA at an ambient
temperature of 28°C, A,of the AR-coated FGECL is almost fixed at 1539.15 nm, which is
consistent with the center wavelength of the fiber grating. This indicates that for wavelength
stability, the operation current range of the AR-coated FGECL is tenfold that of the non-AR-
coated FGECL. At a substrate temperature of 25°C, the AR-coated FGECL maintains a single
longitudinal mode operation with the SMSR mostly greater than 44 dB at operation currents
from 30 to 60 mA, as shown in Fig. 23. The high values of the SMSR indicate that the main
mode is strongly locked by the fiber grating’s external cavity.
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Fig. 23. Lasing peak wavelengths (A,’s) and SMSR of AR-coated FGECL as a function of
pumping current at substrate temperature of 25°C.

The lasing peak wavelength (A,) and SMSR of the AR-coated FGECL as a function of
temperature (T) are shown in Fig. 24. The lasing peak wavelength is strongly locked by the
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fiber grating and is dominated by the fiber grating. The A, is dependent on lasing
wavelength of fiber grating temperature at ambient temperature of 28°C. The temperature of
the laser chip is controlled using a TE cooler. To determine the effect of temperature on the
SMSR and A,, the data was measured at I = 40 mA. The AR-coated FGECL had a high SMSR
at temperatures from 20 to 40°C. At 20 to 40°C, the SMSR varies from 38.5 to 47.4 dB, as
shown in Fig. 24. This change of SMSR was caused by the temperature-induced red shift of
the diode laser gain spectrum. The FGECL module showed excellent single-longitudinal-
mode characteristics. In the range of temperatures from 20 to 40°C, little variation of A, was
observed. The average variation of AL/AT was ~ 0.0042 nm/°C, and the shift of A, was
within the 3 dB window of the fiber grating.

On the other hand, for the temperature dependence of the non-AR-coated FGECL, the peak
wavelength (A,) has more significant variations between 1536 to 1545.8 nm at 18 to 36°C, as
shown in Fig. 25. The FGECL with a non-AR-coated laser operates less effectively in a single
mode from the measured SMSRs. This is due to the mode hopping caused by the strong
intra-cavity resonance of the FP diode laser. While the lasing mode of the FP diode laser is
outside the 3dB window of the fiber grating, there is no more mode selection by the external
cavity. Fig. 26 shows a plot of the SMSR and A, as a function of the pumping current of the
non-AR-coated FGECL at a substrate temperature of 25°C. The A, showed current-
dependent variation, and weak wavelength selection by the fiber grating external cavity.
The SMSR exhibited current-dependent oscillations with a short operation current range
from 17 to 22 mA. Without AR coating on the diode laser’s front facet, the FGECL shows a
nonlinear L-I curve and a low SMSR, indicating strong mode hopping competed by the
diode-laser FP cavity and the external cavity.

Fig. 27 shows the BER performance of the AR-coated and non-AR-coated FGECL modules
with a transmission rate of 2.488 Gbit/s. The measured conditions were a NRZ format, 223-1
pseudo-random binary sequence (PRBS) pattern, with a modulation current of 20 mA, and
an operation current of 40 mA at substrate temperature of 25°C. The power penalties of the
AR-coated and non-AR-coated FGECL modules for 25 km SMF (ITU G.652) were measured
at 0.8 and 1.42 dB, respectively. The AR-coated FGECL module shows much better BER
performance than the non-AR-coated FGECL module. Therefore, the packaged FGECL
module is suitable for use in low cost 2.5 Gbit/s lightwave transmission systems.

5. Discussion and conclusions

In general, a high-performance FGECL requires a low AR-coated(1x10-?) laser. However,
such packages require complicated processes, which make their cost too high. In this
chapter, the experimental results demonstrate the possibility fabricating FGECL modules at
low cost while still maintaining a good performance by employing a low-cost AR-coated
(5%10-3) laser and a THEF microlens. Compared with previous studies, new low-cost FGECL
modules exhibited a better SMSR (>44 dB), a good wavelength stability (almost fixed from
18~70 mA), and an excellent temperature stability (AA/AT~0.0042 nm/°C). In a previous
study, an FGECL showed a higher SMSR (>55 dB) and a better wavelength stability
(AL/AI~0.0062 nm/mA from 8~250 mA), however, both the fiber tip and the diode laser’s
front facet required a low-AR coating (1x10-). This makes the fabrication process
complicated and causes a rise in the cost of the production. In this chapter, low-cost FGECL
modules with good performance were achieved primarily owing to the THEF microlenses
having a high coupling efficiency (typically 75%) which enhances the feedback power from
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the fiber grating external cavity to the HR/AR-coated laser compared with the currently
available hemispherical microlens which has a low coupling efficiency (typically 50%).

In addition, the experimental results demonstrated a good performance of the BER and a
low penalty of directly modulated 2.488 Gbit/s for FGECL modules with HR/AR-coated
diode lasers and uncoated THEF microlenses. This clearly indicates that the packaged
FGECL modules are suitable for use in low-cost 2.5 Gbit/s lightwave transmission systems,
such as gigabit passive optical networks (GPONSs), metropolitan area networks (MANs), and
fiber-to-the-home (FTTH) applications.
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Fig. 24. Lasing peak wavelengths (A,) and SMSR of AR-coated FGECL module as a function
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Fig. 25. Lasing peak wavelength (A,) and SMSR of non-AR-coated FGECL module as a
function of temperature at the injection current of 40 mA.
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