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Abstract: In this work, we present a semiconductor FP laser design with significantly
reduced divergence angles particularly in the vertical direction. The laser has a pair of
vertically stacked, propagation constant unmatched twin waveguides that is coupled by
a tapered ridge at the output end. As such, the laser has a significantly extended mode
profile at the output section while the light propagation in the main section is not affected.
Our simulation result shows that the divergence angles can be reduced to 13° x 14°
(horizontal x vertical), as opposed to typical values of 20° x 29° in conventional ridge
waveguide laser structures without a sport size convertor integrated. This design does not
need any regrowth, with no appreciable penalty brought to other laser characteristics either.

Index Terms: Coupled mode theory, semiconductor lasers, divergence angles.

1. Introduction

Facing massive data transmission demand, ridge waveguide (RW) semiconductor Fabry-Perot (FP)
laser with outstanding performance is indispensable. The merits, such as simple structure, high
yield, and low fabrication and operation costs, are key factors for their unfailing lives in fiber-optic
data links and/or optical interconnects. However, its large divergence angles and high aspect ratio
(non-circular shape) leads to a low coupling efficiency to fiber.

Conventional approaches to solve this problem are to co-package micro-lens [1]-[3], or to exploit
the fiber tip-lens [4], or to monolithically integrate a spot-size convertor (SSC) [5], or to modify the
waveguide by incorporating designs such as the diluted waveguide [6]-[10], or the anti-resonant
reflecting optical waveguide (ARROW) [11], or the slab-coupled waveguide (SCW) [12], or photonic
bandgap crystal (PBC) waveguide [13], [14]. These methods, however, suffer from either high
fabrication costs or low fabrication yield. The modification on waveguide usually jeopardize the
laser performance. For example, the SSC integrated in the device front end will need complicated
manufacturing processes, which not only brings in the low yield and high cost, but also increases
the risk of device degradation. In fabrication of PBC waveguides, the accumulated dislocations in
the thick waveguide layer roll down the material integrity significantly, especially in the design of a
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waveguide with periodical layers [14]. In the SCW structure, the required etching-through process
generates defects in the close vicinity of the active region, which deteriorates the device long-term
reliability [15]. As for the lasers with modified waveguide structures, the dramatically increased
threshold current is a common disadvantage due to the greatly reduced confinement factor.

Aiming at reducing the coupling loss without sacrificing the device performance, an invention [16]
successfully reduced the divergence angles by taking advantage of a staircase naturally formed by
its etched-facet technology. Nevertheless, the staircase and the position of the fiber need to be
precisely adjusted to avoid multiple peaks in its far-field pattern caused by misalignment of the
reflected side lobes, which brings back the low fabrication yield issue.

There are still sophisticated designs such as the buried heterostructure (BH) [17], [18], in
which the active region stripe was tapered with its width greatly reduced. As such, its mode
profile is almost rounded, and so the far-field pattern is. Its far-field divergence angles are also
greatly reduced. Due to these features, the BH structure gain advantages in fiber-coupling over
the RW structure, in which the far-field pattern is elliptical with significantly larger divergence
angles. However, restricted by the optimum design on other device aspects, such as the optical
confinement factor and carrier injection, the vertical divergence angle can hardly be further reduced
due to lacking degrees of freedom. However, the fabrication of BH structure requires sophisticated
regrowth technology especially in burying of the tapered active region stripe with Al-contained
layers, which makes it less cost-effective as compared to the RW structure. Straight stripe BH
structure (without tapering) makes the regrowth easier, but it also loses its ability in reducing the
far-field divergence angles. To achieve a best fiber-coupling result, a ball lens or integration to an
SSC is usually required [19], which will, however, increase the cost again.

In this letter, we present an unmatched vertically stacked twin-waveguide structure by inserting
yet another slab waveguide underneath the active region in the conventional RW FP laser. By
altering the ridge width along the cavity, we manage to make a coupling of the traveling light wave
between the two waveguides nearby the front facet only. As such, the inserted extra waveguide
does not take any effect to the main resonance hence the original laser performance will be
preserved. As it approaches to the front facet, the light wave will be partially coupled to the extra
waveguide, which expands the mode spot size and consequently reduces the divergence angles.
The proposed design only needs a single step epitaxial growth plus normal wafer processing tech-
nology. It is fully compatible with the manufacturing technology of conventional RW semiconductor
FP lasers.

The rest of this paper is organized as follows. The device structure and its working principle is
introduced in Section 2. Section 3 describes the design optimization of the entire waveguide. Sim-
ulated device performance is shown in Section 4. Finally, a conclusion of this work is summarized
in Section 5.

2. Device Structure and Working Principle

Inspired by the coupled mode theory, which has been applied in many coupled waveguide designs,
such as the adiabatic mode transformer [20], [21] and the silicon/IlI-V hybrid devices [22], [23], we
propose our structure as shown in Fig. 1(a). In the vertical (epitaxial) direction, the proposed laser
consists of two propagation constant unmatched waveguides: a conventional ridge waveguide and
an underneath slab waveguide with a low refractive index space layer in between. Along the cavity
(in the light propagation direction), the laser has two sections: a straight ridge section (SRS) and
a tapered ridge section (TRS). The SRS is the same as the conventional RW laser with a uniform
ridge, whereas the TRS has a horn-like gradually narrowed ridge along the cavity as shown in
Fig. 1(b). The cross-sectional views of the ridge in different sections are exhibited in Figs. 1(c) and
(d), respectively.

Since the two waveguides are unmatched in the SRS, the fundamental mode excited in the
top ridge waveguide will not be coupled to the underneath slab waveguide. Hence the latter has
little effect on the mode confinement and the SRS shows no difference from a conventional RW
laser. Consequently, the laser performance will not be affected in the SRS. In the TRS, however,
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Fig. 1. (a) The schematic illustration of the proposed structure. (b) The top view of the structure, (c) and
(d) the cross-sectional views of the SRS and TRS, respectively.

as the ridge width reduces, the propagation constant of the top ridge waveguide is approaching
to that of the slab waveguide. The fundamental mode is therefore gradually coupled from the top
ridge waveguide to the underneath slab waveguide. Once the coupling sends about half of the light
power to the slab waveguide, we cut off the waveguide and set this position as the front (output)
facet. As such, the mode distribution area reaches its maximum at the output facet and is largely
expanded in all directions in the cross-sectional area. We can then obtain a pair of significantly
reduced far-field divergence angles in both horizontal and vertical directions, specifically in the
vertical direction. It’s worth mentioning that, unlike other tapered twin waveguide structures that
enforce a complete transfer of the light power from the top to the underneath waveguide, such as
the TRAFFiIC structure [24], the ATG structure [25], and the hybrid IlI-V on silicon laser [26], [27],
the proposed structure will take a much shorter taper length, as only about a half power transfer
is required. For the same reason, we managed to achieve a design without extension of the total
laser cavity length (200 «m), which makes it possible to improve the divergence angles of the FP
laser without serious deteriorating its other performance.

3. Structure Design and Optimization

Since the fabrication of conventional RW FP lasers has been a mature technology, we will avoid
any change on the design of the top ridge waveguide that comprises the strained-layer multiple
quantum well (SL-MQW) active region, the top and bottom graded-index separate confinement
hetero-structure (GRINSCH), and the top and bottom InAlAs blocking layers. We only need to
design the underneath slab waveguide in conjunction with the ridge in the TRS. A typical set of
design parameters for the cross-sectional structure are listed in Table 1, with the thicknesses of
the underneath slab waveguide core layer and the N-spacer to be determined by the followed
optimization process.

3.1 Design Optimization of the Slab Waveguide Core Layer

We have followed two principles in choosing the thickness of the core layer in underneath wave-
guide: (a) in the SRS, the core layer has as little effect to the top ridge waveguide as possible; (b) in
the TRS, the two waveguides can have their propagation constants (i.e., effective indices) gradually
matched.

Fig. 2(a) shows the calculated effective index of the individual top ridge waveguide (with the
underneath slab waveguide removed) as a function of its ridge width, and the individual underneath
slab waveguide (with the top ridge waveguide removed) as a function of the core layer thickness.
The material of the slab waveguide core layer is chosen to be the same as that of the etching stop
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TABLE 1
Cross-Sectional Structure Parameters

Name Material Thickness Refractive index
(nm) (at 1.31um)
Cap InGaAs 200 3.61
P-cladding InP 1800 3.21
Etching stop layer InGaAsP 10 3.34
P-spacer InP 80 3.21
P-blocking layer InAlAs 40 3.20
Top GRINSCH InAlIGaAs 60 3.26
Barriers InAlIGaAs 8.5x10 3.36
Wells InAlIGaAs 5%9 3.38
Bottom GRINSCH InAlIGaAs 60 3.26
N-blocking layer InAlAs 40 3.20
N-spacer InP dq 3.21
Slab waveguide core layer InGaAsP d> 3.34
Buffer InP 500 3.21
Substrate InP - 3.21
xd;, do: parameters to be determined
Underneath waveguide core layer thickness (pm) -
4020 016 012 008 004 _ 0.00 . . . . . .
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Fig. 2. (a) Effective index of the top waveguide versus its ridge width, and that of the underneath slab
waveguide versus its core layer thickness. (b) Power ratio of the fundamental mode in the top ridge and
underneath slab waveguide, and the confinement factor (CF) as functions of the underneath waveguide
core layer thickness in the SRS. (Insets: the mode patterns under three different core layer thicknesses,
TRW: top ridge waveguide, USW: underneath slab waveguide).

layer, to make it have a higher material refractive index than the InP N-spacer but transparent at
the operating wavelength of 1.31 um.

In Fig. 2(a), it is apparent that the thickness of the underneath waveguide core layer can take
any value from 0.06 xm to 0.16 um, in order to match the effective index as required by above
principle (b), as shown by the red bar marked along the top horizontal axis in Fig. 2(a). However,
as the core layer is getting thicker, the effective index matching will happen when the top waveguide
ridge width is approaching to 2 um, the value of the SRS. As such, above principle (a) could be
jeopardized since the guided wave by the top ridge waveguide could be coupled to the underneath
slab waveguide in the SRS. This unwanted coupling would reduce the confinement factor and
consequently result a higher threshold current as well as a lower slope efficiency of the FP laser.
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Fig. 3. (a) Vertical mode size dependence on the N-spacer thickness. (b) Far-field patterns along the
vertical direction with different N-spacer thicknesses.

To find the optimized value, we then calculated the effect of the core layer thickness on the mode
distribution in the SRS. The result is shown in Fig. 2(b).

It is found that as the core layer thickness of the underneath waveguide increases, the field
guided by the top ridge structure will be pulled down in the SRS, which decreases the confinement
factor of the top ridge structure and deteriorates the laser performance as mentioned above.
Nevertheless, once the core layer thickness is less than 0.11 um, the mode distribution no longer
changes appreciably as demonstrated in Fig. 2(b). For an eclectic choice, we select 0.09 um as
the thickness of the core layer, which roughly stays in the middle of the matching range left over,
shown as the blue bar in Fig. 2(a).

3.2 Design Optimization of the N-Spacer

In a vertically coupled twin-waveguide structure, the distance between the two waveguides is
crucial to mode coupling. It is also apparent that the mode expands with the thickness of the
N-spacer. Hence a thicker N-spacer will lead to an extended mode size and consequently small
far-field divergence angles. Fig. 3(a) shows the calculated dependence of the fundamental mode
size along the vertical direction on the N-spacer thickness, where the slab waveguide core layer
thickness and the top ridge waveguide width have been chosen as 0.09 um and 0.97 um,
respectively, with their propagation constants matched to each other. As expected, the fundamental
mode size along the vertical direction indeed expands with the N-spacer. However, the N-spacer
cannot be overly thick, as otherwise a dimple appears between the twin peaks confined by the top
ridge waveguide and the slab waveguide, respectively. As the thickness of the N-spacer exceeds
2.0 um, the dimple drops to over 1/e of the peak value as shown in the inset of Fig. 3(a), leading to
little improvement on the divergence angle but noticeable side lobes as shown in Fig. 3(b), which
jeopardizes the far-field pattern along the vertical direction. We therefore set the N-spacer thickness
to 2.0 um for a best trade-off between the divergence angle and the quality of the far-field pattern.

3.3 Design Optimization of the TRS Length

To obtain the optimized TRS length, a commercial beam propagation method (BPM) based soft-
ware has been used to simulate the coupling of the lasing (fundamental) mode from the SRS to
the TRS. Fig. 4(a) shows the top view of the proposed structure in optimization. As previously
described, once half of the light power in the lasing mode is coupled to the underneath slab
waveguide in the TRS by the linearly reduced ridge width, we cut off the waveguide to form
the front (output) facet. Since the half-coupling generates the most broadly expanded mode, the
corresponding far-field will have smallest divergence angles. Apparently, the pulling down of the
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Fig. 4. (a) The top view of the proposed structure in optimization. (b) The vertical far-field divergence
angle versus the TRS length with the transition angle fixed at 0.56°.

lasing mode power from the top ridge to the underneath slab waveguide can only happen at a
TRS length beyond the propagation constant matching point. The TRS will have to be further
extended after the matching point and the ridge width will then be narrower than 0.97 um (at which
the propagation constant of the top ridge waveguide becomes matched to the underneath slab
waveguide). Knowing the constraint imposed to the total cavity length so as not to jeopardize the
laser’'s dynamic performance, as well as the constraint to the SRS to TRS transition angle indicated
by 61rs in Fig. 4(a) so as not to introduce any appreciable propagation loss, we managed to obtain
an optimum solution by jointly tuning the TRS length and the transition angle, with 200 um set
as the fixed total cavity (TRS plus SRS) length and 1° as the upper limit of the transition angle.
Actually, with a TRS length of 154 um (SRS length of 46 .m) in a transition angle of 0.56°, half
of the lasing mode power is coupled to the underneath slab waveguide and the vertical direction
far-field divergence angle indeed reaches to its minimum value (about 14°) as shown in Fig. 4(b).
The corresponding TRS ridge width at the front facet, denoted as W,;, in Fig. 4(a), is 0.5 um,
a value can still be handled by the standard photolithography and etching process without more
complicated technique involved.

4. Device Performance

Through above design optimization, we have obtained a set of structural parameters that can
effectively reduce the far-field divergence angles. We will then simulate the device performance
by exploiting a direct numerical convolution model [28], [29]. Other than those FP laser parameters
given in Table 1, we have had the rest device parameters summarized in Table 2. For comparison
purpose, the result of a reference FP laser with the same parameters but in a straight ridge
waveguide (i.e., with the full cavity as the SRS) is also shown.

Due to the shrinkage of the ridge width, the confinement factor decreases in the TRS. The
modal gain will consequently decrease in the TRS, although the material gain doesn’t change in
the entire device. As the lasing mode is gradually pulled down, its evanescent tail actually has a
smaller overlap with the heavily p-doped cladding layer where the internal loss appears due to the
free-carrier absorption. As a result, the modal loss also decreases with the reduced ridge width in
the TRS. We have calculated the variation of the confinement factor, the modal gain, and the modal
loss along the TRS as shown in Fig. 5.

4.1 Static Characteristics

The calculated L-1 curves of the proposed and the reference FP laser are shown in Fig. 6. The
proposed FP laser almost has the same threshold current and a slightly increased slope efficiency
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TABLE 2

Additional Laser Modeling Parameters

Parameter Value Unit
Reference laser ridge width 2 Mm
Reference laser cavity length 200 Mm
Ridge width in SRS 2 MM
SRS length 46 um
Tip width in TRS 0.50 um
TRS length 154 Mm
Confinement factor in SRS 0.062
Active region (well) total thickness 45 nm
Rear facet amplitude reflection coefficient 0.95
Front facet amplitude reflection coefficient 0.32
Group index 3.6
Modal loss in SRS 12 cm’
Material gain coefficient 2700 cm™’!
Transparent carrier density 0.9x10'8 cm?
Characteristic temperature 60 K
Gain peak wavelength 1.31 um
Linewidth enhancement factor 2
Nonlinear gain saturation coefficient 7x10-17 cm®
SRH recombination coefficient 1.0x10° s’
Bimolecular non-radiative recombination coefficient 1.0x10-10 cm’s™
Auger recombination coefficient 3.5x102° cmés™
Spontaneous emission coefficient 5%x105
0.07{" T y i T ' r1s
100
0.06 |
g 0054 P
< 0.041 -oog' °8
5 gl g
E 0.03 _40%:_ 6%
4 =]
§ 0.02 2L S
0.011
0.00 ; ; . . . —0 Lo
200 175 150 125 1.00 075 0.50

Ridge width (um)

Fig. 5. Dependence of the confinement factor, the modal gain, and the modal loss on the ridge width in

the TRS.

as compared to the reference one at both room (25 °C) and high (85 °C) temperatures. The
surprising slope efficiency increase can be attributed to the drop of the modal loss in the TRS. It is
worth mentioning that the radiation loss in the TRS is not considered in the simulation model, as it
largely depends on the processing technique. We then need to keep in mind that the improvement
on the slope efficiency may not be true in the fabricated real-world devices. However, it at least
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Fig. 7. Lasing (fundamental) mode profiles at the front (output) facet of (a) the proposed laser, and
(b) the reference FP laser, respectively. Comparison between far-field divergence angles along (c) the
vertical direction, and (d) the horizontal direction, respectively.

indicates that the proposed FP laser will unlikely have any appreciable degradation on its L-I
characteristics.

The lasing (fundamental) mode profile at the front (output) facet of the proposed device is largely
expanded compared to that of the reference FP laser, respectively shown in Figs. 7(a) and (b).
Consequently, their divergence angles along the vertical and horizontal directions are significantly
reduced, respectively shown in Figs. 7(c) and (d). For the proposed device, the divergence angles
are now only 13.4°x14.3° (horizontal x vertical), as opposed to 19.8° x 28.5° in the reference FP
laser. The small side lobe appeared in the far-field along the vertical direction in Fig. 7(c) is caused
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Fig. 8. The lasing mode profile (a) and the far-field divergence angles (b) under 105 °C for the active
region and 85 °C for the rest structure, respectively. And the lasing mode profile (c) and the far-field
divergence angles (d) under 85 °C for the entire structure. All the results are calculated at the front
(output) facet of the proposed laser.

by the dual modal distribution [9]. The side lobe peak can be reduced by either raising the refractive
index, or by reducing the thickness, of the spacer between the top ridge and the underneath slab
waveguide. But it is not necessary in our case as the power taken by the side lobe is negligible.

The temperature impact on the far-field divergence angles is also studied. We find that under
an ambient temperature of 85 °C, no appreciable changes can be found in the far-field divergence
angles of the proposed laser, regardless of considering junction heating (so that the temperatures
of the active region and the rest structure are set to 105 °C and 85 °C, respectively) or not (so that
the temperature of the entire structure is set to 85 °C), as evidenced by Fig. 8, although the lasing
mode profile does show minor changes.

4.2 Dynamic Characteristics

The calculated small-signal intensity modulation responses of the proposed and the reference FP
laser are shown in Fig. 9. There is no significant deterioration on the modulation response of the
proposed FP laser as compared to the reference one. The slight drawback on the proposed device
AC performance is due likely to its reduced effective active region volume, which raises the carrier
density and causes a differential gain reduction, as a phenomenological logarithmic material gain
— carrier density dependence [30] has been used in our numerical model.

Figs. 10 and 11 exhibit the simulated eye-diagrams of the proposed and the reference FP laser
under the data rates of 10 Gb/s and 25 Gb/s, respectively. No appreciable difference can be found
in these diagrams and clear eye openings can be observed in all cases.
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respectively.

5. Conclusion

In conclusion, we have proposed a partially tapered ridge waveguide Fabry-Perot laser with a
vertically coupled twin-waveguide structure. This regrowth-free device is fully compatible with the
standard manufacturing technology of the conventional RW devices. The matching of the two
waveguides in the tapered section only prevents the inserted underneath slab waveguide from
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deteriorating the laser performance. The greatly expanded lasing mode profile at the front facet
effectively reduces the laser far-field divergence angles, particularly the vertical divergence angle
as otherwise it would be very difficult to cut it down by other means without regrowth involved.
Numerical simulation result shows that the divergence angles of the proposed laser can be as low
as 13° x 14° (horizontal x vertical), cut by about half in both directions as compared to the typical
combination (20° x 29°) obtained from the reference RW FP laser. Simulated device static and
dynamic performance also confirms that the proposed laser suffers no appreciable degradation as
compared to the reference FP laser. All above features indicate that the proposed laser structure is
an appealing improvement to conventional FP lasers for cost reduction in high-speed short-reach
applications. Moreover, there is a potential to implement the same design idea to high-power pump
lasers to avoid catastrophic optical damage at the output facet, as the largely expanded mode size
surely dilutes the power intensity.
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