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Chapter 1
Introduction

The explosion in demand for network bandwidth is largely due to the growth
in data traffic, specifically Internet Protocol (IP) based traffic. Leading service
providers report bandwidths doubling on their backbones about every six to nine
months. This is largely in response to the 300 percent growth per year in Internet
traffic, while traditional voice traffic grows at a compound annual rate of only
about 13 percent. This high demand—coupled with high usage rates, a dereg-
ulated telecommunications environment, and high availability requirements—is
rapidly depleting the capacities of fibers that, when installed 10 years ago, were
expected to suffice for the foreseeable future.

1.1 Fiber Optic Transmission

Light has an information-carrying capacity 10.000 times greater than the highest
radio frequencies. Additional advantages of fiber over copper include the ability
to carry signals over long distances, low error rates, immunity to electrical in-
terference, security, and light weight.

Aware of these characteristics, researchers in the mid-1960’s proposed that
optical fiber might be a suitable transmission medium. There was an obstacle,
however, that was the attenuation seen in the glass they were working with. In
1970 Corning produced the first communication-grade fibers with attenuation
less than 20 dB/km.

AT&T first standardized transmission at 45 Mbps for multimode fibers (MMF).
Soon thereafter, single-mode fibers (SMF) were shown to be capable of trans-
mission rates 10 times that of the older type. In the early 1980’s, MCI, followed
by Sprint, adopted single-mode fibers for its long-distance network in the U.S.

Further developments in fiber optics are closely tied to the use of the spe-
cific regions on the optical spectrum where optical attenuation is low. These
transmission windows, lie between areas of high absorption. The earliest sys-
tems were developed to operate around 850 nm, the first window in silica-based
optical fiber. A second window at 1310 nm, soon proved to be superior because
of its lower attenuation, followed by a third window at 1550 nm with an even
lower optical loss.

The next step in the evolution of fiber optical communications was the devel-
opment of erbium-doped fiber amplifiers (EDFA) that can provide high amplifi-
cation of the signal in the third window. Today, a fourth window near 1625 nm
is under development and early deployment, thanks to a modification of the
amplifier design. Raman amplifiers are already being the next evolution step
in optically amplified transmission systems since they are capable of providing
gain over the entire transmission window of optical fibers.

1



2 Chapter 1. Introduction

1.1.1 Mutiplexing Techniques

Until the end of the 1990’s the capacity of the optical fiber was exploited by
means of electronic time division multiplexing (ETDM). However, the electronic
circuitry that makes this possible is complex and costly, both to purchase and
to maintain. The alternate solution is to increase the number of wavelengths
in the SMF fiber. Using wavelength division multiplexing (WDM) technology
several wavelengths, or light colors, can simultaneously multiplex signals of 2.5
to 40 Gbps each over a strand of fiber. Without having to deploy new fiber, the
effective capacity of existing fiber plant can routinely be increased by a factor
of 16 or 32.

The second generation of WDM networks aim to, not only, increase the trans-
mission capacity of the optical fiber but also to increase the flexibility of the
optical networks based on WDM introducing functions of the physic, link and
net layers in the optical domain. One example would be the application of the IP
protocol directly over WDM, instead of being supported by ATM (Asynchronous
Transfer Mode) and SDH (Synchronous Digital Hierarchy). Due to the promise
of large device markets, very aggressive research is being done on components
crucial to WDM, such as optical (de)multiplexers (MUX/DEMUX), optical add-
drop multiplexers (OADM), optical cros connects (OXC), and optical wavelength
converters (OWC).

1.1.2 Technology of the Elements of the Optical Network

A diverse technology is used to implement the highly functional opto-electronic
components of the new and more and more complex optical networks. The
most widely used material systems in optical network componentry include glass
fibers, silica (SiO2) based planar circuits, and indium phosphide (InP) [1].

Fibers The glass fibers technology is the most established optical guided-wave
technology and should not be regarded anymore as simple passive transmission
media. It can implement for various other interesting functionalities such as
the production of lasers, amplifiers, polarization controllers, couplers, filters,
switches, and attenuators.

Silica The silica on silicon (Si) technology is the most widely used planar tech-
nology. Waveguides made using this technology present low fiber-coupling loss
and low propagation losses. The principal drawback is their too large dimensions
due to the low refractive index contrast that results in too large bend radius. In
order to avoid this drawback two other new technologies have been developed:
silicon on insulator (SOI) and silicon oxinitride (SizN4). They present higher
refractive index contrast so that the dimensions of the circuit can be reduced.
Naturally, the fiber coupling loss increases. Another disadvantage is that it is
not possible to integrate fast functions because the external control is usually
thermic. Active functionalities, such as amplification and wavelength conversion
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have been experimentally proved by doping the Si with Er, similarly to erbium
doped fibers.

InP/InGaAsP The InGaAsP III-V material system is one of the few semi-
conductor materials that can be used to produce both active and passive optical
devices. It is based on relatively high index contrasts that result in thin waveg-
uides and low bending radius. Nevertheless, such high index differences make
the fiber coupling losses increase because of the mode mismatch. The abil-
ity to match the lattice constant of InP to that of In,Ga;_,As;_,P, over the
wavelength region of 1.0 to 1.7 um makes semiconductor lasers in this material
system the preferred optical sources for fiber optic telecommunications. The
indium phosphide platform is used to produce lasers, semiconductor optical am-
plifiers (SOA), detectors, electro-absorption modulators, couplers, filters, and
switches.

1.1.3 Monolithic versus Hybrid Integration

Planar monolithic integration is the way to integrate as much as possible the
different active and passive functionalities of the opto-electronical component
on a single substrate or carrier, resulting in small and compact units. It of-
fers a significant reduction in production cost due to the batch processing of
wafers. Monolithic integration also leads to space reduction (sometimes by a
factor of 10 relative to hybrid construction). Several active-passive integration
techniques exist for ITII-V semiconductors: selective area growth (SAG) [2], Se-
lective etching and regrowth, vertical integration, shadow mask growth (SMG),
and quantum well intermixing.

One disadvantage that arises with monolithic integration is that the design
of each component in a photonic integrated circuit (PIC) is mostly the result
of some compromise in order to achieve the integration and therefore the com-
ponents might not have the same quality characteristics as the best discrete
devices. Monolithic devices also require complex epitaxial growth and process-
ing. Furthermore, monolithic integration does not provide a solution for the fiber
alignment and attachment (pigtailing) problem during the packaging although
this may account for over 90 % of the component cost.

As an alternative for the monolithic PICs, several companies developed a
hybrid integration technology. Hybrid integration tries to combine the best of
different material systems (SiO2—InP) in a single opto-electronic device. There-
fore, unlike monolithic integration, each part of the component can be optimized
separately. Nevertheless, as the cost associated with optical alignment of the dif-
ferent sub-parts due to the increasing amount of sub-components is believed to
dominate the cost of the opto-electronic component, low cost assembly tech-
niques are essential.

The method used to reduce assembly costs is the passive alignment technique
where, as opposed to active techniques, there is no measurement of the coupling
efficiency during the alignment. The components are assembled on a carrier and
positioned by means of alignment marks or bumps on the carrier and mating
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features on the components. Even if this may imply more complex substrate and
device processing in order to relax the alignment tolerances, the cost incurred
at wafer processing is greatly outweighed by the reduction in the final assembly
cost, resulting in a net lowering of the component price.

1.2 Increasing the Optical Mode

The typical refractive index difference An in a IIT-V semiconductor waveguide is
generally larger than 0.1, leading to mode sizes smaller than 2 ym. Besides, due
to the planar technology used in the fabrication of semiconductor waveguides,
the mode shape is highly asymmetric. The very small refractive index difference
in a single mode glass fiber or silica waveguide (An < 5 x 1073) results in a
weakly guided circular mode with a typical mode size of 8-10 ym. Direct butt-
coupling between an optoelectronic device and a silica fiber or waveguide causes
typically 7-10 dB loss.

The use of an optical element, such as lensed fiber, in order to reduce and
adapt the broader mode shape to that of the smallest mode allows a more im-
proved match between modes that increases the coupling efficiency. Nevertheless,
as the light spots are very small the alignment tolerances are reduced to values
below 1 pm [3]. Hence, it is a much better solution to enlarge the shape of
the smallest mode in order to improve the coupling efficiency and to keep the
alignment tolerances high enough for the requirements of the passive alignment
techniques. That objective can be achieved by integrating spot-size converters
(SSC) in the ITT-V semiconductor chip.

Figure 1.1 shows the two rationales for the use of SSC’s. Figure 1.1(a)
schematizes the hybrid integration of a ITI-V semiconductor opto-electronic com-
ponent, such as a laser, a SOA, or a PIC with a silica planar lightwave circuit
(PLC) on a silicon motherboard. And Figure 1.1(b) shows the pigtailing of a
monolithicaly integrated PIC made in III-V semiconductor. There is a third
configuration in which the use of SSC’s can be really useful to reduce alignment
problems and, hence, costs: the hybrid integration of passive and active com-
ponents in InP [4]. In spite of the fact that the shape of both modes matches,
their small dimensions makes the alignment tolerances to be sub-micron.

1.3 Present Work

Numerous techniques have been reported in the literature for the realization of
efficient mode transformers. However, most of these require cumbersome growth
and processing techniques. In this dissertation, the work is focused on develop-
ing mode-expanded devices using standard growth and fabrication techniques.
We have investigated new structures based on Antiresonant Reflecting Optical
Waveguides (ARROW?’s) for the development of two new concepts for spot-size
converters. The first mode expander uses a vertically confined fiber (or silica
waveguide)-matched ARROW waveguide. The second spot-size converter ap-
plies ARROW confinement for both vertical and lateral directions.
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Figure 1.1: Coupling problem in (a) hybrid integration and (b) fiber pigtailing
of opto-electronic devices.

The ARROW concept has also been applied to another key component in the
evolution of the integrated opto-electronics: the waveguide bends. The radiated
leakage of light in a bend can be reduced considerably applying the same AR-
ROW effect used for the confinement of light in the SSC’s.

To summarize the contribution of the present work to the field of the SSC’s
and waveguide bends, we list some of the first time contributions.

1.

We have realized a quantum-well semiconductor rib laser using an adiabatic
SSC in InP/InGaAsP having an antiresonant reflecting optical waveguide
as fiber (or silica)-matched waveguide. The main merit of such a device
is that the broad core needed for the broad guide is of InP which is easy
to grow. The confinement of the light over the InP substrate is achieved
by a set of cladding layers that provide ultra-high reflection for the fun-
damental mode. The possibility of compact designs of the tapers is also
demonstrated.

We have demonstrated high performance SSC’s integrating them with
semiconductor lasers that can be fabricated in the same processes as the
standard rib waveguide. The merit of such device is the simplification of,
not only the growth of the layer stack, but also the processing to the min-
imum fabrication steps needed for a standard waveguide: one growth and
one etching step. This is the simplest SSC concept reported so far.

We have demonstrated by simulation the previous SSC concept also in
buried heterostructures (BH) which are widely used by commercial com-
panies. Such structures need one regrowth but again, no additional process
is needed to integrate the SSC.



Chapter 1. Introduction

4. We have proposed new rib SSC’s that use a thin core layer near cutoff
instead of a thicker core layer needed in the first two cases. The growing
is easier and the applicability of the lateral leaky confinement is relaxed.

5. We report a new concept for the design of low-loss bends. Its application
in silica waveguides in which the big radius is the main disadvantage is the
objective. High bend-loss reduction is achieved without introducing new
fabrication steps.



Chapter 2
State of the Art of Integrated Spot-Size

Converters

During the past ten years much research has been done on the development of
new structures for efficient mode expansion. The reason for such a wide variety
of spot-size converters (SSC) is the different fabrication technologies employed
in the manufacturing of the integrated optical devices. A good SSC must be
compatible with the fabrication process of the component it is integrated with,
and this integration should not involve processes that worsen the performance
of the device. It turns out that there is no universal SSC. In this chapter we give
an overview and a classification of different taper designs in order to place the
present work in a proper perspective. An interesting list of the most important
groups in the world that work on or make use of SSC’s in their commercial
optoelectronic products is also presented.

2.1 InP-SiO, Coupling

Figure 1.1 shows the shape and the size of the fundamental mode of a 3 ym
wide standard InP waveguide, a buried silica-on-silicon planar waveguide, and
a standard single-mode glass fiber. The coupling efficiency between two waveg-
uides is essentially given by the complex overlap integral of the modes of both
waveguides. In the real situation where the two waveguides are not butt-joined,
the mode of the transmitting device can be propagated using free space Gaus-
sian beam analysis in order to obtain the mode at the separation distance [5].
The alignment tolerances are a measure of the excess power loss sensitivity as a
function of displacement in the transverse, lateral or axial directions. These mis-
alignment tolerances play a critical role in the design of any passive alignment
scheme.

2.1.1 Alignment Tolerances

To illustrate the nature of the coupling for conventional devices, we use the
analysis of [5] to obtain the plot of the coupling efficiency as the waveguide
positions is varied in the transverse (vertical x lateral) directions. Figure 2.1
shows the plots of the coupling efficiency between two standard SMF’s (F-F),
a standard InP waveguide and a lensed fiber (WG-LF), and a waveguide and
a fiber (WG-F). We observe good coupling when the size and the shape of the
faced modes matches. However, the broader the spots are, the more relaxed the
alignment tolerances are. We can also check in Figure 2.1(a) the low coupling
efficiency for a InP waveguide-to-fiber butt coupling. Only a 12.6 % of the

7
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Figure 2.1: Coupling efficiency scan in (a) the transverse direction z and (b) the
axial direction z for standard fiber-to-fiber (F-F) and InP waveguide-to-lensed-
fiber (WG-LF) coupling.

optical power is transferred from one guide to the other. Figure 2.1(b) shows
the coupling efficiency scan along the axial direction z. Again tight tolerances
for small sizes and really high tolerances for two fibers butt coupled are obtained.

As we already mentioned in Chapter 1, the conclusion we extract from these
results is the need of SSC in the ITI-V semiconductor chip that expands and
transforms the small mode of the waveguides. Then, we will be able to reach
the +£1 pum tolerance the passive alignment techniques require.

2.2 Spot-Size Converters

Over the last twelve years, many approaches have been proposed and demon-
strated to transform the mode on chip and improve the coupling to cleaved

50

40 M
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| H

88 89 90 91 92 93 94 95 96 97 98 99 00 01 02
Year

Number of Publications
3

o

Figure 2.2: Number of publications about integrated optical SSC’s published in
specialized reviews since 1988 till October 2002.
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Figure 2.3: Classification diagram of eight main optical-mode transformer struc-
tures. (a), (b), (e), (f) correspond to single-core waveguides. (c), (d), (g), (h)
correspond to double-core ones.

SMEF’s and PLC’s. From the bibliographic search shown in Figure 2.2 we can
see the evolution of the works on SSC’s published in the best specialized optical
reviews since 1988. We can consider the year 1991 as the beginning year of the
research in SSC’s. A growing evolution carries on in the following years reaching
a maximum of publications in the year 1998. In December of 1997 a special
issue of IEEFE Journal of Selected Topics in Quantum FElectronics about SSC’s
was published. Then, a negative evolution starts in 1999 that carries on till
the current year (2002). However, most of the new structures proposed during
this period are already commercialized by many companies as we will see in
Tables 2.1 and 2.2.

2.2.1 SSC Classification

Several classifications of the existing tapers as a function of the modelling method
[6]-[8] or from an optical point of view [9] have been published. All spot-size
transformers are based on the volume reduction of the waveguide core (active in
the case of lasers, SOA’s, etc.) along the propagation axis in order to decrease the
confinement of the mode and to match in geometry and width a semiconductor
mode waveguide to another or that of a SMF or silica waveguide. This decrease
may be wvertical and/or lateral. Spot size may hence be broadly classified in
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CLASS Device Group Ref.

LD MIT Lincoln Lab [10, 11]
LD Hitachi [12]

PIC Bellcore [13]
LD Alcatel [14]
LD Matsushita, [15]
LD MIT Lincoln Lab [16]
LD NEC [17]
LD ETRI [18]
DBR NTT [19]
SOA Alcatel [20]
SOA SDL [21]
PIC Deutsche Telek. [22]
PIC NTT [23]
LD Alcatel [24]
LD IMEC, U Ghent  [25]
LD U of Maryland [26]
LD Sandia NL [27]
DBR Princeton U [28]
PD Siemens [29]
PIC Marconi [30]
PIC Bellcore [13]
LD AT&T [31]
LD  BTL [32]
LD CSELT 33]
LD Deutsche Telek. [34]
LD Furukawa [35]
LD NTT [36]
DFB  Alcatel [37]
N SOA  Alcatel 38, 39]
SOA CNET [40]
PIC  ANT [41]
PIC Deutsche Telek. [22]
PIC U Colorado [42]
Switch NTT [43]

Table 2.1: Overview of laterally tapered optoelectronic devices and the groups
and companies that work on them.
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CLASS Device Group Ref.
LD  IMEC, U Ghent  [44]
PIC Bellcore [45]
PIC  MIT Lincoln Lab  [46]
LD  NTIT [47]
LD Korea U [48]
LD Furukawa [49]
LD NEC [50]
LD Fujitsu [51]
LD Hitachi [52]
LD Mitsubishi [53]
LD IMEC, U Ghent  [54]
SOA  NTT [55]
SOA Samsung [56]
SOA Lucent [57]
PIC Siemens [58]
LD ETHZ [59]
LD IMEC, U Ghent [60]
PIC Delft U [61]
PIC Heinrich-Hertz I [62]
PIC Siemens [63]
Switch  Siemens [64]
LD  Hitachi [65]
LD Lucent [66]
LD NTT [67]
LD SDL [68]
SOA Lucent [69]
SOA NEC [70]
PIC  CNET [71]
PIC Deutsche Telek. [72]
PIC  ETHZ 73]
PIC  NTT [74]
PIC Siemens [75]

11

Table 2.2: Overview of vertically tapered optoelectronic devices and groups.
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two families: lateral tapers, where only the width of the tapered waveguide is
varied; and vertical tapers, the thickness of which is varied , but where the width
may also be changed. For both families, the waveguiding structure may be of
the rib or buried type, single or double-core. Most of the present tapers are
schematically represented in Figure 2.3, and consist in eight basic structures. Of
course, combinations of taper designs (above all, lateral and vertical ones) have
also been reported. Among all the configurations, only several of them have
been widely utilized, the choice of a particular taper depending not only in the
specific application and optoelectronic component manufacturing process, but
also largely on the technological know-how existing in each laboratory.

A list of the most important groups that have worked on SSC’s is outlined
in Tables 2.1 and 2.2. We have focused the list on research laboratories of
companies that have commercialized any kind of SSC integrated with any kind
of optoelectronic device. The class of the used SSC and the integrated device
are also shown. One or two references are shown corresponding to each group
and device.

Lateral SSC’s

In a laterally tapered device the width of the guiding layer(s) is changed. From a
fabrication point of view, lateral single core SSC’s are the most straightforward
because they can be defined in the same growing and lithography processes used
for the device they are integrated with, but they are not being used widely.

In Figures 2.3(c) and (d) a narrow and thin waveguide is transferred into a
wide and thick waveguide by means of a single lateral overlapping waveguide
taper. The waveguide at the end of the taper is a fiber-matched waveguide. A
disadvantage of this type of taper, is the need for a sharp termination point of
the upper waveguide, which complicates somewhat the taper fabrication process.

Vertical SSC’s

In a vertical taper, the thickness of the guiding layer(s) is changed along the
device. Also in this group, the lateral dimensions of the small mode are changed.
In contrast to lateral tapers, where standard processing techniques can be used
for the definition of the taper, special growth and etching techniques are required
to change the thickness along the taper. A wide variety of technologies have
therefore been developed to gradually change the thickness of a guiding layer.

Similarly to the single-core lateral tapers, the single-core vertical tapers are
not widely used because of the critical thickness variation. In Figures 2.3(g) and
(h), the small mode of a waveguide is transformed into a large fiber-matched
mode by means of a wedge-shaped vertical taper. Such a configuration is much
more useful in practice.

Special SSC’s

There also exist alternative taper designs which cannot be simply classified in
lateral or vertical tapers. One of such designs is the multimode interference
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Figure 2.4: Special spot-size converters: (a) multimode interference, (b) seg-
mented, and (c) photonic-crystal.

(MMI) spot-size converter, shown in Figure 2.4(a). Mode transformers of this
class excite several modes [76, 77]. The position of the output facet is chosen
such that the interference of these multiple modes yields a maximum coupling.
This class of SSC’s has the advantage of being much shorter than adiabatic spot-
size transformers, but they are, however, less flexible and only allow a limited
enlargement of the spot size.

The nonperiodic segmented waveguide described in [78, 79] and sketched
in Figure 2.4(b) is an example of a interference spot-size converter, since many
modes are excited at the consecutive discontinuous transitions. Photonic crystals
(PC) have generated a great deal of interest recently because they have the
potential to be used to control the propagation of light in very compact devices.
SSC’s made of photonic crystals (see Figure 2.4(c)) have been demonstrated by
NEC Research Laboratories in Japan [80].

For an overview of SSC fabrication methods, we refer to [6].

2.3 Qualitative comparison of SSC’s

A quantitative comparison of the performance of reported SSC’s has been pub-
lished in several works [6, 8, 61]. However, one must be careful when comparing
the data because each taper is demonstrated for one concrete length, and as
most of them are based on a adiabatic mode evolution (see Section 2.4), the
longer the taper design is, the lower the transformation loss is and the higher
the coupling efficiency to a fiber can be. Therefore, we will outline some different,
considerations that have arisen during the realization of the present work and
that can be interesting for the reader.

1. It has already been mentioned that the lateral tapers are easier to fabricate
because they are compatible with the standard planar growth technology
and waveguide processing. Nevertheless, a huge effort and research has
been carried out in order to allow vertically tapered layers, so that, at this
moment no technological differences are considered between both concepts.

2. Buried waveguides have superior performance characteristics for active de-
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vices (lasers or SOA’s) compared to rib waveguides. They have better
electrical confinement and lower internal losses that result in lower thresh-
old currents and efficiencies. That is the reason why more groups work
on SSC’s for buried waveguides than for rib waveguides (see Tables 2.1
and 2.2).

3. Moreover, the fact that the core layer is entirely surrounded by the same
transparent material, which is not the case for rib waveguides, makes the
transformation of the optical mode much more efficient. So, shorter lengths
are needed for buried tapers to obtain good coupling efficiencies.

4. The fabrication of single-core SSC’s have been found to be more critical
than the double-core ones [22]. The reason is that the single-core tapers
base their mode expansion in down-tapered weakly guiding fiber-matched
waveguides which work point is very critical to the core width.

2.4 Adiabaticity

The majority of the SSC’s are based on an adiabatic mode evolution whereby the
small and asymmetric fundamental mode of the waveguide is gradually trans-
formed to a larger and more circular profile. The term adiabatic indicates that
all power is kept in one mode during propagation. Adiabaticity simply requires
a ‘slow enough’ evolution along the taper. As expected, the longer the taper,
the more adiabatic its operation and the less its total loss. However, the ta-
per length cannot be increased indefinitely, so some compromise will have to be
found. Therefore, a first step in the analysis consists in bringing out a precise
adiabaticity criterion.

The commonly used adiabaticity condition is derived from the physical ar-
gument that the local taper length-scale must be much larger than the coupling
length between the fundamental mode and the dominant coupling mode for
power loss to be small [81]. The local coupling length between the two modes
is taken to be the beat length 2, = 2,(z) between the fundamental and second
local modes. Hence, the adiabatic criterion has the form:

dw _ w (B —B)

e < o (2.1)
where w is the width of the waveguide core that is tapered and §; = §;1(z) and
B2 = B2(z) are the propagation constants of the fundamental and the second
local mode, respectively.

This classical result is derived for a bounded fiber system and cannot be
rigourously applied to the open geometry of a integrated waveguide. However,
the author in [82] extends this classical theory to obtain the following adiabaticity

criterion:
dw < M (2.2)
dz " (|9go/Ow|?)1/?
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Figure 2.5: Example of the inverse of the critical taper slope for a double-core
lateral rib SSC and for TE and TM polarizations. The polarization tolerant
shape should follow the dashed line.

The new factor (|0to/dw|?)'/2 that appears in the criterion of Eq. 2.2 and
that takes into account the dependence of the mode on changes in the tapered
parameter w, introduces a more exact design. For example, considering down
tapered double-core lateral tapers (Figure 2.3(c) and (d)), we see that narrowing
the core width down to a minimum w,;, the shape of the mode does not change
so we can rapidly finish the taper. This fact is not considered by the criterion of
Eq. 2.1 which tell us that we must still smoothly taper the end tip of the taper
when, in fact, this is not necessary.

Figure 2.5 shows an example where the influence of the polarization in the
design of a double-core lateral rib SSC can also be observed. The inverse of the
critical taper slope multiplied by the proportionality factor F and calculated
from Eq. 2.2 is plotted as a function of the width of the taper. The mode
transformation takes place in the range 1.1 — 0.4 ym. The TM mode spreads
for lower values of the width and in a narrower range. It also requires smoother
slopes since its corresponding peak in the graph is higher. Logically, a taper
valid for both polarization should follow the dashed line covering both shapes.

2.5 Simulation Tools

In this section, we will shortly discuss the simulation tools used for the design of
the spot-size converters reported in this thesis. These programs, a mode solver,
a mode expansion algorithm and a beam propagation method (BPM), are the
most powerful tools for the simulation of photonic devices available today [83].

Mode Solvers: Mode solvers are essentially used to find the propagation con-
stant of guided modes in longitudinally invariant waveguides. In the context of
this work we used Fimmwave [84], a two-dimensional (2D) mode solver based
on a transverse resonance method. This method is particularly interesting for
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device geometries consisting of rectangular areas with a constant refractive in-
dex, like most of the semiconductor structures used for optical waveguiding. The
method can be employed for full-vectorial, semi-vectorial or scalar calculations.

The knowledge of the propagation factor is essential to display the spatial
optical field distribution, calculate the confinement factor of the field in a spe-
cific region, calculate the far-field radiation pattern of a mode, and determine
the coupling efficiency between two waveguides.

Mode Expansion Method: A first method to simulate the propagation of an
optical field through an arbitrary waveguide is the mode expansion algorithm. In
this method, the waveguide is approximated by a concatenation of longitudinally
invariant waveguide sections. Any field in a cross-section of an optical waveguide
is written as a sum of the local modes. The propagation of each mode trough
the section is trivial. At the end of a section these modes all couple to the
modes of the next section. Also the power reflected back into the modes of the
preceding section is taken into account, making the mode matching technique a
bidirectional algorithm.

The mode expansion tool that was used in this work is Fimmprop-3D [84], a
program that is built around the Fimmuwave mode solver engine.

Even though mode expansion methods are particularly suited for structures
that have small number of distinct cross-sections, such as multimode interference
couplers (MMI) and periodic structures, Fimmprop-3D also effectively deals with
continuously varying structures like spot-size converters. It is found that taking
into account a limited number of modes (10 modes are sufficient in many cases)
already yields accurate results.

Beam Propagation Method (BPM): Assuming a wave is propagating in
the positive z-direction of the optical waveguide structure and assuming the field
distribution is known in a plane at z = zj, the task is to determine the field
at z = zpp1 = 2 + Az. Repeating this calculation stepwise from the input
to the output, the whole component can be (approximately) analyzed. Most
commercially available BPM-packages employ a finite difference-based approach
for that purpose.

In the context of this work, we used BPM_CAD, a commercial package from
Optiwave Corporation [85]. It is a finite-difference based package allowing the
modelling of both 2D and 3D structures. The specific nature of the SSC’s studied
in this work, with modes expanding in both lateral and transverse dimension,
necessitates the use of the 3D-BPM.

Fimmprop-3D versus BPM_CAD

Fimmprop-3D is without any doubt the most versatile tool for the design of
adiabatic spot-size converters. One of the main reasons why BPM_CADS3D is
not so suitable is the required simulation time, which easily exceeds 4 hours.
Knowing that the design of a spot size converter is mainly an iterative process
with sometimes several parameters to be adjusted, it is soon concluded that this
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is not a very productive way of working.

The settings of the simulation parameters in Fimmprop-3D are also more
transparent. The possibility of visualizing the local modes at any position along
the device has the advantage of providing physical insight in the device behavior.

Nevertheless, the hard boundary conditions used by Fimmprop-3D make the
radiated light couple back from the hard walls to the waveguide if the length
of the device is long enough. Therefore, for devices having considerable mode
transformation loss unexpected results could be obtained. The finite number of
modes used by Fimmprop-3D is also a limitation to obtain a correct idea of the
exact radiated power, and therefore, of the transmitted power. This is also the
case of devices having considerable power transfer to higher order or radiative
modes. In these las two cases it would be better to use BPM_CAD, in spite of
its simulation time.






Chapter 3

Spot-Size Converters Using Vertical
ARROW Waveguides

Expanded mode laser arrays operating in the 1.55 pm wavelength regime are
particularly appealing for WDM system configurations. Nevertheless, achieving
mode-matched lasers at 1.55 ym is more challenging than at shorter wavelengths
due to the much larger size of the fiber mode (&~ 10um) at this wavelength. The
attractive feature of the device presented here is that it uses a single standard
epitaxial growth step and conventional processing techniques. The absence of
the regrowth of epitaxial layers simplifies the device fabrication significantly.
In addition, no direct electron-beam (e-beam) write capability (to realize sharp
tapers) or additional process developments are necessary in this approach. More-
over, the method outlined here can be used in other different integrated optical
components, as well as with lasers.

In this chapter, we discuss the design and experimental results of 1.55 um
semiconductor laser arrays with integrated adiabatic mode expanders. These de-
vices have been realized by using an Antiresonant Reflecting Optical Waveguide
(ARROW) as fiber-matched waveguide. We first discuss the basics of ARROW
waveguides, then the design of the proposed mode-expanded lasers, and finally
the experimental procedure and results.

3.1 Double-Core Lateral Rib SSC

A schematic diagram of the adiabatic mode expander concept is shown in Fig-
ure 3.1. In this device a small rib waveguide is located on top of a thick lower
cladding which is partially etched to form a mesa structure. When the width
of the upper rib is sufficiently large, the optical mode is supported primarily in
the active region and the device picks up optical gain. At the other extreme of
the point, when the rib width is small, the fundamental mode expands to fill the
underlying waveguide. Therefore, by tapering the active waveguide over a long
length, it is possible to transform the mode from the slightly confined active
region to the larger coupling waveguide in an adiabatic fashion [86]. The main
advantage of this structure is that only one growing step an just two standard
processing steps are required. It is also possible to design the gain region and
the coupling waveguide separately, and finally consider the optimization of the
mode transformation region.

In the InGaAsP-InP material system, InP is the cladding material as well
as the substrate. In order to define the thick fiber-matched underlying core it is
necessary to grow a material with a refractive index slightly higher to that of the
InP. In that way the output mode will be broad enough and there will not be

19



20 Chapter 3. Spot-Size Converters Using Vertical ARROW’s
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Figure 3.1: Schematic picture of the adiabatic mode expander concept showing
the tapered active region and the underlying fiber-matched waveguide.

influence in the optical behavior of the active layer. Such small increase in the
refractive index is achieved by means of lattice matched quaternary materials
Iny_,Ga,As,Pq_, having low concentrations of Ga and As, which are rather
difficult to achieve during the growing. One simple solution to this technolog-
ical problem is the growth of alternate layers of InP and higher Ga— and As—
fraction quaternary materials that generate an equivalent layer presenting the
desired refractive index [87]. In an alternate solution we use an InP layer as
the core of a fiber-matched ARROW waveguide. Therefore, there must not take
care of the possible influence of the refractive index of this layer on the active
mode because it is made with the same material as the substrate. The vertical
confinement of the light is achieved by a set of several cladding layers that pro-
vide the confinement of light in the InP core. The following section explains in
detail such structures.

3.2 Antiresonant Reflecting Optical Waveguides
(ARROW)

The word ARROW is the acronym of Antiresonant Reflecting Optical Waveg-
uide and makes reference to a waveguide in which the guidance of the light is
produced by means of a reflecting antiresonance in at least one direction. This
means that there exist a high-index multilayer structure deposited over the sub-
strate so that constructive interference of the reflected ray is produced for a given
incidence angle (close to 90°) and wavelength (see Figure 3.2), like in a Bragg
reflector optimized for an angle of incidence next to 90° instead of 0° or like in a
Fabry—Pérot resonator generated by the interfaces of the multilayer structure. In
such conditions, the reflection coefficient of these layers reaches a value close to
100 % for the wavelength that verifies the quarter wave condition, and the light
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Figure 3.2: Waveguide structure using antiresonant reflection on InP wafer.

can be considered practically guided. Consequently, the maximum reflectance
conditions and, thus, the quasi-guided conditions will be determined just by the
multilayer structure considered as planar structure. Under a theoretical modal
analysis, this structure supports a certain number of bound modes in the high
index layers and several radiation modes with very low losses, which are in fact
leaky modes.

The typical ARROW structure was first proposed by Duguay et al. in 1986
[88]. They implemented the ARROW waveguide in SiO»—Si technology in order
to reduce the radiative loss into the high index Si substrate. The light coupled
into the core undergoes total internal reflection at the upper surface and very
high reflections from the antiresonant claddings. The upper medium is generally
air and the ARROW confinement structure usually consists of two layers, the
first of them with higher refractive index than the core, and the second with a
refractive index similar to that of the core.

Let us suppose a generalized calculation model of ARROW as shown in Fig-
ure 3.2 [89, 90]. The phase condition of vth order mode is expressed by

2k0n1d1 sin0,, + ¢1 + (bg =27y (31)

where ¢, and ¢- are the phase shifts at the interfaces between upper medium
and core and between core and interference first cladding layer, respectively, 6,
is the propagation angle of light, kg is the wavenumber in vacuum, and n; and
dy are the refractive index and the thickness of core, respectively. Here we define
an equivalent thickness of core d.. involving the penetration of the field into the
layers outside the core as follows:

27T+¢1+¢2N A

= - T T~ - 2

dce dl + 2k0n1 sin 91/ dl + CQW\/M’ (3 )
1, for TE modes;

<= { (no/m1)?  for TM modes. (3.3)

where ng is the refractive index of the layer upon the core. In Eq. 3.2 we
neglected the penetration of the field into the interference first cladding from
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the core because it is very small when the high reflectance condition is satisfied.

We consider now the fundamental mode (v = 0). The low loss condition of
the ARROW waveguide is that the light reflected at individual boundaries of
the cladding layers must intensify each other in the direction of the core. This
is identical to the condition that the phase shift inside each cladding layer in
the direction perpendicular to the surface of the substrate is /2. The optimum
thicknesses of two layers of the interference cladding, which provide minimum
loss, are given by

A ni\> A 2\ 71/?
SAT I .
a2 = dny (1 <n2> + <2n2dce> ) @M+1) 34

d3:%(2]\r+1) (M,N =0,1,2,...) (3.5)

With respect to the fabrication technology of ARROW waveguides, we ob-
serve in literature that most works are based on Si substrates, and a small part
of them use ITI-V semiconductors. The first time the InGaAsP—InP system was
used for the implementation of an ARROW waveguide was in [91] in 1987. As
the InP substrate has the lowest refractive index in this material system, a third
high index cladding layer has to be added to the reflector ARROW layers (see
Figure 3.2). Due to the higher refractive index of the GaAs substrates, the AR-
ROW structure in this technology is identical to the one for SiO»—Si technology
[92].

The ARROW principle has a number of interesting features for many appli-
cations. Contrary to conventional guides, light is confined in the region with the
lowest index of refraction, thus adding a new optical design freedom. This struc-
ture also gives very large loss discrimination against high order modes because,
as explained above, the antiresonant layers are optimized for the fundamental
mode, and therefore higher order modes do not reach the antiresonance con-
dition having very high leaky losses: around 100 dB/cm for the second order
mode and 25 dB/cm for the third order mode [88]. They can be considered
quasi-monomode.

Another important feature of the ARROW structure is the loss dependence
with the wavelength. Changing the wavelength, the antiresonance layers do not
behave as quarter-wave layers and the reflected rays do not interfere construc-
tively any more. Then, the leakage towards the substrate and the mode loss
increase. Nevertheless, the typical Airy-like function of a Fabry—Pérot resonator
has sharp peaks in transmission but a quite flat response over a broad wave-
length range in the antiresonant regime that makes the structure considerably
tolerant.

We also remark the polarization dependence of ARROW structures. The TE
loss is always lower than TM loss since TM reflections are always lower by the
same phenomenon which gives rise to the Brewster angle. The degree to which
the TM loss is higher depends in detail on the proximity of the propagation angle
in the core relative to the Brewster angle. In this way, the factor ary /arg is
> 100 in SiO2—Si ARROW’s and around 3 in the InGaAsP-InP material system
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Figure 3.3: Cross section of the mode expanded laser using a passive fiber-
matched ARROW waveguide.

because the propagation angle in the former is much closer to the brewster angle
of the lower interface of the core layer.

Due to all these characteristics, the ARROW waveguides have been utilized
in numerous device applications, such as directional couplers [93], star couplers
[94], filters [95], add-drop filters [96], photo-detectors [97], polarizers [98], po-
larization splitters [99], wavelength de/multiplexers [100], optical interconnects
[101], sensors [102] and lasers [103].

3.3 Design

A detailed schematic drawing of the proposed mode expanded laser is shown
in Figure. 3.3. The active upper rib waveguide and the underlying ARROW
waveguide can be observed. The width of 3 pm of the laser is reduced till a
minimum of 0.3 pm during the tapering. The detailed design process of the
active waveguide, the ARROW waveguide and the geometry of the taper are
described in detail in the following subsections.

3.3.1 Gain Section

An optimized active layer composition of Ing 7sGag.22ASg.79Pg.01 for the wells
and Ing 75 Gag.25As0.54Po.46 for the barriers were designed for maximum optical
gain at 1.55 uym. The 5 active layers are 1 % compressively strained and 80 A
thick, while the barriers are lattice matched and 150 A thick. The barrier energy
gap corresponds to a photon wavelength of 1.25 ym. The shoulders or separate
confinement heterostructures regions are composed of the same material as the
barriers and are 400 A thick. All this layers form the active core of the device and
are not electrically doped. The upper cladding consists of 1.5 pum of p-doped
InP (see Table 3.1). The lower InP cladding serves as the coupling ARROW
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Description Composition Thickness Doping
Cap layer InP 30nm  p++ (2-10')
Contact layer Ing 53Gag.arAs 160 nm  p++ (2-10%7)
Up-cladding InP 1350 nm  p+ (5-10'7)
Up-cladding InP 150 nm  p+ (2-10'7)
SCH region In0,75Ga0,25A50,54P0,46 400 A )
QW (x 5) Ing.78Gao.22A80.79Po.21 80 A .
Barrier (X 4) In0,75Ga0,25A50,54P0,46 150 A )
SCH region In0,75Ga0,25A50,54P0,46 400 A )
ARROW core InP 5000 nm  n+ (1-10'%)
ARROW cladding 1 In0_71Gao_29Aso_61P0_39 320 nm n+ (1 1018)
ARROW cladding 2 InP 2600 nm  n+ (1-10'®)
ARROW cladding 3 IHO_71G30_29A80_61P0_39 320 nm n+ (1 1018)
Substrate InP - n

Table 3.1: Epitaxial layer structure of the mode expander using a underlying
fiber-matched ARROW waveguide.

waveguide and its optimization is discussed in the next section.

Two different devices, with a different etch depth for the laser rib, have been
calculated and fabricated. The two etch-stop points are indicated as E, F» in
Figure 3.3. The shallow etching F; stops just above the layer containing the first
quantum well, while the deep etch E5 goes through the QW’s. It is expected
that the former option will provide a better performance of the laser because
it presents lower surface recombination. On the other hand, when the mode is
expanded in the taper, it will be slightly confined in unpumped active quaternary
layers. This fact will introduce some absorption losses in the shallowly etched
devices that are not present in the deeply etched ones.

3.3.2 Coupling ARROW Waveguide

By increasing the thickness and the width of the underlying ARROW waveguide,
the mode size of the laser output can be increased leading to smaller coupling
loss with a fiber. However, a larger underlying waveguide results in an increased
mode transformation loss as the centroid of the mode shifts by a larger distance
and the spreading of the light field is larger. Therefore, a compromise has to be
found between the coupling loss and the length of the SSC.

In our case, a technological limitation must be taken into account: the max-
imum growth thickness for our MOVPE reactors is around 11 pgm. And taking
into account the InP core and the three ARROW cladding layers needed for the
confinement this limit requires a core d; of 5 um, which is a good compromise
value considering the length and the coupling loss. For the high index ARROW
cladding layers d», dy we choose a lattice matched quaternary material with a
bandgap wavelength Ay = 1.3 pm in order to use non-absorbing materials. The



3.3. Design 25

2t (€Y - (b) H ©

LU

Oltvn v ben b bn b bl b b b b b B v Bl s b b b b b
7

0o 1 2 3 4 5 6 70 1‘2 3 4 5 6 7 0 1 2 3 4 5 6
Half Width (um) Half Width (um) Half Width (um)

Figure 3.4: The fundamental TE mode evolution for (a) w = 3 pm, (b) w =
0.9 pm, and (c) w = 0.5 pm.

exact composition of this Q(1.3) material is Ing 71 Gag.20Asp.61Po.30 and its re-
fractive index is 3.39. Taking into account these considerations, Eq. 3.4 and
Eq. 3.5 provide dy4y = 0.32 ym and d3 = 2.6 pm for the optimum ARROW
cladding design.

The width and etch depth of the ARROW rib mode have been designed as a
compromise between the fiber coupling efficiency and the mode transformation
rate of the SSC. A width of 9 um and a etch depth of 2 ym have been chosen
for the fiber-matched waveguide (see Figure 3.3).

A n-type electrical doping was provided for the ARROW core and cladding

layers. The fiber-matched mode will propagate in such a doped material, but
the n-type doping does not induce considerable propagation losses to the mode.
Table 3.1 shows the layer structure of the device used to demonstrate adiabatic
mode expansion.
Therefore, all the loss mechanisms involved in the SSC are: the mode transfor-
mation loss inherent to the SSC, the leakage in the ARROW confinement layers,
the absorption in the unpumped QW’s (above all for the shallow etching option),
and the absorption due to the doping in the InP ARROW core. Only the first
one is high enough to take into account in the design.

3.3.3 Taper Geometry

Figure 3.4 shows the evolution of the fundamental mode of the mode expander
for three different active rib widths and for the shallowly etched device. We ob-
serve that when the small rib is sufficiently wide (3 pm) the fundamental mode
is tightly confined in the small rib (see Figure 3.4(a)) and the device functions
as an efficient laser with a high confinement of light within the active layer. On
the other hand, when the small rib is sufficiently narrow, the fundamental mode
expands to fill the larger ARROW waveguide (see Figure 3.4(c)).

The critical taper slope provided by the adiabaticity criterion represented by
Eq. 2.2 in Chapter 2 has been numerically calculated using Fimmprop-3D for
the two designs considered in this work and depending on the etching depth.
Figure 3.5 shows the inverse of the critical slope as a function of the width of
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Figure 3.5: Inverse of the critical taper slope for the (a) shallowly and (b) deeply
etched tapered lasers.

the upper active rib multiplied by the proportionality factor F. We observe that
the mode transformation takes place for values of the width lower than 1.25 ym
and that for narrow widths, when the mode is already expanded in the ARROW
waveguide, no smooth slopes are needed either. A technological limit of 0.3 ym
for the final taper tip has been considered.

The critic slope of possible variations of +£50 nm in the etch depths that can
be produced during the fabrication are also shown for both cases. The three
designs are called e—50, e 0 and e+50. The tapering also depends on the refrac-
tive index difference An between the effective index of the active core and the
InP of the core of the ARROW waveguide. Variations of £2 % in An have been
considered but their influence in the critic slope is low compared with the varia-
tions induced by the etch tolerance. This is why only the designs corresponding
to etch depth variations are shown. A tolerant design should follow the slope
provided by the envelop function covering all the three designs. However, we
have approximated the optimum adiabatic shape by a piecewise linear device
consisting of three linear sections (see Figure 3.6). The dashed vertical lines
of Figure 3.5 indicate the selected values w» and ws in a tolerant design that
takes into account possible influences of variations of the etch depth during the
processing. Table 3.2 shows the values of the designed parameters.

Figure 3.6: The optimum taper shape is approximated by a piecewise linear
device consisting of three linear sections.
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wy  wy ws w4 Ly L, L3
E; 3 1.1 0.5 0.3 100 350,450,540 20
Es 3 1.18 0.8 0.5 100 250,300,342 20

Table 3.2: Widths and lengths of the designed piecewise adiabatic tapers. All the
values are in ym. E; and E; correspond to the shallow and deep etch options,
respectively.

For the choice of the length of the critical central section L, we have simu-
lated the transformation efficiency, that is, the power carried by the fundamental
mode along the taper, as a function of Ls. Figure 3.7 shows these results for
the exact structures and for structures with variations of £50 nm in the etching
depth and variations of £2 % in the refractive index difference An. We have
selected three different lengths for the mask design that are indicated by means
of the dashed thin lines in the graphs and which are shown in Table 3.2. A mis-
alignment of +1 pm in the definition of the ARROW rib reduces the efficiency
by less than 0.2 dB. So this is a problem that should not be taking into account.

The designed mask contains two big groups containing the designs corre-
sponding to both etching depths and a third group with untapered reference
lasers. In the design of the tapered structures a taper is placed at each end of
a 2100 pm straight laser. The laser is chosen that long so that two cleaves are
possible. The laser is 3 um wide and is followed by the taper ending by a 50 um
long straight waveguide to have an easy cleaving.

Each group consists of 5 subgroups with 5 identical structures each. These
subgroups are meant to cope with the fabrication tolerances to the definition of
the required widths (we observed after the fabrication that a systematic narrow-
ing of around 0.3 pm is produced during the processing of the ribs). Therefore,
we implemented the structures as designed and structures with variations of
—0.1, 0.15, 0.3, and 0.45 um in their widths.

Efficiency
o o
e @

o
3

0.6

100 200 300 400 500 600 100 200 300 400
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Figure 3.7: Mode transformation efficiency of the piecewise taper as a function
of the length of the central section Lo. (a) Shallowly etched devices, and (b)
deeply etched devices.
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Figure 3.8: SEM picture after the ridge etch, showing the sharp taper tip ob-
tained.

3.4 Fabrication

The epitaxial layers were grown by metal organic chemical vapor deposition
(MOCVD). By plasma etching we defined the SiO, pattern with conventional
photoresist as a mask. The tapered active rib was etched by RIE to a depth
100 nm above the active layer. Next, a selective wet etch of the remaining InP
was carried out. This etch was done using H3PO4:HCl (7:3). Finally, an extra
40 nm (shallow etch) or 140 nm (deep etch) RIE etch into the active layer was
performed. This process involves an underetching of the rib so that the mask has
to be defined around 0.3 pm wider than the desired width. Scanning electron
microscope (SEM) pictures of the taper ends revealed that taper dimensions of
0.3 pum were obtained reproducibly (see Figure 3.8). Subsequently, a 9 ym wide
and 2 pm high mesa was dry etched to provide lateral index guiding for the
expanded mode. Thereafter, polyimide was spin-coated on the sample to form
an insulation layer. The thickness of the polyimide is less on top of the ridges
compared to the rest of the sample. Therefore, by an adequate window open-
ing and a controlled plasma etch, the dielectric was removed on the ridge while
dielectric coverage remained elsewhere resulting in good electric isolation. This
process eliminates the necessity of critically aligning dielectric window-opening
mask exactly on top of a 2.5 um ridge and allows the contacting of the thin
ridges of the lateral taper.

Next, using a negative photoresist and a metal liftoff process, the metalliza-
tion pattern was defined. Finally, the thinning of the substrate was done and the
back contact was deposited. Arrays of devices, each with 520 pum long straight
active sections, were mounted on electrically cooled copper heatsinks with silver
epoxy and were tested without any coatings. The entire device is electrically
pumped because the metallization also covers the entire length of the spot size
converters. This can have a negative impact on the threshold current and effi-
ciency, but on the other hand it avoids the risk of high absorption losses in the
passive section of the taper. Untapered lasers 750 ym long and 3 ym wide and
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Laser I Nd L To FC FF Tol.
(mA) (W/A) (pm) (°K) (dB) (Deg.) (pm)
Ref., E1 31 0.09 750 65 —8.2 30.5 x 43 +1.9 x £2.1
Ref., E» 30 0.13 750 81 —8 30.1 x 40.1 +1.5 x £2
Tap., E1 45 0.1 990 71 —2.9 10.4 x 22 +2 x £2.2
Tap., E» 50 0.15 890 65 —2.6 10 x 27 +2.2 x £2.3

Table 3.3: Measurement results on the integrated mode expanded lasers using
ARROW waveguides. Devices having two different etch depths (shallow E; and
deep E>) have been processed. I;;, = threshold current; 5y = external efficiency;
L = total laser length; T = characteristic temperature; F'C' = fiber-coupling
efficiency; F'F = far-field divergence angles; Tol. = 1-dB alignment tolerance.

fabricated from the same wafer as the tapered lasers were also prepared as a
reference. Both reference and tapered lasers have similar total active area.

3.5 Experimental Results

All the measured parameters are shown in Table 3.3. The devices were operated
in continuous wave (CW) operation. The deeply etched reference devices, with
a threshold current of 30 mA and an external efficiency of 0.13 W/A, present a
slightly better laser performance than the shallowly etched ones, which have a
similar threshold current but a lower external efficiency (0.09 W/A). Regarding
the mode-expanded lasers, an increase of about 20 mA in the threshold current
with respect to the reference lasers is found. This is a common behavior due to
the mode transformation loss within the taper, to the losses in the n-doped thick
InP ARROW core layer and to the increased length, and not to the introduction
of the ARROW. The measured full width at half-maximum (FWHM) values
are also shown in Table 3.3. An important lateral divergence improvement is
achieved for both groups of lasers, reaching a minimum of 10° for the deeply
etched lasers. This value should be compared with the 30° divergence of the
reference devices. The achieved vertical field divergences are higher (22° and
27° for both sets of lasers respectively, see Table 3.3), but are still substantially
lower than the 40° of the reference devices. A coupling efficiency measurement
was performed between the expanded mode laser and a standard cleaved single
mode fiber with a spot size of 10 um at 1.55 um. Fiber coupling efficiencies
better than —3 dB are obtained for both etch depths, including the Fresnel losses
occurring at the air-glass interface. And finally, A maximum —1 dB alignment
tolerance of £2.2 x £2.3 um (lat. X vert.) is obtained for the deeply etched
devices.
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Figure 3.9: A relaxed adiabatic mode transformation can be achieved by tapering
simultaneously the upper and the underlying fiber-matched ribs.

3.6 Double Tapering

The mode expander proposed in this section tapers laterally, not only the active
upper rib, but also the underlying broad rib, which is progressively widened to-
wards the output facet. Figure 3.9 shows the shape of the proposed taper. There
is no change in the shape of the active taper (Table 3.2), and the underlying rib
is linearly tapered from a initial width w; = 2 pm to a final width wy = 9 pm.
The broad tapering is defined in the critical central section Lo because it is there
where the mode transformation takes place.

The concept, is based on the fact that the propagation constant of the mode in
the underlying fiber-matched rib waveguide decreases with its width. Therefore,
the propagation constant difference increases leading to higher tapering angles
and shorter taper lengths (see Section 2.4).

Both shallowly and deeply etched lasers have been simulated using Fimmprop-
3D. Figure 3.10 shows the resulting efficiency as a function of the length of the

0.9 —a— Single Tapering
? —— Double Tapering
208
£
]
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Figure 3.10: Mode transformation efficiency of the original and double taper as
a function of the central section Lo. (a) Shallowly etched devices, and (b) deeply
etched devices.
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critical second section Ls. The efficiency corresponding to the previous mode
expander is also shown for comparison (from Figure 3.7). No longer lengths have
been simulated because of the fabrication limitation on the minimum tapering
slope of 100 nm/90 um. The improvement achieved by the new concept has
been shaded in the figure. We observe that the taper length required to reach
an efficiency of 90 % is around a 20 % shorter using the double tapering.

PUBLICATIONS: [A], [B], [C]

Preliminary simulation results on SSC’s using ARROW waveguides are presented
in [A] (Sections A.2 and A.3). In [B] the first experimental results are published.
The final and more complete set of experimental results are presented in [C]
(Section C.2).






Chapter 4

New ARROW Structures for
Mode-Expanded Lasers

In the previous chapter, we have demonstrated the potential of ARROW waveg-
uides for fiber-coupling functions in InP technology. The main objective was
to simplify the fabrication process of mode-expanded lasers, above all, the in-
convenient growing of thick quaternary materials. Using ARROW waveguides,
the thick fiber-matched core consists of InP, which is always less problematic to
grow. In this chapter, we keep the objective and go further in the simplifica-
tion of the only growth step by reducing the thickness of the overall layer stack
without altering the good performance showed by the first devices.

4.1 Introduction

The optimum three ARROW cladding layers are designed to generate an antires-
onance condition and provide minimum leakage loss towards the substrate. They
are calculated by means of analytical expressions calculated using the ray tracing
method and Snell’s law [88]. The total thickness of this optimum cladding is al-
ways higher than half the InP ARROW core thickness, which can be considered
rather thick. Since the expanded ARROW-confined output mode is only guided
over a short distance within the taper, it is not really necessary to reduce the
ARROW losses to an absolute minimum. In other words, it is allowed to move
away from the antiresonance condition, thus increasing the radiation but also
reducing the thickness of the cladding layers, and consequently simplifying the
growth.

During the last three decades, numerous efforts have been made to solve the
wave equation for the propagating modes in a general, lossless or lossy mul-
tilayer waveguide, in such a way as to facilitate the design and optimization
of ARROW waveguides [104]-[109]. Nevertheless, the thin-film transfer-matrix
method (TMM) [110] has established itself as one of the primary tools for mul-
tilayer waveguide analysis. The thin-film TMM can easily form the dispersion
equation of a multilayer waveguide consisting of any combination of lossless and
lossy (dielectric, semiconductor, metallic) layers. The guided-mode propagation
constants of the structure correspond to the zeros of this equation. From this
information the electric and magnetic fields can be found for any interior or exte-
rior point. Many zero-search numerical algorithms have been developed to solve
the dispersion equation [107, 111]. Since we focus on the fundamental mode of
an ARROW waveguide (higher order modes are out of practical interest in our
adiabatic taper application), a useful initial approximation close to the exact
zero can easily be predicted, and therefore, a simple scan around it is enough to

33
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Figure 4.1: Functional form of the exponential functions corresponding to each
field coefficient in the two outer mediums of a multilayer structure consisting of
N planar films between infinite cover and substrate media.

find the point. In the following section, we describe the TMM in detail and use
it to calculate the radiated leaky losses of the ARROW waveguide used in the
structure of the SSC. Then, a thinner ARROW cladding structure is designed,
much more attractive from a growth point of view, and a complete tolerance
analysis is carried out. And finally, the fabrication and performance of the new
devices are shown and discussed.

4.2 Transfer-Matrix Method

The matrix formalism is an extremely useful form of the steady-state solution to
Maxwell’s equations subject to the boundary conditions imposed by a multilayer
stack, as the one schematized in Figure 4.1. The detailed analysis is developed
in [112] where the field coefficients in the substrate s and the cover ¢ are related

by
AR

A7 ma21  Ma2 A7

A7

o (4.1)

}:M.

being M the transfer matriz of the multilayer structure.

4.2.1 Modal Solutions in a Multilayer Structure

The functional forms of the exponential functions corresponding to each field
coefficient A; and A are schematically shown in Figure 4.1. The periodic,
increasing and decreasing nature are emphasized as a function of the effective
index of the propagating mode. We now investigate the shape of the fields
supported by the structure.
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Guided modes The guided modes are confined in the y direction and prop-
agate the energy in the z direction. Theses modes decline when y tends to
+00, which means that the field coefficients AT and A have to be zero. The
propagation matrix equation is

AF ] 0
§ el ] @
In order to accomplish Eq. 4.2, the element mgs of matrix M must be 0. This
equality determines de propagation constant of the guided modes and the field
coefficients. There only exist a finite number of discrete values of real effective
indexes that fulfill the condition ms> = 0, and that can be considered guided
modes. If the multilayer structure does not have absorbing layers, the effective
index of the guided modes satisfies the condition:

Neore > Neps > max(ng, ne) (4.3)

where n.,r. makes reference to the higher refractive index in the structure that
corresponds to the guiding layer or core.

Radiation modes There is a continuous group of radiation modes, having
also real effective propagation indexes. Two subgroups can be distinguished
here. When the effective index of the mode solution is lower than the substrate
and higher than the cover layer (n. < neys < ms), and when the effective index
is just lower than the cover index (ness < n.). The former represent radiation
modes in the substrate where they exhibit a periodic behavior from yy till
infinity. The field coefficients in the outward mediums are then related by

AT ] _ AL
AR

c

(4.4)

forming a continuous set of infinite solutions as we already mentioned.

On the other hand, if 0 < n.¢s < n. we obtain general continuous radiation
modes that oscillate along all the axis y tending to +oo. The field coefficients
are related in this case by the general equation

4] o [ 4] »

c

There exist two independent coefficients that determine two linearly independent
solutions for each refractive index value. Consequently, the radiation modes are
obtained as a combination of such solutions, and verifying the orthogonality
condition.

The radiation modes described so far can be considered as propagating radia-
tion modes, since they all have a component e?*"</7# that implies propagation in
the z direction. Nevertheless, there is another group of radiation modes called
evanescent, that do not transport any energy in the propagation direction z.
These radiation modes have an imaginary effective propagation index, which is
the cause of the attenuation or evanescence of light when propagating along the
z axis.
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Figure 4.2: Attenuation or leakage losses of the fundamental TE ARROW mode
as a function of the thickness of the three cladding layers d-, dsz, and d4 for a
core thickness d; = 5 pm.

Leaky modes There is another set of discrete solutions to the Maxwell equa-
tions that do not have physical existence but that are very interesting from an
optical point of view. They provide information about the leakage loss of a
guiding structure. These leaky modes are usually associated with solutions of
the structure just below cutoff, and that propagate light next to the core but
without being totally confined. They have significant meaning in the analysis of
transient situations, but are rather difficult to treat. The propagation constant
of each leaky mode is complex:

e .Q
B=p0"+if" = koneys +z§ (4.6)

The imaginary part determines the attenuation or leaky losses of the mode, and
losses are given by the commonly used attenuation coefficient 4.343a (decibels
per unit length).

The leaky modes solution of the multilayer structure can radiate in the sub-
strate, in the cover layer, or in both. In the first case the field coefficients of
the general solution in the substrate layer AT and A7 must be 0. Therefore,
the complex propagation constants can be calculated from mi> = 0. When the
leaky modes radiates in the cover layer, the coefficients A} and A, must be 0.
In this case, the equation to solve is mo; = 0. If the leakage is produced in both
mediums, then we should solve m; = 0 because A7 and A} have to be null.

In our particular case, the ARROW waveguide supports leaky modes in the
substrate, because of the antiresonant cladding structure over the substrate used
to confine the mode. Therefore, equation mi5 has to be solved to determine the
exact complex propagation constant of the quasi-guided fundamental ARROW
mode.

4.3 New ARROW Structures

Using the TMM, we have calculated the leakage losses of the 5-ym-thick AR-
ROW waveguide used in Chapter 3 as a function of the thicknesses of the three
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Figure 4.3: Schematic drawing to scale of the optimum and proposed new relaxed
layer structures for the mode-expanded lasers.

cladding layers dy = d4, and d3. Results are shown in Figure 4.2. The leakage
loss for the optimum design calculated with Eq. 3.4 and 3.5 is 0.25 dB/cm, which
causes negligible loss compared with the mode transformation of the taper. If
a maximum propagation length of 300 ym is considered for the ARROW mode
in the taper and a reasonable total leakage loss of 0.1 dB is allowed, the new
cladding layers may exhibit a leakage loss as high as 3 dB/cm. The line that
keeps this reasonable criterion is highlighted by the thick dashed line in Fig-
ure 4.2. The relaxed structure with a leakage loss of 3 dB/cm is d» 4 = 0.31 pym
and d3 = 0.5 pm, reducing the total cladding thickness to 1.12 pm, which is
2.12 pm less than the optimum structure. Figure 4.3 shows a schematic drawing
to scale of the optimum and relaxed layer stacks, in order to better appreciate
the overall thickness reduction.

So far, we have not considered the influence of the lateral confinement pro-
vided by a rib structure on the guiding conditions in the ARROW. The authors
in [113, 114] demonstrated a negative impact of the rib definition on the leak-
age loss but that was anyway negligible for wide enough waveguides, which is
our case. Therefore, power leakage properties of the rib-ARROW waveguide are
essentially determined by the planar ARROW structure, investigated in detail
in this section. In order to check this feature for the relaxed structure, a BPM
semi-vectorial propagation of a 9 yum wide ARROW waveguide with the new
relaxed cladding layers has been carried out. The guide is excited with a Gaus-
sian field and for a propagation distance of 500 um the power is stable and only
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Figure 4.4: (a) Transmitted relative power when coupling a Gaussian field to
a 9 pym wide rib ARROW waveguide plotted together with the a decreasing
exponential corresponding to the theoretical loss calculated by TMM for TE
polarization, and (b) electric field distribution of the fundamental TE ARROW
mode calculated using TMM and from a vertical cut in the simulated rib AR-
ROW waveguide.

the leakage of the leaky fundamental ARROW mode goes out of the simulation
window. Figure 4.4(a) shows the relative transmitted power along the straight
waveguide. A exponential function corresponding to the calculated leaky loss
(3 dB/cm) is also plotted for comparison. We observe that, after power stabi-
lization, the leaky loss of the rib waveguide exactly fits the loss corresponding
to the slab structure. In Figure 4.4(b), the field distribution of the fundamental
ARROW mode in the new relaxed slab waveguide and in a central vertical cut
in the end of the propagated waveguide are shown. Some more light remains in
the confinement cladding layers for the rib waveguide can be observed.

4.3.1 Tolerance analysis

As we have moved away from the optimum antiresonance condition, it is manda-
tory to check if the new structure keeps the robustness the standard ARROW’s
shows and if it is tolerant enough to parameter variations during the fabrication
process or to alterations in the operation point A. The dependence on variations
of the cladding layer thickness produced during the growing can be checked from
the previously-shown Figure 4.2. Taking into account the high accuracy of pla-
nar growth technology (a few nanometers), this is a parameter that is not critical
at all.

In Figure 4.5(a), the variation of the leakage losses of the fundamental AR-
ROW mode as a function of deviations in the refractive index of the high index
cladding layers ns 4 is shown. A variation of £2 % has been considered. Fig-
ure 4.5(b) shows what happens when the wavelength changes around 1.55 um.
We conclude that there is not critical parameter to take into account during the
design or the fabrication if the 3 dB/cm loss criterion is used.
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Figure 4.5: Tolerance analysis of the relaxed ARROW structures for vertical
confinement of tapers as a function of (a) the refractive index difference between
the substrate and the high index cladding layers, (b) the working wavelength,
and (c) the thickness of the non-etched upper active core.

Since the ARROW waveguides considered in this work are designed as a com-
ponent of a taper (see Figure 3.3), a smaller rib waveguide is built on top of it.
The layer comprising the core of this smaller guide may generate a new layer
to be considered in the design of the broad ARROW output waveguide if it is
not totally etched. From [115], we know that this additional layer will not have
negative influence on the leakage losses, but positive, because the loss reduces
for thicker ARROW cores. The reason are the fewer reflections the fundamental
mode experiences over the cladding layers for thicker cores. We have anyway
investigated the influence of an additional layer on top of the relaxed ARROW
core. The results are shown in Figure 4.5(c). An equivalent refractive index of
3.4242 and a thickness range of 0-0.22 um have been considered. Layers thicker
than this maximum are not in cutoff and induce guided modes that would de-
grade the shape of the output fiber-matched ARROW mode. As expected, the
upper core induces a decrease of the leakage loss.

4.4 Fabrication and Experimental Results

Identical fabrication process as the one outlined in Section 3.4 was used to im-
plement lasers integrated with SSC’s using the new relaxed ARROW structures.
The measured parameters are summarized in Table 4.1. The deeply etched un-
tapered lasers present the best performance. They show a threshold current
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Laser I Nd L To FC FF Tol.
(mA) (W/A) (pm) (°K) (dB) (Deg.) (pm)
Ref., E1 35 0.13 750 78 —8 30.3 x 39 +1.8 x £2.1
Ref., E» 22 0.13 750 68 —8.2  30.9 x 40.7 +2 x £2.3
Tap., E1 60 0.11 990 70 —2.7 11 x 19 +2.3 x £2.4
Tap., E» 32 0.1 890 79 —2.9 9.6 x 25 +2.4 x £2.5

Table 4.1: Measurement results on the integrated mode expanded lasers using
the relaxed ARROW configuration. Devices having two different etch depths
(shallow E; and deep E») have been processed.

around 22 mA, while the shallowly etched lasers exhibit a threshold of 35 mA.
Regarding the mode-expanded lasers, an increase of only 10 mA in the thresh-
old current with respect to the reference is found for the deeply etched devices.
In the case of the shallowly etched devices this increase in the threshold is of
25 mA. Some regular kinks are observed in the deeply etched E» tapered lasers
due to some multimode behavior.

The coupling efficiency to a standard single mode fiber does not change and
also the lateral FWHM divergence angles remain the same compared to the
SSC’s using the optimum ARROW structure. The vertical divergence angles,
however, are reduced by a few degrees. The reason of this slight improvement
is the reduction of the light in the new relaxed ds, d3 and dy cladding layers.
The sign of the optical field in these layers (see Figure 3.4(c)) is opposed to the
sign of the field in the InP core and reduces the fiber coupling efficiency and the
far-field divergence angles. A maximum —1 dB alignment tolerance of around
+2.4 x +2.5 pm (lat. x vert.) is obtained for both sets of devices.

PUBLICATIONS: [A], [C]

Preliminary simulation results about lasers integrated with SSC’s using relaxed
vertical ARROW structures are presented in [A] (Section A.3.1). The experi-
mental results are published in [C] (Section C.3).



Chapter 5
Spot-Size Converters Using Lateral

ARROW Waveguides

In this chapter we propose and demonstrate a new concept for SSC’s that makes
use of antiresonance effects not only for the confinement of the fiber-matched
mode in the vertical direction, as it has been demonstrated in previous chapters,
but also for the lateral confinement. The main advantage of this new structure is
that it does not require either extra growth or extra processing to fabricate the
taper, i.e., the SSC can be integrated just using the same fabrication steps em-
ployed to define the device. This is the simplest double-core SSC demonstrated
so far. Only the single-core lateral SSC’s has a fabrication scheme as simple as
the one required for this taper, but as we already mentioned in Chapter 2 it is
not so efficient and requires longer designs that are less tolerant to fabrication
deviations.

The idea comes from the application of the ARROW effect to the lateral
confinement of the fiber-matched waveguide. Nevertheless, there appear guided
modes in the confinement structures that make its analysis considerable different
to the standard ARROW theory. In the first part of this chapter the theoretical
background to understand the guiding effect used in the concept is explained.
Next, the design, fabrication and measurement results of lasers integrated with
SSC’s are discussed, demonstrating the good behavior of the presented concept.
In the final section of the chapter two interesting variants are analyzed by sim-
ulation, which are expected to show better performance.

5.1 Two-Dimensional Coupled-Mode Theory

The theoretical analysis developed in this section has been used for the con-
struction and analysis of indezx-antiguided arrays that have been applied in the
fabrication of high power and diffraction limited phased-locked buried lasers
[116]. An array of leaky modes is used in these structures to provide mode sta-
bility to high-output power, as well as strong discrimination against higher order
lateral modes [117, 118]. In [103, 119] not an array but just an anti-guide is used
to stabilize the high-power laser. We use similar structures in the design of the
SSC proposed in this work.

Consider the two one-dimensional waveguides defined in terms of their effective-
index profiles in Figure 5.1. These guides will in general support single-guide
modes 1 (x) and s (x) characterized by propagation constants 3 and B2 and
coupling coefficient k. If the coupling coefficient k is weak, the modes of the
coupled waveguides are the in-phase (anti-phase) combination of ¢y and s
in Figure 5.1(b) (Figure 5.1(c)) whose propagation constant 3 will be above
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Figure 5.1: (a) Effective-index profiles for two coupled one dimensional waveg-
uides whose lowest-order modes (amplitudes shown) have different propagation
constants. Also shown are (b) the in-phase and (c) the anti-phase combinations
that form the modes of the coupled system.

(below) the larger (smaller) of the values 51 and s and whose power will be
concentrated primarily under the guide whose mode has the largest (smallest)
propagation constant. In the case f; = (2, the power is approximately equally
divided between each guide for both the in-phase and anti-phase superpositions.
In the more general case, where each guide can support a number of modes,
the coupled modes may be more complicated linear combinations of these guide
modes [120].

Let’s consider next a more real but still simplified structure formed by two in-
dependent couples of buried waveguides and an infinite slab waveguide as shown
in Figure 5.2(a) and (b), respectively. This idealized geometry represents a good
approximation of device structures for the new SSC using lateral ARROW’s.
The individual fundamental modes of the two couples of buried waveguides and
the slab waveguide are shown. We do not consider the second order antisym-
metric mode of the buried couples of waveguides in this study because it is not
relevant. We now form the modes of the overall device as linear combinations
of the individual waveguide modes in a manner that is exactly analogous to
the one-dimensional case discussed above. The resulting three supermodes are
shown in Figure 5.2(c). The power of the two in-phase modes is concentrated
on the buried waveguides and they do not present significant changes compared
to the individual modes, just a small spreading of the field in the slab core. The
field of the anti-phase mode, however, is concentrated in the waveguide with the
lowest, propagation constant, which is the slab waveguide. We can observe that
the mode is confined totally in the lateral direction. A small and negative power
distribution can be observed in the buried waveguides but it is small compared
to the remaining field in the slab waveguide, therefore the mode is suitable for
fiber or silica-waveguide coupling purposes.
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Figure 5.2: Field contours of the fundamental modes of (a) two coupled buried
waveguides, (b)a slab waveguide, and (c) the two in-phase and one anti-phase
coupled modes of the structure that results placing the three sets of waveguides
close enough.

5.2 Design

A detailed schematic drawing of the proposed mode-expanded laser is shown in
Figure 5.3. The active structure is identical to the one used in previous chap-
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Figure 5.3: Schematic drawing of the adiabatic mode-expanded laser showing the
tapered upper active rib, the underlying fiber-matched ARROW slab waveguide
and the lateral confinement rib waveguides.
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Figure 5.4: Fundamental TE mode evolution along the taper structure of Fig-
ure 5.3 for (a) w =3 pm, (b) w = 0.9 pm and (c¢) w = 0.3 pm. A shallow etch
is simulated.

ters, including the two etching depths E; and Es (see Table 3.1). The lower
InP core thickness is 3.5 ym because the lateral ribs lose their influence on the
optical confinement when thicker layers are used. From Eq. 3.4-3.3 and using
the same materials (quaternary compound with A, = 1.3 pm) for the ARROW
cladding layers, we find dy4) = 0.32 pm and d3 = 1.86 um. The mode expansion
is produced in an identical way as it was explained in Section 3.1. The lateral
tapering of the central rib spreads light from the active layers into the passive
fiber-matched ARROW waveguide, as it is shown in Figure 5.4.

The lateral ribs are defined in the same processing step as the central one,
therefore, their etching depth is fixed and only their width [ and the gap g be-
tween them have to be designed (see Figure 5.3). From the theoretical analysis
of Section 5.1 we know that the higher the propagation constant of the funda-
mental mode of the lateral ribs, the higher the confinement of the anti-phase
mode in the lower ARROW waveguide. This can be accomplished widening the
lateral width of the lateral ribs, provoking an increase in the propagation con-
stant of the mode of the lateral ribs . Nevertheless, the guidance of higher order
modes that combine with the slab underlying mode introduces a limitation to
this widening. Figure 5.5 shows the confinement of the output leaky mode in
the QW’s of the lateral ribs for shallow etching as a function of the lateral rib
widths [ while keeping the gap g constant and equal to 1 um. This confinement
should be minimized in order to keep the distribution of the field in the passive
broad mode and reduce absorption in the unpumped lateral ribs. The typical
periodic response is obtained. The confinement of waveguides having variations
in the refractive index contrast (An = +2 %) and etching depth (Ae = £50 nm)
are also shown in Figure 5.5. The minimum does not shift, demonstrating the
strength of the concept. The optimum widths [ for both etching depths are
found to be 1.5 pum (shallow etch) and 1.6 pum (deep etch).

Concerning the taper geometry, Figure 5.6 shows the inverse of the critical
slope of both structures depending on the etching depth. They are similar to
the slopes calculated in Figure 3.5 for the SSC using only the vertical ARROW,
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Figure 5.5: Confinement of the output mode in the QW’s of the active layer as a
function of the widths of the lateral ribs [ and variations of the etching depth and
refractive index difference for tolerance analysis. (a) Shallowly etched devices,
and (b) deeply etched devices. The dashed line shows the selected widths for
the lateral ridges.

but the peaks are somewhat lower and the width of the graphs spreads slightly.
Therefore, lower slopes can be used but due to this wider range, the needed
lengths are bigger. Another interesting remark is that the variations in the etch-
ing depth produce a bigger shift (and even a spreading) of the critical range for
the shallow etch option of Figure 5.6(a) when compared to the critic slope cor-
responding to the deep etch option of Figure 5.6(b). Naturally, this fact implies
the need of longer tapers for the former. Once again we have approximated the
optimum adiabatic shape by a piecewise linear device consisting of three linear
sections (see Figure 3.6).

For the design of Ly we have simulated the efficiency of the taper as a func-
tion of it, and three different lengths have been chosen for the definition of the
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Figure 5.6: Inverse of the critical taper slope for the (a) shallowly and (b)
deeply etched tapered lasers. Critical slopes are shown for structures presenting
variations of £50 nm in the etching depth in order to design a tolerant taper.
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wy  wy ws ws Ly L, L3
E; 3 1.1 0.5 0.3 100 200,300,400 20
Es 3 1.18 0.7 04 100 300,370,432 20

Table 5.1: Widths and lengths of the designed piecewise adiabatic tapers. All the
values are in ym. E; and E; correspond to the shallow and deep etch options,
respectively.

mask. Table 5.1 shows all the designed parameters.

5.3 Fabrication and Experimental Results

A wafer with the new layer structure was grown by MOCVD and the devices
were implemented using the same processing steps as detailed in Section 3.4 (ex-
cept, of course, the dry etching of the broad rib). Once again, arrays of devices,
each with 520 pum long straight active sections, were mounted on electrically
cooled copper heatsinks with silver epoxy and were tested without any coatings.
Untapered lasers (750 pm x 3 pm) fabricated from the same wafer as the ta-
pered lasers, were also prepared as a reference.

All the measured parameters are shown in Table 5.2. The deeply etched
reference devices, with a threshold current of 28 mA, present a better laser per-
formance than the shallowly etched ones (35 mA). Regarding the mode-expanded
lasers, an increase of about 20 mA in the threshold current with respect to the
reference lasers is found. The higher absorption loss in the unpumped QW’s of
the lateral ARROW rib waveguides for the shallowly etched devices (see Fig-
ure 5.4(c)) causes a decrease of the external efficiency of the laser from 0.12 W/A
to 0.1 W/A. This fact is not observed in the deeply etched devices that maintain
the same external efficiency as the reference lasers.

The measured full width at half-maximum (FWHM) values are also shown
in Table 5.2. A considerable improvement is achieved in the lateral direction for
both groups of lasers, reaching a minimum of 13° for the deeply etched lasers.

Laser Iy Nd L To FC FF Tol.
(mA) (W/A) (pm) (°K) (dB) (Deg.) (pm)
Ref., E; 35 0.12 750 88 -8 31.5 x 42.8 +1.6 x +£2
Ref., E- 28 0.12 750 65 —8.3 30.7 x 40.6 +1.5 x +£2
Tap., E1 55 0.1 1040 42 —4 13.8 x 30.8 +£2.3 x +2.4
Tap., E» 48 0.12 1010 61 —4.3 13 x 32.7 +2.2 x +£2.3

Table 5.2: Measurement results on the integrated mode expanded lasers using
lateral ARROW’s. Devices having two different etch depths (shallow E; and
deep E») have been processed.
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On the other hand, due to the thinner ARROW slab core (3.5 pum), the achieved
vertical field divergence is still slightly higher than 30°, improving it by 10° with
respect to the reference laser. A further improvement in the vertical far-field
pattern could be obtained by thickening the ARROW core layer and defining
more than two ribs on each side of the output ARROW waveguide in order to
provide a good lateral confinement for thick cores.

Maximum fiber coupling efficiencies of around —4 dB are obtained for both
etching depths, including the Fresnel losses occurring at the air-glass inter-
face. The improvement in the fiber coupling with respect to the untapered
devices amounts up to 4 dB. A maximum —1 dB alignment tolerance of around
+2.3 x £2.4 um is obtained for both sets of lasers.

5.4 New Vertical ARROW Structures

Following an analogous treatment to the described in Chapter 4 a new relaxed
vertical ARROW cladding structure has been designed for the SSC based on
the lateral ARROW waveguide, and analyzed by simulation. In order to obtain
a larger thickness reduction, a new quaternary compound with A\; = 1.45 pm
and a refractive index of 3.46 has been used instead of the quaternary having a
refractive index of 3.39. A new structure with d> 4 = 0.22 pm and d3 = 1 pm,
provides a vertical ARROW cladding of only 1.44 um instead of the 2.5 ym
of the minimum loss configuration. Moreover, the performance of the taper
(see Table 5.2) is not only maintained, but slightly improved. We refer to [A],
Section A.4.1 for details on the simulation results.

5.5 5-um Thick Fiber-Matched Core

In the previous section, we have mentioned that the increase of the thickness of
the fiber-matched slab InP core would improve the vertical far-field distribution,
and that then it would be necessary the use of more than two ribs on each side of
the output ARROW waveguide in order to provide a better lateral confinement.
Once this concept has been demonstrated in the first part of this chapter, and
taking into account that we defined 5 rib waveguides on each side of the laterally
tapered laser, we have used the mask with the designs corresponding to the
tapers based on the 3.5-um thick ARROW’S, and we have processed lasers on
the wafer having the 5-um thick core. Figure 5.7(a) shows the distribution of the
fundamental mode in the slab core of 5 um and confined by five shallowly etched
rib waveguides defined on top of it. The field spreads several micrometers in the
slab core but it is still suited for fiber coupling. Theoretical calculations predict a
coupling efficiency to a cleaved single mode fiber of 52 % (—2.8 dB). Nevertheless,
the shape of the active rib taper is optimized for a fiber-matched waveguide of
only 3.5 ym and the mode transformation efficiency when considering such a
thick core decreases till 70 % for the largest length in the mask. Anyway, these
values are still good for a laser and therefore, the performance of the integrated
SSC can be measured.
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Figure 5.7: (a) Field distribution of the fundamental mode of a SSC using five
confinement lateral ARROW ribs on each side of the active waveguide and for
a fiber-matched core of 5 um. (b) SEM photograph of the fabricated device.

The SEM photograph in Figure 5.7(b) shows the laser cross section. As it can
be seen, the wafer with the relaxed vertical ARROW cladding layers have been
utilized. A perfect definition of the ten lateral ribs and a perfect metal contact
have been achieved. Nevertheless, in spite of the nice processing the performance
of the batch of lasers has not been good. Only a few lasers emitted more than
4 mW power and even less presented well shaped output field distributions.
Tapered lasers showed threshold currents of around 60 mA, while the reference
control samples showed threshold currents around 35 mA. A more considerable
difference is observed if we compare the external efficiencies: 0.1 W/A for the
reference lasers and only 0.075 W/A for the expanded lasers. A saturation power
lower than 5 mW is also measured. This bad performance can be attributed to
the high radiation power loss in the non-optimized beam transformation region.

The measured FWHM divergence angles are 7.8° x 24.6° for the expanded-
mode device, compared to 31.5° x 42.8° for the reference lasers. Nevertheless,
despite of these promising far-field divergence angles, the measured coupling
efficiency to a cleaved single mode fiber only reached —4.4 dB, compared to the
—2.8 dB of the theoretical prediction. This fact can be attributed again to the
low efficient mode transformation that excites radiation modes that alter the
shape of the fundamental leaky fiber-matched mode of Figure 5.7(a).

As conclusion of this short section we remark that we have not demonstrated
the good performance of the SSC using lateral ARROW?’s as thick as 5 um but
the measured far-field and alignment tolerance (£2.5 x 2.8 ym) results show
a promising behavior if the optimum shape of the tapering is designed.
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Figure 5.8: (a) Schematic structure of the SSC using a weakly guiding underlying
slab waveguide. (b) Schematic structure of a buried variant of the proposed
SSC concept. Higher and more efficient mode transformation efficiencies can be
achieved in buried structures.

5.6 Variants
5.6.1 Weakly Guiding Fiber-Adapted Waveguide

The waveguide structure of Figure 5.3 has a limitation on the vertical direction
because the lateral ribs lose their confinement effect when the slab core becomes
too thick (> 5 pm). The structure of Figure 5.8(a) makes use of a thin weakly-
guiding core of only 80 nm and buried in InP beneath the active layer. The fact
that the maximum of the modal field distribution (also shown in the figure) is
closer to the upper lateral couple of ribs strengthens their influence. Simulation
results on the propagation of this new structure are shown in Table 5.3. We
observe that the beam divergence angles and the coupling efficiency are improved
to 7.2° x 14° and —2.4 dB, respectively.

5.6.2 Buried Laser

The mode transformation concept proposed in the present work can also be
integrated in a second variant, being a buried laser structure as shown in Fig-

FC FF Tol.

(dB)  (Deg.) (pm)
Figure 5.8(a) —24 7.2 x 14 +23 x £1.9
Figure 58(b) —1.1 7.2x9 +2.9 x +2.3

Table 5.3: Simulation results on the variants of Figures 5.8(a) and 5.8(b).
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ure 5.8(b). The fact that the tapered active central core is totally embedded in
InP makes the mode transformation efficiency much higher for buried than for
rib structures. This is the reason why the length of the buried SSC (270 pm) is
much shorter than the rib SSC (490 pm).

Simulation results on the SSC propagation are shown in Table 5.3. They show
fiber butt coupling losses as low as 1.1 dB, beam divergence angles of 7.2° x 9°,
and alignment tolerances of 2.9 x +2.3 um, compared to the 8.5 dB coupling
loss and 29° x 32° divergence angles of the untapered devices.

PUBLICATIONS: [A], [C], [D], [E]

Preliminary simulation results on SSC’s based on lateral ARROW’s are pre-
sented in [A] (Section A.4). In [D], preliminary experimental results are pub-

lished. The final and complete set of experimental results are presented in [C]
(Section C.4) and [E].



Chapter 6
Compact Spot-Size Converters

In the previous chapters, expanded mode lasers at 1.55 ym based on an adiabatic
mode transformation were discussed. To obtain low radiation losses (< 1 dB)
during the transformation, the taper lengths used to be relatively large. In this
chapter, we discuss and use a technique based on modal interference between the
two supermodes supported by the taper structure formed by the upper active
waveguide and the underlying fiber-matched ARROW waveguide [87]. This
means that the tapers presented in this chapter are not adiabatic tapers, but
multimode interference tapers (see Figure 2.4(a)). We will check by simulation
the validity of vertical and lateral ARROW waveguides to design SSC’s using
this new technique, that offers the possibility of short mode expander regions
and relatively low losses. We first introduce the concept of compact bimodal
interference tapers. Then, the design process and simulation results are discussed
for both the SSC using standard fiber-matched vertical ARROW waveguides and
the SSC using lateral ARROW fiber-matched waveguides.

6.1 Concept

Figure 6.1(a) shows a simplified two dimensional representation of the adiabatic
mode transformation produced in the double core rib tapers considered in this
work (the lateral tapering of the real SSC’s is shown as a vertical tapering in the
figure for clarity purposes). The mode generated in the upper active waveguide
is in fact the even supermode v, of the complete structure formed by the active
and the lower passive waveguides. In the adiabatic tapers designed in previ-
ous chapters this mode carries all the power while it is being transformed and
expanded. The odd supermode 9, supported by the structure is shown in Fig-
ure 6.1(b) for the same taper. This mode is not excited in the adiabatic regime
and when the tapered upper rib waveguide reaches cut-off due to the tapering,
this mode is not a guided mode any more and becomes a radiation mode.

The mode transformation concept based on the bimodal interference between
the two guided supermodes of the taper structure is schematically shown in Fig-
ure 6.2. The taper has been drawn twice, one for each supermode, for clarity.
Region A represents the mode generated in the straight laser ¢.. In region B,
an abrupt tapering of the waveguide provokes the transfer of power from this
fundamental even mode to the odd mode v, of the structure. In the straight
section of region C the two modes propagate without loss and interfere. At the
beginning of region C the field is concentrated in the upper active waveguide,
but when the supermodes reach the coupling length (when their phase differ-
ence A¢ = 7), the field spreads considerably in the lower passive waveguide.
In the last section of the taper (region D) two relevant phenomena occur. The

51
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Figure 6.1: In the adiabatic mode transformation concept (a) the even super-
mode of the taper 9. is smoothly transformed into the passive broad mode
without loosing any power, and (b) the odd supermode v,, which is not excited
during the transformation, becomes a radiation mode.

(b)

Figure 6.2: Bimodal interference taper concept. (a) The fundamental supermode
1) transfers power to (b) the odd supermode 1, and the interference between
them spreads the field in the fiber-matched waveguide. In the final section, the
power couples back to the fundamental mode of the taper.
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even mode 9, is transformed into the fundamental mode of the underlying fiber-
matched waveguide (region E); and the power carried by 1), is transferred to .
before it becomes a radiation mode.

The technique used to transfer power from the even eigenmode . to the odd
one v, can be understood by the adiabaticity criteria described in Section 2.4
that is developed to design tapered single-mode devices. In the classical equation
in the coupled mode theory it is assumed that the transfer of power from the
fundamental mode of a taper will be predominantly to the higher order mode
with a propagation constant closest to that of the fundamental mode. In the
cases we are considering this power-receiving mode is the odd supermode ,.
Therefore, using slopes that are beyond the critical slope in region B and D we
force the power transfer between the fundamental even mode . and the odd
mode v,. However, if the slope of this tapering is too sharp we will have unde-
sired radiation to higher order radiation modes that decrease the taper efficiency;
thus a compromise between intermodal power transfer and taper efficiency has
to be found. Figure 6.3 shows the shape of the lateral tapering of a taper based
on bimodal interference. The two abrupt tapers provide the power transfer be-
tween the supermodes and in the central straight section the modal interference
is produced.

In previous theoretical works [121, 122] the authors do not consider the influ-
ence of the underlying slab waveguide in the calculation of the mode of the laser
waveguide and they just use a transition of waveguides to excite the two super-
modes of the taper structure that induces the power transfer form the upper to
the lower waveguide. However, although they do not mention it, this approach
could not be used on structures grown on the same wafer and defined using
standard processing techniques because the underlying slab core is everywhere
on the wafer influencing the shape of the laser mode.

In [87], [123]-[125] the authors make use of the modal interference to reduce
the length of the SSC, but they do not give a theoretical explanation of the
technique they use to excite the odd supermode of a rib structure similar to the
structures considered in this work.
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Figure 6.3: Shape of the lateral tapering in a compact taper based on modal
interference.
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Figure 6.5: Designed shape for the compact taper based on modal interference.

6.2 Compact SSC’s Using Vertical ARROW'’s

6.2.1 Design and Simulation Results

The taper structure of Figure 3.3 using the vertical relaxed ARROW’s supports
the two supermodes shown in Figure 6.4.

The commercial eigenmode expansion algorithm Fimmprop of Photon Design
used for the design of the adiabatic tapers demonstrated not to be a good tool for
the simulation of compact tapers based on the resonance coupling. We checked
that it introduces considerable calculation errors in the first abrupt part L; of
the taper which makes it undesirable for this task. Therefore, we made use of
3-D BPM (from Optiwave) which has been proven to be a good tool in the
simulation of compact SSC’s in previous works [87], [123]-[125].

The initial width w; of the taper is defined by the laser waveguide, which
is 3 pm wide. Then, the first abrupt tapering and the straight section (see
Figure 6.3) have been simulated for different values of L; and wy. The former
showed to be no relevant in the behavior of the taper and a value of 20 ym was
chosen. ws showed a good performance around 0.88 and 0.94 um, therefore a
value of 0.92 um was selected for this parameter (see Figure 6.5). The choice of
the length of the straight section is obvious from a plot of the lateral intensity.
Then, several simulations of the compact taper were done as a function of L3 to
design this parameter. For Ly = 100 pm, we obtained a mode transformation
loss of 1 dB, butt-coupling efficiency to a standard single mode fiber of —2.6 pum,
and FWHM divergence angles of 10° (lat.) x 20° (vert.). A length reduction of
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Figure 6.6: Taper shape presenting a smooth slope in the mode beating section.

207 pm has been achieved compared to the adiabatic method, which required
470 pm to reach the same mode transformation loss. However, taking the mode
transformation loss as a figure of merit, the tolerance of this compact taper
design to variations in the width Aw and etching depth Ae are £55 nm and
+30 nm, respectively, which are rather low considering the fabrication tolerances
of standard processing techniques.

6.2.2 Tolerant Design

We have observed that defining a smooth slope to the central section, instead of
keeping it straight, the modal interference is still achieved and the tolerances to
fabrication deviations are improved. The shape shown in Figure 6.6 and designed
similarly to the previous straight case is only 30 pum longer and provides the
same fiber-coupling efficiency and far-field divergence angles, but with better
tolerances: Aw > £125 nm and Ae > £40 nm.

6.3 Compact SSC’s Using Lateral ARROW?’s

The same design process has been carried out to design a compact SSC using the
fiber-matched lateral ARROW waveguide shown in the schematics of Figure 5.3.
The shape of the tapering that provides an efficiency of 90 % at the end of the
taper is shown in Figure 6.7. And the intensity plot of the field in the fiber-
matched waveguide side is shown in Figure 6.8. We observe that the overall
length is 300 pm which is only slightly smaller than the 320 pum of the adiabatic

| 80um | 70um | 150um |
| I I \
; ¢
3um 03um
T i

Figure 6.7: The compact shape design for the SSC structure using the fiber-
matched lateral ARROW waveguide.
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Figure 6.8: Intensity plot at the fiber-matched side of the SSC based on lateral
ARROW?’s and resonant coupling.

mode expander that provided the same efficiency as this one. A quite long first
Ly and third L3 sections contribute to a slight improvement. The power transfer
that is obtained in the first section is inefficient and therefore, a considerable
amount of light power remains in the upper waveguide which needs a long third
extinction section to couple to the lower antiguide. The reason of such a bad
performance is the fact that the guidance of the second order supermode is not
strong enough, i.e., the propagation constant of the first radiation mode is too
close to the propagation constant of the odd supermode, and this means that
the power that should be transferred to it is also collected by radiation modes.
This behavior is still more obvious when we try to design SSC’s having thicker
fiber-matched cores than the 3.5 ym used in the fabricated laser.

We conclude in this section that the modal interference technique for mode-
expansion purposes is not appropriate and cannot be used in SSC’s based on
lateral ARROW?’s because of its weak guidance.

PUBLICATIONS: [F]

A more detailed and complete description of the design process, tolerance anal-
ysis and simulation results are presented in [F].



Chapter 7
Bending Loss Reduction in Dielectric
Waveguides

Curved waveguides pose the following dilemma: the radiation losses increase
almost exponentially with decreasing radius of curvature. The successful fabri-
cation of integrated optoelectronic circuits, however, requires that waveguides
can change direction over a short distance and with small losses. An optoelec-
tronic integrated circuit has a maximum size and this chip must contain at least
a few components. A large radius of curvature is of the order of 1 cm and a
short radius of curvature is approximately one hundred times as small and of
the order of 100 yum. What is meant by low-loss depends on the system spec-
ification or its power budget. Generally speaking, we might say that a loss of
0.1 dB for a component is very good, a loss of 1 dB is reasonable but on the
high side and a loss of 10 dB is unacceptable. In this chapter we make use of
the antiresonance concept used in the confinement of the fiber-matched mode in
the previously demonstrated spot-size converters in order to reduce the bending
losses in dielectric waveguides. The concept of ARROW bend is introduced in
the first section of this chapter. Then, the design formulas are developed. Next,
ARROW bend structures are demonstrated by simulation for a rib waveguide
configuration on InP and for a buried silica waveguide. Tolerance analysis have
been also carried out for both cases.

7.1 Introduction

The total loss of a waveguide bend of finite length is due to radiation loss,
field mismatch at the transition between the straight and curved waveguide and
increased scattering caused by roughness of the outer edge. We discuss these
mechanisms subsequently.

1. In straight waveguides, the tendency of light to diffract is compensated
by the higher index of refraction of the waveguide core, and the guided
mode has a plane wave front. In curved waveguides on the other hand, the
wave front rotates around a center of rotation. Since the phase velocity
of the wave fronts cannot exceed the local speed of light, there is a point
beyond which the wave front curves and where radiation occurs. The
radiation losses can be reduced either by increasing the radius of curvature
or by introducing a large refractive contrast, the price of which is paid by
increased propagation losses due to scattering by edge roughness.

2. In a curved waveguide the intensity distribution shows a shift of its max-
imum towards the outer edge. For small radii of curvature the mode is
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Figure 7.1: Field distribution in a curved InP ridge waveguide. (a) Standard
bend. (b) ARROW bend.

guided by the outer edge alone. The shape of this mode profile is, there-
fore, not determined by the width of the waveguide bend but mainly by the
refractive-index contrast and the radius of curvature, whereas the shape of
the straight-waveguide mode profile strongly depends on the width of the
waveguide. At the transition between the straight and the curved waveg-
uide, conversion losses will occur because of the mismatch between the two
field distributions. These conversion losses can be minimized by introduc-
ing a lateral offset between the straight and the curved waveguide in order
to align the field maxima, and by optimizing the width of the straight
waveguide in order to match the widths of both field distributions.

3. The scattering losses depend on the edge roughness of the ridge waveguide.
Therefore, the reduction of this kind of loss mechanism depends on the
employed technology.

The radiation loss is the most important loss mechanism in curved waveguides
and the one considered in this chapter. Figure 7.1(a) shows the field distribution
in a curved ridge waveguide with a radius of 160 um. The rib is shallowly
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Figure 7.2: (a) Schematic drawing of the proposed bend concept. (b) Equivalent
straight waveguide and modified index profile.

etched and therefore, an important amount of power is axially radiated for a
propagation length of only 50 pm. Placing an antiresonant reflecting structure
beyond the outer edge of the bend it would be possible to couple the radiated
light back to the waveguide mode [126] and reduce the losses, although the
fabrication of the component would become excessively complicated. A simple
solution from the fabrication point of view is the use of a set of waveguides
defined in the same processing step as the central bend, and designed to provide
an antiresonant effect to the radiated light. Figure 7.1(b) shows the propagation
of the light field in the same bend as the one shown in Figure 7.1(a), but in
this case a group of waveguides, the widths of which are designed to provide an
antiresonant reflection to the radiated field, is placed beyond the outer edge of
the curved waveguide. We observe that the shape of the mode remains nearly
unaltered, and that the leakage due to the bending is negligible compared with
the standard case.

7.2 Design

Figure 7.2(a) shows a schematic drawing of the concept proposed in this chapter,
after application of the effective index method in order to reduce one dimension
in the analysis. The radiated light is represented by rays that come out from
the curved waveguide. Theses rays suffer multiple reflections in the interfaces
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defined by the lateral waveguides so that the phase of all of them is the same
when they reach again the waveguide. This scheme is similar to that of the AR-
ROW waveguide concept shown in Figure 3.2. Such a process is not a rigorous
analysis but, since a full three dimensional simulation is not obvious, we use this
common approach to obtain these preliminary promising results.

By the conformal transformation W = pIn(Z/p) [127] we transform the step-
wise constant refractive index profile of the two-dimensional (2-D) circular geom-
etry (p, ) to an exponential refractive index profile in a straight geometry (u, v)
in order to simplify the design. Figure 7.2(b) shows the equivalent structure
in the (u,v) plane. We see the oblique path defined by the rays that is due to
the exponentially increasing refractive index. If we consider as a starting design
value the angle 6y (see Figure 7.2(b)), defined by a radiated ray when reaching
the first ARROW interface, it is straightforward to calculate the ray paths f;
and f, defined in each medium using Snell’s law. Then, emulating the ARROW
design theory for multilayer structures of step-wise constant index, the antires-
onant condition of each lateral waveguide or gap d; is numerically calculated
from:

B D
ko (2/A fr(u)n(u)du —/A fl(u)n(u)du> +7=2Mn (M =0,1,2...)

(7.1)
where kg is the wavenumber in vacuum, f;(u) and f,.(u) are the path described
by two adjacent rays in the mediums of both sides of the interface, n(u) is the
exponential equivalent refractive index distribution, and A, B, C and D are the
points indicated in Figure 7.2(b).

7.3 Simulation Tool (CAMFR)

The straight waveguide with the transformed index profile and the one with the
lateral confinement waveguides can be analyzed with a number of techniques,
ranging from beam propagation methods (BPM) [128] to eigenmode expansion
methods [129]. As BPM is intrinsically an approximate method, eigenmode
techniques seem more advantageous. However, in classical eigenmode methods,
the structure needs to be enclosed between two perfectly conducting metal walls
in order to discretize the mode spectrum. This causes parasitic reflections, be-
cause the radiation lost in the bend is totally reflected at the metal walls and
can disturb the simulation results. In fact, these parasitic reflections make it
completely impossible to determine the radiation losses of the waveguide modes,
since they will all have real propagation constants because of energy conserva-
tion in lossless media enclosed by perfect reflectors.

Another approach to calculate these radiation losses is to eliminate the metal
walls and estimate the losses from the leaky modes of the completely open struc-
ture. These leaky modes are complex improper solutions to the open dispersion
relation because their fields profiles increase exponentially toward infinity in the
cladding [130, 131]. Although this technique is suited to determine the loss of
individual modes, it is well-known that leaky modes do not form a complete set
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Figure 7.3: (a) In waveguide structure and (b) Buried silica waveguide. Equiv-
alent indexes are also shown.

and can, therefore, generally not be used to describe an arbitrary field. This
means that leaky mode expansion is not suited to study , e.g., the minimization
of the transition loss between a straight and a curved waveguide, because the
scattering at the interface between these two sections will give rise to a field that
contains more components than a single leaky mode.

In the simulation of the structures proposed in this chapter we use an eigen-
mode approach developed in our group at the University of Ghent that avoids
all these disadvantages [132, 133]. The tool named CAMFR (CAvity Modelling
FRamework) keeps the structure enclosed between two metal walls, but it covers
these with a perfectly matched layer (PML), which can absorb incident radiation
without any additional parasitic reflections, regardless of wavelength, incidence
angle, or polarization [134]. This allows us to accurately model radiation losses,
while at the same time keeping a discrete set of eigenmodes.

7.4 InP Rib Waveguide

For a first example we assume the InP-InGaAsP rib waveguide shown in Fig-
ure 7.3(a). From the imaginary part of the effective index of the fundamental
mode calculated by CAMFR, we obtain the radiation losses as a function of
bending radius p and number of lateral ribs N. The results are shown in Fig-
ure 7.4(a). TM polarization has been chosen because the ARROW effect is less
efficient than for TE polarization and, therefore, the worst case is considered.
We observe that the loss in dB is reduced by a factor of 10 using only 3 lateral
ribs, and that this loss still decreases approximately another factor of 10 using
9 lateral ribs. From the integration area point of view, we observe that for a
certain loss it would be possible to reduce the radius of the bend by a factor
of 2, which means that the area can be reduced by a factor of 4. Naturally, the
reduction ratio could still be increased defining more than 9 lateral ribs.
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Figure 7.4: Bending loss per 90° as a function of bend radius and number of
lateral waveguides for the (a) InP and (b) silica structures.

A tolerance analysis of the ARROW bends to variations in the width of the
lateral waveguides, the etching depth, and polarization has demonstrated that
the concept is very strong to typical fabrication deviations. Detailed results are
presented in [G].

7.5 Silica Buried Waveguide

As a second example we consider the silica-on-silicon waveguide shown in Fig-
ure 7.3(b). The required high bending radius due to a low index contrast, is the
main disadvantage of silica-on-silicon technology. Figure 7.4(b) shows the cal-
culated bending losses of this new waveguide structure as a function of bending
radius p and number of lateral ribs IV, again for TM polarization. Due to the
lower index contrast, a higher number of lateral waveguides are needed to reduce
the radiation losses compared with the InP technology.

PUBLICATIONS: [G]

The complete set of simulation results can be found in [G].



Chapter 8
Summary and Conclusion

In this chapter we draw conclusions about the approaches proposed and demon-
strated along this dissertation. In order to make the deductions more clear,
Table 8.1 shows the most significant results as well as a schematic drawing of
the considered spot-size converter concept.

SSC’s using Vertical ARROW’s

We have demonstrated a new laser emitting at 1.55 um wavelength integrated
with a spot size converter using an ARROW waveguide for enhanced fiber cou-
pling. The taper transforms the small active laser mode into the fiber-adapted
mode of the large underlying mesa with vertical ARROW confinement. Since
the thick fiber-matched core of the ARROW waveguide consists of InP, this fact
eliminates the need for thick In;_,Ga,As,P;_, layers and the associated growth
problems. The growth and fabrication procedure mirrored conventional methods
very closely, and these devices are thus amenable to low-cost manufacturability.
The yield and uniformity were fairly high as the processing did not involve any
critical feature sizes. Threshold currents of around 50 mA were measured, which
have to be compared with 30 mA for untapered reference lasers. The far-field
FWHM divergence angles were significantly reduced and the coupling efficiency
to single mode fiber was improved by 5.4 dB, to a value below 3 dB.

We also calculated that the ARROW cladding thickness can be reduced dras-
tically by moving away from the optimal antiresonance condition without intro-
ducing major extra losses. The new structures significantly reduce the overall
layer stack thickness (by around 2.1 ym) while maintaining the far-field diver-
gence angles and the fiber coupling efficiency of the optimum ARROW struc-
tures.

SSC’s using Lateral ARROW’s

We have presented a new concept for the fabrication of highly efficient and
simple-to-fabricate spot-size converters that make use of the ARROW-concept
for both the lateral and vertical optical confinement. InGaAsP-InP rib lasers
with monolithically integrated SSC’s have been demonstrated. The taper trans-
forms the small active laser mode into the fiber-adapted mode of the underlying
slab ARROW waveguide. The lateral confinement of the slab mode is achieved
by means of an antiresonant/antiguiding effect provided by two sets of lateral rib
waveguides defined in the same etch process as the central active ridge. There-
fore, only a single planar growth step and a single conventional etching process
are required, leading to the simplest SSC concept ever reported. Threshold cur-
rents of around 50 mA were measured, which have to be compared with 30 mA
for untapered lasers. The far-field FWHM divergence angles were significantly
reduced and 4 dB improvement of the coupling efficiency to single mode fiber
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Taper Laser Iy nd L To FC FF Tol.
(mA) (W/A) (um) (°K) (dB) (deg.) (pm)

R-F; 31 0.09 750 65 —8.2 30.5 x 43 +1.9 x £2.1

R-E» 30 0.13 750 81 —8 30.1 x 40.1 +1.5 x £2

T-E1 45 0.1 990 71 2.9 10.4 x 22 +2 x £2.2

T-E» 50 0.15 890 65 —2.6 10 x 27 +2.2 x £2.3

R-E1 35 0.13 750 78 —8 30.3 x 39 +1.8 x £2.1

R-FE» 22 013 750 68 —8.2 309 x 40.7 +2 x £2.3

F I

T-E1 60 0.11 990 70 —2.7 11 x 19 +2.3 x +£2.4

T-Ey 32 0.1 890 79 =29 9.6 X 25 +2.4 x £2.5

R-E1 35 012 750 88 —8 31.5x 428 41.6 x +2
dg L OO R-E> 28 0.2 750 65 —83 30.7x40.6 41.5 x +2
T-E; 55 0.1 1040 42 —4  13.8 x 30.8 +2.3 x +2.4
T-Ey 48 0.2 1010 61 —4.3 13 x 32.7  +2.2 x +2.3
Bl HH 7 — = 39 89x28 421x 421
B, — —  — 41 81x30 421 x +22
og 1 df e — — —  — 24 72x14 423 x 419
TBd — — —  — 11 72x9 429 x 423

Table 8.1: Measurement results on the integrated mode expanded lasers consid-
ered in this thesis. I, = threshold current; ny = external efficiency; L = total
laser length; Ty = characteristic temperature; FC' = fiber-coupling efficiency;
FF = far-field divergence angles; Tol. = 1-dB alignment tolerance. F; and F»
correspond to shallowly and deeply etched active ribs, respectively. The last
groups, without laser characteristics, correspond to simulation results, because
they have not been fabricated yet. R and T stand for reference and tapered
lasers, respectively.
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was observed.

We also calculated the relaxed ARROW cladding layers that would reduce
the overall layer stack thickness by around 1 gm. Simulation results showed a
slight improvement of the fiber-coupling efficiency and far-field divergence angles
compared to the demonstrated optimum mode-expanded laser.

We have demonstrated the possibility of improving the performance of this
new concept by using a higher number of ARROW lateral confining ribs for
thicker fiber-matched cores. These devices did not show a good fiber-coupling
efficiency because we used the mask with the taper shapes optimized for 3.5 pm-
thick core layers for a 5 um-thick ARROW waveguide.

Two variants of the demonstrated concept have also been analyzed by sim-
ulation and are expected to show a better performance. In a first variant a
weakly-guiding slab waveguide substitutes the thicker core of the first structure.
In a second variant the taper concept of this work is integrated in a buried laser
structure. Simulation results show considerable improvements in the far-field
divergence angles and fiber-coupling efficiencies.

Compact SSC’s

Compact mode converters were designed for both demonstrated taper concepts
(vertical ARROW and vertical and lateral ARROW combined) based on a modal
interference between the two supermodes of the structure. Efficient and low-loss
mode transformation were simulated for much shorter lengths as compared to
the adiabatic devices. Nevertheless, due to the weak guidance of the mode-
expanders using lateral ARROW’s no robust and tolerant compact tapers can
be designed for them.

ARROW Bends

We have analyzed the application of the ARROW effect in the reduction of
bending loss in dielectric waveguides. A set of properly designed waveguides
defined in the same processing step as the central one and not requiring special
techniques provides significant bending loss reduction. We see that for a certain
loss it would be possible to reduce the radius of the bend by a factor of 2, which
means that the integration area can be reduced by a factor of 4, and, what is
most important, without changing a bit the required fabrication process of the
curved waveguide. Applicability on InP and Si technologies have been analyzed
with promising results.

Future Work

The logical extension of the present work is the integration of the proposed mode
expanders with other optoelectronic components as well as with Fabry-Pérot
lasers, such as SOA’s (semiconductor optical amplifiers), optical regenerators,
switches, delay lines, wavelength de/multiplexers, modulators,. . .

Naturally, the proposed SSC’s that have only been analyzed by simulation
can be fabricated and measured. This is the case of the compact design and the
two proposed variants of the SSC using the lateral ARROW’s.

A mask incorporating ARROW bends has already been designed in order to
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Figure 8.1: Applicability of ARROW effect in the reduction of radiation in (a)
strongly confined bend waveguides and (b) photonic crystals.

investigate them in a passive InP wafer.

The ARROW concept could be investigated in other applications such as the
reduction of radiation towards the substrate in strongly confined bend waveg-
uides (see Figure 8.1(a)), and in the reduction of scattering losses in 2D photonic
crystals (Figure 8.1(b)).
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Modeling of InGaAsP-InP 1.55 ym
Lasers with Integrated Mode Expanders
Using Fiber-Matched Leaky Waveguides

M. Galarza, K. De Mesel, D. Fuentes, R. Baets, and M. Lépez-Amo
Applied Physics B-Lasers and Optics, vol. 73, no. 56, pp. 585-588, Oct. 2002.

Abstract—A new concept for InGaAsP-InP 1.55 um lasers integrated with
spot size converters using leaky waveguides is presented. The large fundamen-
tal mode size and the high discrimination of the higher order modes make AR-
ROW?’s (Antiresonant Reflecting Optical Waveguide) and antiguided waveguides
useful for fiber coupling functions. Three-dimensional (3-D) beam propagation
method (BPM) results show that the devices have transformation losses lower
than 0.22 dB. Fiber-coupling efficiencies of 60 % are possible to standard cleaved
single-mode fibers (SMF). The horizontal and vertical FWHM can be efficiently
reduced to 9.7° (horizontal) and 17.8° (vertical). The fabrication of such devices
avoids the growth of thick layers of quaternary material with a low Ga and As
fraction and simplifies the fabrication to one planar epitaxial growth step and
one non-critical conventional etch.

A.1 Introduction

The packaging of optoelectronic integrated semiconductor circuits amounts up
to about 80 % of the cost of the final module. This fact is one of the largest
barriers to future mass production needs. Highly-efficient chip-to-fiber coupling
with large alignment tolerances is a critical requirement to obtain low-cost opto-
electronic devices. The problem arises because of the mode mismatch between
the semiconductor waveguide and the optical fiber. The former has typically a
1-2 pm elliptical modal spot, which is neither well-sized nor shaped to match
the standard 8-9 pum circular modal spot of conventional single-mode optical
fibers. Directly butt-coupled devices present 7-10 dB insertion loss and submi-
cron alignment tolerances. Nonintegrated solutions improve this coupling but
not the alignment requirements. To achieve both low coupling loss and large
alignment tolerances it is necessary to transform the mode on-chip to better
match the fiber.

Over the past years, various integrated mode transformers have been pro-
posed [1]. Most of these approaches involve complex growth and/or processing
steps, requiring extensive process development. Nevertheless, there is an at-
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Figure A.1: Schematic drawing of the adiabatic mode expanded laser showing the
tapered upper active rib and the underlying fiber-matched ARROW waveguide.

tractive group of devices that uses a single standard planar epitaxial growth
step and conventional processing techniques [2, 3]. These devices need a large
rib waveguide that operates close to cut-off. In InP technology this involves
the growth of quaternary materials exhibiting a slightly higher refractive index
than the substrate of InP. These low refractive indexes are achieved by means
of low Ga and As fraction quaternary materials, which are difficult to achieve
and grow. This problem was solved in [2], by introducing a diluted structure.
In the present work, we propose a 1.55 pum laser integrated with a spot size
converter based on lateral tapering of the laser rib waveguide to adiabatically
transform its mode to the fundamental mode of an underlying fiber-matched
vertical-ARROW [4] rib waveguide. The quasiguided ARROW-modes exhibit
very attractive features for a fiber coupling function [4]: large mode sizes, low
losses for the fundamental mode, high discrimination of the higher order modes,
and ease of fabrication owing to its high tolerances and to the fact that the thick
core consists of InP. Moreover, the wavelength and polarization dependence of
such waveguides is negligible. In the final section of this paper, the use of the
ARROW effect for both vertical and lateral confinement of the output mode is
described in the design of a second device. This simplifies the processing of the
device drastically.

A.2 Waveguide Design

The transverse structure of the proposed laser is shown in Fig. A.1. Tt consists of
an active waveguide and an underlying passive rib ARROW waveguide optimized
for coupling to an optical fiber. As the active waveguide is tapered by reducing
the ridge width, the mode couples adiabatically from the upper guide (Fig. A.2a)
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Figure A.2: Fundamental TE mode for (a) w = 3 pm, (b) w = 0.7 pm and (c)
w = 0.3 pm.

to the underlying passive ARROW waveguide (Fig. A.2c). The active layer
consists of five 1 % compressively strained 80 A-thick Ing 75Gag 22A80.79Po 21
quantum wells for emission at 1.55 pm, and four lattice-matched 150 A-thick
Ing.75Gag.o5Asg.54Pg.46 barriers, surrounded by 400 A-thick SCH regions. For
this active region, an equivalent index of 3.42 was computed. The vertical con-
finement in the lower large guide is provided by an ARROW-structure for which
the optimum thickness of its three cladding layers (d2, ds, d4) is given by the
following approximate antiresonance conditions [4]:

A n \’ A 2\ /?
- 1— () + -(2M +1 Al
d2.1 4ng 4 ( <n274> <2n2,4dce> ) ( ) (A1

dce
dy = Z* (2N +1) (M,N =0,1,2,...)

where A is the vacuum wavelength; ny, no, n4 the refractive index of the ARROW
InP core, the first cladding layer and the third, respectively; d.. is the equivalent
core thickness, which involves the Goos-Hénchen shift at the top of the ARROW
core and is defined as:

dee =dy + (————, A2
' C271' n? —n? (4.2
where
1, for TE modes;
€= { (no/n1)?  for TM modes. (A.3)

In the above expressions n., denotes the refractive index of the active core and
no the refractive index of the polyimide that covers the device. We choose
a quaternary compound with Ay = 1.3 pm for the two high refractive index
ARROW layers. The calculated values of the cladding layer thickness for TE
polarization are: ds 4 = 0.32 pm and d3 = 2.6 ym.
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Figure A.3: The optimum taper shape is approximated by a piecewise linear de-
vice consisting of three linear sections. The length of the central section depends
on the transversal structure.

A.3 Device Design and Simulation Results

A commercial 3-D eigenmode expansion algorithm (Fimmprop-3D) [5] was used
to study the modal behavior of the tapered device and find the critical width
where the mode transformation takes place. To get this information, an ex-
tremely short (1 pm long) and linearly tapered device from w; = 3 pm to
wy = 0.3 pm was simulated and the evolution of the power of the fundamental
mode recorded and plotted versus the width of the active waveguide. A flat
response was obtained for large and narrow widths, which results from the mode
shape changing only slightly in this section of the taper. The critical change
of the modal shape and the whole radiation is produced in the 1.1 to 0.5 um
range, where low taper angles will be needed to obtain an adiabatic mode trans-
formation. The optimum taper was approximated by a piecewise linear device
consisting of three linear sections as shown in Fig. A.3. The central section
length Lo is 450 pm to ensure an adiabatic mode transformation. The overall
length is 570 um. The mode transformation is completed before the rib width
reaches 0.3 yum, which can be certainly considered a minimum value for the pho-
tolithography of thin ridges.

Fimmprop-3D [5] uses hard boundary conditions and hence, leakage power
cannot radiate out of the calculation window. Beam propagation method (BPM),
on the other hand, allows working with transparent boundary conditions, so
that light can radiate out of the simulation window. We employed a commer-
cial 3-D BPM [6] to simulate the designed device. Mesh discretizations of 0.01
and 0.05 pm were used in the horizontal and vertical directions, respectively.
A longitudinal step of 0.2 pm and semivectorial (TE) calculations were used
for propagation. Input and output near field power distributions are shown in
Fig. A.4. Total transformation losses of 0.18 dB were obtained. By performing a
complex overlap integral with the optical mode of a standard SMF, butt-coupling
efficiencies of 58 % are estimated. The improvement in the coupling introduced
by the taper reaches 5.9 dB. FWHM divergence angles of 9.8° (horizontal) x
23.1° (vertical) were found.
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Figure A.4: Intensity plots of (a) the upper active rib mode and (b) the output
expanded TE field at the end of the optimum taper.

A.3.1 Reduction of the Thickness of the ARROW Cladding
Layers

Equation (A.1) provides the thickness of the cladding layers that minimize the
leaky losses of the fundamental ARROW modegiven a core thickness d; and a
refractive index ns 4 for the high index layers. In the case designed above, the
total cladding thickness is 3.24 pm, which is an unattractive value from a growth
point of view. The growth of such a thick set of layers beneath the broad core
increases the fabrication time and can cause instabilities in the growth process.
The leaky loss of the fundamental mode calculated by means of the well known
transfer matrix method (TMM) for the optimum cladding, is 0.25 dB/cm. This
value is negligible compared to the total transformation loss of the mode ex-
pander calculated above, because the ARROW mode of the taper propagates
along lengths shorter than a few hundred of microns. A higher leakage loss, in
the order of the transformation loss, would still be acceptable. This means that
moving away from the anti-resonance condition and hence increasing the radi-
ation loss offers the possibility to reduce the ARROW cladding layer thickness
and lessen the above mentioned growth difficulties without changing the taper
behavior.

We have considered a maximum propagation length of the ARROW mode in
the taper of 300 um and allowed a total leaky loss of 0.1 dB. This means that
the new ARROW claddings can present a leaky loss as high as 3 dB/cm. Using
TMM the losses of different combinations of ds, d3 and d4 have been calculated
(see Fig. A.5). The structure presenting the lower thickness for a leaky loss of
3 dB/cm is chosen: ds 4 = 0.31 pm, d3 = 0.5 pm. The total cladding thickness
is reduced to 1.12 pym (2.12 pm less than the previous case!).

The expanded output mode of the taper after BPM propagation using the
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Figure A.6: Intensity plot of the mode at the output of the optimum taper that
uses the relaxed vertical ARROW claddings.

relaxed new structure is shown in Fig. A.6. We observe that the field does
not change and that the thinner cladding doesn’t cause any significant leakage
towards the substrate. The device characteristics do not change significantly
compared to the unrelaxed design. The total transformation and leaky loss are
0.22 dB, slightly higher than before. The coupling efficiency to a standard SMF
is 60 %. And the vertical FWHM divergence angle is somewhat improved: 9.7°
(horizontal) x 17.8° (vertical).
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Figure A.7: Cross-section diagram of the device that uses the ARROW effect for
the lateral and vertical confinement. The contour plot of the supported leaky
mode is shown.

A.4 Vertical + Lateral ARROW Confinement

The ARROW effect can be used, not only for the vertical confinement but even
in the lateral confinement of the output fiber-matched mode. The objective of
this new device is to drastically simplify the fabrication process eliminating the
second etch step in which the rib of the broad underlying waveguide is defined.
The alignment of this second mask is the most critical feature of this kind of
device.

In Fig. A.7 half of the cross-section of the proposed laser is shown. The
active layer and lower ARROW cladding materials are the same as in the first
device. The ribs at both sides of the central guide will perform the lateral
confinement in a similar way as the cladding layers of the conventional vertical
ARROW guides. The lower core thickness is reduced to 3.5 um because the
lateral ARROW-ribs do not confine the modes of thicker layers efficiently. From
(A.1)-(A.3), dz4 = 0.32 pm and d3 = 1.86 um. The design of the ribs differs
from that employed for the vertical ARROW due to the guided modes of every
rib guide. In [7] the authors extend the use of the effective index method (EIM)
to regions supporting more than one guided mode. And in [8] a quantitative
design rule for antiguided arrays was presented that could be used to design
the output mode: the confinement of the light in the lower waveguide will be
maximum when the propagation constant of the second-order rib mode matches
that of the fundamental mode of the underlying slab waveguide. In our case
this second-order mode is in cut-off. Therefore, a study of the confinement of
the output mode in the upper active layer in function of the width of the lateral
ribs (dls, dls) was done, and the minimum was obtained for dly 4 = 1.5 pm and
dls < 1 pm; nevertheless dl3 had to be increased to 1 ym because of fabrication
tolerances. We used the Fimmprop3D software to calculate the mode of the
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Figure A.8: Intensity plots of (a) the upper active rib mode and (b) the output
expanded TE field at the end of the optimum taper that uses lateral and vertical
ARROW effects for confinement.

structure. The result is shown in Fig. A.7. The design of the shape of the
taper was done following the steps explained in the design of the first device.
The power fraction of the fundamental mode in the 1 um long linear taper
was calculated. The critical range of the upper width is the same as in the
previous taper: 1.1-0.5 pym. The length of the central section L, was selected
to be 300 um for an overall length of 420 ym. The laser was simulated with
BPM to take into account the vertical and lateral leakage of the fiber-matched
mode. Input and output near field intensity distributions are shown in Fig. A.8.
Total transformation and leaky losses of 0.13 dB were obtained. Butt-coupling
efficiencies of 43 % to a standard SMF were estimated. The improvement in the
fiber-coupling reached 4.6 dB. FWHM divergence angles of 8.8° (horizontal) x
36.5° (vertical) were observed.

A.4.1 Reduction of the vertical ARROW cladding thick-
ness

We have followed the same vertical ARROW cladding reduction criterion as
discussed in Sect. A.3 to reduce the 2.5 ym cladding thickness of this second
device. The minimum leaky loss of the optimum structure is higher now than
before because of the thinner core layer d; [4]. Therefore, we choose a higher
refractive index for the first and the third ARROW layers to obtain a better
efficiency in the thickness reduction. A quaternary compound with A, = 1.45 ym
was selected with a refractive index of 3.46. The results provide the following
new structure: dp4 = 0.22 pm, d3 = 1 pm. This means an initial growth of
1.44 pm instead of the 2.5 ym of the optimum ARROW.

The near field intensity distribution of the fiber-matched mode provided by
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Figure A.9: Intensity plot of the mode at the output of the taper of Fig. A.7
that uses the relaxed vertical ARROW claddings.

the BPM propagation using the relaxed ARROW claddings is shown in Fig. A.9.
The total transformation loss is 0.15 dB. The coupling to the standard fiber is
43 %, the same as before and the far field divergence angles are slightly improved
to 7.6° (horizontal) x 35° (vertical).

A.5 Conclusions

In this work, we have presented results on mode-expanded lasers based on the
adiabatic transformation of the laser rib mode into a fiber-matched ARROW
waveguide. The confinement of the expanded field in the large InP core of
the ARROW guide facilitates the fabrication. The application of the ARROW
effect to the lateral confinement of the output broad mode eliminates the need
for the second processing, drastically simplifying the fabrication of the device.
Efficient mode transformation and significant fiber coupling improvements can
be achieved.
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1.55-ym InP-InGaAsP Fabry-Pérot
Lasers with Integrated Spot Size
Converters using Antiresonant
Reflecting Optical Waveguides

M. Galarza, K. De Mesel, S. Verstuyft, C. Aramburu, I. Moerman, P. Van Daele,
R. Baets, and M. Lépez-Amo

IEEFE Photonics Technology Letters, vol. 14, no. 8, pp. 1043-1045, Aug. 2002.

Abstract—We demonstrate a new concept for InGaAsP—InP 1.55 um Fabry-
Pérot lasers integrated with spot size converters using type-A antiresonant re-
flecting optical waveguides (ARROW). The fabrication of such devices allows
to avoid the growth of thick layers of quaternary material with low Ga and As
fraction, which are difficult to achieve and grow. Reduced far-field divergence
angles (10° x 27°) and improved coupling to cleaved standard single-mode fibers
(2.6-dB coupling loss) are achieved. The proposed device is compatible with
conventional epitaxial techniques and lithographic methods.

B.1 Introduction

The major part of the cost of an optical module comes from the packaging. This
fact is one of the largest barriers to future mass production needs in optical com-
munication systems. Highly-efficient chip-to-fiber coupling with large alignment
tolerances is very important for low-loss integrated optics. The problem arises
from the large mismatch between the large circular mode in the fiber and the
small asymmetric mode in a III-V semiconductor waveguide component, leading
to high coupling losses. Over the past years much research has focused on the
integration of mode size converters with waveguide components in order to im-
prove the coupling efficiency [1], [2]. Most of these approaches involve complex
growth and/or processing steps, requiring extensive process development [3].
Nevertheless, there is a group of devices requiring only a single standard planar
epitaxial growth step and conventional processing techniques that has attracted
considerable attention [4]-[6]. These devices incorporate a large fiber-adapted
rib waveguide that operates close to cut-off. In InP technology this involves the
growth of quaternary materials exhibiting a slightly higher refractive index than
the InP substrate. These low refractive indexes are achieved by means of low Ga-
and As-fraction quaternary materials, which are difficult to achieve and grow.
One solution is the use of diluted structures. The new taper concept presented
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Figure B.1: Cross section of the mode expanded laser. (a) Schematic drawing,
and (b) SEM photograph.

in this work is based on the use of type-A ARROW waveguides [7] and forms an
alternative solution to this problem. The design, fabrication and performance
of the new device are discussed.

B.2 Device Design and Fabrication

The transverse structure of the proposed laser is shown in Fig. B.1. The device
is grown by MOCVD and consists of an active waveguide, which is placed on top
of a large passive ridge that is optimized for coupling to an optical fiber. The
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vertical optical confinement in this passive guide is realized by a type-A ARROW
structure. The quasiguided ARROW-modes exhibit very attractive features for
a fiber coupling function: large mode sizes, low losses for the fundamental mode,
high discrimination of the higher order modes, and ease of fabrication owing to
its high tolerances and to the fact that the thick core consists of InP. Moreover,
the wavelength and polarization dependence of such waveguides is negligible.
The optimum thickness of the three ARROW cladding layers (da, d3, dy) is
given by the following approximate anti-resonance conditions [8]:

A ny \ 2 o)
dyy = 11— (= A S(2M +1 B.1
>4 4nsy 4 ( <TL274> * <2n2,4dce> ) ( b (B-1)

dce
d3:7(2]\7+1) (M,N =0,1,2,...)
where A is the vacuum wavelength; ny, no, n4 the refractive index of the ARROW
InP core, the first cladding layer and the third, respectively; d.. is the equivalent
core thickness, which involves the Goos-Héanchen shift at the top of the ARROW

core and is defined as

A
dee = dy + (————, B.2
' <-27r\/n% —nj (B2)
where
1, for TE modes;
€= { (no/n1)?  for TM modes. (B.3)

In the above expressions n., denotes the refractive index of the active core and
no the refractive index of the polyimide that covers the device. We choose
a quaternary compound with A, = 1.3 um for the two high refractive index
ARROW layers. The calculated values of the cladding layer thickness for TE
polarization are: ds 4 = 0.32 pm and d3 = 2.6 pm.

The multiple quantum-well (MQW) contains five 1 % compressively strained
80 A-thick Ing 78 Gag.o2Asg.79Pg.21 wells for emission at 1.55 um, and four lattice-
matched 150 A-thick Ing 75Gag.25Asg.54P0 46 barriers, surrounded by 400 A-thick
undoped confining layers having the same composition of the barriers. The
metallization covers the spot size converters over their entire length. This can
have a negative impact on the threshold current and efficiency, but on the other
hand it avoids the risk of high absorption losses in the passive section of the
taper.

As the active waveguide is tapered by reducing the ridge width, from 3 to
0.5 um, the mode couples adiabatically from the upper guide to the underlying
ARROW waveguide (see Fig. B.2). The design of the lateral tapering is based on
the adiabaticity of the mode transformation, and has been evaluated by means
of a commercial three-dimensional (3-D) eigenmode expansion algorithm based
on a resonance method [9]. The critical change of the modal shape and the whole
radiation is produced in the 1.18 to 0.8 um range, where low taper angles will
be needed to obtain an adiabatic mode transformation. The taper shape was
approximated by a 370 pm-long-piecewise linear device consisting of three linear
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Figure B.3: The optimum taper shape is approximated by a piecewise linear
device consisting of three linear sections.

sections as shown in Fig. B.3, and exhibits a calculated transformation loss of
1 dB.

B.3 Device Results

The devices were operated in CW mode. Fig. B.4 shows the light versus current
(L-I) characteristics of 4 expanded mode devices and a control sample with-
out any tapers. Untapered 750 pm long and 3 pm wide reference lasers exhibit
typical threshold currents Iy, of 30 um and a external efficiency of 0.13 W/A,
while the expanded mode devices consisting of a 500-um long gain section and
a 370-um long taper, show a threshold current around 50 mA with an external
efficiency of 0.15 W/A. The increase in the threshold current of the expanded-
mode lasers, as compared to the reference samples, can be attributed to the
radiated power in the beam transformation region, to the losses in the n-doped
thick InP layer, and to the non-uniform pumping of the tapered active rib as a
function of its width. The decrease of the tapered facet reflectivity makes the
external efficiency to increase slightly.

The far field emission patterns for both the tapered laser and the control
samples were measured by using a rotating stage and a pinhole detector (see
Fig. B.5). The theoretical curves obtained from the Fourier transform of the
theoretical near fields are also overlaid in Fig. B.5, for comparison. A far field
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divergence angle (FWHM) of 10° x 27° was obtained in lateral and vertical
directions for the mode expanded laser while the untapered devices exhibited
30.1° x 40.1°, in good agreement with theoretical calculations.

A coupling efficiency measurement was performed between the expanded
mode laser and a standard cleaved SMF with a spot size of 10 ym at 1.55 ym. A
maximum coupling efficiency of 55 % (2.6-dB loss) was obtained (this includes
the Fresnel losses occurring at the air-glass interface). The improvement in the
fiber coupling with respect to the untapered lasers reaches 5.8 dB. The mea-
sured 1-dB alignment tolerance range is 4.4 pym in lateral direction and 4.5 pm
in transverse direction.

B.4 Conclusion

We have realized a new laser emitting at 1.55 pm wavelength integrated with
a spot size converter using a type-A ARROW waveguide for enhanced fiber
coupling. The confinement of the expanded field in the large InP core of the
ARROW waveguide facilitates the fabrication because it allows to avoid the
growth of low Ga- and As-fraction quaternary materials. Efficient mode trans-
formation and considerable reduction of the horizontal and vertical far-field have
been achieved.

References

[1] J. E. Johnson et al., “Monolithically integrated semiconductor optical am-
plifier and electroabsorption modulator with dual-waveguide spot-size con-
verter input,” IEEE J. Select. Topics Quantum Electron., vol. 6, pp. 19-25,
Jan. 2000.

[2] J.R. Kim, J. S. Lee, S. Park, M. W. Park, J. S. Yu, S. D. Lee, A. G. Choo,
T. I. Kim, and Y. H. Lee, “pot-size converter integrated polarization in-
sensitive semiconductor optical amplifiers,” IEEE Photon. Technol. Lett.,
vol. 11, pp. 967-969, Aug. 1999.

[3] I. Moerman, P. Van Daele, and P. M. Demeester, “A review on fabrica-
tion technologies for the monolithic integration of tapers with III-V semi-
conductor devices,” IEEE J. Select. Topics Quantum Flectron., vol. 3,
pp. 1308-1320, Dec. 1997.

[4] S. S. Saini, F. G. Johnson, D. R. Stone, H. Shen, W. Zhou, and M. Da-
genais, “Passive active resonant coupler (PARC) platform with mode ex-
pander,” IEEE Photon. Technol. Lett., vol. 12, pp. 1025-1027, Aug. 2000.

[5] G.A. Vawter, R. E. Smith, H. Hou, and J. R. Wendt, “Semiconductor laser
with tapered-rib adiabatic-following fiber coupler for expanded output-
mode diameter,” IEEE Photon. Technol. Lett., vol. 9, pp. 425-427, Apr.
1997.



IEEE Photonics Technology Letters 93

[6]

K. De Mesel, R. Baets, C. Sys, S. Verstuyft, I. Moerman, and P. Van Daele,
“First demonstration of 980 nm oxide confined laser with integrated spot
size converter,” Electron. Lett., vol. 36, pp. 1028-1029, Jun. 2000.

R. A. Soref, and K. J. Ritter, “Silicon antiresonant reflecting optical waveg-
uides,” Opt. Lett., vol. 15, pp. 792-794, Jul. 1990.

J. M. Kubica, “Numerical analysis of InP/InGaAsP ARROW waveguides
using transfer matrix approach,” IFEE J. Lightwave Technol., vol. 10,
pp. 767-771, Jun. 1992.

A. S. Sudbo, “Numerically stable formulation of the transverse resonance
method for mode-field calculations in dielectric waveguides,” IEEE Photon.
Technol. Lett., vol. 5, pp. 342-344, Mar. 1993.






Publication C
Mode-Expanded 1.55 ym InP-InGaAsP

Fabry-Pérot Lasers Using ARROW
Waveguides for Efficient Fiber Coupling

M. Galarza, K. De Mesel, S. Verstuyft, D. Fuentes, C. Aramburu, M. Lépez-
Amo, I. Moerman, P. Van Daele, and R. Baets

IEEE Journal of Selected Topics in Quantum Electronics, Accepted for pub-
lication, Nov./Dec. 2002.

Abstract—We report on a new concept for InGaAsP—InP 1.55 ym lasers with
integrated spot-size converters based on antiresonant reflecting optical waveg-
uides (ARROW’s). The mode expanders consist of a tapered active region on
top of a fiber-matched passive vertical ARROW waveguide. The large funda-
mental leaky mode with its low propagation loss makes ARROW waveguides
useful for fiber coupling functions and avoids typical growth-related problems as
encountered with traditional designs. The tapers exhibit a low transformation
loss, narrowed far-field emission patterns (10.4° x 22°) and reduce the coupling
loss to standard single-mode fibers from 8 dB to 2.6 dB. We also present the
design and the results obtained with a relaxed ARROW-design with thinner
ARROW-layers to reduce the overall layer stack thickness considerably, without
affecting the fiber-coupling performance.

The antiresonant effect has also been used for the lateral confinement of the
fiber-matched mode. This feature makes the presented spot-size transformer
as simple to fabricate as a standard waveguide, only requiring a planar growth
step and a single conventional etch process. The fabricated tapers exhibit a low
transformation loss and minimum far-field divergence angles of 13.8° x 30.8°,
reducing the coupling loss to a standard single-mode fiber from 8 to 4 dB.

We also analyze by simulation two variants of the concept proposed in this
work, including a taper structure for a buried waveguide, which are expected to
show better performance. Simulation results show fiber-coupling efficiencies as
low as 2.4 and 1.1 dB, and reduced far-field divergence angles as low as 7.2° x 14°
and 7.2° x 9° for both variants.

C.1 Introduction

There exist two rationales for the use of integrated spot-size converters (SSC)
in the development of low-cost opto-electronic devices. One is the pigtailing
or fiber attachment of III-V semiconductor photonic integrated circuits (PIC),
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mostly active devices containing lasers or semiconductor optical amplifiers. The
other is the integration of such PIC’s with silica-on-silicon waveguides for the
development of hybrid devices.

The typical refractive index difference An in a semiconductor waveguide is
generally larger than 1 x 1071, leading to mode sizes smaller than 2 ym. Besides,
due to the planar technology used in the fabrication of semiconductor waveg-
uides, the mode shape is highly asymmetric. The very small refractive index
difference in a single mode glass fiber or silica waveguide (An < 5 x 107%), on
the other hand, results in a weakly guided circular mode with a typical mode
size of 810 pym. Direct butt-coupling between an opto-electronic device and a
fiber causes typically 7-10 dB loss.

The function of an integrated SSC’s is to enlarge and reshape the small and
asymmetric mode of the III-V semiconductor waveguide component to a large
and circular mode that is better adapted to the fiber or silica waveguide [1].
In this way, it provides high coupling efficiencies and large alignment tolerances
that enable the use of passive alignment schemes that drastically reduce the
packaging cost. The use of microlenses or tapered/lensed fibers [2] that image
one mode onto the other is an alternate solution that also improves the coupling
loss, but at the expense of the alignment tolerances, which are then in the sub-
micron range.

Over the past ten years much research has focused on the integration of
mode size converters with waveguide components in order to improve the cou-
pling efficiency [3], [4]. Most of these approaches involve complex growth and/or
processing steps, requiring extensive process development. Nevertheless, there is
one group of devices that is particularly interesting since it only requires a single
standard planar epitaxial growth step and conventional lithography and etching
processes [5]-[7]. These devices incorporate a large fiber-matched rib waveg-
uide that operates close to cutoff. In InP technology this involves the growth
of quaternary materials exhibiting a slightly higher refractive index than the
InP-substrate. These low-refractive indexes are achieved by means of low Ga-
and As-fraction quaternary materials, which are difficult to grow. This problem
was solved in [8], by introducing a diluted structure.

We have demonstrated an alternative solution in recent work [9], where the
thick quaternary layer is replaced by an easy-to-grow InP layer in an ARROW
configuration [10], [11]. In the tapered 1.55 um laser presented in [9], a laser rib
is laterally tapered so that its guided mode is adiabatically transformed into the
fundamental mode of the underlying fiber-matched ARROW waveguide. The
quasiguided ARROW-modes exhibit very attractive features for a fiber (or silica
waveguide) coupling function: large mode sizes, low losses for the fundamental
mode, and low polarization and wavelength dependence. Moreover, ARROW
waveguides are easy to fabricate owing to their high tolerances and to the fact
that the thick core consists of InP. We have also reported work on variants of
this structure both in terms of theoretical predictions [12], as well as preliminary
experimental results [13].

In this paper we present a structured overview of the performance of AR-
ROW waveguide based tapers, whereby we present new results and a better
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Figure C.1: Schematic drawing of the adiabatic mode-expanded laser showing
the tapered upper active rib and the underlying fiber-matched ARROW waveg-
uide.

understanding of the potential of this new technique. Section C.2 of this pa-
per presents the theory, design and new results on mode-expanded lasers using
fiber-matched vertical-ARROW waveguides. Section C.3 demonstrates new re-
laxed ARROW structures that reduce the overall layer stack thickness signifi-
cantly without affecting the fiber coupling characteristics. In Section C.4 the
ARROW effect is used for both vertical and lateral confinement of the output
fiber-matched mode, leading to a fabrication scheme for the mode-expanded
laser that does not require extra processing steps to integrate the taper. Also
two interesting variants of this concept are proposed and analyzed by simulation.
Section C.5 finally summarizes and concludes this work.

C.2 Mode expanded Lasers Using Vertical AR-
ROW Confinement

C.2.1 Device Design and Theory

The transverse structure of the proposed mode-expanded laser is shown in Fig.
C.1. The device consists of an active multi-quantum well rib waveguide that is
laterally tapered from 3 to 0.3 pum, and that contains five 1 % compressively
strained 80 A-thick Ing.7sGag.20AS0.79P0.21 wells for emission at 1.55 pm, and
four lattice-matched 150 A-thick Ing 75Gag.25As0.54Po 46 barriers, surrounded by
400 A-thick undoped confining layers having the same composition as the barri-
ers. The metallization covers the spot size converters over their entire length in
order to avoid absorption losses in the passive section of the taper. This means
that there is current injection in a region where low optical gain is provided,
increasing the threshold current and reducing the efficiency of these demonstra-
tion devices. The optimum metallization stop point should be a compromise
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Figure C.2: Core of an ARROW waveguide, bounded at the upper surface by
a low-index medium and at the substrate side by two higher-index antiresonant
reflector layers.

between internal absorption loss and threshold current.

The underlying rib waveguide is optimized for coupling to an optical fiber,
while keeping in mind the growth-imposed restriction of a maximum overall layer
stack thickness of 11 ym. The vertical confinement of this fiber-matched mode
is achieved by means of an ARROW geometry that is sketched in more detail in
Fig. C.2. It consists of an InP core layer with refractive index n; and an interfer-
ence cladding system, i.e., two higher index cladding layers made of quaternary
material and a separating InP film, called the second cladding layer. This struc-
ture supports a certain number of bound modes in the high index claddings and
several leaky waves, which are simply higher order modes beyond cutoff. Under
appropriate conditions these leaky waves can be confined in the lower index core
layer and propagate with relatively low losses. Considering the ray model we
can treat it as a case where light coupled into the core undergoes total internal
reflection at the upper surface and very high reflections from the sequence of
antiresonant Fabry-Prot resonators formed by the InP-InGaAsP interfaces.

The antiresonance condition for the thickness of the respective cladding layers
have been found as [14]

A n \2 A e
- 1— (=2 _~ S(2M +1 1
da.4 4ng 4 ( <n2,4> + <2n2,4dce> ) (M +1) (€

d3:%(2N+1) (M,N =0,1,2,..))

where A is the vacuum wavelength; ny, no, n4 the refractive index of the ARROW
InP core, the first cladding layer and the third, respectively; d.. is the equivalent
core thickness, which involves the Goos-Hénchen shift at the top of the ARROW
core and is defined as:

A
dee = dy +
14

2 27
T/ Ny — ng
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Figure C.3: Fundamental TE mode evolution along the taper structure of
Fig. C.1 for (a) w = 3 pm, (b) w = 0.7 pm and (¢) w = 0.3 pym. A shal-
low etch is simulated.

where

= { 1, for TE modes; (C.3)

(no/n1)?  for TM modes.

In the above expressions n., denotes the refractive index of the active core and
no the refractive index of the polyimide that covers the device. We choose
a quaternary compound with A, = 1.3 ym for the two high refractive index
ARROW layers. The thickness of the ARROW core was limited to 5 um to
avoid problems with the growth of a thick layer stack. The calculated thickness
of the corresponding cladding layers are d2 4 = 0.32 pm and d3 = 2.6 um (TE
polarization).

The evolution of the optical field as a function of the upper rib is shown in
Fig. C.3. As the active waveguide is tapered by reducing the ridge width from
3 to about 0.3 pum, the mode shifts adiabatically from the upper guide to the
underlying ARROW waveguide (see Fig. C.3).

The design of the lateral taper is based on the adiabaticity of the mode
transformation, and has been evaluated by means of a commercial 3-D eigenmode
expansion algorithm based on a resonance method [15]. Small taper angles must
be kept for the critical widths at which the mode transformation takes place to
ensure an adiabatic mode transformation, while large taper angles are allowed
for widths where the mode does not significantly change. Two designs, with a
different etch depth for the laser rib, have been calculated. The two etch-stop
points are indicated as Ey, Fy in Fig. C.1. The shallow etching F; stops just
above the layer containing the first quantum well (QW), while the deep etch Es
goes through the QW’s. It is expected that the former option will provide a
better performance of the laser because it presents lower surface recombination.
On the other hand, when the mode is expanded in the taper, it will be slightly
confined in unpumped active quaternary layers [see Fig. C.3(c)]. This fact will
introduce some absorption losses in the shallowly etched devices that are not
present in the deeply etched ones. The adiabatic shape designs for both etching
options have been approximated by a piecewise linear device consisting of three
linear sections and are sketched in Fig. C.4. A minimum narrowing of 100 nm
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Figure C.4: The optimum taper shape is approximated by a piecewise linear
device consisting of three linear sections. Tapers for both shallowly (E;) and
deeply (E») etched lasers are shown.

per 66 um propagation length yields a safe design from the fabrication point of
view.

C.2.2 Device Processing

The epitaxial layers were grown by metal organic chemical vapor deposition
(MOCVD). By plasma etching we defined the SiO,pattern with conventional
photoresist as a mask. The central and lateral ribs were etched by RIE to a
depth 100 nm above the active layer. Next, a selective wet etch of the remaining
InP down to the confining layer of the active layer was carried out. This etch
was done using H3PO4:HCI (7:3). Finally, an extra 40 nm (shallow etch) or
140 nm (deep etch) RIE etch into the active layer was performed. Subsequently,
a 9 pm wide and 2 pm high mesa was wet etched, using the above mentioned
chemistry and parameters, to provide lateral index guiding for the expanded
mode. Thereafter, polyimide was spin-coated on the sample to form an insulation
layer. The thickness of the polyimide is less on top of the ridges compared to
the rest of the sample. Therefore, by a controlled plasma etch, the dielectric
was removed on the ridge while dielectric coverage remained elsewhere resulting
in good electric isolation [8]. SEM pictures of the taper (Fig. C.5) reveal that
the metal contact over this upper ridge is good and that the thin ribs were
fabricated reproducibly. Next, using a negative photoresist and a metal liftoff
process, the metallization pattern was defined. Finally, the thinning of the
substrate was done and the back contact was deposited. Arrays of devices, each
with 520 pum long straight active sections, were mounted on electrically cooled
copper heatsinks with silver epoxy and were tested without any coatings. The
entire device is electrically pumped because the metallization also covers the
entire length of the spot size converters. 750 ym long and 3 pym wide untapered
lasers, fabricated from the same wafer as the tapered lasers, were also prepared
as a reference. Both reference and tapered lasers have the same total active area.

C.2.3 Results and Discussion

All the measured parameters are shown in Table C.1 for comparison. The de-
vices were operated in continuous wave (CW) operation. Some typical room
temperature light intensity versus current (L—I) curves of mode-expanded and
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Figure C.5: SEM image of the laser cross-section (a) at the beginning and (b)
at the end of the tapering, showing the electric contact over the upper tapered
rib and the high index ARROW cladding layers.

Taper Laser  Etching Iy (mA) mg(W/A)  L(um) FC(dB) FF Tol. (z)
Depth L (Deg) V(Deg) L (um) V (um)
E, 31 0.09 0 -8.2 05 M8 19 21
Reference
Vertica E, 30 013 0 -8 301 401 15 2
ARROW E 45 01 a0 29 104 2 2 22
Tapered
E, 50 015 370 2.6 10 27 22 23
E, 35 013 0 -8 303 39 18 21
Reference
Relaxed E, 22 013 0 -8.2 309 407 2 23
Vertical
ARROW E, 60 011 470 2.7 1 19 23 24
Tapered
E, 32 01 370 -2.9 96 25 24 25
E, 35 0.12 0 -8 315 428 16 2
Reference
Lateral E, 28 012 0 -8.3 307 406 15 2
ARROW E, 55 01 520 -4 138 308 23 24
Tapered
E, 48 012 490 43 13 327 22 23
Variant 1, Fig. 16 E, - - 490 2.4 7.2 14 23 19
Variant 2, Fig. 17 | Buried - - 270 -11 7.2 9 29 23

Table C.1: Measurement and simulation results on the integrated mode ex-
panded lasers considered in this work: Iz, = threshold current; ny = external
efficiency; L = taper length; FC = fiber-coupling efficiency; F'F = far-field
divergence angles; Tol. = —1 dB alignment tolerance. The last two rows corre-
spond to simulation results.
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Figure C.6: Typical L-I characteristics of shallowly (F;) and deeply (E-) etched
mode-expanded and untapered reference lasers.

untapered reference lasers are shown in Fig. C.6 for both etch depths. The
deeply etched reference devices, with a threshold current of 30 mA and a ex-
ternal efficiency of 0.13 W/A, present a slightly better laser performance than
the shallowly etched ones, which have a similar threshold current but a lower
external efficiency (0.09 W/A). The deeply etched devices always show a better
performance as we will see in the next sections of this paper. Fairly uniform
threshold current distributions were found along the laser array.

Regarding the mode-expanded lasers, an increase of about 20 mA in the
threshold current with respect to the reference lasers is found. This is a com-
mon behavior due to the mode transformation loss within the taper and to the
losses in the n-doped thick InP ARROW core layer, and not to the introduction
of the ARROW. A shorter current pumping length would reduce the thresh-
old current. A higher slope efficiency is observed for the expanded mode laser.
This surprising result can be attributed to a difference in reflectivity between
the laser mode and the expanded mode [16], which can account for about 15 %
difference in output power. For the shallowly etched devices, however, the men-
tioned increase is not so prominent since the efficiency is adversely influenced
by the higher absorption loss in the unpumped QW’s next to the central laser
ridge [see Fig. C.3(c)].

Far-field emission patterns for both tapered and reference lasers were mea-
sured by using a rotating stage and a pinhole detector. The measured full width
at half-maximum (FWHM) values are also shown in Table C.1, which are in
good agreement with theoretical calculations obtained from the Fourier trans-
form of the theoretical near fields. An important lateral divergence improvement,
is achieved for both groups of lasers, reaching a minimum of 10° for the deeply
etched lasers. This value should be compared with the 30° divergence of the
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reference devices. The vertical farfield is determined by the thickness of the
ARROW slab core, which is limited by the maximum layer stack thickness as
mentioned before. The achieved vertical field divergences are therefore higher
(22° and 27° for both sets of lasers respectively, see Table C.1), but are still
substantially lower than the 40° of the reference devices.

A coupling efficiency measurement was performed between the expanded
mode laser and a standard cleaved single mode fiber with a spot size of 10 ym
at 1.55 pm. Fiber coupling efficiencies better than —3 dB are obtained for both
etch depths, including the Fresnel losses occurring at the air-glass interface. The
improvement in the fiber coupling with respect to the untapered devices amounts
up to 5.4 dB for the deeply etched lasers (see Table C.1).

Since the alignment tolerance with respect to the fiber depends on the large
fiber mode, only slight improvements are observed with respect to the reference
untapered lasers. A maximum —1 dB alignment tolerance of +2.2 x +2.3 ym
(lat. x vert.) is obtained for the deeply etched devices. The fact that the verti-
cal alignment tolerance is higher than the lateral value is due to the fact that the
fiber facet was separated from the taper output facet. These restrictions were
considered to avoid contact of the fiber end with the laser output facet during
the sweep of the transverse position of the fiber.

All results reported in Table C.1 are in good agreement with theoretical cal-
culations.

C.3 New Vertical ARROW Structures for Mode-
Expanded Lasers

The three vertical ARROW-cladding layers (di, d2 and d3) used in the device
of Section C.2 are designed to generate an antiresonance condition and provide
minimum leakage loss towards the substrate for the fiber-matched output waveg-
uide. However, from (C.1) and (C.2) it can be seen that the total thickness of
this optimum cladding is higher than half the InP ARROW core thickness, which
can be considered rather thick. Since the expanded ARROW-confined output
mode is only guided over a short distance, it is not really necessary to reduce the
ARROW-losses to an absolute minimum. In other words, it is allowed to move
away from the antiresonance condition, thus increasing the radiation but also
reducing the thickness of the cladding layers [12]. Fig. C.7 shows the leakage
loss for the 5-ym thick ARROW waveguide used in the device of Section C.2
and calculated using the transfer matrix method (TMM) [17]. The leakage loss
for the optimum design is 0.25 dB/cm. If a maximum propagation length of
300 pm is considered for the ARROW mode in the taper and a reasonable total
leakage loss of 0.1 dB is allowed, the new claddings may exhibit a leakage loss
as high as 3 dB/cm. The line that keeps this criterion is highlighted in Fig. C.7.
The relaxed structure with a leakage loss of 3 dB/cm is da4 = 0.31 pm and
ds = 0.5 pm, reducing the total cladding thickness to 1.12 pm, which is 2.12 pm
less than the optimum structure.

Both shallowly and deeply etched devices were again implemented on a new
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Figure C.8: SEM image of the laser cross-section using the relaxed ARROW
structure.

wafer incorporating the new relaxed vertical ARROW structure and using the
same processing as explained in Section C.2. Fig. C.8 shows the SEM photo-
graph of one device. The operation of the mode expanders is not influenced by
substituting the ARROW cladding structure with the relaxed design and the
adiabatic taper shapes calculated in Section C.2 and shown in Fig. C.4 are still
valid here. New arrays of devices, each with 520 pum long straight active sections
were mounted. Untapered lasers, 750 pum long and 3 pym wide, and fabricated
from the same wafer as the tapered lasers were also prepared as a reference.
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Figure C.9: Typical L-I characteristics of shallowly (E;) and deeply (E») etched
untapered reference lasers and mode-expanded lasers incorporating the relaxed
ARROW structure.

C.3.1 Results

The CW room temperature L—I curves of several mode-expanded and unta-
pered reference lasers are shown in Fig. C.9 for both etch depths. The measured
parameters are summarized in Table C.1. The deeply etched untapered lasers
present the best performance. They show a threshold current around 22 mA,
while the shallowly etched lasers exhibit a threshold of 35 mA.

Regarding the mode-expanded lasers, an increase of only 10 mA in the thresh-
old current with respect to the reference is found for the deeply etched devices.
In the case of the shallowly etched devices this increase in the threshold is of
25 mA.

The coupling efficiency to a standard single mode fiber does not change and
also the lateral FWHM divergence angles remain the same. The vertical diver-
gence angles, however, are reduced by a few degrees, as predicted by theoretical
calculation [12]. The reason of this slight improvement is the reduction of the
light in the new relaxed d», d3 and d4 cladding layers. The sign of the optical
field in these layers [see Fig. C.3(c)] is opposed to the sign of the field in the InP
core [14] and reduces the fiber coupling efficiency and the far-field divergence
angles.

A maximum —1 dB alignment tolerance of around +2.4 x £2.5 ym (lat. X
vert.) is obtained for both sets of devices.
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Figure C.10: Cross-section of the device that uses the antiresonant effect for
both the lateral and the vertical confinement.

C.4 Mode-Expanded Lasers Using Vertical And
Lateral Arrow Confinement

C.4.1 Device Design and Theory

The antiresonant effect can be used, not only for the vertical confinement, but
also for the lateral confinement of the output fiber-matched mode [13], [18], [19].
The objective of this new device is to drastically simplify the fabrication process
by eliminating the second etch step in which the broad underlying waveguide
is defined. This eliminates the alignment of the second mask and reduces the
fabrication complexity of the mode-expanded laser to that of a standard laser.
Fig. C.10 shows the right half of the cross-section of the proposed device.
The laser structure and lower ARROW cladding materials are the same as in
the previous devices. The lower InP core thickness is reduced to 3.5 pm because
the lateral ribs lose their influence on the optical confinement when thicker layers
are used. If thicker cores were needed, then more than two lateral ribs would
have to be used. From (C.1)-(C.3), the optimum ARROW cladding is found to
be dy4 = 0.32 pm and d3 = 1.86 um. Relaxed structures to reduce the layer
stack thickness could be found in a similar way as discussed in Section C.3 [12].
A couple of appropriately designed rib waveguides placed on each side of the
tapered central waveguide and defined in the same etch step as the central laser
ridge provide the lateral confinement of the guided mode. The behavior cannot
be explained with the standard vertical ARROW formulas because of the guided
modes that appear in the lateral ribs. Considering two-dimensional coupled-
mode theory the new mode can be treated intuitively as an anti-symmetrical
combination of the coupled modes of the upper lateral rib waveguides and the
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Figure C.11: Confinement of the output mode in the unpumped QW’s in the
lateral ARROW ribs of a shallowly etched device as a function of the width I of
the lateral ribs keeping the gap g constant. The field distributions of the modes
at the points indicated in the graph are also shown.

mode of the underlying InP slab ARROW core [20]. Thus, the shape of the
output mode depends strongly on the width of the lateral ribs. Fig. C.11 shows
the confinement of the fiber-matched leaky mode in the unpumped QW’s of the
lateral ribs as a function of the lateral rib width [ while keeping the gap g constant
and equal to 1 um. This confinement should be minimized in order to reduce
absorption loss in the unpumped lateral ribs. The field profiles for different
widths [ are also shown for illustration. A flat and broad minimum confinement
is found around /[ = 1.5 ym, where the output mode is fit for coupling to fiber.
The broad minimum implies that the device is tolerant to fabrication errors.
Two designs, with a different etch depth for the central laser rib, are considered
once again (shown as Ej, and E» in Fig. C.10) and the optimum width [ for the
deeply etched device is also calculated and found to be 1.6 um. In both etch
options the optimum gap g between lateral ribs is less than 1 ym, but has to be
increased to 1 pum because of fabrication limitations. Fortunately, this does not
change the modal shape significantly.

The evolution of the optical field as a function of the upper central rib width
is shown in Fig. C.12. As the active waveguide is tapered by reducing the ridge
width from 3 to 0.3 pum, the mode shifts adiabatically from the upper guide
to the underlying ARROW waveguide (Fig. C.12). The design of the lateral
tapering is based on the adiabaticity of the mode transformation, and has been
evaluated by means of a commercial 3-D eigenmode expansion. The adiabatic
shape designs for both etching options have been approximated by a piecewise
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Figure C.12: Fundamental TE mode evolution along the taper structure of
Fig. C.10 for (a) w = 3 pm, (b) w = 0.7 pm and (c) w = 0.3 pm (shallow
etch).
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Figure C.13: Piecewise linear approximation of the ideal taper shape for the
device with both vertical and lateral ARROW confinement. Tapers for both a
shallowly (E;) and deeply (Es;) etched laser are shown.

linear device consisting of three linear sections and are sketched in Fig. C.13.
A minimum narrowing of 100 nm per 77 um propagation length yields a safe
design from the fabrication point of view.

The expanded mode in the shallowly etched device is slightly confined in
unpumped active quaternary layers [see Fig. C.12(c)]. This will introduce some
absorption losses in the shallowly etched lasers that are not present in the deeply
etched designs.

C.4.2 Device Processing

A wafer with the new layer structure was grown by MOCVD and the devices
were implemented using the same processing steps as detailed in Section C.2
(except, of course, the wet etching of the broad rib). Fig. C.14 shows a SEM
picture of the device, illustrating the contacting of the central ridge and the well-
defined lateral ribs. Once again, arrays of devices, each with 520 ym long straight
active sections, were mounted on electrically cooled copper heatsinks with silver
epoxy and were tested without any coatings. Untapered lasers (750 ym x 3 pym)
fabricated from the same wafer as the tapered lasers, were also prepared as a
reference.
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Figure C.14: SEM image of the laser cross-section, showing the electric contact
over the central tapered rib, the good definition of the lateral ribs and the high
index ARROW cladding layers.
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Figure C.15: Typical L—I characteristics of shallowly (E;) and deeply (Es)
etched untapered reference lasers and mode-expanded lasers using the vertical
and lateral ARROW-confined fiber-matched waveguide.

C.4.3 Results and Discussion

All the measured parameters are shown in Table C.1. Typical room temper-
ature L-I curves of mode-expanded and untapered reference lasers are shown
in Fig. C.15 for both etch depths. The deeply etched reference devices, with a
threshold current of 28 mA, present a better laser performance than the shal-
lowly etched ones (35 mA). A uniform threshold current distribution was found
along the laser array once again.

Regarding the mode-expanded lasers, an increase of about 20 mA in the
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threshold current with respect to the reference lasers is found. The higher ab-
sorption loss in the unpumped QW’s of the lateral ARROW rib waveguides for
the shallowly etched devices [see Fig. C.12(c)] causes a decrease of the external
efficiency of the laser from 0.12 W/A to 0.1 W/A. This fact is not observed
in the deeply etched devices that maintain the same external efficiency as the
reference lasers.

The measured full width at half-maximum (FWHM) values are also shown
in Table C.1. A considerable improvement is achieved in the lateral direction for
both groups of lasers, reaching a minimum of 13° for the deeply etched lasers.
On the other hand, due to the thinner ARROW slab core (3.5 um), the achieved
vertical field divergence is still slightly higher than 30°, improving it by 10° with
respect to the reference laser. A further improvement in the vertical far-field
pattern could be obtained by thickening the ARROW core layer and defining
more than two ribs on each side of the output ARROW waveguide in order to
provide a good lateral confinement for thick cores.

Maximum fiber coupling efficiencies of around —4 dB are obtained for both
etch depths, including the Fresnel losses occurring at the air-glass interface. The
improvement in the fiber coupling with respect to the untapered devices amounts
up to 4 dB (see Table C.1). A maximum —1 dB alignment tolerance of around
£2.3 x £2.4 um is obtained for both sets of lasers.

Again all the results are in good agreement with theoretical calculations.

C.4.4 Variant 1: Weakly Guiding Fiber-Adapted Waveg-
uide

The waveguide structure of Fig. C.10 has a limitation on the vertical direction
because the lateral ribs lose their optical confinement effect when the slab core
becomes too thick. The structure of Fig. C.16 is similar to that of Fig. C.10 but
it makes use of a thin weakly-guiding core of only 80 nm that is buried in InP
beneath the active layer. The mode at the active rib and the mode at the end
of the taper are also shown. The fiber-matched mode presents a quite asymmet-
rical field distribution in the vertical direction, but the fact that its maximum
is closer to the upper lateral couple of ribs strengthens their influence. More-
over, from a coupling and far-field point of view the typical exponential decay
of weakly guiding waveguides induces an improvement of the coupling efficiency
and FWHM of the output beam in comparison with the untapered lasers, in
spite of its asymmetrical shape.

Simulation results on the propagation of this new structure are shown in Ta-
ble C.1. Only the design for the deep etching through the QW’s has been con-
sidered because of its better lasing performance. The same tapering as sketched
in Fig. C.13 has been simulated. It appears that the beam divergence angles and
the coupling efficiency are improved to 7.2° x 14° (lat. x vert.) and —2.4 dB,
respectively. The vertical alignment tolerance is slightly reduced to 1.9 um,
while the lateral value remains the same as for the vertical ARROW-design.
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Figure C.16: Schematic structure of the taper using a weakly guiding underlying
slab waveguide. The active layer and upper rib waveguides are identical to those
of Fig. C.10.

5um InP

L 09um 3um
LY

80nm

Height (um)
7

@ F (b
b b b b b b B B b b b b Lo L 1y
0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14
Half Width (wm) Half Width (um)

Figure C.17: Schematic structure of a buried variant of the proposed taper
concept.

C.4.5 Variant 2: Buried Laser

The mode transformation concept proposed in this section can also be integrated
in a second variant, being a buried laser structure as shown in Fig. C.17. A
194 nm thick buried MQW active structure with an equivalent refractive index
of 3.45 is tapered from 1 to 0.2 um following the tapering shown in the inset
of Fig. C.17(a). The 70 nm thin guiding layer of quaternary compound with
Ag = 1.1 pm is buried 0.2 ym beneath the active core. The optimum lateral
confinement ARROW ribs are 0.9 ym wide and are separated by 2 pm. All this
is embedded under a 5 um thick top layer of InP.
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The fact that the tapered active central core is totally embedded in InP
makes the mode transformation efficiency much higher for buried than for rib
structures. This is the reason why the length of the buried taper (270 pm) is
much shorter than the rib taper (490 pm).

Simulation results on the propagation are shown in Table C.1. They show
fiber butt coupling losses as low as 1.1 dB, beam divergence angles of 7.2° x 9°
(lat. x vert.), and alignment tolerances of +£2.9 x +2.3 um (lat. X vert.),
compared to the 8.5 dB coupling loss and 29° x 32° divergence angles of the
untapered devices.

C.5 Conclusion

In this paper we have presented the use of optical confinement by the ARROW-
concept for the fabrication of lasers with monolithically integrated spot size
converters. This eliminates the need for thick In;_,Ga,As,P_, layers and the
consequential growth problems. The taper transforms the small active laser
mode into the fiber-adapted mode of the large underlying mesa with vertical
ARROW confinement. Threshold currents of around 50 mA were measured,
which have to be compared with 30 mA for untapered reference lasers. The
far-field FWHM divergence angles were significantly reduced and the coupling
efficiency to single mode fiber was improved by 5.4 dB.

We also calculated that the ARROW cladding thickness can be reduced dras-
tically by moving away from the optimal anti-resonance condition without in-
troducing remarkable extra losses. The new structures significantly reduce the
overall layer stack thickness while maintaining the far-field divergence angles and
the fiber coupling efficiency of the optimum ARROW structures.

Lateral ARROW confinement, in combination with vertical confinement, was
also successfully demonstrated. The lateral confinement of the fiber-matched
mode is achieved by means of an antiresonant effect provided by two sets of
lateral rib waveguides defined in the same etching process as the central active
ridge. Therefore, only a single planar growth step and a single conventional
etching process are required, leading to the simplest tapered laser concept ever
reported. Threshold currents of around 50 mA were measured, which have to be
compared with 30 mA for untapered lasers. The far-field FWHM divergence an-
gles were significantly reduced and 4 dB improvement of the coupling efficiency
to single mode fiber was observed.

Two variants of the demonstrated concept have also been analyzed by sim-
ulation and are expected to show a better performance. In a first variant a
weakly-guiding slab waveguide substitutes the thicker core of the first structure.
In a second variant the taper concept of this work is integrated in a buried laser
structure. Simulation results show considerable improvements in the far-field
divergence angles and fiber-coupling efficiencies.
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InGaAsP—-InP 1.55 ym Lasers with

Integrated Mode Expanders Using
Fiber-Matched Leaky Waveguides

M. Galarza, K. De Mesel, T. Van Caenegem, S. Verstuyft, C. Aramburu, I. Mo-
erman, P. Van Daele, R. Baets, and M. Lépez-Amo

LEOS ’01 Annual Meeting, San Diego, California, USA, pp. 798-799, Nov. 2001.

Abstract—A new concept for InGaAsP-InP 1.55 um lasers integrated with spot
size converters using antiresonant reflecting optical waveguides, is presented.
The devices exhibit low radiation losses, and good fiber-coupling and far-field
angles.

D.1 Introduction

The packaging of optoelectronic integrated semiconductor circuits amounts up
to about 80 % of the cost of the final module. Highly-efficient chip-to-fiber cou-
pling with large alignment tolerances is a critical requirement to obtain low-cost
optoelectronic devices. Problems arise from the optical field mismatch between
the large circular fiber mode and the small asymmetric semiconductor waveguide
mode. Directly butt-coupled devices present typically 7-10 dB fiber insertion
loss and submicron alignment tolerances. To achieve both low coupling loss and
large alignment tolerances it is necessary to transform the mode on-chip to bet-
ter match the fiber. A large variety of integrated mode transformers have been
proposed but they often require complex (re)growth and etching techniques [1].
The new taper concept presented in this work is based on the use of antireso-
nant reflecting optical waveguides (ARROW) [2] and simplifies the fabrication
process to one planar growth step and one conventional non-critical etch step.
The design, fabrication and performance of the new device are discussed.

D.2 Design and Fabrication

The design of the proposed tapered laser is inspired by the more conventional
approach as reported in [3] where a thin waveguide is defined on top of a large
fiber-adapted mesa. The optical mode is confined in the upper waveguide when
the upper rib is broad. A gradual narrowing of the upper rib expands the
mode into the underlying mesa. In the new design the fiber-matched broad
waveguide is a leaky waveguide where the vertical and lateral confinement of

115
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Figure D.1: Schematic drawing of the adiabatic mode expanded laser showing
the tapered upper active rib and the underlying fiber-matched ARROW waveg-
uide.

its mode are achieved by means of three antiresonant structures [4]. The trans-
verse structure of the proposed laser is shown in Fig. D.1. The active layer
consists of five 1 % compressively strained 80 A-thick Ing 75Gag 22A80.79Po 21
quantum wells (QW) for emission at 1.55 um, and four lattice-matched 150 A-
thick Ing.75Gag.25A80.54P0.46 barriers, surrounded by 400 A-thick SCH regions.
The vertical confinement in the lower large guide is provided by a conventional
ARROW-structure. We choose a quaternary compound with Ay = 1.3 pm for
the two high refractive index ARROW layers. From the design formulas of the
ARROW cladding layers reported in [2], we calculate dy = ds = 0.32 pm and
d3 = 1.86 pm. The lateral confinement is provided by two sets of lateral AR-
ROW ribs defined in the same etch step as the central one. The design of the ribs
differs from that employed for the vertical ARROW due to the guided modes of
every rib guide [5, 6]. A sweep of the confinement of the output mode in the
active layer in function of the lateral rib widths and gaps (dl, ¢g) was done, and
the minimum confinement was obtained for dl = 1.5 ym and g < 1 um; never-
theless g had to be increased to 1 pm because of fabrication tolerances. Fig. D.2
shows the evolution of the mode along the taper. The output leaky mode can
be seen. The SEM photograph shown in Fig. D.3 clearly shows the lateral ribs.
The depression in the electrode is due to misalignments in the etching of the
insulating polyimide, and this does not effect the operation of the device.

The spot size converter was modeled with a 3D eigenmode expansion al-
gorithm [7]. Small taper angles must be kept for the critical widths at which
the mode transformation takes place to ensure an adiabatic mode transforma-
tion, while large taper angles are allowed for widths where the mode does not
significantly change. Two different designs have been carried out for two differ-
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Figure D.3: SEM image of laser cross-section.
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Figure D.4: The optimum taper shape is approximated by a piecewise linear
device consisting of three linear sections.

ent etch depths. The implemented etch stop points are indicated as E;, E» in
Fig. D.1. The adiabatic shape designs for both options have been approximated
by a piecewise linear device consisting of three linear sections and are sketched
in Fig. D.4. A minimum narrowing of 100 nm per 77 um propagation yields a
safe design from the fabrication tolerances point of view.

Fig. D.5-a and D.5-b are simulations of the lateral and transversal view of
the expanding field in the ARROW tapered devices. The propagation has been
modeled using BPM to take into account the leaky losses of the device. The
confinement provided by the antiresonant structures can be observed. Simula-
tion results provide total transformation losses lower than 0.18 dB and coupling
efficiencies to a standard SMF of 43 %.

D.3 Results and Discussion

The metallisation covers the spot size converters over their entire length. This
can have a negative impact on the threshold current and efficiency, but on the
other hand it avoids the risk of high absorption losses in the passive section
of the taper. The devices were operated in CW mode. Fig. D.6 shows the
light power versus current (L-I) characteristics of 6 expanded mode devices
and a control sample without any tapers. The tapered devices presenting the
two best responses are also plotted. Untapered reference lasers (L = 750 pm,
w = 3 pum) exhibit typical threshold currents Iy, of 30 mA. Expanded mode
devices (Lactive = 500 pm) have Iy, around 60 and 70 mA for the, deeply and
shallowly etched devices, respectively. This higher threshold current for the F;
etch option is due to the higher confinement of the tapered mode in the QW’s of
the active layer that are not etched. The far-field emission patterns are shown
in Fig. D.7. The horizontal and vertical full widths at half maximum (FWHM)
are reduced from res. 33 and 36.2° (34 and 36.4°) for the untapered lasers to
res. 7.6 and 25° (10.6 and 26.4°) for the tapered devices and etch option Ej

(E2).
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Figure D.5: (a) Lateral and (b) transversal view on the TE mode evolution in

the device of Fig. D.1.
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D.4 Conclusion

We have successfully demonstrated a novel mode-expanded laser based on the
adiabatic transformation of the laser rib mode into a fiber-matched ARROW
waveguide. The fabrication is drastically simplified to one planar growth step
and one conventional non-critical etch step. Efficient mode transformation and
considerable reduction of the horizontal and vertical far-field FWHM have been
achieved.
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Abstract—We report on a new concept for InGaAsP—InP 1.55 ym lasers with
integrated spot-size converters based on antiresonant reflecting optical waveg-
uides (ARROW). The mode expanders consist of a laterally tapered active region
on top of a fiber-matched passive slab waveguide. The large slab mode is later-
ally confined by an antiresonant configuration of a couple of lateral waveguides
defined in the same fabrication process as the active ridge. This feature makes
the presented spot-size transformer as simple to fabricate as a standard waveg-
uide, only requiring a planar growth step and a single conventional etch process.
The fabricated tapers exhibit a low transformation loss and reduce the coupling
loss to standard single-mode fibers from 8 to 4 dB. We also analyze by simulation
two variants of the concept proposed in this work, including a taper structure for
a buried waveguide, which are expected to show better performance. Simulation
results show fiber-coupling efficiencies as low as 2.4 and 1.1 dB for both variants.

E.1 Introduction

There exist two rationales for the use of integrated spot-size converters (SSC)
in the development of low-cost opto-electronic devices. One is the pigtailing
or fiber attachment of III-V semiconductor photonic integrated circuits (PIC),
mostly active devices containing lasers or semiconductor optical amplifiers; and
the other is the integration of such PIC’s with silica-on-silicon waveguides for the
development of hybrid devices. The SSC’s provide high coupling efficiencies and
large alignment tolerances that enable the use of passive alignment schemes that
drastically reduce the packaging cost. The function of an integrated SSC is to en-
large and to reshape the small and asymmetric mode of the ITI-V semiconductor
waveguide component to a large and circular mode that is better adapted to the
fiber or silica waveguide. Direct butt-coupling with an untapered device typi-
cally introduces 7-10 dB coupling loss. The use of microlenses or tapered/lensed
fiber that reduce the size of the largest mode, improves the coupling loss but at
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Figure E.1: Schematic (not to scale) of the new spot-size converter concept,
using a fiber-matched ARROW waveguide.

the expense of the alignment tolerance, which remains under the micrometer.

Over the past ten years much research has focused on the integration of mode
size converters with waveguide components in order to improve the coupling ef-
ficiency. Most of these approaches involve complex growth and/or processing
steps, requiring extensive process development [1]. In this paper, we present a
new concept for the fabrication of highly efficient and simple-to-fabricate SSC’s
by making use of ARROW waveguides. We experimentally demonstrate the con-
cept for a 1.55 um InGaAsP—InP laser and analyze and propose, by simulation,
two interesting variants of the structure.

E.2 Concept

A schematic of the SSC concept presented in this work is shown in Fig. E.1.
The device consists of a standard waveguide that is laterally tapered along its
propagation direction (region 1 in Fig. E.1) and placed on top of a fiber-matched
(or silica waveguide-matched) slab waveguide (region 2 in Fig. E.1). Two sets
of additional ridges are defined on both sides of the central standard waveguide
in the same processing step (region 3 in Fig. E.1) that creates the tapered ridge
one. The adiabatic lateral tapering causes the spreading of the small mode
into the broader slab waveguide, increasing its size both laterally and vertically.
The lateral guiding of the fiber-matched mode is provided by the two sets of
lateral waveguides by means of an antiresonance effect, so this structure can be
considered as an ARROW waveguide [2], [3]. As the lateral and central tapered
waveguide can be defined in the same processing step, this taper is the simplest
2-D SSC demonstrated so far.

E.3 Device Design and Theory

The transverse structure of the proposed mode-expanded laser is shown in Fig.
E.2. The device consists of an active multi-quantum well rib waveguide that is
laterally tapered from 3 to 0.3 um, and that contains five 1 % compressively
strained 80 A-thick Ing.7sGag.22AS0.79P0.21 wells for emission at 1.55 pm, and
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Figure E.2: Schematic drawing of the adiabatic mode-expanded laser showing
the tapered upper active rib, the underlying fiber-matched ARROW slab waveg-
uide and the lateral confinement rib waveguides.

four lattice-matched 150 A-thick Ing 75Gag.25As0.54Po 46 barriers, surrounded by
400 A-thick undoped confinement layers with the same composition as the bar-
riers.

The underlying passive slab waveguide is realized by a standard vertical AR-
ROW waveguide [4]. A quaternary compound with A\; = 1.3 um for the two
high-refractive index ARROW layers was chosen. The thickness of the ARROW
core was limited to 3.5 pm to avoid the loss of the lateral confinement effect when
the slab core becomes too thick. The thickness of the corresponding cladding
layers are: d>4 = 0.32 pm and ds = 1.86 um (TE polarization) [4]. The total
epitaxial layer thickness is not attractive form a growth point of view, but we
already demonstrated in previous work that they could be considerably reduced
without altering the performance of the device [5].

A couple of appropriately designed rib waveguides placed on each side of the
tapered central waveguide provides the lateral confinement of the guided mode.
The behavior cannot be explained with the standard vertical ARROW formu-
las because of the guided modes that appear in the lateral ribs. Considering
two-dimensional coupled-mode theory we can treat the new mode intuitively as
an anti-symmetrical combination of the coupled modes of the upper lateral rib
waveguides and the mode of the underlying InP slab ARROW core [6]. Thus,
the shape of the output mode depends strongly on the width of the lateral ribs.
Fig. E.3 shows the confinement of the fiber-matched leaky mode in the QW’s of
the lateral ribs for the structure of Fig. E.2 as a function of the lateral rib width
[ while keeping the gap g constant and equal to 1 gm. This confinement should
be minimized in order to reduce absorption loss in the unpumped lateral ribs.
The field profiles for different widths [ are also shown for illustration. A flat
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Figure E.3: Confinement of the output mode in the QW’s of the active layer
of a shallowly etched device as a function of the widths of the lateral ribs I,
maintaining the gap g between ribs constant. The field distributions of the
modes at the points indicated in the graph are also shown.

and broad minimum confinement is found around [ = 1.5 um, where the output
mode is fit for coupling to fiber. The broad minimum implies that the device is
tolerant to fabrication errors. Two designs, with a different etch depth for the
laser rib, are considered (shown as E;, and E- in Fig. E.2) and the optimum
width [ for the deeply etched device is also calculated and found to be 1.6 pum.
In both etch options the optimum gap g between lateral ribs is less than 1 um,
but has to be increased to 1 ym because of fabrication limitations. Fortunately,
this does not change the modal shape significantly.

The evolution of the optical field as a function of the upper central rib is
shown in Fig. E.4. As the active waveguide is tapered by reducing the ridge
width from 3 to 0.3 pum, the mode couples adiabatically from the upper guide
to the underlying ARROW waveguide (see Fig. E.4). The design of the lateral
tapering is based on the adiabaticity of the mode transformation, and has been
evaluated by means of a commercial 3-D eigenmode expansion algorithm based
on a resonance method [7]. Low taper angles are needed for the range where the
modal transformation is produced, in order to avoid radiation losses, while higher
angles are allowed in the other regions. The adiabatic shape designs for both
etching options have been approximated by a piecewise linear device consisting
of three linear sections and are sketched in Fig. E.5. A minimum narrowing of
100 nm per 77 pum propagation length yields a safe design from the fabrication
point of view. Both designs exhibit a calculated transformation loss of 1 dB.

When the mode is expanded in the shallowly etched device, it will be slightly
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Figure E.4: Fundamental TE mode evolution along the taper structure of
Fig. E.2 for (a) w = 3 pm, (b) w = 0.9 pm and (c¢) w = 0.3 ym. A shal-
low etch is simulated.
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Figure E.5: The optimum taper shape is approximated by a piecewise linear
device consisting of three linear sections. Tapers for both shallowly (E;) and
deeply (E») etched laser are designed.
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Figure E.6: SEM image of the laser cross-section, showing the electric contact
over the central tapered rib, the good definition of the lateral ribs and the high
index ARROW cladding layers.

confined in unpumped active quaternary layers [see Fig. E.4(c)]. This may intro-
duce some absorption losses in the shallowly etched lasers that are not present
in the deeply etched designs.

E.4 Device Processing

The epitaxial layers were grown by metal organic chemical vapor deposition
(MOCVD). By plasma etching we defined the SiOx pattern with conventional
photoresist as a mask. The central and lateral ribs were etched by RIE to a
depth 100 nm above the active layer. Next, a selective wet etch of the remaining
InP down to the confinig layer of the active layer was carried out. This etch was
done using H3PO4:HCI (7:3). Finally, an extra 40 nm (shallow etch) or 140 nm
(deep etch) of RIE etching into the active layer was performed. Next, polyimide
was spin-coated on the sample to form an insulation layer. The thickness of
the polyimide is less on top of the ridges compared to the rest of the sample.
Therefore, by a controlled plasma etch, the dielectric was removed on the ridge
while dielectric coverage remained elsewhere resulting in good electric isolation
[8]. SEM pictures of the taper (Fig. E.6) revealed that the metal contact over
this upper ridge was good and that the thin ribs were fabricated reproducibly.
Next, using a negative photoresist and a metal liftoff process, the metallization
pattern was defined. Finally, the thinning of the substrate was done and the back
contact was deposited. Arrays of devices, each with 520 pym long straight active
sections, were mounted on electrically cooled copper heatsinks with silver epoxy
and were tested without any coatings. The entire device is electrically pumped
because the metallization also covers the entire length of the spot size converters.
This can have a negative impact on the threshold current and efficiency, but on
the other hand it avoids the risk of high absorption losses in the passive section
of the taper. Untapered lasers 750 pym long and 3 ym wide and fabricated from
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lth Mg L FC FF Tol.
Laser (ma)  (W/A)  (um) (dB)  (Deg) (nm)
Reference, E, 35 0.12 0 -8 315x428 *16x#2
Reference, E, 28 0.12 0 83  30.7x40.6 *15x#2
Tapered, E, 55 0.1 520 4  13.8x30.8 *2.3x+2.4
Tapered, E, 48 0.12 490 43 13x32.7 #22x#2.3
Variant 1 (Fig. E9) — - 490 24 72x14  £23x#1.9
Variant 2 (Fig. E10) — - 270 -11 72x9  £29x+2.3

Table E.1: Measurement and simulation results on the integrated mode ex-

panded lasers considered in this work.
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Figure E.7: L-I characteristics of several shallowly (E;) and deeply (E3) etched
mode-expanded and untapered reference lasers.

the same wafer as the tapered lasers were also prepared as a reference. Both
reference and tapered lasers have a similar total active area.

E.5 Results and Discussion

All the measured parameters are shown in Table E.1. The devices were oper-
ated in continuous wave (CW) operation. The room temperature light intensity
versus current (L—I) curves of mode-expanded and untapered reference lasers
are shown in Fig. E.7 for both etch depths. The deeply etched reference devices,
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Figure E.8: Far-field emission patterns of tapered and untapered lasers. Shal-
lowly etched lasers (a) lateral and (b) vertical. Deeply etched lasers (c) lateral
and (d) vertical.

with a threshold current of 28 mA, present a better laser performance than the
shallowly etched ones (35 mA). Fairly uniform threshold current distributions
were found along the laser array.

Regarding the mode-expanded lasers, an increase of about 20 mA in the
threshold current with respect to the reference lasers is found. This can be
attributed to the mode transformation loss within the taper, to the losses in
the n-doped thick InP ARROW core layer, and to the non-uniform pumping of
the tapered active rib as a function of its width. The fact that the power of
the tapered device is measured at the expanded mode facet, which has a lower
reflection coefficient than the reference laser facet, influences positively in the
external efficiency of the lasers. Nevertheless, the higher absorption loss in the
unpumped QW'’s of the lateral ARROW rib waveguides for the shallowly etched
devices [see Fig. E.4(c)] causes a decrease of the external efficiency of the laser
from 0.12 W/A, for the reference lasers, to 0.1 W/A. This fact is not observed
in the deeply etched devices that maintain the same external efficiency as the
reference lasers.

Far-field emission patterns for both tapered and reference lasers were mea-
sured by using a rotating stage and a pinhole detector (see Fig. E.8). The
theoretical curves obtained from the Fourier transform of the theoretical near
fields are also overlaid in Fig. E.8, for comparison. The measured full width at
half-maximum (FWHM) values are shown in Table E.1. A considerably lateral
divergence improvement is achieved in the lateral direction for both groups of
lasers, reaching a minimum of 13° for the deeply etched lasers. On the other
hand, due to the not so thick ARROW slab core (3.5 um), the achieved vertical



Journal of Lightwave Technology 131

field divergence is still slightly higher than 30°, improving it by 10° with respect
to the reference laser. A further improvement in the vertical far-field pattern
could be obtained by thickening the ARROW core layer and defining more than
two ribs on each side of the output ARROW waveguide in order to provide a
good lateral confinement for thick cores.

A coupling efficiency measurement was performed between the expanded
mode laser and a standard cleaved single mode fiber with a spot size of 10 ym
at 1.55 pm. Maximum fiber coupling efficiencies of around —4 dB are obtained
for both etch depths, including the Fresnel losses occurring at the air-glass in-
terface. The improvement in the fiber coupling with respect to the untapered
devices amounts up to 4 dB (see Table E.1). As the alignment tolerance with
respect to the fiber depends on the large fiber mode, only slight improvements in
the lateral direction are observed with respect to the reference untapered lasers.
A maximum 1-dB alignment tolerance of +2.3 (lat.)x £ 2.4 (vert.) is obtained
for the shallowly etched devices. The fact that the vertical alignment tolerance
is higher than the lateral value is due to the fact that the fiber facet was some-
what moved away from the taper output facet. These measurement restrictions
were considered to avoid the contact of the fiber end with the laser output facet
during the sweep of the transverse position of the fiber.

All the results are in good agreement with theoretical calculations.

E.6 Variant 1: Weakly Guiding Fiber-Adapted
Waveguide

The SSC concept proposed in this work has been demonstrated experimentally
as discussed in the last section. Nevertheless, the waveguide structure of Fig. E.2
has a limitation on the vertical direction because the lateral ribs lose their con-
finement effect when the slab core becomes too thick. The structure of Fig. E.9
is similar to that of Fig. E.2 but it makes use of a thin weakly-guiding core of
only 80 nm and buried in InP beneath the active layer. The mode at the active
rib and the mode at the end of the tapering are also shown. The MQW gain in
the straight section of the laser remains unalterable (see Fig. E.4(a) and E.9(a)
for comparison). The fiber-matched mode presents a quite asymmetrical field
distribution in the vertical direction, but the fact that its maximum is closer to
the upper lateral couple of ribs strengthens their influence. Moreover, from a
coupling and far-field point of view the typical exponential decay of weakly guid-
ing waveguides induces an improvement of the coupling efficiency and FWHM
of the output beam, in spite of its asymmetrical shape.

Simulation results on the propagation of this new structure are shown in
Table E.1. Only the design for the deep etching through the QW’s has been
considered (see Fig. E.2) because of its better lasing performance. The same
tapering sketched in Fig. E.5 has been simulated, because it also provides an
adiabatic mode transformation for this new structure. We observe that the
beam divergence angles and the coupling efficiency are improved to 7.2° x 14°
and —2.4 dB, respectively. Due to the vertically asymmetric modal shape, the
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Figure E.10: Schematic structure of a buried variant of the proposed SSC con-
cept. Higher and more efficient mode transformation efficiencies can be achieved
in buried structures.

vertical alignment tolerance is slightly reduced to £1.9 pum, while the lateral
value is maintained.

E.7 Variant 2: Buried Laser

The mode transformation concept proposed in the present work can also be inte-
grated in a second variant, being a buried laser structure as shown in Fig. E.10.
A buried 194 nm thick MQW active layer having an equivalent refractive in-
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dex of 3.45 is tapered from 1 to 0.2 pum following the tapering shown in the
inset of Fig. E.10(a). The slab waveguide core of quaternary compound with
Ay = 1.1 pm Q(1.1) is buried 0.2 pm beneath the active core and is 70 nm
thick. The optimum lateral confinement ARROW ribs are 0.9 ym wide and are
separated by 2 pym. All this is embedded under a 5 um thick top layer of InP.

The fact that the tapered active central core is totally embedded in InP
makes the mode transformation efficiency much higher for buried than for rib
structures. This is the reason why the length of the buried SSC (270 pm) is
much shorter than the rib SSC (490 pm).

Simulation results on the SSC propagation are shown in Table E.1. They
show fiber butt coupling losses as low as 1.1 dB, beam divergence angles of
7.2° x 9°, and alignment tolerances of £2.9 x £2.3 um, compared to the 8.5 dB
coupling loss and 29° x 32° divergence angles of the untapered devices.

E.8 Conclusion

In this paper we have presented a new concept for the fabrication of highly ef-
ficient and simple-to-fabricate SSC’s that make use of the ARROW-concept for
both the lateral and vertical optical confinement. InGaAsP—InP rib lasers with
monolithically integrated SSC’s have been demonstrated. The taper transforms
the small active laser mode into the fiber-adapted mode of the underlying slab
ARROW waveguide. The lateral confinement of the slab mode is achieved by
means of an antiresonant effect provided by two sets of lateral rib waveguides
defined in the same etch process as the central active ridge. Therefore, only a
single planar growth step and a single conventional etching process are required,
leading to the simplest SSC concept ever reported. Threshold currents of around
50 mA were measured, which have to be compared with 30 mA for untapered
lasers. The far-field FWHM divergence angles were significantly reduced and
4 dB improvement of the coupling efficiency to single mode fiber was observed.

Two variants of the demonstrated concept have also been analyzed by simula-
tion and are expected to show a better performance. In a first variant a weakly-
guiding slab waveguide substitutes the thicker slab core of the first structure.
In a second variant the SSC concept of this work is integrated in a buried laser
structure. Simulation results show considerable improvements in the far-field
divergence angles and fiber-coupling efficiencies.
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Abstract—We propose a new concept for InGaAsP-InP 1.55 um lasers inte-
grated with spot-size converters based on modal interference between the modes
of the structure formed by an active waveguide and an underlying fiber-matched
ARROW waveguide. Simulation results show that the spot-size converters ex-
hibit low transformation loss, narrowed far-field emission patterns (10° x 20°)
and reduce the coupling loss to standard single-mode fibers from 8 dB to 2.6 dB
over lengths about 200 pm shorter than the adiabatic concept. A tolerant design
to fabrication variations is also proposed, which could be realized using standard
processing techniques.

F.1 Introduction

The function of integrated spot-size converter (SSC’s) is to enlarge and reshape
the small and asymmetric mode of a III-V semiconductor waveguide component
to a large and circular mode that is better adapted to the fiber or (in case of
hybrid integration) the silica waveguide [1]. In this way, it provides high cou-
pling efficiencies and large alignment tolerances that enable the use of passive
alignment schemes that drastically reduce the packaging cost. The use of mi-
crolenses or tapered/lensed fibers [2] that image one mode onto the other is an
alternative solution that also improves the coupling loss, but at the expense of
the alignment tolerances, which are then in the submicron range.

Over the past ten years much research has focused on the integration of mode
size converters with waveguide components in order to improve the coupling ef-
ficiency. Most of these approaches involve complex growth and/or processing
steps, requiring extensive process development. Nevertheless, there is one group
of devices that is particularly interesting since it only requires a single standard
planar epitaxial growth step and conventional lithography and etching processes
[3]-[5]. These devices incorporate a large fiber-matched rib waveguide that op-
erates close to cutoff. In InP technology this involves the growth of quaternary
materials exhibiting a slightly higher refractive index than the InP-substrate.
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These low-refractive indexes are achieved by means of low Ga- and As-fraction
quaternary materials, which are difficult to grow. This problem was solved in
[6], by introducing a diluted structure.

We have demonstrated an alternative solution in recent work [7], where the
thick quaternary layer is replaced by an easy-to-grow InP layer in an ARROW
configuration [8], [9]. In the tapered 1.55 um laser presented in [7], a laser rib
is laterally tapered so that its guided mode is transformed into the fundamental
mode of the fiber-matched ARROW waveguide over a length long enough to
ensure minimum mode transformation losses. In this paper, we propose an ap-
proach for 1.55-um mode-expanded lasers based on modal interference between
the two supermodes supported by the taper structure formed by the laser rib
waveguide and the fiber-matched ARROW waveguide [10], [11]. This concept
provides the same performance and mode transformation loss as the adiabatic
approach [7], but over a considerably shorter length. Section F.2 of this pa-
per presents the concept for compact spot-size converters. In Section F.3, the
waveguide structure and taper design are outlined. In Section F.4 we present the
simulation results on mode transformation and fiber-coupling efficiency, as well
as a tolerance analysis to width and etching depth variations. In order to relax
the fabrication of such devices a tolerant design is carried out in Section F.5.
Section F.6 finally summarizes and concludes this work.

F.2 Concept

Fig. F.1(a) shows a simplified two dimensional representation of the adiabatic
mode transformation produced in a double core rib taper (the lateral tapering of
the real SSC’s is shown as a vertical tapering in the figure for clarity purposes).
The mode generated in the upper active waveguide is in fact the even supermode
1. of the complete structure formed by the active and the lower fiber-matched
passive waveguides. In an adiabatic taper this mode carries all the power while
it is being transformed and expanded. The odd supermode v, supported by the
structure is shown in Fig. F.1(b) for the same taper. This mode is not excited in
the adiabatic regime and when the tapered upper rib waveguide reaches cut-off
due to the tapering, this mode is not a guided mode any more and becomes a
radiation mode.

The mode transformation concept based on the bimodal interference between
the two guided supermodes of the taper structure is schematically shown in
Fig. F.2. The taper has been drawn twice, one for each supermode, for clarity.
Region A represents the mode generated in the straight laser ¢.. In region B,
an abrupt tapering of the waveguide provokes the transfer of power from this
fundamental even mode to the odd mode v, of the structure. In the straight
section of region C the two modes propagate without loss and interfere. At the
beginning of region C the field is concentrated in the upper active waveguide,
but when the supermodes reach the coupling length (when their phase differ-
ence A¢ = 7), the field spreads considerably in the lower passive waveguide.
In the last section of the taper (region D) two relevant phenomena occur. The
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Figure F.1: In the adiabatic mode transformation concept, (a) the even su-
permode of the taper v, is smoothly transformed into the passive broad mode
without loosing any power, and (b) the odd supermode v,, which is not excited
during the transformation, becomes a radiation mode.
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Figure F.2: Bimodal interference taper concept. (a) The fundamental super-
mode 1), transfers power to (b) the odd one v, and the interference between
them spreads the field in the fiber-matched waveguide. In the final section, the
power couples back to the fundamental mode of the taper.
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even mode v, is transformed into the fundamental mode of the underlying fiber-
matched waveguide (region E); and the power carried by 1), is transferred to .
before it becomes a radiation mode.

The technique used to transfer power from the even eigenmode . to the odd
one 1, can be understood by the adiabaticity criteria described in [12] that is
developed to design tapered single-mode devices. In the classical equation in the
coupled mode theory it is assumed that the transfer of power from the funda-
mental mode of a taper will be predominantly to the higher order mode with a
propagation constant closest to that of the fundamental mode. In the cases we
are considering this power-receiving mode is the odd supermode v,. Therefore,
using slopes that are beyond the critical slope in region B and D we force the
power transfer between the fundamental even mode . and the odd mode ,.
However, if the slope of this tapering is too sharp we will have undesired radi-
ation to higher order radiation modes that decrease the taper efficiency; thus a
compromise between intermodal power transfer and taper efficiency has to be
found. Fig. F.3 shows the shape of the lateral tapering of a taper based on bi-
modal interference. The two abrupt tapers provide the power transfer between
the supermodes and in the central straight section the modal interference is pro-
duced.

In previous theoretical works [10], [13] the authors do not consider the influ-
ence of the underlying slab waveguide in the calculation of the mode of the laser
waveguide and they just use a transition of waveguides to excite the two super-
modes of the taper structure that induces the power transfer form the upper to
the lower waveguide. However, although they do not mention it, this approach
could not be used on structures grown on the same wafer and defined using
standard processing techniques because the underlying slab core is everywhere
on the wafer influencing the shape of the laser mode.

In [11] the authors make use of the modal interference to reduce the length
of the SSC, but they do not give a theoretical explanation of the technique they
use to excite the odd supermode of a rib structure similar to the structures
considered in this work.
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waveguide ! I Section ! Section
I I I
Power Transfer
Section

Figure F.3: Shape of the lateral tapering in a compact taper based on modal
interference.
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Figure F.4: Schematic drawing of the mode-expanded laser showing the tapered
upper active rib and the underlying fiber-matched ARROW waveguide.

F.3 Design

F.3.1 Waveguide Structure

The transverse structure of the proposed mode-expanded laser is shown in Fig.
F.4 and is identical to the one used in [7], [14] for the adiabatic design. The
device consists of an active multi-quantum well rib waveguide that is laterally
tapered from 3 to 0.3 um. It contains five 1 % compressively strained 80 A-thick
Ing 78 Gag.o2Asg.79Pg.21 wells for emission at 1.55 pum, and four lattice-matched
150 A-thick Ing 75Gag 25A80.54P0 46 barriers, surrounded by 400 A-thick undoped
confining layers having the same composition as the barriers.

The underlying rib waveguide is optimized for coupling to an optical fiber.
The vertical confinement of this fiber-matched mode is achieved by means of
an ARROW geometry that consists of a 5-um thick InP core layer and an in-
terference cladding system formed by two high index cladding layers made of
quaternary material and a separating InP film. This structure supports a cer-
tain number of bound modes in the high index claddings and several leaky modes.
The fundamental leaky mode is confined in the lower index InP core layer and
propagates with very low loss. Considering the ray model we can treat it as
a case where light coupled into the core undergoes total internal reflection at
the upper surface and very high reflections from the sequence of antiresonant
Fabry-Pérot resonators formed by the InP-InGaAsP interfaces. The relaxed AR~
ROW cladding structure demonstrated in [7] used for simulations in this work
provides a considerable thin cladding structure (d2 4 = 0.31 pum, ds = 0.5 pm),
while keeping the leakage losses of the fundamental ARROW mode negligibly
low. We refer to [7], [14] for design details.

Fig. F.5 shows the two 2D supermodes supported by the taper structure
considered in this work and for a width of the active rib of 0.92 pm.
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Figure F.5: (a) Even and (b) odd supermodes supported by the taper structure.

F.3.2 Taper Design

Commercial three-dimensional beam propagation method (3-D BPM) software
(BPM_CAD, Optiwave Corporation) was used to design and analyze the pro-
posed compact mode expanders. The most important and critical section to be
designed is the first abrupt tapering (defined by w;, we, L;) where the power
transfer takes place. The initial width w; is defined by the width of the laser
straight section, which is 3 um. Therefore, the length L; and the final width w»
of the sharp tapering have to be chosen. Using BPM, the shape schematized in
Fig. F.6(a) was simulated for different values of these parameters. The central
width wo was swept from 0.84 to 0.94 um in steps of 0.02 ym and the length L,
from 20 to 40 pum in steps of 5 um. Two different regimes where observed as a
function of ws, while no influence of L; was noticed. For widths ws larger than
0.88 pm the field smoothly goes down, spreads in the lower waveguide at the beat
length, and goes up again repeating this behavior periodically (see Fig. F.6(b)).
Moreover, the light power in the simulation window at the end of the propaga-
tion reaches 90 % of the input power, demonstrating efficient excitement of 1),,.
However, for widths smaller than 0.88 pm, high excitement of radiation modes
is produced and the spreading of light due to modal interference is lost. From
this first design step, we choose w2 = 0.92 pm and L, = 143 pm. A narrower
width could have too low fabrication tolerances and a wider width could avoid an
extensive broadening of light. As the length of the first section did not influence
the performance of the resonant taper, we chose a short L1 = 20 um.

The final parameter that must be designed is the length of the last sec-
tion L3 where the width is tapered until the active waveguide reaches cut-off
(ws = 0.3 pm). Fig. F.7 shows the mode transformation loss and the fiber cou-
pling loss of the taper to a cleaved single mode fiber as a function of Lsz. We
observe that the transformation loss decreases for increasing lengths of L3, but
that the fiber coupling loss is quite stable. We chose L3 = 100 pm for the design
leading to 1 dB mode transformation loss, the same loss the adiabatic mode
expanders exhibited in [7]. The final design of the compact mode expanders us-
ing vertical ARROW fiber-matched waveguides is shown in Fig. F.8. The total
length is 263 pm. A length reduction of 207 pym has been achieved compared
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Figure F.9: Transverse plot of the propagating field and intensity plot of the
fiber-matched output mode.

to the adiabatic method [7], which required 470 pum to reach a similar mode
transformation loss.

F.4 Simulation Results

Fig. F.9 shows the transverse plot of the field spreading along the taper, as well as
the intensity plot of the output ARROW mode. Semivectorial (TE) calculations
were used for propagation. Butt-coupling efficiencies to a standard single mode
fiber of —2.6 dB are found (see Fig. F.7). Full width at half maximum (FWHM)
divergence angles of 10° (lat.) x 20° (vert.) were obtained. All these results are
in good agreement with the measured values for the mode expanders in adiabatic
configuration [7].

As the performance of the compact mode expander depends strongly on the
width of the straight waveguide section, a deep tolerance analysis is mandatory.
We have investigated the influence of changes in the width Aw and the etching
depth Ae of the active region. The results are shown in Fig. F.10. If the
efficiency is taken as a figure of merit in this analysis we obtain a 3-dB tolerance
of Aw = £55 nm and Ae = +30 nm. Unfortunately, these values are rather
low considering the fabrication tolerances of standard growth and processing
techniques.

F.5 Tolerant Design
It is expected that by applying a slight slope to the central (and previously

straight) section Lo and defining it somewhat longer, the tolerances to fabri-
cation variations will improve. The slope of this central section must be steep
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Figure F.10: Mode transformation and fiber-coupling loss as a function of vari-
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rib Ae.

enough in order to overcome the fabrication minimum slope, which we consid-
ered as 90 nm/100 pm. The initial and final widths of the central section, as
well as the rest of the parameters, are carefully chosen by simulation. Fig. F.11
shows the resulting tolerant design that provides the reference 1-dB mode trans-
formation loss. The new beat length turned out to be 173 um, only 30 pum longer
than for the previous straight case, while L; and L3 do not change.

The simulation of the propagation provides the field distribution in a transver-
sal cut shown in Fig. F.12. A smooth and continuous mode transformation is
observed. The intensity plot of the broad mode is shown as well. The same
fiber-coupling efficiency and far-field divergence angles as in the straight design
are obtained.

The results on the tolerance analysis are shown in Fig. F.13. The tolerance
ranges in width and etching depth are Aw > £125 nm and Ae > £40 nm,
respectively. These values are higher than the standard fabrication tolerances.
Regarding the length, the tolerant design is still 177 pm shorter than the adia-
batic taper that provided the same mode transformation efficiency.

20pm 173um 100um
| |
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Figure F.11: Taper shape presenting a smooth slope in the mode beating section.
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Figure F.12: Transverse plot of the propagating field and intensity plot of the
fiber-matched output mode in the tolerant mode expander.

F.6 Conclusion

In this work, we have presented mode expanders based on modal interference be-
tween the supermodes in the taper structure formed by an active rib waveguide
and an underlying fiber-matched ARROW waveguide. Low-loss mode transfor-
mation and good fiber-coupling efficiencies and far-field divergence angles were
obtained for much shorter lengths as compared to adiabatic tapers. Simulations
show that applying a smooth slope to the mode beating section of the taper
results in tolerant designs to variations in waveguide widths and etching depths.

—8-Mode Transformation Loss

] —A—Fiber Coupling Loss A

016 008 0 008 016 004 002 0 002 004
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Figure F.13: Tolerance analysis results for the tolerant design.
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Abstract—A new concept for reducing bend loss in dielectric planar waveguides
is presented. It is based on the introduction of a set of antiresonant reflecting
optical waveguides (ARROW) on the outside of the bent core and defined in the
same fabrication step as the main bend. It has been ascertained by simulation
that the bending loss can be significantly reduced.

Curved waveguides are key components in photonic integrated circuits and are
mainly used to change the direction of light or to introduce a lateral displace-
ment. In order to achieve a high packing density in limited chip areas, it is
mandatory to minimize bend radius as much a possible, without introducing
significant bend loss. Unfortunately, bend loss increases almost exponentially
with decreasing radius of curvature.

There exist three major methods for reducing bend loss. One method is the
introduction of refractive index changes in order to increase the relative index
difference between the core and the cladding [1] or to accelerate the phase fronts
at the outer side of the bend [2]. A second method replaces the bend by a coher-
ently coupled multisection bend to reduce the loss [3]. The introduction of an
isolation trench [4], corner mirror [5] or outrigger waveguide of higher refractive
index [6] on the outside of the bent core decreases the evanescent modal field
more rapidly in the region between the waveguide core and the apparent origin
of radiation, so that radiation loss is also reduced. Nevertheless, most of these
strategies involve additional processing steps during fabrication or cumbersome
designs.

In this paper, we propose a novel and straightforward technique that has the
advantage that it does not require any extra processing step. Fig. G.1 shows
a bend structure with a set of N concentric waveguides on its outer side and
defined in the same step as the main bend. They are designed to provide an-
tiresonant reflection to the radiated light in a typical ARROW (antiresonant
reflecting optical waveguide) configuration [7].

Fig. G.2 shows the concept simplified to a two-dimensional (2-D) geometry
using the effective index method. A ray radiated from the bend will undergo
multiple reflection at each interface defined by the ARROW structure, which

149
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Figure G.1: (a) Field distribution in a curved InP ridge waveguide. The radius of
curvature is 160 pm and therefore, strong leakage can be observed at a distance
of propagation of only 50 ym. (b) The same bend does not lose so much light
power if a set of antiresonant ARROW waveguides are defined in the outer side

of the bend.
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Figure G.2: Schematic drawing of the proposed bend concept.
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under appropriate design, provides the same phase to the rays coming back to

the curved waveguide.

By the conformal transformation W = pln(Z/p) we transform the step-wise
constant refractive index profile of the 2-D circular geometry (p, ) to an expo-
nential refractive index profile in a straight geometry (u,v) in order to simplify
the design [8]. Fig. G.3 shows the equivalent structure in the (u,v) plane. We
see the oblique path defined by the rays that is due to the exponentially increas-
ing refractive index. If we consider as a starting design value the angle 8y (see

Refractive u

index Ngo explu/p]
nCO

aexplu/p]

Figure G.3: Equivalent straight waveguide and modified index profile.
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Figure G.4: Magnitude of the electric field in (a) standard InP bend waveguide
and (b) same bend with 9 lateral ARROW waveguides (p = 500 pm).

Fig. G.3), defined by a radiated ray when reaching the first ARROW interface,
it is straightforward to calculate the ray paths f; and f, defined in each medium
using Snell’s law (see Fig. G.3). Then, emulating the ARROW design theory for
multilayer structures of step-wise constant index, the antiresonant condition of
each lateral waveguide or gap d; is numerically calculated from:

B D
ko (2/A fr(u)n(u)du —/A fl(u)n(u)du> +7=2Mn (M =0,1,2..))
(G.1)

where kg is the wavenumber in vacuum, f;(u) and f,.(u) are the path described
by two adjacent rays in the mediums of both sides of the interface, n(u) is the
exponential equivalent refractive index distribution, and A, B, C and D are the
points indicated in Fig. G.3. A small error is introduced using this analysis be-
cause, due to the curve, a mismatch in the travelling direction of two adjacent
rays is produced. This error will be bigger for smaller radius, but the simple
design in (G.1) remains valid for practical applications because of the typical
flat and wide response of antiresonant structures.

To quantify the improvement achieved with this concept, we used a numerical
simulation based on eigenmode expansion and perfectly matched layers [9]. For
a first example, we assume a typical InP/InGaAsP step-profile waveguide with
core index n., = 3.279 , cladding index n. = 3.254, core half-width a = 1.5 pum,
and operating wavelength A = 1.55 pym.

Fig. G.4(a) shows the magnitude of the electric field for transverse magnetic
(TM) polarization, together with the transformed index profile of a standard
bend. Fig. G.4(b) shows the corresponding ARROW bend with N = 9 lateral
waveguides. The radius of the main bend is 500 ym. It is clearly visible that
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Figure G.5: Bending loss per 90° as a function of bend radius and number of
lateral waveguides for the InP structure.

the standard mode leaks a lot more power to the outside of the bend (right side
of the figure), and that it better matches the symmetric mode of the straight
waveguide, also leading to lower transition losses.

Fig. G.5 shows the calculated radiation losses of the waveguide, as a function
of bending radius p and number of lateral ARROW waveguides N. TM polar-
ization has been chosen because the ARROW effect is less efficient than for TE
polarization and, therefore, the worst case is considered. We have observed that
the optimum design is not very dependent on the width of the first gap d; and
that this parameter can be chosen from the point where the radiation due to
the bending is located. An analytical analysis is outlined in [10] from which this
parameter is easily calculated. For the optimization of the first incidence angle
fy, a sweep has to be done to obtain the minimum loss point. We observe from
Fig. G.5 that the loss in dB is reduced by a factor of 10 using only 3 lateral
ribs, and that this loss still decreases approximately another factor of 10 using
9 lateral ribs. The improvement factor is higher for big radii than for small
ones. From the integration area point of view, we observe that for a certain loss
it would be possible to reduce the radius of the bend by a factor of 2, which
means that the area can be reduced by a factor of 4. Naturally, the reduction
ratio could still be increased defining more than 9 lateral ribs.

As mentioned above, the simulated designs were optimized for TM polar-
ization. Propagating a TE mode over a sharp ARROW bend with a radius
p = 250 pm and optimized for TM polarization provides a loss of 7.3 dB/90°
whereas the optimum TE design provides 6.6 dB/90°. Naturally, even lower in-
fluence can be expected for more practical radii and loss range. This fact shows
the polarization independence of these new bend structures.

The tolerance for changes in etch-depth of the ribs has also been studied. We
have observed that variations of £100 nm in the etching depth of the considered
rib waveguide decrease the optimum bend loss in less than 1 dB. This fact means
that the ARROW bend concept is also very tolerant to variations in the etching
depth of rib waveguides.

The performance of ARROW bends as a function of variations in the width
of the lateral ribs has also been studied. It is very common to have this kind of
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Figure G.6: Calculated loss as a function of general variation in the widths of
the lateral ARROW waveguides.

variations during the processing of the devices. Fig. G.6 shows the calculated
radiation losses of an ARROW bend structure having a radius p = 500 pym and
N = 6 lateral ribs as a function of a general variation in the widths of the lat-
eral ribs. We observe a smooth increase of the loss by less than 1 dB in a safe
lithographic range of £0.3 pm.

As a second example we consider a silica-on-silicon waveguide with effective
core index n., = 1.452, cladding index n.; = 1.444, core half-width a = 2.75 pum,
and operating wavelength A\ = 1.55 ym. The required high bending radius due
to a low index contrast, is the main disadvantage of silica-on-silicon technology.
Fig. G.7 shows the calculated bending losses of this new waveguide structure as
a function of bending radius p and number of lateral ribs N, again for TM polar-
ization. Due to the lower index contrast, a higher number of lateral waveguides
are needed to reduce the radiation losses compared with the InP technology. A
bending-loss reduction factor of around 10 is reached with 9 lateral waveguides.
Naturally, there is no a priori limitation in the number of lateral buried waveg-
uides that can be defined in the outer side of the bend. Therefore, it would be
possible to reduce optical power leakage just defining more than 9 lateral ribs.
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Figure G.7: Bending loss per 90° as a function of bend radius and number of
lateral waveguides for the SiO»-Si buried waveguide.
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It does not make sense to study the tolerances to possible variations in the
etching depth of the silica waveguide because it is a buried waveguide. The in-
fluence of possible variations in the width of the lateral ARROW waveguides is
shown in Fig. G.6. We see a smooth increase of the loss, which is not worrying
from a fabrication point of view.

In conclusion, we have proposed and analyzed a new bend concept based on
the ARROW effect provided by a set of properly designed waveguides. These
are defined in the same processing step as the central one, and thus, do not
require any additional processing. Applicability on InP and Si technologies has
been analyzed and significant bending-loss reduction has been observed. The
concept is compatible with other bending-loss reduction techniques using one
photolithography step, such as S-shaped bends, continuous waveguide widening
and bending, and even with multisectional bends [3], as well as with most of the
transition loss reduction techniques. It would also be applicable to singlemode
fibers.
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