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Chapter 1

Introduction

Tunable lasers have been a subject for development efforts, in industry and academia,
since these devices offer great promise for telecom networks. In this chapter, as an in-
troduction to this optical component, first the applications for tunable lasers are listed
(section 1.1). After this, the demonstrated device concepts are introduced (section 1.2)
and in section 1.3 the consensus requirements for widely tunable lasers are summarized.
The chapter is concluded with an overview of the contents of this thesis and its contri-
butions to the field of integrated widely tunable lasers (section 1.4).

1.1 Applications for tunable lasers

Tunable lasers have received attention since the middle of the 80’s [63], driven by coherent
optical detection techniques [64] and the emergence of Wavelength Division Multiplexing
(WDM). The term ’tunable laser’ refers to a single-mode laser, for which the lasing
wavelength can be adjusted through an external stimulus. These devices are available
for a wide range of frequencies (or wavelengths) and for several application fields (such as
telecommunications, biomedical sensing [33], etc.). In this thesis, the focus is on widely
tunable lasers for telecommunication applications, in the 1550 nm wavelength range.
Here, widely tunable lasers are understood to have a tuning range that spans one of the
main standardized communication-bands (i.e. C-band , 1529 to 1565 nm, or L-band,
1565 nm to 1610 nm).

The main application for tunable lasers is the replacement of fixed-wavelength lasers.
Therefore their performance needs to be as good or better in areas such as output power,
spectral purity, stability and reliability. Steady progress has been made over recent
years, but since the performance of fixed wavelength sources also has improved, tunable
lasers are still lagging, especially in output power and stability. Nevertheless, tunable
lasers retain their promise for cost-saving and increased flexibility in telecommunication
networks. In this section a diverse range of applications, and the benefit of tunable lasers
to them, is discussed.

11



1.1.1 One-time provisioning

Wavelength Division Multiplexing (WDM) is a technique to transmit signals of multiple
lasers, each at a different wavelength, over a single optical fiber. Using fixed-wavelength
lasers, each signal needs to be generated by a unique laser (i.e. operating at a specific
wavelength).

For device manufacturers, this means that each laser needs to be manufactured sep-
arately, increasing the complexity (and cost) of the production process. Secondly, these
different products need to be placed in an inventory, until they are sold. This increases
the inventory costs.

Similarly, for assembly of a module or a full system, tight manufacturing control is
required to avoid mistakes (e.g. placing the wrong laser at the wrong position). Further-
more, it requires each laser to be in stock, increasing inventory costs, and each systems
to be built to order, increasing lead-times.

The use of tunable lasers reduces these complications. A generic tunable laser can
replace any fixed-wavelength laser. Since the laser wavelength can be selected just before
shipment of the system, manufacturing is less complex and lead-time can be reduced.
Both for system and device manufacturers the inventory costs are significantly reduced.

For the user of the system, a network provider, tunable laser systems also allow
for a smaller inventory of laser-sources. This inventory is required to replace failing
transmitters in a system. Again, the main benefit is cost-reduction, but there is also a
significant simplification of the replacement operation: no specific knowledge about the
devices is needed when replacing a transmitter, since all are the same. Even for legacy
systems, with single wavelength transmitters, the option to replace a failing device with
a tunable laser provides this advantage.

1.1.2 Dynamic reconfiguration

Tunability of the sources in a telecommunication system allows for the reconfiguration
of the wavelengths on an optical link. This allows for the dynamic replacement of failing
units and for the adaptation of a link to new traffic-patterns.

When devices fail in a telecommunication system, typically a service person needs to
visit the system and manually replace the failed unit. Alternatively, if the failed device
is backed-up by a second laser, this laser can be activated remotely to take over the
function of the failed device. In a system with fixed-wavelength devices this however
means that each laser needs to be backed up individually. As an alternative, a tunable
laser can be a back-up for a number of lasers in a system. If one of these devices fails, the
tunable laser is tuned to the wavelength of the failed device and its output is routed to
the optical link. Such a configuration reduces the initial cost of the back-up system and
enables remote reconfiguration, reducing the immediate need for an expensive manual
replacement.

For some critical telecommunication systems a signal is not allowed to be interrupted
for longer than 50 ms [103]. This is addressed by using a hot (i.e. operating) spare
laser as a backup for each laser source. Again, tunable sources provide a cost-effective
alternative, provided that the time to change the wavelength of the laser is in line with
the required switching time.
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A further opportunity, that the use of tunable lasers offers, is the reconfiguration of
a telecommunication system. After the design and installation of a telecommunication
link, the traffic patterns can change significantly over time. It is even possible, that
the traffic patterns vary significantly over a day (consider the difference between day
and night-time operation). The use of tunable lasers allows for reconfiguration of the
wavelengths in a system to address these changes in load. This reconfiguration can be
performed remotely. It is especially relevant for links with multiple access points and
depends on the particular network configuration.

For the latter application to be possible, not only the lasers have to be tunable.
Filters and (de)multiplexing elements have to support this tunability.

1.1.3 Optical node functionality

Tunable laser technology makes new network concepts, with more flexibility, better use
of available bandwidth and lower cost, feasible. Especially, tunable lasers facilitate the
migration from WDM point-to-point links towards WDM ring-networks, with multiple
access-nodes and connections to other ring-networks.

At each access-point in a network one or more signals have to be dropped from and
added to the optical link. In its most basic configuration such an add/drop component
converts all the signals on the optical link into the electrical domain, processes the data
and retransmits the data in the optical domain. This O-E-O conversion, however, takes
time and requires a de-multiplexer, multiple detectors and multiple transmitters. In
figure 1.1a an add/drop is shown that is more efficient, through the use of tunable laser
technology. Instead of dropping all signals, only the desired signal/wavelength is dropped
by a tunable filter and detected. A new signal is added to the link at the ’dropped’
wavelength by a tunable laser. This concept dramatically reduces the component count
in the add/drop multiplexer and it provides a less complex architecture. The network
quality is improved by a shorter delay time for the unswitched signals. The number of
signals that the node can add/drop is limited by the number of tunable lasers and filters.

A connection between two WDM rings, a cross-connect, needs to have the capabil-
ity to transfer a signal at any wavelength on one ring to any wavelength on a second
ring, while being transparent for signals that are not cross-connected. The non-tunable
configuration would again be a full O-E-O conversion, which means that the non-cross-
connected signals are detected and re-transmitted, leading to delay and possible error.
Furthermore two multiplexers and de-multiplexers are required, as well as two detectors
and lasers for each signal.

The tunable laser configuration allows for dropping only the signals that need cross-
connection, by a tunable filter. These signals are then routed to the second ring, in
the electrical domain, and added onto that ring, with a tunable laser at the desired
wavelength. The cross-connect configuration is shown in figure 1.1b. Again, the number
of signals that can be cross-connected is limited by the number of tunable lasers and
filters in the cross-connect.

These add/drop and cross-connect configurations require not only the tunable laser
technology, but also the availability of tunable filters.
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Figure 1.1: Application of tunable lasers in an optical network; a) Add/drop node with tunable
filters and laser. The first filter is set to drop one signal out of the incoming signals. This signal
is detected. The tunable laser adds a new signal at the dropped wavelength, to be added to the
unswitched signals; b) Optical cross-connect. The cross-connect consists out of two add-drop
nodes. In each ring the dropped signal is detected and transferred in the electrical domain to
the tunable transmitter on the other ring. There the signal is added to the unswitched signals;
c) Dynamic allocation. To establish a network connection between two nodes, the transmitting
node uses a tunable laser to transmit at the wavelength of the filter in the receiving node. All
intermediate nodes are transparent for this wavelength. E.g. the left node (which can receive
signals at λ2) can transmit a signal at λ5 and since all nodes are transparent to this wavelength
it will be detected at the node on the right side.
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1.1.4 Network functionality

The use of WDM is important for increasing the capacity of fiber-links. However, signif-
icant system simplification is obtained by assigning a specific wavelength to each node in
a network. Setting up a connection from one node to another is then done by selecting
the appropriate tunable laser wavelength, as shown in figure 1.1c. Since all other nodes
are transparent for this wavelength (through add/drops and cross-connects based on tun-
able laser technology), a minimum of processing delay is added, until the signal reaches
the desired node. It simplifies the node architecture (basically an add/drop), since only
detection of one signal and the transmission of a new signal is required. Nodes with a
higher bandwidth requirement can be configured with more dedicated wavelengths (with
additional detectors and transmitters). This provides bandwidth scalability at minimal
additional cost.

As an extension to this dynamic allocation, which is used for slow variations in
traffic patterns (with timeframes > 1 s), a fully dynamic switching network can be
envisioned. In this network configuration the wavelength allocation changes on a µs
timeframe. This allows packet-switching, where a signal for a specific destination is split
into short packets. The transmitting node selects the wavelength consistent with the
packet destination, transmits the packet, changes the wavelength for the next packet
destination and transmits again.

1.2 Tunable laser concepts

The field of tunable lasers is diverse and a number of interesting device concepts have
been proposed and demonstrated. No clear winner has emerged, yet, to address all device
requirements and hence the search for better concepts continues. It is not clear if this
will converge to a generic tunable laser design, which can address all applications, or
that each application will require its own type of tunable laser.

Here, presently known concepts are ordered along five categories and the operation
principles are discussed.

1.2.1 Integrated lasers with a small tuning range

Though outside the scope of this thesis, tunable lasers with a limited tuning range (< 20
nm) provide the basis for some of the widely tunable laser variants. Historically, these
also were the first concepts to provide tunability.

Tunable DFB In figure 1.2a a DFB (Distributed Feed-Back) laser is drawn. Light is
generated in the gain generating layer (either a bulk material or a multi-quantum
well) along the length of the chip. A periodical variation in the layerstack, a
grating, reflects the light within the laser cavity. Thanks to the periodicity of the
grating, this feedback is maximum at one wavelength, forcing operation at that
wavelength. A DFB laser is the most commonly used single-mode source laser
for optical networks and provides excellent mode-selectivity and output power. A
change in the temperature of the device changes the effective index of the material,
resulting in a different operating wavelength. Typically, the wavelength shifts by
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Gain section material
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Sampled grating
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Figure 1.2: Left hand side: legend for all the schematic drawings of laser concepts. Right hand
side: schematic cross-section of integrated laser concepts with a small tuning range; a) Tunable
DFB laser; Consists of a gain section between two facets. The pitch of the grating sets the
lasing wavelength; b) Tunable DBR laser; Optical power is generated in the gain section and
reflects upon the wavelength selective DBR section (to the left, with grating). A phase section
between gain and DBR section fine-tunes the lasing wavelength; c) Alternative design for tunable
DBR laser; The DBR section is placed between gain section and front-facet. A high reflection
coating is applied on the back-facet. This design allows for integration of other semiconductor
components between DBR laser and front-facet; d) TTG laser; The gain section and tuning
section are vertically integrated, with a grating between the two layers. The pitch of the grating
determines the lasing wavelength. With current injection in the tuning section the effective index
of the optical mode decreases, lowering the lasing wavelength. This device does not require a
phase section for alignment of the cavity mode.

0.09-0.12 nm/◦C [2] [34] and a 30 ◦C temperature tuning range is used to achieve
more than 3 nm tuning range [65].

Tunable DBR laser In a DBR (Distributed Bragg Reflector) laser the grating is po-
sitioned between the gain generating region (the gain section) and the backfacet
(figure 1.2b) [96]. The reflection spectrum of the DBR has a narrow resonance,
which selects the wavelength for single mode operation. By injecting current into
the DBR section the effective index of this section is lowered and the lasing wave-
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length is shifted downward. Temperature tuning can be used to increase the selec-
tion wavelength by about 0.1 nm/◦C. By combining these two tuning mechanisms
a tuning range of up to 16 nm has been demonstrated [37]. To optimize single-mode
operation and output power, the laser cavity modes need to be aligned with the
DBR reflection peak. To achieve this at any wavelength a second tuning element
(a phase section) is needed to change the optical length of the laser cavity and
align the optical cavity modes with the DBR reflection spectrum. An alternative
device configuration is shown in figure 1.2c. There, the gain section is located at
the (high-reflection coated) back-facet and the optical power leaves the laser cavity
through the DBR section. This allows for inclusion of additional functional ele-
ments (such as an optical amplifier or a modulator) between tunable laser output
and front-facet [4].

TTG The TTG (Tunable Twin Guide) laser offers an alternative to the DBR laser,
which needs 2 tuning sections. In the TTG the lasing wavelength is set by a
fixed grating pitch and the effective index of the optical mode. Since the gain
generating layer and the tuning layer are integrated in one stack (see figure 1.2d),
the optical mode has a partial overlap with both. Current injection in the gain
layer generates the optical power, while current injection in the tuning section
lowers the effective index of the optical mode and tunes the wavelength to lower
values. Again, temperature tuning can be used to increase the tuning range [13].
A tuning range of up to 5 nm has been demonstrated [92].

1.2.2 External Cavity Lasers (ECL’s)

External Cavity Lasers (ECL’s) consist of a laser chip, with an anti-reflection (AR) coat-
ing on one facet. The power from the AR-coated facet is coupled to an external cavity,
which provides wavelength selective feedback. This provides single-mode operation and
wavelength tuning.

Littman-Metcalf cavity with rotating mirror In figure 1.3a the device configura-
tion is shown. Optical power from the gain chip is coupled to a collimated beam
and launched onto a reflecting plate with periodical grooves (a free space grating).
This plate reflects the light under an angle, which depends on the wavelength.
The desired laser wavelength is selected by limiting the optical feedback of the
external cavity to a narrow angular region, with a small mirror. By changing the
selected angular region (e.g. by rotating and translating the small mirror around a
pivot point [72]) the laser wavelength is tuned. In the figure the free space grating
and the mirror, rotating around a pivot point, are shown. The fabrication and
movement of the mirror varies between different device technologies [15] [35].

Littman-Metcalf cavity with laser array This concept uses the same ECL config-
uration as the previous concept, with regards to the position of the laser chip and
the mirror. However, the single laser is replaced by an array of lasers. The optical
field from each laser gets projected onto the free space grating under a different
angle. As a result for each stripe in the array the wavelength range that is inci-
dent on the fixed (partial transmitting) mirror is different. This allows tuning of
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c.

φ1

φ2

Figure 1.3: Schematics of external cavity tunable lasers; a) Littman-Metcalf cavity with rotating
mirror; The optical power is generated in the gain section. The light is coupled to a collimated
beam and projected on a free space grating. A small mirror reflects a spectral portion of the
reflected beam, forcing lasing at that particular wavelength. By rotating the mirror around the
pivot point, a different wavelength is selected; b) Littman-Metcalf cavity with array selection; The
optical power is generated in one of the lasers in the laser-array and reflected on the free space
grating, before being incident on the partially transmitting mirror. By selecting another laser
in the array, the feedback of the extended cavity is at a different wavelength. This concept uses
no moving part and the wavelength is tuned by temperature; c) Temperature tuned etalons; A
collimated beam is coupled from the gain section onto two etalons with different spacing between
resonance wavelengths. The laser operates at the wavelength where both etalons are in resonance.
The wavelength is tuned by changing the temperature of the etalons.

the laser to discrete wavelengths without any mechanical motion. The principle is
shown in figure 1.3b, where the light is collected through the partial transmitting
mirror [58].

Temperature tuned etalons This concept (figure 1.3c) is based on the transmission
of two silicon etalons, with a slightly different periodicity. The transmission spec-
trum of such an etalon has periodical resonances, of which the spacing depends
on the etalon thickness. The transmission coefficient of the etalon at its resonance
is dependent on the reflectivity of the surfaces. By combining two etalons with
different spacing between the transmission peaks, only the wavelength, at which
both etalons are resonant, is selected for laser operation. Temperature tuning of
the etalons is used to shift their transmission spectrum and select a different lasing
wavelength [35].
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1.2.3 Vertical Cavity Surface Emitting Lasers (VCSEL’s)

For some applications, surface-emitting lasers provide a low-cost alternative to edge-
emitting lasers. The laser-cavity is formed by a gain layer between two mirrors. These
two mirrors need to be close together to ensure single longitudinal mode operation.
Furthermore, the device requires control over the distance between the two mirrors to
provide wavelength tunability. The gain region is pumped either by electrical or optical
means. Different concepts have been demonstrated that achieve this.

Optically pumped VCSEL with dielectric top- and bottom mirror Figure 1.4a
[110] shows a laser cavity formed by a bottom dielectric mirror on a locally thinned
substrate, and a curved top-mirror (to optimize the coupling of the reflected light
back into the cavity) attached to a membrane. This membrane is supported at
four points by a non-conductive material. By applying a voltage to this membrane
the electro-static force between membrane and chip pulls the membrane towards
the chip, reducing the cavity length and operating wavelength. A 1310 nm pump
source is used to inject energy into the active region through the top-mirror. The
output light is collected through the bottom mirror.

Optically pumped VCSEL with wafer-fused mirrors In contrast to the prior con-
cept, the mirrors in the concept in figure 1.4b [99] are formed by an AlGaAs/GaAs
DBR on a GaAs substrate. These mirrors are wafer-fused to the InP-based gain
material. The advantage of this method is that a high mirror reflectivity is achieved
with a semiconductor material that provides heat-sinking and electrical contact.
After wafer-fusing a spacer layer is removed in the top-mirror to create a supported
membrane, as in the prior concept. The distance between the top mirror and the
active region is tuned by applying a voltage over the spacer layer. A 980 nm pump
signal is applied through the bottom contact. The output light is collected through
the top-contact.

Electrically pumped VCSEL with epitaxial top and bottom mirror Both pre-
vious concepts require an external laser to pump the gain layer. In figure 1.4c
([30]) an electrically pumped concept is schematically drawn. The bottom-mirror
is formed by a semiconductor DBR-stack. Similarly, the top-mirror is formed by an
epitaxial DBR stack. Between the active region and this top-DBR stack a sacrificial
layer of semiconductor material is grown, that is removed at the end of the process.
As a consequence the top-mirror is transformed into a cantilever, supported at only
one edge. By applying a voltage over the cantilever the deflection of the top-mirror
is controlled. In contrast to the prior concepts the energy is delivered to the active
region by electrical pumping. This avoids the use of an extra pumping source, but
results in a more severe device heating.
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b.

c.

Substrate

Active region

Substrate
Epitaxial DBR

Spacer-layer

Epitaxial DBR cantilever

Wafer-fused DBR

980nm pump

Wafer-fused DBR membrane

Dielectric DBR membrane

Thinned Active region

Dielectric DBR

1310nm pump

Figure 1.4: Schematic cross-section of tunable VCSEL’s; a) Optically pumped VCSEL with
dielectric top- and bottom mirror; The light is generated in the gain section and reflects between
the bottom dielectric mirror and the top mirror. By applying voltage on the top-mirror the
position of the top mirror (and the lasing wavelength) is controlled. The power is generated in
the gain section by pumping the material with a 1310 nm pump source; b) Optically pumped
VCSEL with wafer-fused mirrors; Similar to the previous concept, but with wafer-fused DBR-
mirrors and a 980 nm pump source; c) Electrically pumped VCSEL with epitaxial top- and
bottom mirror; Both mirrors are formed by a semiconductor layerstack, and the top mirror
is processed into a cantilever, displaced by applying a voltage. The gain section is electrically
pumped.
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AWG

Figure 1.5: Schematic cross-section of integrated Widely Tunable Lasers; a) Grating Coupler
Sampled Grating laser; the laser consists out of a gain section, coupler section, phase section and
sampled grating section (right-to-left); b) Sampled Grating DBR laser; the laser consist out of a
first sampled grating section, gain section, phase section and a second sampled grating section
(right-to-left); c) Digital-Supermode SG-DBR; the laser consists out of a number of short DBR
sections (each to be controlled separately), gain section, phase section and a sampled grating
section (right-to-left); d) Top-view of Modulated Grating Y-branch Laser; the laser consists out of
a gain section, phase section and two parallel sampled grating sections (right to left); e) Sampled
Grating Tunable Twin-Guide Laser; the laser consists of two vertically integrated sections with
a continuous gain section and two separate sampled grating sections, with different resonance
wavelength spacing; f) AWG digitally tunable laser; the laser consists of a number of gain
sections at the inputs of the AWG, a (de)multiplexer and an output waveguide (with optionally
an additional gain section). In an alternative configuration the output signal is collected inside
the (de)multiplexer.

1.2.4 Integrated widely tunable lasers

Widely tunable lasers that have all elements in one chip provide a compact, potentially
cheap, solution for tunability.

GCSR The Grating Coupler Sampled Reflector laser is a 4-section device consisting
of a gain section, a phase-tuning section, a grating assisted coupler section and
a sampled grating section. In figure 1.5a the device configuration is shown. The
laser cavity is formed between the front-facet and the sampled grating section.
This sampled grating section has maximum reflection at its resonant wavelengths,
which can be shifted by current injection. The grating assisted coupler has a high
coupling efficiency for only one of these resonant wavelengths. In this section the
optical mode is coupled from the lower waveguide to the upper waveguide, where it
connects to the sampled grating section. For non-resonant wavelengths the optical
power is absorbed in the lower waveguide of the sampled grating section. The
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resonance wavelength of the coupler is determined by the pitch of the grating in
this section and the injection current [44].

SG-DBR In figure 1.5b a Sampled-Grating DBR laser is shown. A laser-cavity is
formed between the two sampled grating sections. The spacing between resonant
wavelengths is different for both sections and only at the selected wavelength both
are resonant. The lasing wavelength is shifted by tuning the resonance spectrum of
both sampled grating sections (typically by current injection). The output power
is collected at the front-facet, through the front-sampled-grating section [38]. Fur-
ther improvement to this device have been made by chirping the sampled grating
sections (Super-structure SG-DBR or SSG-DBR [52]).

Digital Supermode SG-DBR In this concept the tuning section between gain section
and front-facet is formed by a number of short DBR sections. Each DBR section
has a slightly different resonant wavelength, such that the combined reflectivity of
these sections is uniform over the tuning range. By injecting current into one of
the DBR sections, its resonance shifts to lower wavelength. When the reflection
spectra of two short DBR sections overlap the combined reflectivity selects that
wavelength. The power is collected through the front-facet, as indicated in figure
1.5c [88].

Modulated Grating Y-branch Laser This design is shown, in top-view, in figure
1.5d. Two sampled gratings with different spacing between resonant wavelengths
are located at the back-facet. The light from the gain section is split and reflected
by the two sampled gratings. The reflected signal is then re-combined. At the
wavelength where the two sampled gratings are both resonant a laser mode is
supported [115]. Again, the reflection spectrum of both sampled gratings is tuned
by current injection.

Sampled Grating Tunable Twin-Guide laser Similar to the TTG, in section 1.2.1,
the sampled grating TTG laser has its gain layer and tuning layer vertically in-
tegrated. A single optical mode overlaps with both layers. In figure 1.5e the
cross-section of the device is shown. Instead of a continuous grating a sampled
grating is used. In the two sections the periodicity is different and depending on
the tuning current in both tuning layers any wavelength can be selected. The
mechanism for alignment of cavity modes with the sampled grating feedback is
similar as for a DFB laser. Using a λ/4 phase-shift between the sampled gratings
ensures, theoretically, single mode operation [78].

AWG digitally tunable laser An AWG (Arrayed Waveguide Grating) is a component
that splits multiple optical signals (at different wavelength) on one input channel to
multiple channels (de-multiplexing), or vice-versa (multiplexing). A tunable laser
based on a (de)mux is illustrated in figure 1.5f [41] [40]. At one input of the AWG
an array of optical amplifiers is placed. By operating one of the amplifiers in the
array a specific wavelength through the AWG is selected. The power is collected at
the multiplexed output waveguide or is tapped from inside the AWG. Alternatively,
an additional amplifier can be placed at the output to increase the laser power.
Full wavelength access is achieved through temperature tuning.
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b.

c.

Figure 1.6: Schematics of arrayed tunable lasers; a) DFB array combined with MMI; An array
of DFB’s is combined into one output channel, with an MMI. An optical amplifier is used to
compensate for coupling loss; b) DFB array combined with MEMS; The output of any of the
DFB lasers can be directly coupled to an output fiber by tilting the MEMS mirror; c) DBR array;
An array of tunable DBR lasers is combined into one output channel and the signal is amplified.

1.2.5 Array concepts

By combining a number of tunable lasers, with a limited tuning range, a device with a
wide tuning range is obtained. The outputs of the different devices are combined into
one single output, either by a passive or active coupling scheme.

DFB array, combined by MMI A single DFB laser can address a tuning range of
about 3 nm by changing the device temperature over a 30 ◦C range. With several
of these devices (typically 12-16 devices) on one chip, more than 36 nm tuning
range is achievable. The output of these different devices is combined through a
passive element, such as an MMI (Multi-Mode Interference) coupler. To overcome
the loss of this combiner the light is amplified, on-chip, to generate sufficient output
power. In figure 1.6a an illustration of this concept is provided [47] [81] [86].

DFB array, combined by MEMS mirror The optical loss in passive combining can
be avoided by an active coupling technique. In figure 1.6b this is illustrated. A
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MEMS-mirror (Micro-Electro-Mechanical System) is used to couple the output of
any DFB in the DFB-array to an output fiber. By changing the tilt of the mirror
a different DFB laser is coupled to the fiber [86].

DBR array A DBR laser has a wider tuning range than a DFB laser. No temperature
tuning is required to achieve a tuning range of more than 10 nm. By combining 4
DBR lasers on one chip, with a passive MMI combiner and an optical amplifier, a
tuning range larger than 36 nm is addressed. In figure 1.6c this device is illustrated
([43], also [39]).

1.3 Requirements for widely tunable lasers

The applications for widely tunable lasers vary from a simple replacement of fixed-
wavelength source lasers to enabling novel network configurations. For all these applica-
tions the requirement is that the performance of the tunable laser is similar to, or better
than, presently used source lasers. In addition, new applications tend to have higher
requirements, particularly with regards to tuning time.

Several manufacturers for tunable lasers have agreed on a common specification for
tunable laser modules. This MSA (Multi-Source Agreement) [51] is used here as the
industry consensus for tunable lasers and as a reference for the design of the tunable
lasers in this thesis. In table 1.1 the requirements are listed. These requirements must
be fulfilled over the full wavelength tuning range of the laser.

Parameter Unit Min. Max. Comment
value value

Ex-facet power mW 30 20 mW ex-fiber power
mW 15 10 mW ex-fiber power

Side-mode
suppression ratio dB 35
Wavelength nm 1529 1565 C-band

nm 1565 1610 L-band
Tuning range nm 36 C-band

nm 45 L-band
Relative Intensity
Noise dB/Hz -135
Linewidth MHz 20
Wavelength tuning > s dynamic reconfiguration
time 50 ms protection switching

1 µs packet switching

Table 1.1: Optical performance requirements for widely tunable lasers (from MSA [51])

Output power from fixed-wavelength source lasers is typically 5, 10 or 20 mW (both
lower and higher power devices are available on the market). To achieve a 20 mW
coupled output power a chip output power of 30 mW is required (with 65% coupling
efficiency). Tunable lasers with lower output power (e.g. 10 mW) can still be used to
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replace lower-power source lasers. Over the tuning range the variation in drive current
should be limited, to reduce the tuning complexity.

The spectral purity of the signal is required to be at least 35 dB (i.e. all side-modes
are suppressed by at least this factor) to avoid cross-talk between different signals in a
WDM system. The requirements on the noise properties (Relative Intensity Noise and
linewidth) are set to ensure a high quality signal that can be transmitted over a long
distance.

For operation in 1550 nm telecommunication applications, the wavelength of the
laser has to be in the range where optical amplification is available and/or the fiber
transmission loss is low. Several standard wavelength bands are defined, where optical
amplification is available. The most used wavelength ranges are the C and L-bands
(1529-1565 nm and 1565-1610 nm, respectively). Widely tunable lasers have to cover at
least one of those bands.

Newer network applications require the chip to be able to switch from one wavelength
to the other. Dependent on the application, the laser needs to stabilize within a certain
timeframe. For network reconfiguration, which occurs occasionally, this can be several
seconds. For packet-switching, which can occur multiple times per ms, the time allowed
for switching is less than a µs. In addition, some applications require the output power
of the device to be suppressed during switching. This is either achieved by additional
components in the package (e.g. a shutter) or through integrated components on the
chip, such as optical amplifiers/absorbers.
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1.4 Position of this thesis

This first chapter describes a clear demand for (widely) tunable laser that can replace
presently used single-wavelength source lasers and that provide extra flexibility in the
optical network. The primary requirement is that these lasers perform as well as or better
than their single-wavelength counterparts, as summarized in the requirements section.
With the presently available designs this is not easily accomplished.

The search for new and improved widely tunable lasers continues and this thesis adds
two novel widely tunable laser-types to this quest. These new designs are introduced and
investigated, both theoretically and experimentally. In both designs the tuning sections
are placed at the back-facet side of the laser. As will be demonstrated such a set-up
allows, in principle, for higher output power from the laser, as well as a lower variation
in power and SMSR over the tuning range.

The two wavelength selection elements in the first concept both have multiple sharp
resonances, while in the second concept one of the selection elements has a single wide
resonance peak. It will be shown that the latter configuration is more favorable in terms
of reliability, controllability and noise.

In addition to the novel concepts this thesis emphasizes two aspects of widely tunable
lasers that have been under-exposed in literature, thus far: the impact of design on the
controllability of the tunable laser device and the effect of high power operation on the
tunable laser performance.

The outline of this work is as follows:

Chapter 2 describes the theory of laser operation and, for tunable lasers, the sensitivity
to the tuning section properties. An overview is provided of wavelength selection
elements and tuning methods. The chapter finishes with a comparison of available
widely tunable laser concepts.

Chapter 3 describes the simulation tools used in this thesis.

Chapter 4 describes the first new widely tunable laser concepts in this thesis: the
Cascaded Sampled Grating (CSG) laser. The concept is explained, the design
is extensively described and verification of operation is provided, both through
simulation and experimental work.

Chapter 5 describes the second new widely tunable laser concept: the tunable MMI
(T-MMI) laser. The design of this laser is described and both simulated and
experimental data are presented.

Chapter 6 evaluates the results with the two new laser-types and provides a comparison
with other widely tunable laser concepts. This chapter ends with a conclusion for
the work in this thesis.
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Chapter 2

Operation principles of tunable
lasers

Tunable lasers differ from fixed wavelength lasers by the tunability of their feedback
element(s). This requires the laser to have at least one additional control for the tuning
element. To be applied in telecommunication systems, these devices are expected to
perform comparably to single section lasers, but now over the complete tuning range.
Therefore, understanding of the influence of the tuning element on the laser operation
is required.

In section 2.1 the physical principles for operation of the gain and tuning sections are
described. Special attention is paid to the interaction between the sections. In section
2.2 the available methods for wavelength selection and tuning are discussed. Finally, the
different concepts, introduced in section 1.2, are compared in section 2.3, leading to the
motivation for the work presented in this thesis.

2.1 Electro-optical interactions in semiconductors

Understanding of (integrated) tunable lasers starts with the interaction between semicon-
ductor material properties, electronic carriers and photons. In this section these topics
are introduced and applied to the gain and tuning sections.

Material-carrier interaction

Carriers in the valence band of a semiconductor material can absorb energy (either
thermal, vibrational or optical) to get excited to a vacant state in the conduction band.
Similarly, electronic carriers in the conduction band can absorb energy and get excited
to higher energy states in this band, or emit energy to decay into a vacant state in the
valence band. In this latter process energy is released, either as heat, phonon or photon.
The probability of these absorption and recombination processes is determined by the
number of carriers in the initial energy level, and the number of unoccupied states in the
final energy level, as well as the lattice temperature.
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To reach a significant density of electronic carriers in the conduction band, these car-
riers have to be confined within a specific region. For tunable lasers the tuning-layer, of
lower bandgap material, is surrounded by higher bandgap material. Carriers can move
freely within the tuning layer, but are confined electrically by the surrounding material.
Injection of carriers into this layer (either through electrical current or photo-absorption)
raises the carrier-density in the conduction band. This carrier-density changes the re-
fractive index and absorption of the tuning layer.

With an increase in carrier-density, the probabilities of the different carrier excitation
and recombination mechanisms change. At no injection current, most carriers are con-
fined in the valence band and excitation of carriers to the conduction band dominates
(i.e. absorption of energy). At higher injection current, the population in the conduc-
tion band increases and decay into the valence band (i.e. release of energy) becomes the
dominant mechanism.

Carrier-photon interaction

An optical field interacts with the carrier-density in a semiconductor layer, either by
exciting carriers to a higher energy-state, or by stimulating a carrier to decay to a
lower energy state. Alternatively, a carrier can decay spontaneously. In the process
of stimulated decay a photon is emitted that is coherent with the stimulating field.
Spontaneous emitted photons have no phase or directional relationship with the present
optical field.

In semiconductor structures where electronic carriers are confined, in both the lateral
and transversal direction, a significant carrier-density n can build up and interact with
a photon density s, in an optical field that propagates in the longitudinal direction.
The interaction between the carrier-density and the photon density in a semiconductor
material is most conveniently described by rate-equations [11]. For the carrier-density
this reads:

dn

dt
= (

I

eVa
+ s · vg · αi) − (s · vg · g(n) + R(n) + s · vg · αfc(n)) (2.1)

Here it is stated that a change in carrier-density follows from an imbalance in the num-
ber of injected carriers (through current injection and photo-current) and lost carriers
(through stimulated emission, spontaneous recombination and free carrier absorption).
αfc is the free carrier absorption coefficient, where it is assumed that all carriers excited
by this absorption process escape from the electrical confinement. I is the current in-
jected into the active volume Va. αi and g are the internal loss and gain coefficient. vg is
the group velocity of the optical mode and R(n) is the spontaneous recombination rate,
given by:

R(n) =
1

τ
· n + B · n2 + C · n3 (2.2)

. This describes the interband non-radiative ( 1
τ · n), interband radiative (B · n2) and

intraband Auger (C · n3) recombination process, respectively. In the above formula
diffusion current is neglected. For the narrow, index-guided laser structures considered
here, this is a correct assumption [7].
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RB(λ) RF(λ)

Figure 2.1: Different multi-section tunable laser concepts (at the left side) can be described (at
the right side) as a gain section (dark colored block) with a wavelength dependent mirror at both
sides to describe the tuning sections (light colored block).

Similarly, the photon density in the optical field is determined by the rate of added
(stimulated radiation, spontaneous radiation and optical injection) and extracted pho-
tons (material absorption, optical emission and free carrier absorption):

ds

dt
= (s · vg · g + Rsp) − (s · vg · αi + s · vg · αfc) +

ds

dt

∣

∣

∣

ext
(2.3)

In this formula ds
dt

∣

∣

ext
describes the change in photon density due to photons entering

and leaving the active volume through the interfaces of the considered region. Rsp

is the spontaneous emission into the laser mode, expressed as
vg ·g·nsp

Va
, with nsp the

spontaneous emission coefficient [49].

Relevance for device operation

These rate equations are used to describe both gain and tuning section operation. The
behavior of these sections is however distinctly different. Stimulated emission in the gain
section efficiently converts electronic carriers into photons, which are emitted from the
device. In contrast, without a significant photon density in the tuning section the carrier
density increases with increased injection current. The associated change in material
refractive index forms the basis for wavelength tuning. In the following two subsections
the gain and tuning section are treated. Special attention is paid to how these sections
interact.

Most widely tunable lasers can be understood conceptually as a gain generating
medium and one or more tuning sections. Describing these tuning sections by their
optical feedback (RF (λ), RB(λ) ) at both sides of the gain section (as is shown in
figure 2.1), allows for describing different tunable laser concepts in similar terms, making
comparison possible. Tunable lasers with feedback elements in the gain section (e.g. DFB
lasers [10] and TTG [12]) do not fit this framework.

2.1.1 Gain section

A laser cavity is formed by a gain-generating section of length L with reflecting mirrors
at both sides (RF and RB). Light, incident on these mirrors, is partially reflected back
into the cavity and the mirror-loss αm is expressed as distributed over the device length:
αm = 1

2L · ln( 1
RF ·RB

).
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At low injection current, internal loss and mirror-loss (αi and αm) dominate and
any photon is either absorbed or escapes the laser cavity. Hence the photon density is
practically zero and the carrier-density is determined by R(n).

At the transparency current the condition g = αi is reached and light propagates with
no attenuation in the cavity. However upon reflection at the mirrors photons escape the
cavity and the αm loss-term dominates.

At the threshold condition, gth = αi + αm, both loss mechanisms are compensated
for by the threshold gain (gth). The optical field propagates within the cavity with
a zero round-trip loss. However, only with a round-trip phase equal to a multiple of
2π constructive interference can occur. These two criteria are combined in the lasing
condition (µg is the group index, to include the effect of refractive index dispersion at
wavelength λ).

RF · RB · e2·(gth−αi)·L · ei·2π·
2·µg ·L

λ = 1 (2.4)

For higher material gain (g > αi + αm = gth), no steady-state situation exists.
Therefore, with an increasing current injection the carrier-density is clamped to gth and
excess carriers convert to photons to build up the photon density.

For high values of current injection, the photon density induces non-linear effects, such
as spatial and spectral hole burning [95]. Furthermore, with increasing current, power
dissipation in the chip raises the chip temperature and material properties change. These
effects combine to increase the threshold gain until no lasing action is obtained anymore.

Formula 2.4 reveals the two basic mechanisms with which the lasing wavelength can be
changed. Altering the round-trip phase allows for a shift of the lasing wavelength, limited
to the cavity mode spacing. Tuning over a wider wavelength range is accomplished by
changing the round-trip optical gain spectrum in favor of an optical mode at a different
wavelength. The mechanisms with which this is achieved are discussed in the sections
2.1.2 and 2.2.

The interaction of the tuning section with the gain section is expressed through the
feedback terms RF and RB . As described in section 2.1.2, the reflection spectrum of
tuning sections changes under current injection. This change can be a shift in wavelength
of the spectrum or a change in reflectivity and phase. Consequently, the lasing condition
2.4 is affected. In the same manner the transmission of a tuning section (at the front
facet) can change and alter the output power.

In this analysis it is assumed that the laser is operated at constant output power over
the complete tuning range, through control of the gain section current. Furthermore,
only current settings are considered in which all selection mechanisms are aligned to the
selected cavity mode. The required fine-tuning of the wavelength is obtained by either
a separate phase-section or by temperature tuning.

Light output

At the threshold condition the gain equals both the internal loss plus mirror loss:
gth = αi + 1

2L ln 1
RF RB

. The threshold current (Ith) follows from the carrier-density
rate equation (with s=0):

Ith = R(n |gth
) · e · Va (2.5)
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Figure 2.2: a) Illustration of the dependence of light output on operating current (LI-curve). The
figure illustrates the change in the key parameters, threshold current and external efficiency, with
the properties of the laser cavity. b) Current above threshold for 30 mW operation, versus front-
and backfacet reflectivity. For this calculation formula 2.6 is used. At low values of front- or
back-facet reflection the laser threshold current is a significant part of the total operating current.
For the calculation the following parameters were used: λ =1550 nm, nsp = 2, POUT =30 mW,
AF = 1, ηi = 80% and αi =12.5 cm−1.

Similarly, the output power at higher current is found as [11]:

POUT = (I − Ith) · ηi ·
hν

e
· αm

αm + αi
· AF · χ

χ + 1
= (I − Ith) · ηe (2.6)

Here ηe is the external slope efficiency of the laser, defined in this way, and χ is the
front-back ratio, resulting from the imbalance in facet reflectivity:

χ =
PF

PB
=

POUT

AF

PB
=

√

RB

RF
· 1 − RF

1 − RB
(2.7)

In these two formulas a distinction is made between the optical power leaving the
cavity through the front reflector PF and the back reflector PB . POUT is the power
actually emitted through the laser front-facet. POUT and PF are different if a tun-
ing section is present between gain section and front facet with optical absorption (i.e.
POUT = AF ·PF ). Further, ηi is the electrical injection efficiency into the semiconductor
region and hν is the photon energy.

In figure 2.2a the output power from a laser is plotted versus the injection current.
Up to the threshold current Ith, the injected current builds up the carrier-density in the
laser. At higher currents, the injected carriers are converted into photons and the laser
emits optical power (the slope of this curve at threshold current is the external slope
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efficiency ηe). Formula 2.6 is based on a threshold analysis and breaks down at higher
injection currents, due to device heating and the sub-linear relationship between gain
and carrier-density. These effects result in a decreasing slope with increasing injection
current (known as roll-over).

In the figure it is indicated how threshold current and external efficiency are affected
by the laser parameters. Lowering of internal loss is beneficial for both efficiency and
threshold current. An increase in front- or back-facet reflectivity reduces the threshold
current. The compound effect on the output power is dependent on the actual set-point
of the laser.

In figure 2.2b the gain section current above threshold is plotted versus the reflectivity
of both facets, for a front facet power of 30 mW (roll-over is neglected). To obtain the
operating current, the threshold current needs to be added. Dependent on the internal
loss, there is a combination of front- and back-facet reflectivity at which the operating
current is minimized. For this purpose the back-facet reflectivity needs to be maximized,
to collect as much light as possible at the front-facet. For the front-facet reflectivity an
optimal reflection value needs to be found to reduce operating current above threshold.
In addition, with a decrease in front-facet reflection the threshold current increases,
potentially resulting in an increase in total operating current.

Together with the design requirements on the laser’s spectral properties (see next sec-
tion), the choice for front-facet reflection value is a trade-off, determined by the relative
importance of the different device specification. Since the threshold current and oper-
ating current above threshold both decrease for an increase in back-facet reflectivity, it
follows that the output power is more sensitive to variations in the back-facet reflectivity
than in the front-facet reflectivity.

For a tunable laser the feedback of the tuning sections is not necessarily constant over
the tuning range. For the laser to operate at constant output power, the gain section
operating current has to be adjusted. This change in current is both due to a change
in threshold current, resulting from a change in the threshold gain requirement, and to
a change in external efficiency. For reduction of the complexity of device control, the
variation of operating current over the tuning range is to be minimized.

Spectral properties

The phase relationship in the lasing condition (formula 2.4) defines the spectral position
of the cavity modes. Since the carrier-density is clamped above threshold (i.e. when one
of the modes fulfills the lasing condition), only one of these cavity modes has a sufficient
round-trip gain for lasing. Depending on the difference in round-trip gain with this main
mode, other modes are able to build up a photon-density as well. As a consequence, the
output spectrum of a laser shows, dependent on the round-trip gain distribution, one
or multiple modes with significant intensity. Single mode operation requires, at least
for laser cavities larger than about 5 µm, one or both mirrors to provide a wavelength
selective feedback. The wavelength selection mechanisms, for tunable lasers in particular,
are discussed in more detail in section 2.2.4.

The single mode nature of a laser is characterized by its Side Mode Suppression Ratio
(SMSR), defined as the ratio of the power in the main mode and the next most dominant
mode (illustrated in figure 2.3a). Following [11] an expression for SMSR is derived from

32



Wavelength 

R
el

at
iv

e 
ou

tp
ut

 p
ow

er
 (d

B
)

Lower SMSR
δαm↓
αm↑ (RF↓, RF↓)
αi↑
POUT↓ Larger

modespacing
Lcav↓

2 dB        

1.5 dB

1 dB

0.5 dB

0

25

50

75

100

0 25 50 75 100
Front facet reflection RF (%)

B
ac

k 
fa

ce
t r

ef
le

ct
io

n 
R

B
 (%

)SMSR

a. b.

Figure 2.3: a) Illustration of a single mode laser spectrum. The side-modes are suppressed by
the SMSR. The figure illustrates how the SMSR and mode-spacing changes with a change in
laser cavity properties. b) Minimum required round-trip gain difference δαm · Lcav for 40 dB
SMSR, versus back- and front-facet reflectivity. The calculation is based on formula 2.8. For
the calculation the following parameters were used: λ =1550 nm, nsp = 2, POUT =30 mW,
AF = 1, ηi = 80% and αi =12.5 cm−1

the rate-equations (under the assumption that the amount of spontaneous emission in
competing modes is similar):

SMSR =
δαm + δg

hν · vg · nsp · (αm + αi) · αm
· POUT

AF
· 1 + χ

χ
(2.8)

In this formula δαm and δg (expressed per unit length) are the difference in mirror-loss
and gain for the two most dominant cavity modes. Since the two competing modes are
mostly closely spaced in wavelength the gain difference δg is typically small. Selectivity
is provided by the mirror-loss difference δαm.

From the formula, the SMSR increases with a decrease in optical loss in the cavity
(i.e. a decrease in the front facet transmission AF or a decrease in mirror and/or internal
loss, under constant output power operation). Since an increase in back-facet reflection
is partly compensated for by an increase in front-to-back ratio the SMSR is less sensitive
to changes in back-facet reflectivity than to changes in the front facet reflection. In
absolute terms the impact of facet-reflectivity on SMSR is limited, since e.g. a 10 dB
change in SMSR requires a factor of 10 change of the parameters in formula 2.8. For
DBR lasers it is reported [118] that the SMSR decreases with an increase in tuning
current. Following from the formula this decrease cannot be due to a reduced back-facet
reflection, but should be attributed to a decrease in the tuning section selectivity (i.e. a
decrease in δαm) or change in output power.

In figure 2.3a the spectrum of a single mode laser is illustrated. The dependence
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of the SMSR on laser parameters is included in the figure. The spacing between the
side-modes is determined by the length of the laser-cavity. A larger spacing between
modes increases SMSR, in most laser concepts, since selectivity improves.

In order to ensure single-mode operation over the full wavelength range the selectivity
δαm has to be sufficiently high, as defined by formula 2.8. In figure 2.3b the required
δαm · Lcav for 40 dB SMSR is plotted versus the front- and back-facet reflectivity (for
30 mW output power). As stated in equation 2.8, the SMSR depends mainly on the
front-facet reflectivity. Therefore for reduction of the variation of SMSR over the tuning
range a design with a stable front-facet reflection (i.e. without a tuning section at the
front facet side) is preferred.

Minimizing the required gain difference between modes, and reducing the sensitivity
of the SMSR to changes in reflectivity over the tuning range, requires a high value of front
facet reflectivity. Since such a choice would reduce the output power, the choice for front
facet reflectivity is a compromise between the output power and SMSR requirement.

It has to be realized that the used formula for SMSR is an approximation and an
appropriate margin has to be taken in the design. In the design chapters a margin for
SMSR of 5 dB (a factor 3) is taken.

Noise properties

Laser properties described so far relate to steady state operation. Perturbations, both
external and internal to the gain cavity, can push the laser out of this steady state.
External feedback can be avoided by sufficient isolation (electrical and optical) of the
laser from its surroundings. It is assumed that no external optical perturbations are
present and that the laser operates in one single mode.

In addition to the noise in non-tunable lasers, tuning sections provide an extra source
for noise. Typically, the noise contribution by the tuning sections makes tunable lasers
noisier than single section lasers. In this section the impact of the tuning sections on the
intensity noise (Relative Intensity Noise) and the wavelength noise (linewidth enhance-
ment) is treated separately.

RIN On each round-trip through the gain cavity a number of photons is added and
removed from the optical field. As a result the round-trip gain shows a statistical
fluctuation over time. Fluctuations in the cavity round-trip gain result in Relative
Intensity Noise (RIN) or amplitude modulated (AM) noise .

Fluctuations in the round-trip gain and photon density translate to noise in the
output power. The interaction between carrier and photon density is frequency
dependent and at the laser’s relaxation oscillation frequency the coupling between
carrier and photon density is maximal. RIN is defined as the noise power per
frequency unit relative to the average output power. At the relaxation oscillation
frequency (where the noise intensity is maximal over the frequency spectrum) it is
expressed as on page 162 in [85].

That formula describes the AM fluctuations inherent to laser operation. Noise
from tuning sections can add to this. However, in the high frequency range, RIN
is dominated by the inherent laser noise, since current source perturbations at
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these frequencies do not transfer well towards the device (unless the connection is
specifically designed for RF coupling). The contribution of the tuning section to
the RIN is therefore limited to instabilities in the feedback of the tuning section.
With the lasing cavity mode aligned to the maximum in reflectivity of the tuning
sections, the sensitivity of the laser output power to changes in feedback is low.
Therefore, these noise terms do not significantly increase the RIN. In the low
frequency regime extra noise can be introduced by mechanical instabilities. For
most telecommunication applications this low-frequency noise is not relevant, since
the low frequency component in telecommunication signals is removed.

Linewidth The other measure of laser noise is linewidth or frequency modulated (FM)
noise. On each round-trip, along with stimulated emission of photons, spontaneous
emission of photons adds to the optical field in the cavity. This spontaneous radi-
ation has a random phase with respect to the present optical field and hence the
round-trip phase fluctuates over time.

The fluctuations in round-trip phase result in a shift of the cavity mode positions
and hence the lasing wavelength. Theoretically, over time the lasing wavelength
shows a Lorentzian distribution. Linewidth is defined as the 3-dB width of this
distribution. For the laser FM noise a formula is given in [50].

For most single section lasers this intrinsic linewidth is small (< 1 MHz) and
external perturbations play the most significant role (e.g. current source noise,
mechanical vibrations, optical feedback, etc.)[50]. Additionally, for tunable lasers,
the tuning sections add a noise-term. In general, only noise introduced by the
tuning sections is a relevant concern for widely tunable lasers.

Noise terms in the tuning sections can be both electrical (current source noise)
and optical (feedback noise) in nature. The feedback noise is caused by variations
in the reflection phase of external tuning sections. Especially for tuning sections
based on current injection this contribution can be large, since the carrier-density
in the tuning sections is not stabilized (clamped), as in a laser. As a consequence,
small variations in the injection current give relatively large variations in carrier-
density and hence in material refractive index. The increase in linewidth due to
this shot-noise process is given for a tunable DBR laser as [14]:

∆ν = 4π · ε0 ·
c2

λ2
· ((δ∆λ

δIp
)2 · Ip + κL(

δ∆λ

δIB
)2 · IB) (2.9)

In this formula the derivative terms are the change in wavelength of the tunable
laser with a change in phase-section or DBR-section current (the subscripts p and
B, respectively). κ is the grating strength of the feedback elements. The increase
in linewidth is proportional to the variance of the round-trip phase due to the
tuning section noise. Since the round-trip phase is proportional to the wavelength
response of the tuning sections, the derivative of the wavelength is squared in this
formula (page 69 in [11]). For different tunable laser concepts the exact formulation
of the relation between tuning-section noise and linewidth is different (see chapter
6). However, the general trend remains that the increase in linewidth is largest for
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low values of injection-current, where the change of refractive index with current
( δµ

dI ∼ δλ
dI ) is largest. Reducing the current noise and/or not using this low-tuning-

current range can reduce the increase in linewidth reduced.

2.1.2 Tuning sections

In contrast to the gain section, the bandgap wavelength of the material in the tuning
sections is lower than the laser wavelength. Therefore, both absorption and gain are low
and, ideally, there is no interaction between photon and carrier-densities. The tuning is
achieved through a change in material refractive index.

Physics

A change in refractive index ∆µ(λ) of a semiconductor material is coupled to its change
in absorption ∆α(λ) by the Kramers-Krönig relationship [105]:

∆µ(λ) =
λ2

2π2
· P
∫

∞

−∞

∆α(λ′)

λ2 − λ′2
dλ′ (2.10)

Here P denotes the Cauchy principal value [56]. This formula states that a change
in refractive index is correlated to the material absorption over the complete spectrum.
Hence, a change in refractive index can be induced by a change in absorption at any
wavelength in the spectrum. The effect of a change in absorption is stronger close to the
wavelength where the integral is evaluated.

For materials considered here, tuning is achieved by carrier injection into the tuning
layer. This induces a change in the material absorption at the bandgap wavelength,
resulting in a change of refractive index, at the evaluation wavelength.

The main physical effects are ([20], [114]):

Bandfilling Injected carriers occupy states in the conduction band, making these states
unavailable for further interband absorption processes. The carriers occupy states
close to the bottom of the conduction band; hence, especially the absorption at the
bandgap energy decreases. For energies below the bandgap energy this results in
a decrease in refractive index.

Bandgap shrinkage Free carriers in the conduction band repel one another, due to
Coulomb interaction and the Pauli exclusion principle. The carriers are thus not
completely free to move about in the tuning layer and have a reduced energy.
Therefore, the bandgap energy decreases, with increasing injection current. For
energies below the bandgap energy this results in an increase in refractive index.

Free carrier effect Carriers in the conduction band are available to absorb energy and
get excited to a higher energy level within the conduction band, or to an energy
level where the spatial confinement of the surrounding high bandgap material is
lost. For energies below the bandgap energy this leads to an increase in absorption
and a decrease in refractive index.
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Bandfilling and bandgap shrinkage have no impact on the absorption below the
bandgap energy. In contrast, the free carrier effect allows photons with a wide range
of energies to excite a carrier to a higher state in the conduction band. This increase in
material absorption is inherent to current injection. Along with a photon loss mecha-
nism, this is also a carrier loss mechanism, since carriers in the tuning layer are excited
to energies above the bandgap of the surrounding materials. At these energy levels the
carriers are no longer electrically confined to the tuning layer.

In addition to the carrier-density, the temperature is a control parameter for the
refractive index. With an increase in temperature the bandgap energy decreases and
absorption states shift towards lower energies. Similar to the bandgap shrinkage this
leads to an increase of the refractive index. In several tunable laser types this effect is used
for wavelength tuning and tuning range enhancement (e.g. [37]). Power dissipation at
high injection current increases the chip temperature and refractive index, counteracting
the refractive index effects of current injection.

Tuning characteristics

Without the presence of an optical field, without current injection, the refractive index
is given by the intrinsic material refractive index. The carrier-density with injection
current is given by formula 2.1 (s = 0) and is mainly controlled by R(n). It increases

with τ · I for low current and saturates as 1
C · I

1
3 (refer to formula 2.1 and 2.2). The

change in material refractive index is related to this carrier-density, through the before
mentioned physical effects.

The method used for effective index tuning determines the achievable tuning time.
Methods that are fully or partially based on temperature tuning are inherently slow (ms
range). In contrast, with current injection the tuning time is only limited by the carrier
lifetime (ns range). Both tuning methods result in a continuous change in effective
index during tuning [119]. As a result the tuning section is selective for intermediate
wavelengths during switching and tuning is a continuous process. Furthermore, overshoot
and damping phenomena can occur, before stabilization into the final state occurs.

Interaction with an optical field

The interaction between carrier-density and photon density in the tuning sections has
been neglected, thus far. For a small tuning current and low optical power levels this
is a reasonable assumption. However, the incident optical power on the tuning section
generates photocurrent through material absorption. Furthermore, with an increase in
carrier-density the absorption increases, due to free carrier absorption. The latter effect
is largely composition independent (for the InGaAsP materials considered here), but the
former effect depends on the difference between laser-wavelength and tuning material
bandgap. The combined effect on the carrier-density is calculated by including the
photocurrent terms in the formulas 2.1 and 2.3.

Additionally for distributed reflectors in tuning sections the power-density varies
over the length of the element. The carrier-density follows this distribution even with a
homogeneous injection current. As a result the reflection spectrum can be significantly
altered.
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Figure 2.4: a) The reflection spectrum of a DBR section for different bandgap wavelengths of the
tuninglayer material, corresponding to different values of internal loss at he operating wavelength
of 1550 nm. b) The reflection spectrum of a DBR section for different values of carrier-density
in the tuning section, corresponding to different values of free carrier absorption.

In figure 2.4a the response of a DBR (see section 2.2.1) with 15 mW incident power is
shown for different values of tuning material bandgap and no injection current (αfc = 0).
First, with a bandgap wavelength closer to the lasing wavelength, the material absorption
increases. The photo-current increases the carrier-density in the tuning layer and the
resonant wavelength shifts to a lower value. Secondly, the absorption reduces the effective
length of the grating, widening the grating response. And thirdly, since the generated
photocurrent is proportional to the power density, the carrier-density (and thus Bragg
wavelength) is not uniform over the length of the grating. This effect further widens the
resonance.

For this calculation the grating has been divided in short elements, which are assumed
to be uniform and not inter-connected (i.e. no carrier diffusion between these elements).
The simulation tool is described in section 3.4. It is also assumed that the reflectivity is
probed by a single mode laser-source. If illuminated by a broadband source the results
are different, since then the distribution of optical power over the grating is spatially
more homogeneous.

In figure 2.4b the grating reflection is shown for different values of carrier-density or
free carrier absorption (a low bandgap wavelength is assumed as to make αi = 0). The
shift in resonance wavelength and spectrum is again observed, but the wavelength shifts
in positive direction. This is due to the reduction of carriers in the conduction band by
the free carrier absorption process.
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An optimal choice of material bandgap wavelength can reduce the effects of the free
carrier absorption. With a material that has gain at higher injection current the increase
in absorption can be countered [96]. The drawback is however an increased interaction
between photon and carrier-densities and a lower tuning range, since additional current
is used for optical gain.

Figure 2.4 demonstrates that the choice of material composition is important. Tun-
ability of the refractive index (linked to a change in absorption through formula 2.10)
requires material with a bandgap wavelength in the vicinity of the lasing wavelength.
Hence, the design requires a good trade-off between tuning range and material interaction
with the optical field.

As a note, this effect is most pronounced for a front-facet tuning section since incident
power, ideally, is highest at this facet.

A further consequence of the interaction between optical power and carrier-density is
hysteresis in the tuning behaviour. This means that the laser wavelength at a given set
point is dependent on the previous set point and the switching sequence towards that
set point. For a given current setting, multiple stable set points might exist at different
levels of incident power. As a result, any of these stable set points can be addressed by
accessing the channel from specific initial conditions.

Thus, care has to be taken in the switching sequence and the starting point before
switching. This complicates the device control.

The interaction between optical power and carrier-density is not the only source of
hysteresis in semi-conductor devices. Also non-linear material properties can induce
hysteresis, as well as thermal variations over a device.

2.2 Cavity mode selection and tuning

Thus far, the wavelength dependence of the reflection terms RB and RF was neglected.
However, single mode operation of a laser requires a wavelength selective element and
wavelength tuning requires the selection wavelength to be adjustable. In the analysis of
tunable lasers here, only tuning schemes are considered that provide wavelength selec-
tivity through tuning sections, external to the gain section. In the model, these show up
as wavelength dependent mirror reflectivity, RB(λ) and RF (λ).

In this section first the two most common wavelength selective elements are intro-
duced and discussed. Other elements are summarily treated. With this background
information, a listing of selection and tuning schemes is presented.

It should be noted that the new wavelength selective elements, introduced in this
thesis (CSG and T-MMI), are treated in detail in their respective chapters.

2.2.1 Grating

A basic wavelength selective element in integrated optics is the grating. With a peri-
odic variation of the effective index, in the propagation direction of the optical mode,
the distributed reflection adds coherently to create a wavelength dependent reflection
spectrum.
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Figure 2.5: a) Layer stack with a grating. Periodically, a layer in the stack is removed, resulting
in a modulation of the effective index µeff (z). b) The spatial modulation of the effective index
results in a reflection that is resonant at the Bragg wavelength λB, with a maximum reflectivity
rgrating and a spectral width ∆λ. The dependence of the spectrum on device parameters is
indicated in the figure.

Figure 2.5 illustrates how this can be implemented by partial etching of a layer in the
layerstack. The figure shows the longitudinal cross-section of the device and the reflection
spectrum for an optical mode incident on the grating. At each grating-tooth the variation
in effective index µeff (z) results in a small reflection-coefficient. The result is a reflection
spectrum that is resonant at the Bragg wavelength, defined as λB = 2 · µeff · Λ. Here
µeff is the average effective index and Λ is the grating pitch.

The overlap of the optical field with the grating layer determines the strength κ0 of the
grating, defined as the average reflection per unit length (e.g. for a symmetric stepwise

effective index-variation ∆µeff the grating strength is given by 2·r
Λ with r =

∆µeff

2·µeff
).

The exact grating strength depends on the geometry of the grating. For a sinusoidal
variation of the effective index, the grating strength is given by

π·∆µeff

2λB
. For a different

effective index variation, described by µeff (z) =
∑

i αi ·cos(2π ·i · z
Λ ) the grating strength

is derived from the first order Fourier component as α1 · π
λB

.
The reflection spectrum of a grating of length L is described by [11]:

rgrating =
−i · κ0

γ · sinh(γ · L)

cosh(γ · L) + i · ∆β
γ · sinh(γ · L)

(2.11)

rgrating |∆β=0 = −tanh(i · κ0 · L)

∆λ =
λ2

B

2π · µg

√

(
π

L
)2 + κ2

0

In this formula ∆β is the offset of the propagation constant β from the Bragg propa-
gation constant β0 (∆β = β − β0 =

2π·µeff

λ2
B

(λB − λ)). γ2, the effective grating strength,

is defined as κ2
0 −∆β2. The derived parameters in the second line are the reflectivity at

resonance and the distance ∆λ between the first minima around the resonance. These
expressions are correct for low values of κ0 · L.
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The features in figure 2.5 are dependent on the grating strength and the length of
the grating. An increase in either, increases the reflectivity. The width of the resonance
increases for a higher grating strength and decrease with an increasing grating length.
For a short grating the dependence on grating length is most pronounced.

2.2.2 Sampled grating

A sampled grating is created by alternating grating burst sections (of length Lb ) with
propagation sections without grating (of length Lp). At wavelengths where the reflection

from the different burst-sections is in-phase (i.e.
2·(Lp+Lb)·µeff

λ = integer) the sampled
grating is in resonance. This is illustrated in figure 2.6.

An analytical description for the sampled grating reflection spectrum is available from
[54], where it is shown that, at each resonance k in the sampled grating spectrum (with
the center resonance having index 0), the reflection-spectrum rsg(λ) is described similar
to the grating formula 2.12 (with an effective grating strength κ(k)):

rsg(λ) |near peak k =
−i · k(k)

γ sinh(γ(k) · Lsg)

−cosh(γ(k) · Lsg) + i · ∆β(k)
γ(k) · sinh(γ(k) · Lsg)

with

∆β(k) =
2π · µ(λ)

λ
− π

Λ
− π · k

Lb + Lp

κ(k) = κ0 ·
Lb

Lb + Lp
·
sin(π · k · Lb

Lb+Lp
)

π · k · Lb

Lb+Lp

e
−i·π·k·

Lb
Lb+Lp

γ(k)2 = κ(k)2 − ∆β(k)2

Lsg = total length of grating = (Nsg + 1) · Lb

µ(λ) = effective index at the wavelength λ

Nsg = number of propagation sections (2.12)

Similar to the grating, the reflection at resonance and the spectral distance between
minima around resonance are calculated for the sampled grating:

rsg(k) = −tanh(i · κ(k) · Lsg) and ∆λ(k) =
λ2

2π · µg

√

(
π

Lsg
)2+ | κ(k) |2 (2.13)

Comparing this formula to the grating formula 2.12 shows that the central resonance
(k = 0), in the sampled grating spectrum is described by the grating formula, with
κ(0) = κ0 · Lb

Lb+Lp
. For resonances off from the center resonance the effective grating

strength decreases. These resonances thus have a lower reflectivity and are narrower
than the center resonance (formula 2.13).

The features in figure 2.6 are dependent on the parameters grating strength, sampled
grating length, burst section length and periodicity. The spacing between resonances is

determined by the sampling period as λ2

2·µg ·(Lb+Lp) . The reflectivity of the resonance at
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Figure 2.6: a) Layer stack with a sampled grating. In addition to the periodical variation in
effective index, the grating is periodically removed. B) This additional effective index modulation
results in a spectrum with multiple resonances. At the Bragg wavelength λB the fundamental
resonance (k=0) is located. Higher order resonances are also shown. The spacing between peaks
λspacing is dependent on the periodicity of the grating.

the Bragg wavelength is given by the effective length of the grating ( Lb

Lb+Lp
·Lsg) and the

grating strength. The reflectivity for higher order resonances depends on the effective
grating strength. With more closely spaced resonances, the number of resonances within
the tuning range increase and the variation in reflectivity over the tuning range is larger.
Similarly, variation in reflectivity of the resonances over the tuning range is increased by
a longer burst section length (with equal periodicity).

Equation 2.12 is based on the assumption that the grating pattern is applied contin-
uously and is removed afterwards in the propagation sections. As a result the different
grating burst sections are phase-coherent with one another at the Bragg wavelength. For
a grating manufactured with a holographic projection this condition necessarily holds
true, in contrast with gratings made by e.g. phase-shift masks or e-beam writing. The
main consequence is that the center sampled grating resonance is at the Bragg wave-
length.

Variants on the sampled grating have been demonstrated that allow for optimization
of the reflection spectrum. These methods either vary (chirp) the pitch of the grating
over a grating burst section or between grating burst sections [107] or introduce phase-
shifts at specific positions in the tuning section [52]. The former method aims to reduce
the wavelength dependence of the sampled grating reflectivity, while the latter alters the
shape of the reflection spectrum.

2.2.3 Alternative selection elements

Though the (sampled) grating is the most commonly used selection element in integrated
tunable lasers, other elements are available for wavelength selectivity:

Grating enhanced Vertical Coupler Filter [24] This element consists of two, ver-
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tically integrated, coupled asymmetric waveguides. Thanks to close proximity, light
in one waveguide couples to the other waveguide over the coupling-length, deter-
mined by the difference in effective index between the modes in both waveguides.
This length is typically long, but by including a grating between the waveguides,
of which the length equals the distance over which the two modes build up a 2π
phase difference, the coupling-length is reduced significantly. This grating also
adds a stronger wavelength selectivity to the transmission.

This element works in transmission mode and insertion loss is sensitive to the
length of the structure. The transmission spectrum is too wide to provide good
cavity mode selectivity. However, combined with an element that provides a multi-
resonance reflection spectrum the vertical coupler filter is used for the selection of
one of the resonances, leaving mode-selection to the other element. The combined
structure can offer good resonance selectivity.

Digital Supermode DBR [88] This element is a sequence of short grating sections,
all offset in Bragg wavelength from one another. With no injection current, the
separate resonances from these sections combine into a mostly flat reflection spec-
trum. Current injection into one of the sections causes the resonance wavelength of
that grating to shift towards lower wavelength and to shifts its spectrum to over-
lap with a spectrum of another section. The resultant spectrum has an increased
reflectivity at that wavelength and allows for wavelength selection.

Each separate DBR section is short, resulting in a wide reflection spectrum and
poor cavity mode selectivity, but as for the tunable laser with the vertical coupler
filter, the Digital Supermode DBR is used to select a resonance from an element
with a reflection spectrum with multiple resonances.

Free space grating [83] This free space optics element has an HR coated surface, with
periodically etched grooves on the surface. A collimated beam, incident on such a
plate, is reflected under an angle that depends on its wavelength. A broad incident
spectrum is therefore angularly separated after reflection. Wavelength selection is
achieved by providing optical feedback over only a small angular range. This is
done by placing a small reflecting surface at a distance from the free space grating.
Placed under the correct angle, this mirror reflects light back onto the free space
grating, with a good overlap to the initial beam.

This element can provide excellent cavity mode selectivity by placing a small mirror
at a sufficient large distance (order of mm’s) from the free space grating.

Fabry-Perot etalon [35] This element is a medium between two parallel reflecting sur-
faces (typically coated air-glass or air-silicon interfaces). The transmission spec-
trum of this element has multiple resonances, spaced according to the distance
between the reflectors. Transmission of light, incident perpendicular to the reflec-
tors, can be close to unity. However, to avoid reflections within the laser cavity the
etalon has to be placed under an angle, increasing the insertion loss. For highly
selective resonances the two reflecting surfaces needs to have high reflectivity.

Using two of these elements with different periodicity between the resonances a
wavelength is selected, where two resonances overlap. By tuning, either thermally
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or mechanically, the spectrum of one of the etalons can be changed, as well as
the wavelength of overlap between resonances. This element provides excellent
wavelength selectivity [35].

MEMS mirror[30] In a short cavity (e.g. a VCSEL) only one cavity mode is available
within the gain spectrum. Control over the wavelength is achieved through the
optical length of the cavity. A MEMS (Micro-Electro-Mechanical System) moving
mirror in the cavity provides this control. Displacement of the mirror is typically
achieved through application of a voltage.

The short cavity of a VCSEL enables a large wavelength change through a small
mirror-displacement. Because of the VCSEL’s large cavity mode spacing the mirror
does not need to provide mode selectivity, since within the gainpeak width only
one cavity modes is available.

Array selection [81] [86] Instead of a complicated tuning scheme, different tunable
lasers with a narrow tuning range can be combined to achieve a wide tuning range.
The coupling of these lasers into one output channel can result in significant loss,
which has to be compensated for by an optical amplifier (potentially integrated
on the chip) [81]. Alternatively an active coupling scheme has been demonstrated,
where the coupling of each separate laser to the output channel can be controlled
by the tilt of a MEMS mirror [86]. Each laser in the array can be activated or
deactivated separately.

Typically, the wavelength selectivity and properties of the widely tunable laser
is defined by the worst quality laser in the array. However, since each device is
optimized for one small wavelength range typically the mode-selectivity is excellent.

This description is by no means complete and other functional elements have been
presented. The above list however, comprises the most used concepts for wavelength
selection in widely tunable lasers.

2.2.4 Selection and tuning mechanisms

The basis for tunable laser operation is the ability to select one out of many cavity
modes and to either tune this cavity mode or select any other cavity mode, within the
tuning range. In the previous subsections, the elements for wavelength selection were
introduced. Here, the use of these elements for wavelength tuning is described.

Wavelength selective elements, known so far in integrated lasers, show either limited
wavelength selectivity over the tuning range or limited tuning range (typically less than
15 nm). Therefore, for integrated devices, one of the following three strategies (illustrated
in figure 2.7) is used to create a widely tunable laser:

Reduction of the number of cavity modes Selection of one single cavity mode is
achieved by reducing the cavity length. This increases the wavelength spacing
between cavity modes up to the point that only one mode is present over the full
spectral width of the gainpeak. Tuning is achieved by changing the (optical) cavity
length. Since the mode spacing is larger than the available tuning range the change
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Figure 2.7: The selection and tuning mechanism for integrated widely tunable lasers. In each
graph a thin long vertical line indicates the lasing wavelength. a) Reduction of number of cavity
modes. Within the gainpeak (dotted curve) only one cavity mode has sufficient gain. Tuning is
achieved by shifting the selected cavity mode. b) Resonance selection by course filter. One of
the resonances in the multi-resonance spectrum (thick dashed curve) is selected with the coarse
filter. By shifting the multi-resonance spectrum (thin dashed curve) the wavelength is tuned over
a small wavelength range. By shifting the filter wavelength, other resonances are selected. c)
Resonance selection by Vernier effect. Two multi-resonance spectra (solid and dashed curve)
with different spacing between resonances only have an overlap in resonance at one wavelength.
By shifting both spectra simultaneously the selected wavelength is tuned over a small wavelength
range. By shifting only one of the two spectra, two resonances at a different wavelength overlap.
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in cavity length required is less than half the operating wavelength (assuming the
added cavity length is in air).

Resonance selection by coarse filter The combination of an element with several
highly selective resonances, but with a limited tuning range, and a broad spectrum
(with a wide tuning range), results in a tunable laser that can select a cavity mode
and be tuned over the full tuning range. Essentially the resonance selection is
provided by the broad spectrum, while the cavity mode selection is provided by
the multi-resonance spectrum. Fine wavelength control within the broad spectrum
is realized by tuning the multi-resonance spectrum, while tuning of the broad
spectrum selects another resonance and provides the coarse tuning.

Resonance selection by Vernier effect Cavity mode selection is provided by two
spectra with multiple narrow resonances. The spacing of these resonances is differ-
ent for the two spectra. Overlap of two resonances at one wavelength implies that
the other resonances do not overlap within the tuning range. Through the selec-
tivity of the combined resonance, a mode at this wavelength is selected. Tuning of
the selected resonance is achieved by tuning both spectra simultaneously. Overlap
of the resonances in both spectra remains. Other resonances can be selected by
tuning only one of the spectra. As a result the previously overlapping resonances
misalign and a different combination of resonances overlap. This tuning mechanism
is known as the Vernier effect.

2.3 Analysis of tunable laser concepts

With the background information provided in the preceding sections, the different con-
cepts, in section 1.2, can be compared on performance in the most relevant areas for
widely tunable laser operation:

A. optical output power
B. single mode operation
C. variation of power and SMSR over the tuning range
D. tuning complexity and stability
E. wavelength tuning time
F. device size
G. technological complexity
An analysis of these features for the key types of widely tunable lasers is given below.

These types are Extended Cavity Lasers (ECL), Vertical Cavity Surface-Emitting Lasers
(VCSEL), Array concepts (which combine several low tuning range lasers, either through
passive or active coupling) and monolithically integrated single cavity concepts.

A. Optical output power

ECL The amount of feedback from the extended cavity is determined by the
coupling efficiency of the optical mode in the chip to a collimated beam. Since
this collimated beam is projected back into the original mode the coupling
loss is low, when alignment is well controlled.
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For an ECL based on a free space grating, only the power incident on the
mirror remains within the cavity. By design, near-unity reflection values are
achievable ([83], chapter 9). The reflectivity of the small mirror limits the
amount of light reflected back into the gain section.

For the ECL-concept based on tunable etalons, optical intensity is lost at
each pass through an etalon, on account of the required tilted configuration.
Careful alignment of the etalons is needed to both reduce this loss term and
avoid reflection back into the laser chip.

With an optimized front-facet reflectivity ex-fiber output powers higher than
13 dBm over the complete tuning range have been demonstrated for both
types of ECL’s [15] [35].

VCSEL Feedback from the non-wavelength selective mirrors is high (typically
higher than 90%). However, the short gain section and the required small
aperture, for single mode operation, make the mirror loss comparable to the
gain. Furthermore to prevent device heating, the injection current needs to
be low.

Tunable VCSEL at 1550 nm have been demonstrated with output power
higher than 0.5 mW [60] over a limited tuning range. To achieve significantly
higher output power external amplification is required (either by a Semicon-
ductor Optical Amplifier or a Erbium Doped Fiber Amplifier). Alternatively,
to overcome the thermal limitations of current injection, optical pumping is
used. Fiber-coupled output power of 10 mW over a 65 nm wavelength range,
and 20 mW over a 27 nm wavelength range have been demonstrated with this
approach [61].

Array concepts The output power for the separate lasers depends on their re-
spective tuning mechanism. Given the low tuning range for each device, op-
timization of feedback is easier and 20 mW operation has been demonstrated
for each of the used narrowly tunable devices [96] [37]. The passive combining
of the signals of the separate devices into one output leads to optical loss.
Hence, optical amplification (either integrated or hybrid) is required to reach
20 mW of output power. For laser-arrays where each laser is directly coupled
to the output waveguide, by controlling the tilt of a mirror (active coupling),
this loss term is prevented. The laser with lowest output power determines
the output power of the widely tunable laser.

Both for actively and passively coupled tunable laser arrays output power
higher than 20 mW over more than 35 nm has been demonstrated [81] [86].

Integrated concepts Efficient coupling between gain and tuning sections can
easily be achieved in integrated lasers. Loss is typically a few percent. Based
on the limited chip length (1-1.5 mm) and the available reflector types, the
optimized feedback from a tuning section is typically calculated around 50%
(e.g. [115] or [88]). The inherent free carrier absorption with current injection,
however reduces the reflectivity over the tuning range.

So far the widely tunable laser concepts based on monolithic integration have
had difficulty showing fiber coupled output powers of 20 mW over the full
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tuning range. Loss, due to limited fabrication control or due to design trade-
off, and variation over the tuning range, have yielded lasers with ex-facet
output power of 25 mW over 25 nm, [44] and 5 mW over 40 nm, [38], for a
GCSR and SG-DBR chip respectively. Higher output power can be achieved
by integrating an SOA in the optical path. SG-DBR operation with 20 mW
fiber-coupled power has been demonstrated with this concept [67]. Recently,
the sampled grating Y-branch laser has demonstrated 20 mW ex-facet power
over a 40 nm tuning range[116].

Inherently, a concept with a tuning section between front-facet and gain sec-
tion (such as the SG-DBR) generates less output power than the concepts
with the gain section directly at the front-facet (such as GCSR and sampled
grating Y-branch laser). With no injection current the difference between
these two variant is marginal, since front facet tuning section absorption is
low and similar values of front-facet reflection can be realized. However, with
current injection in the tuning section at the front-facet, the reflectivity is
reduced (increasing the threshold current) as well as the tuning section trans-
mission (reducing the output power). Therefore the maximum output power
over the tuning range that can be generated with a tuning section between
gain section and front-facet is low.

B. Single mode operation

ECL The hybrid wavelength selective elements typically require the cavity to be
several mm long. This results in a cavity-mode-spacing between 0.1 and 0.2
nm (cavity lengths of 6 - 12 mm). The separate selection element typically
provides sufficient selectivity to select a single cavity mode. SMSR better
than 40 dB is demonstrated over the full tuning range [15].

VCSEL Thanks to the short gain section length the mode spacing is typically
wider than the gainpeak width. Since only one mode is present within this
range, single mode selectivity is excellent. However, care has to be taken that
a higher-order transversal mode does not start lasing under the influence of
spatial hole burning or a too large aperture size. SMSR better than 40 dB is
reported [62] [100] [71].

Array concepts Cavity mode spacing is given by the separate lasers and is typ-
ically in the range 0.3-0.5 nm. Since the separate lasers are optimized and
based on well-known principles, SMSR better than 40 dB can typically be
achieved (both with DFB and DBR type lasers).

Integrated concepts Since the chip is of limited length, the cavity mode spacing
is in the range 0.3-0.5 nm. However, the limited size of the selection element
makes optimization of the feedback selectivity a design trade-off with reflec-
tivity. The selectivity of an ECL or a DFB laser is not matched. Routinely,
SMSR better than 35 dB is achieved [15] [44]. For the sampled grating Y-
branch laser recently 40 dB SMSR was achieved over the full 40 nm tuning
range, at a 20 mW ex-facet output power [116].

C. Variation of power and SMSR over the tuning range
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ECL Thanks to the mechanical tuning scheme, without a wavelength dependent
absorption and injection current induced absorption, the variation of the feed-
back over the tuning range is small. Therefore, the variation over the tuning
range is mainly determined by the dependence of optical gain on wavelength.

VCSEL The mirror reflectivity in a VCSEL is typically wavelength independent.
Combined with a short gain section, resulting in small gain variation, the
device is expected to be wavelength independent over a wide tuning range.
However the topside reflecting mirror is displaced during tuning and as a result
the reflection back into the gain section is changed. Optical power variation
over the tuning range of about 8 dB is reported [100].

Array concepts Since each separate laser performs differently the variation over
the tuning range is given by the laser-to-laser variation and the inherent varia-
tion of the used tuning concept over the small tuning range. Since these lasers
require significant temperature tuning the variation over the tuning range can
be significant. Power-variation over a 16-DFB-array is reported as low as 0.5
dB, at a fixed temperature [81].

Integrated concepts Since free carrier absorption is an inherent part of the op-
eration of integrated concepts the tuning section reflectivity can reduce sig-
nificantly. Values up to 3 dB change in output power have been reported [38].
For devices with a front facet tuning section the variation is higher, since the
impact of free carrier absorption is present at both facets. For the sampled
grating Y-branch laser a value as low as 1.2 dB variation has been reported
[116]. In a similar argument as for the output power, the variation over the
tuning range in output power is expected to be larger for integrated concepts
with a tuning section between front-facet and gain section.

D. Tuning complexity and stability

ECL The dependence of wavelength on the position of the mirror (for the device
based on a free space grating) [72] or on the length of the etalons is well
understood and straightforward. However, for the device based on the free
space grating the control over the exact position and angle of the reflecting
mirror is complex, demonstrated by the use of multiple actuators to control
the position of the mirror. An active control-loop is used to stabilize the
coupling efficiency. This might be considered an advantage since it can be
used to compensate for shocks and vibration.

Device operation is highly simplified by the independent setting of wavelength
(through the external cavity) and the output power (through the gain section
current).

VCSEL Wavelength selection is through the movement of a mirror and is contin-
uous. This device allows for straightforward control over device wavelength
and a separate control for output power.

Array concepts Coarse wavelength selection is digital in nature, since one laser
out of the array is activated. The complexity of the widely tunable laser
is based on the complexity of the narrowly tunable laser. Typically, this
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is relatively straightforward (either thermal tuning or through two separate
tuning currents). For the actively coupled device the control over the mirror
position is achieved by 4 actively controlled signals [108], complicating the
control scheme considerably. As for ECL’s, the use of an active feedback
loop, to control the coupling to the output fiber, can be an advantage in
compensating for shocks and vibration.

Integrated concepts The control over the wavelength and power of these devices
is highly interdependent, due to the thermal and phase interaction between
sections. Furthermore the tuning scheme either uses a course filter to select a
resonance or uses Vernier tuning. Both control schemes require control over
two tuning-elements and at least an additional phase control. Most devices
need a wavelength locker to stabilize the wavelength.

E. Wavelength tuning time

ECL The tuning is either mechanical or thermal, resulting in tuning time in the
ms range [15].

VCSEL The mechanical tuning, over short distance, results in tuning time in the
order of 200 µs or more [71].

Array concepts Coarse tuning of these devices entails the on/off switching of two
devices and tuning to the correct wavelength. The tuning time is therefore
limited to µs, with a ms time frame if temperature tuning is required.

Integrated concepts The tuning time of integrated concepts is in the order of
ns, if based on carrier-density tuning (for most concepts) [106] [120]. Temper-
ature tuning reduces the tuning time to the ms range, but is in these devices
typically not used (for this very reason).

F. Device size

ECL The size of a gain section with an extended cavity is in the order of several
tens of mm2, due to the required coupling optics and for one concept the
required angular selectivity of a reflecting mirror. For the concept based on
etalons the size is determined by the dimensions of the etalons (typically
several mm length per etalon to achieve a narrow cavity-mode-spacing).

VCSEL The size of the VCSEL itself is small (order of 0.05 mm2), but since exter-
nal amplification is required to generate sufficient output power the complete
assembly is large (estimated at several cm2).

Array concepts The size of the array is larger than separate tunable lasers, due
to the size of the coupler and/or amplifier and the number of devices per chip.
An estimate for chip size is 1500 x 500 µm2 for passively coupled devices
(which includes the devices, the coupling optics and the optical amplifier).
For the actively coupled devices the size can be smaller (approx. 500 x 500
µm2), but an external active coupling device is needed, which increases total
size (order of 10s of mm2).

Integrated concepts The size of these chips is typically small, of the order of
400 x 1500 µm2.
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G. Technological complexity

ECL The technology for chip fabrication is a relatively simple and high yielding
process. The fabrication of the reflecting mirror with MEMS actuators is more
novel, but builds upon experience with silicon technology. The real challenge
of these concepts is in the low cost/high reliability assembly.

VCSEL The fabrication of VCSEL’s at 1550 nm is difficult because of limited
refractive index contrast in the material system that can generate optical
gain at this wavelength. High reflectivity requires thick mirror stacks and
the device is therefore difficult to fabricate. Alternatively, a mirror stack
fabricated in a material with higher refractive index contrast, can be wafer-
fused to the gain-material. The requirement of a moving mirror increases the
complexity. Fiber coupling is however more straightforward for a VCSEL, if
no other chips (optical amplifiers) are needed in the optical path (i.e. when
the device is used for a low power application).

Array concepts The advantage of this concept is the use of well-established
narrow-tuning concepts. The technological complication is in process control
to ensure operation of each laser in an array. In the case of active coupling
the accent is on process control as well as on optimization of the packaging
scheme.

Integrated concepts The difficulty with these concepts is process control, since
integration requires different layer-stacks and a large number of processing
steps on a wafer. Packaging is similar to other lasers and therefore relatively
straightforward.

The above analysis is condensed into table 2.1, with a plus, zero or minus sign to
indicate the performance of each type of laser on a particular parameter. A generalized
conclusion is that ECL type lasers are superior in performance to the other concepts.
The cost in packaging and the associated concerns for stability and shock resistance,
however, do not make this necessarily the best choice for network applications.

Whereas the low-power VCSEL can prove to be a short-range low-cost alternative
for specific applications, the other concepts provide a direct alternative to the ECL in
the metro and long-haul market. The main interest in these devices is the potential for
low-cost manufacturing and a small package footprint. A concept that provides the lower
cost and smaller footprint, at a sufficient performance level, is preferable to ECL-type
widely tunable lasers. Furthermore specific applications require properties that are not
achievable with an ECL, such as a short wavelength tuning time.

Array concepts don’t have the promise of low cost, due to their complex processing
scheme and/or their additional required components (either an integrated amplifier or
an external MEMS mirror). Also, they do not possess the ability to reduce tuning
complexity, since a large number of contacts are required to control the current injection
in these arrays. Therefore, overall they are inferior to a good integrated concept.

In this section it was shown that for integrated widely tunable lasers the presence of
a tuning section at the front-facet limits the available optical power from the device and
increases the variation of power and SMSR over the tuning range, while not providing a
clear performance advantage.
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For these reasons it is worthwhile studying alternative integrated concepts that have
the potential to provide the required performance level. In the chapters 4 and 5 alter-
native and improved concepts for integrated tunable lasers, without a tuning section at
the front-facet, are analyzed and demonstrated.
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ECL + + + + - - 0
VCSEL Electrical injection - + - + 0 - -

Optical injection 0 + - + 0 - -
Array DFB-array with MEMS active mirror + + 0 + - - -

DFB-array with MMI coupler + + 0 + - + +
DBR-array with MMI coupler 0 0 0 0 - + +

Integrated SG-DBR - 0 - 0 + + +
GCSR + 0 - 0 + + +

Binary supermode DBR 0 0 0 0 + + +
Modulated Grating Y-branch laser + 0 0 0 + + +

Table 2.1: Comparison of tunable laser categories for most relevant areas of operation. A +
sign indicates that the laser-type provides an advantage, in comparison to the other concepts,
for the listed performance parameter. A - sign indicates a disadvantage and 0 means that this
parameter is neither a positive or negative differentiator.
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Chapter 3

Simulation tools

Integrated photonic components often present a level of complexity that is not easily
described by analytical formulas. Design optimization and explanation of experimental
data require tools that are capable of capturing this complexity.

In this chapter the simulation tools, used in this thesis, are described. Modeling of
material in the InP-InGaAs system is treated in section 3.1. In section 3.2 the commercial
software that was used for optical simulations is introduced. In sections 3.3 a custom
tool for electrical simulations is described and finally, in section 3.4, a tool for device
simulation of tunable lasers is presented.

3.1 Material model

At the basis of a reliable simulation is a good description of the structure that is being
simulated. Therefore, the description of optical and electrical properties of material in
the InP-InGaAs system is crucial for this thesis. In this section, first the refractive index
and absorption of material with no carrier injection is described. Later, the dependence
of these parameters on carrier-density is added.

3.1.1 Intrinsic material properties

Material in the InP-InGaAs system is denoted as In1−xGaxAsyP1−y, where the sub-
scripts x and y are the atom ratio of Gallium (Ga) and Arsenide (As), compared to In-
dium (In) and Phosphide (P), respectively. Lattice matched quaternary material, which
is used here solely, is alternatively notated by its bandgap wavelength (e.g. Q1.30 for
quaternary material with a bandgap wavelength of 1.30 µm). For lattice matched mate-
rial, the Ga and As content are related as x(y) = 0.4541

1−0.029y [57] and material parameters

can be expressed as a function of only the As-fraction (y).

Tunable laser devices, discussed here, are mounted on a temperature controlled plat-
form. Hence, the chip temperature is independent of the ambient temperature. However,
energy dissipation in the chip, in combination with a finite thermal conductance to the
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platform, makes the temperature of the, epi-up mounted, device dependent on the ap-
plied currents. Where available, the temperature dependence of material parameters is
included in the model.

Refractive index

Both empirical and theoretical models are available to describe the refractive index of
quaternary materials [109] [59] [26]. In general, good correspondence between these
models is achieved, both in trend and value. Here, the choice is made to use empirical
data to describe the refractive index, because of the proven validity and to simplify the
calculations. The refractive index description used here is from a model by Adachi [5],
fitted to measurements in [29] and [114]. This model for refractive index is appropriate
for lattice matched material, at and around room-temperature, for photon energies below
the direct bandgap energy Eg down to 0.5 eV.

The refractive index µ of a quaternary material, with As-fraction y, at the photon-
energy E and temperature T (in Kelvin), is expressed as:

µ2(y, E, T ) = A(y) · (f(z(y, E, T )) +
1

2
· ( Eg(y, E, T )

Eg(y, E, T ) + ∆0(y)
)

3
2 · f(z0(y, E, T )))

+B(y) +
1

ε0
· dε∞(y, T )

dT
· (T − 300)

f(z) =
2 −

√
1 + z −

√
1 + z

z2

z(y, E, T ) =
E

Eg(y, T )

z0(y, E, T ) =
E

Eg(y, T ) + ∆0

A(y) = 8.616− 3.886 · y
B(y) = 6.621 + 3.461 · y (3.1)

In this formula Eg is the direct bandgap energy and ∆0 is the split-off valence band
energy (the lowest energy level for holes in the valence band, beyond the light and heavy
hole energy band). ε0 and ε∞ are the permittivity of free space and the high-frequency
permittivity, respectively.

The temperature and composition dependence of the bandgap energy is expressed as
[57][7][5]:

Eg(y, T ) = Eg(y, 300K) +
dEg

dT
· (T − 300) (3.2)

= (1.35− 0.72 · y + 0.12 · y2) − (3.18− 0.41 · y + 0.61 · y2) · 10−4 · (T − 300)
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For the remaining parameters in formula 3.1 the following expressions are used [84][5]:

∆0 = 0.118 + 0.225 · y
ε∞(y, T )

εo
= 9.55 + 2.2 · y + 5.16 · 10−4 · (T − 300)

(3.3)

Material absorption

For the material absorption around the bandgap energy consistent descriptions are not
abundantly available. A model for the absorption at photon energies above the bandgap
energy is given in [20]. For the description of the absorption below the bandgap energy
an empirical formula is available from [18].

The formulation for the Urbach tail (α(y, E, T ) for E < Eg + ∆Eg , with ∆Eg the
bandgap shrinkage, due to carrier injection and E the photon-energy) is derived from
measurements on InP substrates [18]. It is assumed that the value of the slope (given
by E0) is equally valid for quaternary materials. Since the detuning of the operating
wavelength from the tuning material bandgap is less than 100 meV, the Urbach tail
dominates the below bandgap absorption and no correction for impurity absorption is
required [18].

α(y, E, T ) =
Chh(y)

E
·
√

E − Eg(y, T )− ∆Eg · (fv(Evh) − fc(Ech))

+
Clh(y)

E
·
√

E − Eg(y, T )− ∆Eg · (fv(Evl) − fc(Ecl))

for E > Eg + ∆Eg

= C(y) · e
E−Eg(y,T )

E0

for E < Eg + ∆Eg

With

C(y) = (1.004− 1.318 · y + 0.517 · y2) · 105

Chh,lh(y) = C(y) ·
µ

3
2

hh,lh

µ
3
2

hh + µ
3
2

lh

µhh,lh = (
1

me
+

1

mhh,lh
)−1

Ech,cl = (E − Eg − ∆Eg)(
mhh,lh

mhh,lh + me
)

Evh,vl = (E + Eg − ∆Eg)(
me

mhh,lh + me
)

fc,v(E) = (1 + e
E−Fc,v

kB ·T )−1

E0 = 7.1 meV (3.4)

In this formula C, Chh and Clh are empirical absorption constants [114]. fc and fv

are Fermi-factors and Fc and Fv are the quasi-Fermi energy levels. The subscripts v
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and c denote the valence and conduction band, respectively. The factors Ech,cl,vh,vl are
the energies associated with the interband transitions. The subscripts denote that the
energies are relative to a zero at the conduction (c) or valence (v) band edge and that
the transition is to a light (l) or heavy (h) hole state. µhh,lh is the joint density of states
effective mass for light (lh) and heavy holes (hh). E0 is the bandgap tail energy and kB

is the Boltzman constant.

This description is not continuous around the bandgap energy. However, the interest
here is for photon-energies at least 25 meV below the bandgap energy of the tuning layer.
The expression for energies above the bandgap energy is only used in the Kramers-Krönig
formula (where the change in below bandgap absorption is neglected), for calculating the
dependence of the refractive index on carrier-density. Therefore, the discontinuity at the
bandgap energy is of no concern for the simulations in this thesis.

The electron and hole mass for the quaternary system is given by [7][57][29] (with
m0 the free electron mass, and the subscripts denoting electron (e), light (lh) and heavy
(hh) hole):

me = (0.08− 0.039 · y) · m0

mhh = (0.12− 0.092 · y + 0.024 · y2) · m0

mlh = (0.12− 0.092 · y + 0.024 · y2) · m0 (3.5)

3.1.2 Impact of carrier-density

A layer, surrounded by material of higher bandgap energy, provides electrical confinement
of carriers. Injection of carriers in that layer results in an increased carrier-density. This
is the case for both the tuning layer in the tuning section and the quantum wells in the
gain section. For this thesis it is assumed that these layers are not intentionally doped
(i.e. n = p with n and p the carrier-density for electrons and holes, respectively).

The material’s refractive index and absorption are correlated through the Kramers-
Krönig relationship [3] (formula 2.10). A change in material absorption affects the re-
fractive index.

Three electro-optical effects cause a change in optical properties with carrier-density.
These are free-carrier absorption, bandfilling and bandgap shrinkage. The free carrier ab-
sorption is described independently, but the latter two effects are linked. The description
given here largely follows the work in [114].

Carrier-density

The carrier-density in a layer can be calculated by solving the steady-state rate-equation
(formula 2.1):

dn

dt
= 0 =

I

e · Va
+

dnphoton

dt
− Ileakage

e · Va
− R(n) (3.6)

This equation states that the steady-state carrier-density is a function of electrically
injected carriers I

e , optical injected carriers
dnphoton

dt , carrier escape
Ileakage

e·Va
from the layer

and the spontaneous decay processes R(n) (defined in equation 2.2). Va is the volume
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of the layer. For the calculation of R(n), the following parameters are used [114]:

τ = 5 · 10−9 s−1

B = 1 · 10−16 m3

s

C = 7.5 · 10−41 m6

s
(3.7)

The leakage of carriers out of the confined layer is set to zero, as it usually is only
significant at high carrier-density.

Free-carrier effect

A carrier in the conduction band can be excited to a higher energy-level within this band
by the absorption of a photon. The more carriers there are available in the conduction
band, the stronger this absorption mechanism is. Given that the bandgap discontinuity
in a layerstack is mostly lower than the photon energy, the excited carrier is free to
escape the electrical confinement of the high bandgap material around the layer. The
free carrier absorption, for photons at energy E, is expressed by [114] [20] [27]

∆αfc(E) = 3.1 · 10−22 · n + 4.252 · 10−20 · e−3.657·E·p (3.8)

Through the Kramers-Krönig relationship the change in refractive index is calculated
[105]:

∆µ(E) = − h̄2 · e2 · n
2 · ε0 · µr · me · E2

− h̄c

πe
· α0

2E
· (e−b·E · Ei(b · E) + eb·E · E1(b · E)) · p

α0 = 4.252 · 10−20 m2

b = 3.657 eV −1

Ei(z) = γ + ln(z) +

∞
∑

n=1

zn

n!n

E1(z) = −γ − ln(z)−
∞
∑

n=1

(−1)n · zn

n!n

γ = 0.577215664 (Euler constant) (3.9)

In these formulas Ei(z) and E1(z) are the Euler functions. E is again the photon-
energy at which the free-carrier absorption is evaluated.

Bandfilling and bandgap shrinkage

Carriers in the conduction band occupy states that were available for photon absorp-
tion. Additionally, at sufficient density these carriers repel one another, due to the Pauli
exclusion principle and overlap in their wave-functions [20]. The induced screening po-
tential, that lowers a carrier’s energy, reduces the material’s bandgap energy. Both these
processes act simultaneously and are treated here as such.

57



The bandgap energy shrinkage due to the screening potential, is expressed as [117]:

∆Eg(n) = −0.13

εs
· ( n

ncr
− 1)

1
3 for n > ncr

ncr = 1.6 · 1030 · ( mc

1.4 · εs · m0
)3

εs = (12.4 + 1.5 · y) · ε0 (3.10)

With ncr the critical carrier-density for bandgap shrinkage and εs the static dielectric
function.

In formula 3.4 the term for bandgap shrinkage (∆Eg) was included.

The effect of bandfilling is calculated by solving the Fermi level energy and inserting
this in formula 3.4:

Fc = kBT (ln(
n

Nc
) +

n

Nc
· (64 + 0.05524 · n

Nc
· (64 +

√

n

Nc
))−

1
4 )

Fv = −kBT (ln(
p

Nv
) +

p

Nv
· (64 + 0.05524 · p

Nv
· (64 +

√

p

Nv
))−

1
4 + Eg)

Nc = 2 · (mc · kBT

2 · π · h̄2 )
3
2

Nv = 2 · (m
3
2

lh + m
3
2

hh)(
kBT

2 · π · h̄2 )
3
2 (3.11)

Here Nc and Nv are the effective density of states in the conduction and valence
band, respectively. Fc and Fv are the carrier dependent quasi-Fermi levels, given by the
Nilsson approximation [79]. Remember that the tuning layer is assumed non-doped (i.e.
n = p).

The change in refractive index for a given value of carrier-density is calculated through
the material absorption at zero carrier-density and at a given carrier-density. The
Kramers-Krönig integration is then performed. Since the evaluation wavelength is al-
ways below the material bandgap, this function can be evaluated without discontinuity.
However, no analytical formula is available, which makes numerical evaluation necessary.

In the evaluation of the Kramers-Krönig relationship, with respect to bandgap filling
and bandgap shrinkage, absorption changes at energies below the bandgap energy are
neglected. The magnitude of the change below the bandgap is small, since absorption
drops exponentially towards lower energy, and negligible compared to the change in
free-carrier absorption.

Material gain

Finally, gain in the gain section material (as a function of carrier-density) is expressed
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as [34] [36].

g(λ) = gmax · (1 − (λ − λmax)2)

gmax(n) = (n − ntr) ·
dg

dn
dg

dn
= 2.7 · 10−20 m2

αi = 12.5 cm−1 (3.12)

ntr = 1.4 · 1018 cm−3 (3.13)

Here the transparency carrier-density is given as ntr. The value for dg
dn is valid for

low carrier-density. The value decreases with

This is a simplification, since spectral and spatial hole burning effects are not taken
into account. Also, non-linearity in the gain versus carrier-density curve is neglected. At
higher values of carrier-density this results in significant errors. Non-linear effects in the
gain section, as well as the shift in wavelength λmax with carrier-density, are neglected.

Impact of optical power

Different optical absorption processes impact the carrier-density in a specific manner.
Interband absorption excites carriers from valence band into the conduction band. In-
traband absorption, such as free carrier absorption, excites an electron out of the tuning
layer’s electrical confinement. Finally, the optical gain in a section allows carriers to re-
combine, from conduction band to valence band, while emitting a photon. The combined
impact of these three processes is expressed as:

dnphoton

dt
=

dninterband

dt
− dnintraband

dt
− dngain

dt
(3.14)

The interaction between the optical field and the carrier-density enables instability
and/or hysteresis for tunable lasers. Steady-state device operation becomes possible
at multiple optical power levels. Hysteresis results from stable set-points, which can be
accessed through different switching trajectories, e.g. with increasing current a switching
point occurs at a different current setting than for decreasing the same current. Device
instability arises when, for a given device setting, two or more operating power levels
are possible, with low selectivity between them. A device can be switched between these
multiple equilibrium positions by a small change (i.e. noise), resulting in oscillating
behaviour.

3.2 Optical modeling

Optical simulation tools are used to calculate the profile of the optical mode in the cross-
section of a device and the propagation of this optical mode through a device structure.
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3.2.1 Optical mode-solver

Light propagates through guided structures in optical modes. In this thesis, the proper-
ties of such modes are calculated by the commercial package FIMMWAVE by ’Photon
Design’. It makes uses of the Film Mode Matching (FMM) technique [97] [98]. This
technique is more versatile than the Effective Index Method [69] and, for structures with
a limited number of layers, it is faster than Finite Element Methods [87].

The calculation is performed in the plane of the mode, perpendicular to the direction
of propagation. In this plane, the device cross-section is divided into vertical layerstacks.
For each of these stacks a number of 1D-eigenmodes (also known as slab modes) are
found, and at each interface between the stacks the overlap between these slab modes
is calculated. Matching the slab modes at each interface forms 2D optical modes, such
that the Maxwell-equations [53] are fulfilled over the complete calculation window. A
trial value of the field amplitude is chosen at the boundary of the structure. This field
is propagated to the opposite boundary by solving the Maxwell equations. From the
opposite boundary the field is propagated back to the starting boundary and compared
to the initial field. This process iterates until a self-consistent solution is found[73].

The method finds a vectorial solution for the Maxwell equations. Information on
both the TE and TM component of the field is obtained. For a multi-quantum well laser
structure addressed here, only modes with mainly a TE-component are amplified. This
is because of strain in typical quantum well lasers [10].

The FMM-method assumes a calculation window with reflecting boundaries. Hence,
the power remains within the calculation window and the position of the boundaries
can have an impact on the simulation result. In the simulations it is verified that the
distance of the side-walls has no impact on the simulation result.

This method is an effective tool for the calculation of optical modes in a device cross-
section. Important optical parameters are found such as effective modal index, optical
confinement in a specific part of the layerstack and the near and far field.

3.2.2 Optical field propagation

The propagation of an optical field through an optical component is simulated in this
thesis with two commercial packages. These packages are a Beam Propagation Method
(BPM), for which Olympios by ’C2V’ is used, and an eigenmode expansion algorithm, for
which FIMMPROP-3D by ’Photon Design’ is used. A BPM tool is mostly applicable for
structures with a high number of distinct cross-sections and for structures with gradual
transitions. The eigenmode expansion algorithm is suitable for components with abrupt
changes in cross-section structure and for long multi-component structures.

Beam Propagation Method

A BPM-tool calculates the propagation of an arbitrary optical input-field through an
optical component, with a defined refractive index profile. It is most useful for compo-
nents with a changing cross-sectional refractive index profile and it performs best for
optical fields with low divergence (paraxial approximation). For divergent fields, the
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BPM-approximation introduces errors and for devices without z-dependent refractive
index profile faster methods are available.

The BPM tool is based on an approximation for the Helmholtz equation [91], where
the rapid phase-variation in the propagation direction z is taken out of the equation.
This introduces the assumption that the wave moves primarily along the z-direction.
Therefore for fields that expand into the x and y direction a phase-error is introduced
upon propagation. To address this, more accurate and calculation intensive, solutions
are available for the Helmholtz equation, know as Padé approximations [45].

The simulation is performed by dividing the optical component into a grid. At each
grid-point the refractive index is defined. The input optical field is defined as well. Using
the approximation to the Helmholtz equations, the field is propagated a distance along
the length of the device to the next grid-point. At this cross-section the new field is
calculated. This field is propagated further to the next grid-point, until the end of the
simulation window is reached. The result of the calculation is the output-field of the
optical component and the distribution of optical power in the component.

For the boundaries of the simulation window it is assumed that light can escape
out of the simulation window (transparent boundaries as defined in [46]). For all BPM
calculations presented in this thesis a 2D method is used.

Eigenmode expansion algorithm

The limitations of the BPM method in handling large angles requires an alternative
method for calculating non-paraxial waves.

The eigenmode expansion algorithm is based on the modes found through a modesol-
ver (section 3.2.1) and their propagation through an optical component. The structure is
divided into regions with the same cross-section. For each cross-section the optical modes
are calculated and at each interface the overlap between all the modes is determined. By
multiplying these overlap-factors appropriately and by including the phase effect of each
region, a transfer-function between any mode at the input to any mode at the output
is calculated. After decomposing the input field into the cross-section eigenmodes, for
each mode the appropriate output modes are found and the output field is constructed
by adding these modes.

Since this method is based on propagation of modes, the method becomes calculation-
intensive for structures with a large number of modes (both transversal and lateral).
Also, structures with a large number of distinctive cross-sections, such as tapers, are
more appropriately modeled with a BPM (Beam Propagation Method) . Lastly the
exact calculation of the propagation of an optical field through a non-guided structure
is not possible with this method.

The package, used here, makes use of the eigenmodes found in the mode-solver
FIMMWAVE. Since this mode-solver assumes reflecting boundaries, power radiated from
the optical component can be reflected back into the waveguide.

3.3 Electrical modeling

The core of one of the tunable laser concept described in this thesis is a tunable MMI
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Wcontact

Dcladding

Rp

Rs

Rp
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Vn Vn+1

In,s

In In+1

In+1,s

Slice n Slice n+1

dx dx

WMMI

a.

b.

Tuninglayer

Figure 3.1: Cross-section of a tunable MMI layerstack; a) The layerstack consists of an InP
substrate with a quaternary tuning layer and an InP cladding and contact layer. The MMI is
etched into the tuning layer and a contact is defined in the contact layer. The resistive diode
model, used for current-spreading simulations, is super-imposed on the layerstack. Current is
injected through the contact layer and spreads through the underlying layers that are described
by resistors and pin junctions. For simulation purposes the cross-section is subdivided into slices
of width dx; b) Definition of the components, voltages and currents in each slice.

(Multi-Mode Interference) coupler. Operation of this component requires localized injec-
tion of carriers into a wide waveguiding region. In this section, the model is introduced
to calculate current spreading in such a structure.

3.3.1 Resistive Diode model

In figure 3.1a the cross-section of a tunable MMI is shown. From bottom to top, the ver-
tical structure consists of an InP substrate, a quaternary tuning layer, a Dcladding thick
InP cladding layer and an InP toplayer. A pin-junction is formed by the intrinsically
doped tuning layer between an n-doped substrate and p-doped cladding layer. Hori-
zontally, a wide waveguiding structure with width WMMI is defined in the tuning and
cladding layer. A narrow current injection contact of Wcontact is defined in the toplayer.

62



To simulate current distribution in this cross-section, a distributed resistor-diode
model, super-imposed on the figure, is used. This 2D-model assumes homogeneous
current-injection through the toplayer, current distribution through an Ohmic cladding
layer and a diode-type behaviour in the pin-junction.

The region outside of the contact area is horizontally divided into N slices of thickness
dx (the numbering convention places slice N at the outer edge of the MMI). Each slab
is described by a parallel resistor Rp, a series resistor Rs and a diode D. Voltages and
current are defined as in the inset in figure 3.1b.

VN = IN,s · Rs + VD(IN,s)

In = In+1 + In,s

Vn = Vn+1 + In · Rp

Rs =
ρ · Dcladding

dx

Rp =
ρ · dx

Dcladding

VD(I) =
kT

n
ln(

I/dx

Jsat
)

ρ = 0.02 Ωcm

Jsat = 0.02
A

m2

n = 1.5 (3.15)

The first equation describes the boundary condition at the edge of the MMI, while
the other equations allow for the further calculation from this boundary condition.

The value for the resistors is based on the conductivity ρ of InP at a doping level
of 6 · 1023 m−3 [76]. The pin-junction is modeled as a diode with JD(V ) = Jsat · e

n·V
k·T .

The parameters used are derived from measurements on tunable DBR devices (with the
same layerstack, but different manufacturing process).

3.3.2 Simulation procedure

For simulation purposes only half of the structure is calculated, making use of the struc-
ture symmetry.

Current distribution within this model is calculated by choosing an arbitrary current
through the outer slice N. Making use of the formulas in 3.15, the voltage and current
of an adjacent slice is calculated. This is repeated, until slice 1 is reached. For simpli-
fication it is assumed that the voltage under the contact is homogeneous and equal to

V1. From this the total current is found as: 2 · I1 + Jsat · e
V1·n

kT ·Wcontact. By varying the
current through slice N, at the edge of the MMI, the full current-voltage characteristic
is calculated, as well as the currents in every slice of the device.

The model neglects electron diffusion currents in the tuning layer. Carriers injected
in the tuning layer are confined vertically by the surrounding high-bandgap materials,
but are free to move within the plane of the tuning layer. Along with the injection
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current, this carrier-density is position dependent. Given the injection current in a slice,
the carrier-density is calculated using formula 3.6. The parameters in formula 3.7 are

used. For the electron diffusion constant the value 120 cm2

s is used [93].

After a device simulation, the electron diffusion current is calculated from the carrier-
density along the width of the MMI. The calculated diffusion current is compared to the
injection current. For all calculations presented in this thesis the fraction of diffusion
current into or out of a slab of dx width is negligible (less than 0.5%), compared to the
total current injected into that slab. Note that the diffusion current is over-estimated in
this way, since holes are less mobile than electrons by a factor 30 [93] and they create a
screening potential for electron diffusion.

3.4 Device modeling

First demonstration of a new tunable laser concept is most practically preceded by
device simulation. The effort in design of a process, the processing itself and the testing
of crucial parameters can initially be avoided. Furthermore, the level of control over
device and process parameters does not influence results. A transfer matrix tool has
been developed that is used for demonstration of concept feasibility and for investigation
of design dependencies.

In the basic simulation procedure the device structure is defined and the round-trip
loss and phase for the optical field within the laser-cavity is calculated over a wavelength
range wider than the device tuning range (assuming zero gain in the gain section). From
this spectrum the cavity mode for which the lasing condition is satisfied, with lowest
gain in the gain section is selected. For this wavelength the gain, operating current and
threshold current are calculated, through the formulas in chapter 2. After finding the
cavity mode with the next-lowest round-trip loss, the SMSR is calculated.

3.4.1 S-matrix concept

The simulation tool presented here is based on an S-matrix description of optical compo-
nents [17]. The S-matrix method relates the optical field leaving an optical component
to the ingoing optical fields. In figure 3.2a the basic formulation for an S-matrix is given.
S21 is the amplitude transfer-function for the incoming field from the left side (=1) to
the outgoing field at the right side (=2). It can be seen that S11 and S22 are reflection
coefficients and S12 and S21 are the transmission coefficients of the optical component.

Two cascaded optical components, which both are described by a separate S-matrix,
can be described by a single new S-matrix, which describes the combined response. In
figure 3.2b this is illustrated and the formula for the new S-matrix is given.

3.4.2 S-matrix description of devices

A full device is described by dividing it in components, which all can be described by an
S-matrix. By applying the formula in figure 3.2b these S-matrices can be combined into
one resultant S-matrix to describe the complete device response.
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Figure 3.2: S-matrix method; a) An optical component is described by the relation between
ingoing fields and outgoing fields at both sides. The relation between these fields is described
by an S-matrix; b) The description of two cascaded optical components, both described by an
S-matrix, can be reduced to a single S-matrix, using the formula given here.

Using this methodology, a laser cavity is described (figure 3.3) as consisting out of
several cascaded components, such as coating, gain section, butt-joint interface, MMI,
propagation section and grating-burst sections. To calculate the loss a photon experi-
ences upon a round-trip within the laser cavity (the round-trip loss), the begin of the
tuning section is chosen as reference point within the cavity. The S-matrices for compo-
nents to the left and right of this point, SL and SR, are calculated and the amplitude
based roundtrip loss or gain for the optical component is found as SL

22(λ) ·SR
11(λ). After

calculation of the wavelength dependence of this round-trip loss and finding the cavity
modes, important device parameters are calculated. These parameters include lasing
wavelength, cavity mode spacing, optical gain in the gain section and gain-difference
between modes.

The S-matrix description for the several optical components used in this thesis is:
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Figure 3.3: An optical device is described as a cascade of optical components, all of which can
be described by an S-matrix. One single S-matrix for the optical component is constructed from
these. The letters here correspond to the S-matrices on page 66. Note that the gain section is
described as a waveguide element.

A Waveguide

(

0 e−i·2π·µ·L
λ

e−i·2π·µ·L
λ 0

)

B Grating

(

S11 S12

S21 S22

)
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(3.16)

In these formulas the symbols are as defined before. The symbols µR and µL are
the effective index at both sides of the buttjoint. r is the amplitude-based reflection of
a coating and T (∆λ) is the transmission of an MMI at a spectral distance ∆λ from its
wavelength of maximum transmission.
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The description of the buttjoint in this manner assumes an abrupt transition from
one cross-section to another one. Gradual transitions can be modeled as a sequence of
short waveguide sections connected by a buttjoint, with a gradual change in the effective
index. Barring the formation of an interface layer that creates a short Fabry-Perot cavity
at the buttjoint (preventable in a good epitaxial growth process), the given description
is sufficiently accurate.

Absorption is introduced to above formulas by replacing µ by µ − i · k (with k the
extinction coefficient k = α 4π

λ ). The consideration of absorption in the tuning sections
leads to a complication in the calculation. Associated with photon absorption is the
excitation of electronic carriers. Hence the carrier-density becomes not only a function
of the electrically injected currents, but also of the optically injected carriers. This
latter term is proportional to the absorption in the tuning section and the optical power
incident on the tuning section.

The consequence of photo-current is that the distribution of optical power and carrier-
density in the tuning sections is dependent on the level of incident power. This means
that, for a given value of operating current in the gain section, multiple stable state situ-
ations can be calculated, all with a different optical power and tuning section reflectivity
at the laser wavelength (this is one of the causes of hysteresis).

Within the S-matrix model the absorbed optical power in component B is expressed
for a tuning section by describing it as three cascaded components A, B and C. Here
component A is the combination of all components of the tuning section before com-
ponent B. Component C is all components of the tuning section behind component B.
The light is incident onto the left component A and has to be transmitted through this
component to be absorbed in component B. The transmitted light through component
B can be reflected by component C to make another pass through component B, and
so forth. This approach takes these multiple reflections into account. The absorbed
power, in each pass through component B, is found by subtracting the power incident on
component B by the power leaving component B (through reflection or transmission).
In this manner the nature of the physical absorption process within the component can
be ignored.

P B
absorbed = Pin · (SA

12)
2 · 1

1 − (SB
12 · SC

11 · SB
21 · SA

22)
2
· ((1− SB

12 −SB
11)

2 + (1− SB
21 −SB

22)
2)

(3.17)

Where SB,A,C
12,21,22 are the S-matrices (S12, S12, S11) for all components before (A) and

after (C) the studied component (B). Pin is the power incident on component A (i.e. on
the tuning section).

This method allows for calculation of the optical loss and the generated photo-current,
without detailed knowledge on the actual absorption mechanism. The carrier-photon in-
teraction, associated with absorption, was shown to impact the carrier-density in formula
3.6. Interband absorption adds carriers to the carrier-density, while intra-band absorp-
tion excites carriers out of the tuning layer, reducing the carrier-density. For calculation
of the carrier-density the absorption mechanism is relevant. This is calculated as (for
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the free-carrier absorption):

dnfc

dt
=

P B
absorbed

hν
· αfc

αtotal
(3.18)

Where αtotal is the sum of all absorption mechanisms (minus the gain). The generated
carriers for the other absorption mechanisms are found in a similar manner.

The impact of the absorbed power on the carrier-density is calculated by distributing
the absorbed photons over the different absorption mechanisms, proportional to their
absorption coefficient. Note that even material gain can be treated with this approach,
by subtracting it from the total absorption.

3.4.3 Simplifications and limitations

The presented model provides a tool, which includes the most important parameters for
device design. Inherently, this model makes simplifications:

1 Reflectivity of all coatings is assumed constant over the tuning range. This is prac-
tically achievable for most reflection values. For very low values of reflection
(� 1%)and very high values of reflection (> 90%) this approximation is not valid
anymore.

2 The contribution of spontaneous emission to the optical mode in tuning sections is not
considered. This is in general a good assumption, since spontaneous emission adds
’white’ noise to the optical modes. Only if this white noise intensity is significant
compared to the power in the mode it can affect the gain margin and SMSR.

3 Amplification of light in the tuning sections is neglected. This assumption is not cor-
rect at high values of current injection, where optical gain saturates the dependence
of refractive index on injection current. Also, optical gain in a tuning section can
support a laser cavity between front and back facet, impeding or hindering lasing
at the grating wavelength.

4 Spatial and spectral hole burning, especially relevant in the gain section, are neglected.

5 Wavelength dependence of the gain in the gain section is neglected.

3.4.4 Device simulation procedure

A device simulation is performed through the following steps:

1. Define the simulation parameters Basic parameters, such as the wavelength range
and resolution, are set.

2. Define the material parameters The lattice-matched material used in the device
is defined by its As-composition y. Typically, only two materials are used, one
for the gain and one for the tuning section. The parameters that have no explicit
dependence on temperature (assuming 300 K operation) and carrier-density are

calculated (these parameters are A, B, Eg(300K), ∆0, ε∞, εs,
dEg

dT , mc, mhh, mlh,
mso, C, Chh, Clh, µhh, µlh).
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3. Define the device structure The device is sub-divided into sections that are de-
scribed by S-matrices. For each section the parameters needed to construct the
S-matrix are defined (section-length, material type and e.g. grating strength and
mirror reflectivity). For each section the optical overlap between tuning-layer and
optical field is calculated with mode-solver software and the result is used in this
simulation. The effective index for the fundamental mode is calculated from the
refractive index of the tuning layer and of InP. It is assumed that the portion of
the field that does not overlap with the tuning layer does overlap with the sur-
rounding InP. Each section is connected to its current source. The tuning section
component on which the optical power is incident is selected. Typically this is the
first component of the tuning section.

4. Set the external stimuli The ambient temperature, value of current sources and
incident optical power on the tuning sections are set.

5. Calculate state of each section Current injection is distributed over the sections,
assuring that sections connected to the same current source receive the same current
density. The photo-current in each section is calculated. Only with a high incident
power (> 10 mW ) the carrier-density is significantly altered. For each section the
resultant carrier-density is calculated. This enables the calculation of the change
in refractive index, due to bandgap shrinkage and bandfilling. The difference in ab-
sorption with the zero current density case is used in the Kramers-Krönig relation,
where the energy-range is limited to be between the bandgap energy and 200 meV
above this value. The impact of changes at higher energies rapidly decreases. With
this information the parameters that depend on temperature and carrier-density
are calculated (Eg(T ), Nc and Nv, Fc and Fv). This calculation is repeated for
every change in device settings, such as injection current, temperature and incident
optical power.

6. Calculate the round-trip loss spectrum The S-matrix for each optical compo-
nents in the device is now calculated at any given wavelength. Round-trip loss
and phase is calculated over a chosen wavelength range (with a chosen wavelength
resolution). This is illustrated in figure 3.4a. For each wavelength the refractive
index of each section is calculated separately.

7. Find the optical modes In figure 3.4 it is illustrated how by using the round-
trip phase information the optical modes in the laser cavity are found (i.e. the
wavelengths at which the round-trip phase equals an integer times 2π).

8. Find the lasing mode and the strongest side-mode The round-trip loss/gain
for these optical modes is compared and the mode with lowest round-trip loss is
selected, as well as the second-lowest-loss peak. The former mode is at the lasing
wavelength and optical gain required for lasing equals the round-trip loss. The
latter mode round-trip loss is used to calculate the round-trip loss difference with
the lasing mode, a measure from which the SMSR is calculated.

9. Output the simulation results The simulation outputs the lasing wavelength, re-
quired gain, round-trip loss difference and mode spacing.
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Figure 3.4: Simulation procedure for a laser; a) The round-trip phase is calculated over a
wavelength range. b) At the wavelengths where the phase equals a multiple of 2π a cavity mode
is found and the reflectivity of the tuning section is calculated; c) The cavity mode with highest
reflectivity of the tuning section is the lasing mode, while the difference in reflectivity with the
strongest side-mode is determined to calculate the SMSR.

10. calculate the device setting Using the optical gain, the front facet reflectivity
and the tuning section reflectivity, the laser threshold current, external slope effi-
ciency and SMSR is calculated, through the formulas in section 3.1.

By sweeping the external stimuli (e.g. drive currents or output power) and repeating
step 5 to 10, the device performance for different operating conditions is obtained.
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Chapter 4

Cascaded Sampled Grating
Laser

The following two chapters introduce two novel widely tunable laser concepts. The first
one is the Cascaded Sampled Grating (CSG) laser. The concept is introduced in section
4.1. Section 4.2 treats design aspects of the device, and in section 4.3 simulation and
experimental results are presented. Finally, in section 4.4 a summary is provided.

4.1 Device concept

4.1.1 Introduction

Section 2.2.2 introduced the sampled grating. It was shown that the cascade of a num-
ber of short grating and propagation sections gives a reflection spectrum with multiple
resonances. The position of the center resonance is determined by the Bragg wave-
length of the grating, the resonance spacing depends on the optical length of each period
(=grating-burst + propagation section length) and the reflectivity is controlled by the
combined length of the grating-burst sections and the grating strength.

Combining two sampled gratings with regularly, but differently, spaced resonances
a tunable laser is made using the Vernier effect (see section 2.2.4). If at a wavelength
the reflection spectrum of both sampled gratings is resonant, that wavelength is selected
for the laser to operate at. No two other resonances overlap, thanks to the difference in
spacing, between resonances, for the two sampled gratings. Wavelength tuning of the
selected resonance is achieved by shifting (independent of the tuning mechanism) both
reflection spectra simultaneously. By shifting only one reflection spectrum, a different
combination of sampled grating resonances overlaps and lasing occurs at the wavelength
of those resonances. The above procedure allows for selecting a resonance in the sampled
grating spectrum over a wide wavelength tuning range (as shown in figure 2.7). The
selectivity of that sampled grating resonance allows for selection of a cavity mode.

The (S)SG-DBR laser [54] is an example of how a combination of two sampled gratings
(with different periodicity) is used to obtain Vernier-type tuning. The laser cavity is
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Figure 4.1: Schematics of a CSG laser: a) 4-section CSG laser and b) 5-section CSG laser.
On the left side the sampled grating sections are shown. Together with the phase sections these
provide optical feedback into the gain section (on the right). The light exits the laser-cavity at
the front facet on the right. The indents between the different sections (indicated by a different
thickness of the waveguiding layer) indicate an electrical separation channel.

formed by a gain and phase section, in between two sampled gratings. This approach has
the advantage that two reflection coefficients are multiplied, which theoretically improves
selectivity. However light has to pass through the sampled grating at the front facet-side,
before escaping the laser cavity. This section tends to introduce free-carrier absorption
with increased tuning current. As a result, output power varies significantly with tuning
current [38]. Together with the requirement for a front section reflectivity of 10-30%,
optimization of the output power implies that the length of the front mirror section has
to be short. Thus, the wavelength selectivity of the front facet tuning section is much
smaller than that of the back facet side reflector. Hence, the advantage of spectrum
multiplication is lost. Also, a wide-band low reflectivity coating has to be applied on the
front facet to avoid feedback at undesired wavelengths. In short, the SG-DBR laser has
a low output power that is dependent on tuning current. The front facet reflector does
not significantly contribute to the cavity mode selectivity (e.g. SMSR) of the laser.

An improved concept, the Cascaded Sampled Grating (CSG) laser introduced in this
chapter, overcomes these limitations. By cascading two sampled grating sections at the
back-facet-side of the device, the Vernier effect is still used. The resultant reflection
spectrum of the two sampled gratings is single peaked over the tuning range and there
is no (absorbing) tuning section at the front-facet. The reflectivity of the front facet is
selected after manufacturing, by applying a dielectric coating. With a suitable choice for
material composition, the variation of output power with tuning current is compensated
for by material gain at higher values of current injection in the tuning sections, as
demonstrated for tunable DBR lasers [96].
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Figure 4.2: Reflection of a Cascaded Sampled Grating. The reflection spectrum of the two
sampled gratings in the CSG are given on the left hand side. The resultant reflection spectrum
of the CSG is shown on the right hand side

4.1.2 Device description

In figure 4.1a a 4-section CSG laser is shown. The design consists of a gain section, a
phase section and a CSG, formed by two sampled gratings.

In this configuration the gain section generates and amplifies the optical field within
the laser cavity. The CSG provides mode selectivity. The first sampled grating provides
a multi-peaked reflection spectrum. The reflection spectrum from the second sampled
grating is added, such that one dominant sampled grating resonance remains for laser
operation (see figure 4.2). The phase section provides tuning of the optical length of the
laser-cavity, to control the spectral position of the laser mode.

To control each section separately, sections need to be electrically isolated from one
another, while maintaining an optical connection. Independent of the technical imple-
mentation (e.g. removal of the highly doped toplayer or proton implantation) there is
always a finite distance between the two sampled gratings in which current injection is
not possible. As a result, the current injection is not uniform over the full length of the
sampled grating, and especially the period(s) close to the isolated region has a different
optical length. This influences the optical properties of the CSG and prevents smooth
tuning performance.

To overcome this limitation, a 5-section design is proposed (figure 4.1b). An extra
phase section is inserted between the two sampled grating sections, such that the current
injection in the first and second sampled grating section is uniform over the complete
length. To accomplish this the electrical isolation at both interfaces with the second
phase section is located completely in this section. This second phase section is made
phase-transparent by tuning the refractive index of that section. It does present an extra
complexity for tuning of this component.
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Figure 4.3: Definition of terms in formula 4.1.

4.1.3 Theoretical background

The reflection spectra of the sampled gratings, with multiple resonances, add to give
the single resonance reflection spectrum of a CSG. This is illustrated in figure 4.2. The
selectivity of the CSG spectrum is enhanced by the reflectivity-phase of the two sam-
pled gratings. Only if both reflection-terms are in phase (ideally, this only occurs at
the wavelength where two sampled grating resonances overlap) full coherent addition is
achieved.

Reflectivity from the (5 section) CSG section, as defined in figure 4.3, is expressed
through the amplitude-based addition of (multiple) reflections on these sections:

rCSG = SSG1
11 + SSG1

12 · SSG2
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λ
) +
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∣

∣

∣
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(4.1)

In this equation SSG1
21 denotes the (amplitude-based) transmission through the first

sampled grating (SG1, SG2 for the second sampled grating) from front-facet-side (=1) to
back-facet-side (=2). Similarly, SSG1

11 denotes the reflection coefficient at the front-facet
side of the first sampled grating. Lph2 and µph2 are the length and effective index of the
second phase section and λ represents the lasing wavelength.

By replacing the Lph2 term by the length of a propagation section of the first sampled
grating this formula describes a 4-section CSG laser, as well. It follows that the response
of a 4-section CSG laser is essentially equal (disregarding the absorption in the second
phase section) to that of a 5-section CSG laser, if the optical length difference between
the second phase section and a propagation section in the first sampled grating is a
multiple of 1

2λ.
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From above equation, the relation between CSG reflection properties and sampled
grating reflectivity is less straightforward than for an SG-DBR laser, where the combined
response is based on multiplication. For the CSG section the resultant spectrum is a
combination of two sampled grating spectra. The part of the second sampled grating
reflection that is added to the spectrum of the first sampled grating is a function of
reflection and transmission of both sampled gratings.

Maximum reflectivity of the CSG is obtained if the reflection terms of both sampled
gratings are in phase at the begin of the tuning section. The phase upon reflection of a
sampled grating is given as −π

2 + k · π · Lb

Lp+Lb
[54] (equation 2.12) for a sampled grating

resonance of order k. The length of the first sampled grating is a multiple of its resonance
wavelengths, and hence the first sampled grating is phase transparent, at resonance.
Therefore it follows that the reflection terms from the first and second sampled grating
add constructively for sampled grating resonances of the same order, when the ratio of
burst section length to sampled grating period is identical. For resonances of different
order the reflection terms have a different phase and resonances need to be detuned from
one-another. This widens the resonance and reduces selectivity. However, the reflectivity
is comparable, since sampled grating reflectivity is insensitive to wavelength variation
close to the resonance wavelength.

4.2 Design

The design optimization of the CSG laser addresses two objectives. Firstly, to meet
the main requirements as specified in section 1.3, optical output power and side mode
suppression ratio. And secondly, to reduce the variation in operating current in the gain
section over a tuning range of 40 nm.

In the following sections the trade-offs in the design of the CSG laser are discussed
and design choices are motivated. Realistic assumptions are made for the properties of
the layerstack. Design of the layerstack is deferred to section 4.2.4.

4.2.1 Laser design

High power, single-mode operation of the tunable laser requires a high external efficiency,
a low threshold current and a low value for δαm, at which the SMSR requirement is met.
To limit the variation in operating current in the gain section over the tuning range, the
sensitivity of the output power to a change in the tuning section properties has to be
minimized.

In figure 4.4 a schematic drawing is shown of a laser cavity of length Lcav. The
feedback into the cavity is from the front- and back-facet reflection, RB and RF . The
optical gain is the product of the overlap Γ of the optical mode with the gain generating
material and the material gain g.

Using the expressions 2.5 and 2.6 in chapter 2, the dependence of threshold current
and ex-facet power on facet-reflectivity is calculated. In this calculation the roll-over of
the output power (due to heating and material non-linearity) is neglected. This means
that the output power is over-estimated, certainly at higher levels of current injection.
In figure 4.5 the simulated optical power at 50 mA and 150 mA operating current is
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Figure 4.4: Schematic drawing of a laser cavity. A 6-quantum well gain generating medium is
shown between two reflectors (RF and RB at a spacing Lcav). The optical gain is the product
of the material gain g and the overlap of the optical mode with the quantum wells Γ.
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Figure 4.5: Laser output power, versus front and back facet reflectivity, for 50 and 150 mA
operating current. The output power is calculated from formulas 2.6 and 2.5. For the calculation
the following assumptions were made: lcav = 400 µm, λ = 1550 nm, ηi = 80% and Γ = 3%.

shown for a laser-cavity of 400 µm length, versus the reflectivity at the front and back
facet-side of the gain section.

For a fixed injection current, there is an optimal value for the front facet reflectivity,
limited at the lower end by an increase in threshold current. For low operating current,
this increase in threshold current has a relatively large impact on the output power.
Hence, the front facet reflectivity for maximum output power shifts towards lower values
at a higher operating current. An increase in the back-facet reflection improves both the
external efficiency and the threshold current. For high power operation of the laser this
reflection term needs to be maximized.

The distance between the contour-lines in the figure is a measure for sensitivity of
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Figure 4.6: a) required difference in round-trip loss αm ·Lcav to ensure 40 dB SMSR; b) deriva-
tion of operation points at 150 mA where both the output power requirement of 30 mW and
the SMSR requirement of 40 dB is met. The design-point where the back-facet reflectivity is
minimized is indicated by the dot. For the calculation the following assumptions were made:
lcav = 400 µm, λ = 1550 nm, ηi = 80% and Γ = 3%.

the output power to changes in reflectivity at the back-facet(a larger distance indicates
a lower sensitivity). Hence, in order to reduce the variation in operating current over
the tuning range, the front-facet reflectivity is, ideally, larger than its optimal value
for maximum output power, because at that set-point also the sensitivity to front-facet
reflectivity is reduced.

For low values of threshold current the differential gain δg
δn is high. However, for higher

values the differential gain reduces. As a consequence, the threshold current is sensitive
to variation in the loss in the laser cavity, especially when the threshold current is high.
To reduce this sensitivity the laser needs to operate at a low threshold carrier-density.
This is addressed, in more detail, in the design of the layerstack (section 4.2.4).

In order to ensure single-mode operation over the full tuning range the selectivity for
sampled grating resonance and cavity-mode needs to be sufficiently high, as defined by
formula 2.8. In figure 4.6a the required δαmL̇cav for 40 dB SMSR at 30 mW operation is
plotted, versus front- and back-facet reflectivity (earlier this figures was shown in chapter
2). From the figure it follows that the required gain-difference has minimal dependence
on the back-facet reflectivity. For low front-facet reflection, the required δαm · Lcav

increases rapidly (as seen from the increasing density of lines in figure 4.6). For values
higher then about 1 dB, the required δαm · Lcav becomes very sensitive to front-facet
reflectivity. Therefore, in this treatment the parameter δαm ·Lcav needs to remain below
1 dB.

To obtain a target output power of 30 mW with an SMSR of at least 40 dB, the
curves in the two figures are combined to define the allowed range of front- and back-
facet reflectivity. In figure 4.6b a graph is plotted for a 400 µm long gain section. A
minimum value of front facet reflectivity is defined by the contour-line of 1 dB δαm ·Lcav.
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A minimum value of back-facet reflectivity is defined by the contour-line for 30 mW
output power. In the figure the area that meets both power and SMSR requirement is
shaded. A minimum back-facet reflectivity is required, as indicated by the dot. This is
a significant parameter, since the design trade-offs for the CSG section design become
more difficult when the reflectivity requirement over the tuning range is higher.

In the analysis of output power and SMSR of a laser cavity the device length and
the optical confinement are the main variables. Optimization of these variables will be
done in the following paragraphs. For other parameters, such as the device internal loss,
the injection efficiency and the relation between material gain and carrier-density typical
values from literature were used.

Only the threshold current is dependent on the optical confinement. For sufficiently
high values of the modal gain (the product of confinement and material gain Γ · g) lasing
operation is supported at a low carrier-density, making the threshold current less sensitive
to variations in the back-facet reflection. Hence, good confinement of the optical mode
in the gain section quantum wells is required to achieve a low carrier-density at threshold
condition. For higher values of optical confinement, the effect on threshold current is
small (minor decrease in carrier-density) or negative (if the active volume increases).

The device length has an impact on both the optical power at a given current and the
SMSR. Again, once the product of optical gain and device length (Γ·g ·Lcav) compensates
for mirror loss and internal loss at a low value of carrier-density, an increase in device
length has a minimal impact on the efficiency. However, the increase in length does
increase the threshold current by an increase in active volume and the cavity modespacing
will decrease, placing a tougher requirement on the selectivity of the tuning section. Best
device performance is obtained at a minimum value of device length, for which the gain
requirement is met at a low value of the carrier-density.

Performing the calculation for figure 4.6 with different values of device length, gives
that for gain section lengths between 400 and 600 µm the minimum required reflectivity
at the back-facet (or at the tuning sections) is between 22 and 23%. Given the low
variation over this range of device lengths, the shortest possible cavity length is preferred.

4.2.2 Tuning element design

The tuning element in a CSG laser is a cascade of two sampled gratings (figure 4.7),
positioned at the back-facet side of the gain section. The first sampled grating generates
a reflection spectrum, with resonances that are sufficiently narrow to select a single cavity
mode. With the reflection spectrum of the second sampled grating one of the resonances
in the first sampled grating is favored (see figure 4.2). For the CSG design, first the
properties of a sampled grating are discussed, to be used in the design of the full CSG.

In figure 4.7 the design parameters for a CSG are illustrated. For each sampled
grating section these are the number of periods N , the length of propagation sections
Lp, the length of grating-burst sections Lb, the grating strength κ and the overlap Γ of
the optical field with the tuning layer.

Sampled grating

In section 2.2.2 the reflection spectrum of a sampled grating was introduced. For the

78



LCSG

Γ

N1 Lb1 Lp1N2 Lb2 Lp2

κ
LSG2 LSG1

Figure 4.7: Schematic drawing of a Cascaded Sampled Grating. The CSG consists out of two
sampled grating sections, both with a number of short grating bursts. The periodicity of these
bursts is different for both sampled gratings. Further design parameters are the grating strength
and the confinement of the optical field with the tuning layer. The shown CSG has 5 periods
(N1) in the first sampled grating and 4 periods (N2) in the second sampled grating.
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Figure 4.8: Parameters for optimization of the sampled grating response: 1) the minimum
reflection of any resonance in the tuning range, indicated by the horizontal dotted line. 2) the
difference in reflection from the resonances over the tuning range, indicated by the vertical arrow.
3) the minimum modespacing for a mode-selectivity of δg (see the insert).

purpose of use in a tunable laser, this element needs to be optimized over the tuning
range (here taken to be 40 nm). First, the minimum reflection of the sampled grating
resonances over the tuning range (i.e. 20 nm away from the center resonance) defines the
maximum threshold gain (and current) for the laser. Secondly, the variation in reflection
from sampled grating resonances, over the tuning range, determines the ability of the
CSG laser to select a particular mirror resonance. Finally, the spectral width of the sam-
pled grating resonances defines the ability of the CSG laser to select a particular cavity
mode with sufficient suppression for other cavity modes. In figure 4.8 these parameters
are illustrated.

The relation between the minimum reflectivity and the variation in reflectivity is
plotted in figure 4.9 (for a spacing between sampled grating resonances of 10 nm). The
reflectivity for a resonance at 20 nm from the central resonance (for a 40 nm tuning
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Figure 4.9: Parametric plot of variation in reflection versus the minimum reflectivity for reso-
nances within a 40 nm tuning range. Curves correspond to different values of sampled grating
length. Curves are plotted as function of the grating-burst section length. Increments of 10% of
the sampled grating periodicity are indicated by dotted lines. The parameters are explained in
figure 4.8.

range) is plotted on the x-axis. The y-axis gives the difference in reflectivity with the
central resonance. Each curve is for a specific total length of the sampled grating (varied
from 200 µm to 1000 µm), with a grating burst length increasing from zero. For each
increment in grating burst length by 10% of the grating periodicity these curves are
intersected by a dotted line.

With an increasing grating-burst section length, the reflectivity of the outer resonance
in the tuning range reaches a maximum and decreases. The central resonance however
keeps getting stronger, making the variation over the tuning range larger. For a design
with a high reflectivity and small variation in reflectivity, a short grating-burst section
length is preferred (< 25% for κ = 15 mm−1).

A grating strength of 15 mm−1 was used in the calculation. For higher values the
reflectivity at the edges of the tuning range increases, while the difference with the central
resonance decreases. For more narrowly spaced resonances, the minimum reflectivity
decreases (since higher order sampled grating resonances are present within the tuning
range), while the central resonance is not affected. Hence, the variation in reflectivity
over the tuning range increases for a lower value of resonance spacing.

The third dimension in the sampled grating design is shown in figure 4.10: the re-
quired modespacing for a 1 dB suppression of other cavity modes. On the y-axis, the
spectral distance between the center of the resonance and where the reflectivity is down
by 1db is given (based on the gain difference requirement proposed in the laser design
section). On the x-axis the minimum reflectivity of the resonances in the tuning range
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Figure 4.10: Parametric plot of the difference in resonance-reflectivity over a 40 nm tuning
range versus 1-dB width of main sampled grating resonance. Different curves correspond to
different values of sampled grating length Curves are plotted as function of the grating-burst
section length. Increments in the grating-burst section length by 10% of the sampled grating
periodicity are indicated by dotted lines. The parameters are explained in figure 4.8.

is given.

In equation 2.13 an expression for the spectral width of a resonance in the sampled

grating spectrum was given. This spectral width has a floor given by λ2

2·Lsg·µg
. For

sufficiently long sampled gratings the width is proportional to the product κ · Lb

Lb+Lp
.

With an increasing effective grating strength the spectral width increases. Again, the
curves are intersected by dotted lines at each increment of the grating burst length by
10% of the sampled grating period. Since the highest effective grating strength is realized
at the central resonance, any other resonance is more selective for cavity modes.

Resonances in the sampled grating spectrum are spaced by λ2

2·µg ·(Lp+Lb)
(µg being the

group-index). To allow a tunable laser to address all wavelengths in the tuning range,
this spacing needs to be less than the wavelength range over which the Bragg wavelength
of the grating can be tuned. For the quaternary tuning layer used here, a tuning range
of up to 16 nm has been demonstrated [37]. In our design, a conservative tuning range
of 12 nm is used. Such a resonance spacing corresponds to a sampled grating periodicity
of at least 30 µm and 3-4 resonances within the 40 nm tuning range.

Associated with a large resonance spacing is a high carrier-density to shift the Bragg
wavelength to an intermediate wavelength. The free-carrier absorption associated with a
high carrier-densities is significant, but is reduced by spacing the resonances more closely
(i.e. using a higher periodicity). In figure 4.11, the reflectivity of the central sampled
grating resonance is shown versus the absorption coefficient of the tuning layer material,
for a 400 µm long sampled grating and different values for the resonance spacing. Even
though configurations with more closely spaced sampled grating resonances have a lower
reflectivity at no absorption, they require a lower level of current injection to address all
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Figure 4.11: Sampled grating reflection versus material absorption for a 400 µm long sam-
pled grating and different values of resonance spacing. Assumptions made for the calculation:
Lb/Lp = 15%. κ0 =15 mm−1, LSG = 400 µm and λB = 1550 nm.

wavelengths between sampled grating resonances. For each curve the set-point where the
Bragg wavelength has been detuned by the resonance spacing is indicated by a triangle.
Clearly, even though the free-carrier absorption over the tuning range is lower for the
more narrow resonance spacing, the minimum reflectivity is not. The optimal reflectivity
over the tuning range is obtained for an 8-10 nm spacing between resonances, with a
minor decrease for higher values of resonance-spacing. A large spacing is clearly the
preferred design.

In this analysis a particular sampled grating configuration was chosen. This analy-
sis was repeated over a relevant range of grating burst lengths, resonance spacing and
sampled grating lengths, which showed that the above conclusion holds true. From this
analysis a reduction in reflectivity with current injection of a factor three is taken as the
worst-case situation.

Cascaded sampled grating

The reflection spectrum of a CSG needs to have one dominant resonance, with sufficient
selectivity for the laser cavity modes (for an SMSR of 40 dB). Through current injection,
in both sampled gratings, the full tuning range should be accessible with a value of
reflectivity, which enables 30 mW operation of the CSG laser.

The relationship between the CSG reflectivity and the reflectivity of the constituting
sampled gratings is given in figure 4.12, under an assumption of positive interference
(which is valid for resonances of the same order). The addition of the two reflection
terms is fully symmetric. Intuitively, this is understood by considering two sampled
gratings of equal periodicity, but different length (and hence different reflectivity). For
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Figure 4.12: a) CSG reflectivity versus the reflectivity of the first and second sampled grating.
The contributions of the two sampled gratings are added constructively; b) Illustration of CSG
operation. Arrows on the axis represent the resonance reflectivity for the separate sampled
gratings. The cascade of these two sampled gratings results in a reflectivity range indicated by
the diagonal arrow. In order to achieve a 1 dB suppression of all other resonances than the
selected resonance the maximum reflectivity of each sampled grating needs to be lower than the
value indicated by the arrows.

the combined reflectivity the order of these two sampled gratings does not matter.
Figure 4.12 serves as the basis for the CSG design. This is illustrated on the right

hand side of the figure. When the Bragg wavelength of both sampled gratings is detuned,
such that the dominant CSG resonance is at the edge of the tuning range, the minimum
CSG reflectivity is obtained (here we neglect absorption). As an example, such a set-
point is indicated by the dot in the figure, though an equal reflectivity is obtained for all
combinations of sampled grating reflectivity on the dotted line. To suppress competing
resonances in both sampled gratings, these should be suppressed by at least 1 dB in the
CSG spectrum (indicated by the bold line). This means that for wavelengths, different
from the resonance wavelength, the combination of sampled grating reflectivity needs
to be below and to the left of the bold line. The intersection of this bold line with the
axes gives the maximum allowed reflectivity of the central sampled grating resonance,
for which still 1 dB suppression is obtained. Since this is the maximum sampled grating
reflectivity over the tuning range, the reflectivity of the dotted line can only be obtained
with a minimum value for the reflection of the other sampled grating. The guidelines
give the limitations on sampled grating reflectivity.

A design point with equal reflectivity for both sampled gratings has for both sampled
gratings an equal allowed variation in reflectivity over the tuning range (i.e. between
the design-point reflectivity and the maximum reflectivity). By lowering the reflectivity
of one sampled grating, that sampled grating is allowed to have a larger variation in
reflection over the tuning range. However, the margin for the second sampled grating is
then reduced. For the design point in the figure, the rectangular box indicates within
which range the resonance reflectivity of both sampled gratings is allowed to vary. Clearly
the margin for the second sampled grating is reduced by the choice of this design-point.
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Figure 4.13: Illustration of range of operation points over tuning range for CSG laser, when
free-carrier absorption is considered. The dot represents the set-point where reflectivity of both
sampled grating resonances is lowest (edge of the tuning range with maximum sampled grating
currents). The reflectivity of the sampled grating resonance at this outer set-point increases
within the white area with a decrease in sampled grating currents. The vertical arrow corresponds
to a decrease in current in the second sampled grating. The diagonal arrow corresponds to
a decrease in current in the first sampled grating. Due to the variation in sampled grating
reflectivity over the tuning range the CSG set-point varies within the white plus grey area over
the tuning range.

The arrow indicates the variation in CSG reflectivity, for a specific design that meets
these constraints.

It can be argued that the reflectivity of the other sampled grating is not necessarily
zero at a resonance wavelengths for one of the sampled gratings and that a stricter limit
on the maximum reflectivity is needed. On the other hand, the figure assumes positive
interference of the two reflection terms. This is not necessarily met at wavelengths other
than the CSG resonance wavelength. Here, it is assumed that these nuances on the
analysis offset one-another.

Figure 4.13 shows a limited parameter space for the sampled grating reflectivity
values. From the above discussion, for a given CSG reflectivity, only a limited range of
set-points can offer 1 dB of suppression of other resonances (in figure 4.12 this range was
indicated by the dotted line for one value of CSG reflectivity). These set-points all lie
within the shaded area. In addition, over the tuning range, each sampled grating has a
variation in reflectivity of its resonances. This requires an additional margin from the
edges of this shaded area. In the figure the boundaries are given for a 1 dB and 2 dB
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7. Lgain
(fig. 4.13a)

8. Rf, Rb
(fig 4.5)

9. Rsg1
(fig 4.13b)

9. Rsg2
(fig 4.13b)

1. Grating strength
(fig. 4.18)

2. Free 
Spectral Range

3. Maximum 
tuning range

4. SG 
sequence

5. δλ2 5. δλ15. δλ2 5. δλ1

6. Lb2+Lp2 6. Lb1+Lp1 

11. N1, Lb111. N2, Lb2

10. Lb/ (Lb+Lp )
(fig 4.13c)

Figure 4.14: Illustration of sequence used for design choices and interdependence of these
choices.

allowed variation in resonance reflectivity over the tuning range.
The above analysis was all based on a loss-less structure. Free-carrier absorption

is inherent to the current-injection based tuning in the CSG. Starting from a design
point with maximum absorption in both sampled gratings (i.e. lowest reflectivity), the
reflectivity of each sampled grating is increased, by lowering the tuning current. For
the situation where only the current in the second sampled grating is reduced the shift
in design point is indicated by the vertical arrow. With a reduced current in the first
sampled grating not only the reflectivity of the first sampled grating increases, also the
transmission of the first sampled grating increases. This increases the effective contri-
bution of the second sampled grating. This is indicated in the figure by the diagonal
arrow. The CSG-design-points (defined at the edge of the tuning range) available to a
particular CSG design, over a range of free-carrier absorption is indicated in the figure
by the white region. In addition, the reflectivity of the sampled grating resonances varies
over the tuning range. The grey region is used to account for this. The combined area
of white and gray region needs to be within the indicated boundaries.

4.2.3 Design choice for the CSG laser

In the previous sections the different aspects in the design of a CSG laser (laser, sampled
grating and CSG) were discussed. Now, it is the time to combine these design insights
and choose a specific design. In support of the considerations provided below, figure 4.14
shows a flow-schedule on the sequence in which the design decisions are made. In figures
4.15 to 4.17 key figures are reproduced to guide the design considerations.

1. Grating strength κ A maximum grating strength κ0 of 15 mm−1 is assumed. In
the design of the layerstack (section 4.2.4) and figure 4.22 this is shown to be
realistic.

2. Free spectral range The spacing of sampled grating resonances are chosen such
that, within the tuning range, the sampled gratings are both in resonance at only
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Figure 4.15: Reproduction of figure 4.10. The thick line draws the requirement for cavity mode-
spacing for a 700 µm long gain section. The thin lines are parametric plots of the allowed
cavity mode-spacing to provide 1 dB suppression of other cavity modes versus sampled grating
reflectivity. The lines are drawn for increasing values of grating burst length and each line
corresponds to a different sampled grating length. The dotted lines indicate a burst section
length of 10, 20 and 30% of sampled grating periodicity. The parameters are explained in figure
4.8.

one wavelength. The distance between overlapping resonances needs to be wider
than the intended tuning range, to avoid mode or resonance competition at the
edges of the tuning range. For this purpose a Free Spectral Range (FSR) of 60 nm
is chosen (1.5 times the tuning range).

3. Bragg wavelength tunability The tunability of the Bragg wavelength is practi-
cally limited to 12 nm (higher values - up to 16 nm - can be realized, but repro-
ducibility is not ensured).

4. Sequence of sampled gratings Free-carrier absorption in the first sampled grat-
ing reduces the effective reflectivity of the second sampled grating (through a re-
duced transmission coefficient). To avoid this increased sensitivity to the tuning
current in the first sampled grating, the length of the first sampled grating needs
to be reduced. By choosing the highest resonance spacing for the first sampled
grating, its length (and sensitivity to its tuning current) is reduced for a given
reflectivity.

5. Sampled grating resonance spacing δλ1 and δλ2 The resonance spacing for the
first sampled grating is equal to the maximum tunability of the Bragg wavelength
(12 nm). The resonance spacing for the other sampled grating is chosen to have
one extra resonance within the Free Spectral Range. Therefore the spacing is
( 60nm
1+60nm/12nm =) 10 nm.
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(F)   Area of set-points for the CSG laser over the tuning range for different values of free carrier absorption
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Figure 4.16: Reproduction of figure 4.12 to explain the design choice for the CSG section.

6. Sampled grating periodicity (Lb1 + Lp1) and (Lb2 + Lp2) The chosen resonance

spacings translate into a periodicity of 32 µm (= λ2

2·ng·12nm ) for the first sampled

grating and 40 µm for the second sampled grating.

7. Gain section length Lgain Figure 4.10 is reproduced in figure 4.15. Again the
minimum mode-spacing for a 1 dB suppression of cavity modes is plotted versus the
reflectivity of the sampled grating for different lengths of sampled grating. Added
to this figure is the mode-spacing for a 700 µm long gain section, in combination
with a 100 µm long phase section and a sampled grating. The mode-spacing in
the laser-cavity needs to be larger than the minimum mode-spacing for which the
sampled grating can provide 1 dB cavity mode-selectivity. Therefore, the design-
point needs to lie below the thick line. Even for such a long gain section it is
observed that the gain section length is not a limiting parameter for the cavity
modespacing of the CSG laser, since the maximum in reflection is obtained with
a more narrow mode-spacing. From the laser-section design (section 4.2.1) the
requirements on the reflectivity of the CSG for 30 mW operation at 150 mA is
between 22% and 23% for gain section lengths between 400 and 600 µm. The gain
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Figure 4.17: Reproduction of figure 4.10. The thin lines are parametric plots of the variation
in resonance reflection over the tuning range versus the sampled grating reflectivity. The lines
are drawn for increasing values of grating burst length and each line corresponds to a different
sampled grating length. The dotted lines indicate a burst section length of 10, 20 and 30% of
sampled grating periodicity. The bold lines show the design requirements of an 18% sampled
grating reflectivity and a maximum variation in sampled grating reflectivity over the tuning
range. The parameters are explained in figure 4.8.

section length is reduced to increase mode-selectivity of the CSG and a 400 µm
long gain section is the design choice.

8. Facet reflection Rf and Rb For a 400 µm long gain section a minimum in re-
quired back facet reflection is obtained at 17% front-facet reflectivity. For this
set-point a minimum back-facet reflectivity of 23% is required (e.g. see figure 4.6).
This reflection value has to be realized even with maximum free-carrier absorption
in both sampled gratings.

9. Sampled grating reflection Rsg1 and Rsg2 In figure 4.16 the parameter-space for
sampled grating reflectivity is reproduced. The line where the minimum 23% CSG
reflectivity is obtained is shown (indicated as A). The CSG design-point with max-
imum current in both sampled gratings (i.e. highest free-carrier absorption) is
located on or above this line. The sampled grating reflectivity changes with free-
carrier absorption. It has been verified through simulations that a maximum vari-
ation of 5 dB in sampled grating reflectivity is expected (over the range of likely
sampled grating designs). This increase in reflectivity of both sampled gratings is
indicated by the two additional lines (B). On both the line of 23% CSG reflectivity
and these lines of increased sampled grating reflection, viable set-points need to
be available (i.e. within the shaded region). In addition, a variation of sampled
grating reflectivity needs to be supported over the tuning range. In the figure the
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limits for a 1 dB and 2 dB allowed variation are given (respectively C and D).
Only for the 1 dB variation viable set-points are available. The lines E indicate
the limits this puts on the reflectivity of the separate sampled gratings. For the
23% CSG reflectivity both sampled gratings need to provide a reflectivity of 6%
at high values of current injection. By completing the area of operation (the area
F) a minimum sampled grating reflectivity is found of 18% over the tuning range
without current injection. The variation of resonance reflectivity over the tuning
range needs to be less than 1 dB. At the setpoint of maximum reflectivity for both
sampled gratings the CSG-reflectivity is 52% (G).

10. Burst section length Lb/(Lb + Lp) In figure 4.17 the variation in resonance re-
flectivity over the tuning range is plotted versus the minimum reflectivity. To
obtain a sampled grating with at least 18% reflectivity and a variation over the
tuning range of less than 1 dB, a grating burst length of at most 15% of the grating
periodicity is allowed. Since the highest possible value also allows for minimization
of the total CSG length, this value is chosen.

11. Sampled grating configuration N1, Lb1 and N2, Lb2 The final design for the
first sampled gratings is a grating burst length of 4.8 µm(Lp1 = 27.2 µm). For
the second sampled grating it is 6 µm(Lp2 = 34 µm). With these settings the
first sampled grating requires 11 periods to provide the 18% reflectivity, while the
second sampled grating requires 12 periods (since the resonance spacing is lower).
This implies lengths of 352 and 480 µm for the first and second sampled grating
respectively. The total CSG length is 832 µm.

4.2.4 Optical layerstack

Cross-sectional views of the layerstack in the CSG laser are provided in figure 4.18. The
buried waveguide in the gain section is formed by a multi-quantum well (QW) with
quaternary confinement layers (to provide optical confinement and waveguiding). In the
tuning sections a bulk quaternary tuning layer is used. An Fe-doped current blocking
layer is grown next to the waveguide. Below and above the waveguiding layers, the InP
material is n- and p-doped, respectively.

A grating layer remains in the grating-burst sections below the tuning layer and is
removed in all other parts of the device. The integration of the two layer-stacks in the
device is achieved through a buttjoint regrowth.

A more detailed processing sequence is provided in appendix A.

Gain section layerstack

The purpose of the gain section is to provide optical gain and enable lasing operation over
the full wavelength tuning range, with a low threshold current and minimal variation in
the operation current. Only the fundamental transverse mode is allowed to propagate
in the gain section to reduce the risk for low SMSR. The buttjoint connection between
gain and tuning section is to be optimized to reduce reflectivity and loss within the
laser-cavity.
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Figure 4.18: Top-view and cross-section of a CSG laser. The optical microscopy picture shows
a 4-section CSG laser. The SEM-images shows the cross-section through the SIPBH-structure
(an etchant has been used to accentuate doping and material contrast). The cross-section is
similar in each section. The insets detail the layers in both gain and tuning sections
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The gain section layerstack, used here, is based on prior work on other laser-products
(such as DFB lasers and DBR lasers). In this existing design, 4 InGaAs quantum wells
are surrounded by a 3-layer confinement structure (see figure 4.18), to facilitate carrier
transport to the well and avoid carrier escape. The bandgap profile of these confinement
layers is stepwise and matches a parabolic profile versus the distance from the quantum
well. The bandgap increases from 1.03eV (for Q1.20 barrier material) to 1.35eV (for
InP). The threshold gain (αi +αm) for 500 µm long lasers with this 4 QW gain section
design is in the range of 30 to 40 cm−1, with a threshold current below 20 mA. This is
derived from calculations on DFB lasers and comparison to fabricated lasers. For this
design the optical confinement is 1.75% (a gain of about 20 cm−1%−1). DFB lasers
with this structure operate in the linear regime of the gain versus current-density curve
and a change in mirror-loss has a minor impact on the threshold current and operation
current. This is apparent from the limited variation in average threshold current between
production DFB wafers.

To build upon the design optimization already performed for this layerstack, and the
proven reliability, here the profile of the confinement layer and the type of quantum wells
is fixed. Only the number of quantum wells and the total thickness of the confinement
layer is varied for design optimization. The CSG design provided in the previous section
gives an estimate for the mirror-loss (with RB = 23% and RF = 17%) of αm = 41 cm−1

and hence the required gain is gth = αm + αi ≈ 55 cm−1. To provide margin against
design-variations and to provide the flexibility to reduce the gain-section length the
design target is set to a gain of more than 60 cm−1. Hence, a quantum well confinement
higher than 3% is required. As stated in section 4.2.1 this minimum gain is required to
start lasing at a sufficiently low current density. Higher values of confinement are only
beneficial to lasing operation if the active volume of the gain material does not increase
(i.e. when the number of quantum wells is fixed).

In figure 4.19 the optical confinement in the quantum wells is plotted versus the
thickness of the confinement layers (i.e. the thickness of the 3-layer confinement struc-
ture at one side of the quantum well) for several numbers of quantum wells. For a 6QW
layerstack the plot is made for a range of values for waveguide-width. The minimum
requirement for the optical confinement is also indicated in the figure. Only the 6QW
layerstack fulfills the gain requirement and provides a wide design range for both waveg-
uide width and confinement layer thickness. It is preferred not to use more quantum
wells, since this increases the threshold current density and increases the risk of problems
with carrier transport to the quantum wells. For the same reason a narrow waveguide
width is preferred.

For single mode operation, higher-order modes are required to be cut-off (i.e. not
guided by the laser-section). Therefore in figure 4.19 only design-points are plotted where
higher order modes are not supported by the waveguide. From the figure a 6QW, 1.8 µm
wide waveguide with a thick confinement layer results in a high value of confinement,
without exciting higher order modes. Such a value of waveguide width also ensures that
the resistance of the layerstack is acceptable.

As expressed in formula 3.12 the laser-gain is not uniform over the full tuning range.
This results in an additional gain-difference between resonances over the wavelength
range. Design of a laser-structure that minimizes this difference is outside of the scope
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Figure 4.19: Quantum-well optical confinement versus confinement layer thickness for a different
number of quantum wells. The dotted line indicates the confinement requirement for the gain
section. Only combinations where the first order mode is suppressed are drawn. The calculations
have been performed with the FIMMWAVE package.

of this work. This is however an area, where the performance can be improved. Several
methods exist to manufacture an inherent wider gain versus wavelength characteristic,
such as n-doping of the barriers in the quantum well [19] and chirping of the quantum
well [82]. Here it is assumed that the layerstack already provides a sufficiently wide
gain-peak. A short gain section helps in reducing the gain variation over the tuning
range.

The composition of the material needs to be chosen such that the gainpeak overlaps
with the Bragg wavelength. Alternatively, a gainpeak at a lower wavelength than the
Bragg peak can be used to compensate for material absorption. It also compensates for
higher operating temperatures (through device heating).

The gain section design is fixed to a 6-QW laser design. The waveguide width is
set to 1.8 µm. Hence, the confinement layer thickness needs to be larger than 25 nm,
to obtain sufficient confinement. The choice for this thickness is not made here, but is
rather based on the maximization of the optical overlap with the mode in the tuning
section, at the butt-joint.

Tuning section layerstack

The purpose of the tuning section layerstack is to provide a high wavelength tuning range
and tuning efficiency (change in wavelength per mA current injection). Furthermore the
grating strength is to be maximized (for improved sampled grating performance) and
the higher order modes are ideally cut-off (both in the lateral and transverse direction).
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Figure 4.20: Overlap of the fundamental mode with the tuning layer versus tuning layer thick-
ness. Also the tuning-efficiency is included.

The wavelength tuning range is given as ∆λ =
∆µmat,max

µeff
·Γ·λ, where ∆µmat,max is the

maximal achievable change in material refractive index and Γ is the overlap of the optical
mode with the tuning layer. ∆µmat,max is both dependent on the material composition
and the maximum achievable carrier-density in the tuning layer. The tuning efficiency is
a measure of the amount of injection current needed, to achieve a given change in Bragg
wavelength. This parameter depends on the applied current, but scales with Γ

Va
.

The design parameters for the tuning sections are the thickness of the tuninglayer
and the width of the waveguide. In figure 4.20 the confinement of the optical field in
the tuning layer and the tuning efficiency are plotted versus the tuning layer thickness.
An increase in tuning layer thickness improves the overlap of the optical field with the
tuning layer (and the wavelength tuning range), but reduces the tuning efficiency (since
the increase in confinement is sub-linear with the active volume). At 400 nm thickness
a sufficient optical confinement is obtained without sacrificing the tuning efficiency.

The optical confinement has minimal dependence on the waveguide-width. In the
range of interest (1.4 - 2.2 µm) the choice for a narrow waveguide allows for a high tuning-
efficiency. Limitations of the contact-lithography process (especially reproducibility)
motivate a choice for waveguide-width of 1.5 µm. With this choice of waveguide-width,
the second order transverse mode is cut-off and cannot propagate in the tuning section.
The first order mode is also cut-off, but is of lesser concern, since coupling between the
symmetric fundamental mode in the gain section and the asymmetric first order mode
in the tuning section is negligible. For connection to the wider waveguide in the gain
section and to reduce the coupling loss at the butt-joint a lateral taper is used.

With the geometry of the tuning section layerstack defined, the tuning layer material
needs to be chosen. In figure 4.21a material absorption at a wavelength of 1550 nm
is plotted versus the tuning material bandgap wavelength, at different levels of carrier-
density. The material absorption increases for a bandgap wavelength close to the evalua-
tion wavelength. The increase in free-carrier absorption, with increasing carrier-density,
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is insignificant, when the bandgap wavelength is close to the evaluation wavelength. For
a bandgap wavelength up to about Q1.45, the maximum absorption over the carrier-
density range is constant. Therefore a design choice close to this bandgap wavelength
is most suitable to reduce the variation in operating current in the gain section. This
increases the absorption (and reduces reflectivity) at low tuning current, but it should be
realized that the goal is to obtain a small power variation over the tuning range. Since
the target tuning-range for the tunable laser is from 1525-1565 nm, a Q1.425 tuning
layer material is chosen. A higher quaternary composition leads to increased absorption,
while a lower quaternary composition results in a lower resonance tuning range and more
variation in output power over the tuning range.

To verify that this material can provide sufficient wavelength tuning range figure
4.21b plots the relation between the change in refractive index and material absorption.
Again the bold curves correspond to different values of carrier-density level in the tuning
layer and are drawn for a range of quaternary compositions, starting from Q1.3 (on
the left side of the curve) to Q1.5. For a bandgap wavelength, too close to the lasing
wavelength, the absorption increases rapidly, without a significant benefit to the tuning
range. A refractive index tuning range of approximately 0.036 is needed (with 70%
confinement). In the figure a thin dotted line indicates the relation between refractive
index change and absorption for the material composition of choice (Q1.425). The curve
is drawn for increasing values of carrier-density in the tuning layer. This confirms the
choice for Q1.425 material, which achieves the 10 nm tuning range at a carrier-density
of 2.5 · 1018 cm−3).

To increase the achievable carrier-density of the tuning layer, an InAl0.40Ga0.07As
layer is added on the p-side of the tuninglayer. This material has a conduction band
offset that is larger than for quaternary material. This means that after alignment of the
Fermi-energy a step in the conduction band energy is created, while the valence band
energy remains continuous. As a consequence, electrons are blocked from escaping the
tuning layer, while holes face no extra barrier for injection into the tuning layer. Since
the carrier-density is partly limited by the escape of electrons from the tuning layer into
the p-type region an increased carrier-density and tuning range can be realized [112].
For a tunable DBR laser an increase in tuning range of about 10% was achieved [1].

From the CSG design it follows that maximization of the grating strength is preferred
(section 4.2.2). The grating strength is improved by increasing the grating layer thickness
and decreasing the distance between tuning layer and grating layer. The manufacturing
method limits the grating-layer thickness to about 100 nm (thicker layers can not be
etched within the used technology) and the active layer regrowth technology requires a
minimum spacer layer thickness of about 25 nm to ensure planar regrowth [31].

In figure 4.22 the dependence of grating strength on spacer thickness and tuning
layer thickness is shown. The dependence of grating strength on waveguide width is
minimal. Grating strengths up to 20 mm−1 are achieved for a thin tuning layer. However,
optimization of the tuning section required a tuning layer of 400 nm. Therefore the
grating strength is limited to about 15 mm−1 with a 25 nm spacer-layer and a 80 nm
thick grating layer. It was verified that the pull of the grating-layer on the optical
mode resulted in less than 3% variation in optical confinement for the tuning layer. A
slight further increase of the grating strength is possible by an increase in the bandgap
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wavelength of the grating layer. This will however also lead to an increase in absorption.

Overlap at buttjoint

The connection between gain and first phase section is of major importance to avoid
unwanted feedback (resulting in wavelength dependent interference terms) and loss (re-
ducing the device output power).

From a technology stand-point this is achieved by a high quality auto-aligned inter-
face, which is implemented in the growth sequence.
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From a design stand-point the optical overlap of the fundamental optical mode in
both layerstacks is maximized. This needs to be done within the constraints set by
the design for gain and tuning section, leaving the waveguide width and gain section
confinement layer thickness as variables for optimization (the tuning section is considered
most important and hence the tuninglayer thickness is fixed). Both due to alignment
of mask and the methods used for the waveguide etch, the width of the waveguides at
the buttjoint interface is the same, but by tapering the width in both tuning and gain
section can be different.

Using the eigenmode expansion algorithm in section 3.2.2 the coupling of the optical
modes in the gain section to modes in the tuning section is calculated. In figure 4.23 the
optical loss at the buttjoint is plotted as a function of waveguide width and confinement
layer thickness (in the gain section). In the figure the design constraints are also shown (at
least 3% optical confinement in the gain section and a maximum width to cut-off higher
order modes in the gain section). The optical loss is caused by forward coupling of the
optical mode into radiating modes or backward coupling in either the fundamental mode
or radiating modes. The backward coupling into the fundamental mode (reflectivity) is
less than 0.1%, for all considered values.

The waveguide width in the gain section and at the buttjoint is designed to be 1.8
µm, with a confinement layer thickness of 80 nm. This ensures a buttjoint coupling loss
of -0.7 dB per pass.

Design summary

In table 4.1 (second column), the design choices for the CSG are listed.
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Parameter Design and Experiment
simulation value value

Gain section length 400 µm 400 µm
Front facet reflectivity 17% 27%
Gain section waveguide width 1.8 µm 1.8 µm
Gain section confinement thickness 80 nm 89 nm
Propagation length sampled grating 1 27.2 µm 37.2 µm
Grating burst length sampled grating 1 4.8 µm 4.2 µm
Number of sections sampled grating 1 11 7
Propagation length sampled grating 2 34.0 µm 24.1 µm
Grating burst length sampled grating 2 6.0 µm 8.9 µm
Number of sections sampled grating 2 12 3
Grating strength 15 mm−1 15 mm−1

Tuning section composition Q1.425 Q1.43

Table 4.1: Summary of design parameters for CSG laser. The first column lists the final design
parameters, as used in the simulation. The second column lists the design of the presented
experimental laser. Significant deviations exist since some wafers were processed before all design
insights were complete.
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4.3 CSG operation

The previous section was devoted to the design of a CSG laser. In this section the oper-
ation of such a CSG laser is demonstrated. For this purpose first the optimal design is
modeled to demonstrate the tuning mechanism of the CSG laser. Then the experimen-
tal results on a processed device are presented. A more extensive analysis is performed
on a larger sample population to improve correlation between experiment and simula-
tion. Finally, two potential causes for the deviations between presented simulation and
experimental results are presented.

4.3.1 Device performance

Device simulation

The optimized design, in the middle column of table 4.1 is simulated using the tool from
section 3.4. For this simulation interaction between the optical field and the carrier-
density is neglected (in the simulation this is achieved by setting the incident power to
the tuning section to zero). The phase-shift, introduced by the phase section, is adjusted
to align the cavity modes with the resonance in the CSG reflection spectrum. Also, in
other resonances, it is assumed that cavity modes are aligned to this resonance. This
means that an underestimate is made for the device SMSR.

The wavelength of the laser is plotted versus the tuning current, in the first sampled
grating, in figure 4.24a. Hops between sampled grating resonances, towards higher wave-
length, are observed with increasing tuning current, consistent with tuning of the section
with largest resonance spacing. However, the curves are not continuously rising and hops
towards lower wavelength are observed. Mostly, this is caused by a low selectivity be-
tween sampled grating resonances at the transition points, where cavity modes in other
sampled grating resonances can be activated. This is visible on several transitions. In
the stable regime between the transition points the selected wavelength behave regularly
and all intermediate wavelengths can be accessed.

A total accessible tuning range of 40 nm (1530-1570 nm) is predicted. The required
round-trip gain varies between 3800 and 5600m−1 (a CSG reflectivity of 18 to 84%, with
a 17% front facet reflectivity) and the model predicts a range for the operating current
in the gain section between 120 mA and 180 mA (for 30 mW ex-facet operation). At
these current levels the assumption of no roll-over is not valid anymore. Therefore, these
calculations provide an underestimate of the actual required gain section current. The
threshold current is calculated to vary between 30 and 50 mA.

A feature to notice in the figure is that at 0 mA tuning currents the wavelength is
equal to the Bragg wavelength. This is a consequence of the continuous applied grating
pattern over the tuning section. At the zero current setting the length of all propagation
sections is exactly equal to a multiple of the grating pitch and the propagation sections
have no net phase effect. The CSG then operates similarly to a DBR laser.

The ex-facet output power at 150 mA is plotted in figure 4.24b. The effect of free-
carrier absorption is clearly visible, but the decrease in output power is limited to 2.5 dB
over the tuning range. In a real device the increase in free-carrier absorption is partly
compensated by an increase in material gain (see section 4.3.4). For Q1.425 tuning
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Figure 4.24: Simulated tuning behavior of a 4 section CSG laser. Current injection is uniform
over the complete sampled grating sections. The top-graph (a) plots the wavelength, the middle
graph (b) plots the ex-facet output power versus the current in the first sampled grating, for
several current levels in the second sampled grating. The bottom graph (c) plots the SMSR.
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Figure 4.25: Calculated CSG reflection spectra over the tuning range of 53 nm.

material, this reduces the power decrease over the tuning range.

The Side-Mode Suppression Ratio, for this device configuration, is shown in figure
4.24c. Over a 40 nm tuning range it is better than 37 dB when the cavity mode is
aligned with the sampled grating resonance (each local maximum in the tuning curve).
The SMSR is fairly independent of the tuning current and shows a decrease of up to 8
dB over the current range. This variation of SMSR over the tuning range is explained
by the variation in output power and increase in mirror-loss (see formula 2.8). The gain
difference, between modes, is only marginally affected by the increased absorption.

In figure 4.25 the CSG reflection spectrum is plotted at several points in the modemap.
The tuning range of 40 nm is visible, though the CSG reflectivity reduces significantly
towards lower wavelength, due to material absorption. A maximum reflectivity is ob-
tained around 1550 nm. Each spectrum provides a gain-difference for cavity modes of
at least 0.7 dB, resulting in a minimum SMSR of 37 dB.

The presented results, thus far, were based on the assumption that the phase section
current was optimized to align the selected cavity mode with the CSG resonance. This is
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Figure 4.26: Wavelength versus tuning current, without alignment of cavity modes with the main
CSG resonance. This figure demonstrates that in the measurement on the actual device irregular
modehops (as indicated by the arrows) can occur.

not easily achieved during device characterization, due to the time it takes to optimize the
phase section current. Therefore, during a typical measurement this current is fixed and
alignment of the cavity modes with the CSG resonance is not assured. As a consequence,
competition with better-aligned cavity modes in a lower reflectivity CSG resonance, can
force the laser to select a secondary CSG resonance. In the wavelength tuning chart
this shows up as a seemingly irregular change in wavelength, larger than the cavity
modespacing. In figure 4.26 the wavelength tuning is plotted versus the tuning current
with a fixed phase section current. Comparing this with the original plot (figure 4.24a),
it is observed that more irregular wavelength jumps between resonances occur, in some of
the mode-plateaus (indicated by arrows). This is caused by a mode in a side-mode that is
higher than any of the modes in the main resonance. The result is that characterization
of a real device becomes more complex.

It is verified that even though the tuning seems irregular, this irregularity only occurs
at points in-between set-points, where the selectivity is low. For the device, the available
tuning range with an SMSR better than 37 dB is still 40 nm, since the cavity modes are
aligned to the CSG feedback by optimizing the phase section current.

These simulations show that the CSG conceptually can deliver the requirements of
30 mW output power over the tuning range (at a slightly higher current than 150 mA),
with an SMSR better than 35 dB. In the effort to design a high output power device,
the selectivity of the CSG section was sacrificed (through the choice of a high resonance
spacing and large burst section length). This results in low mode selectivity at wavelength
jumps between resonances, resulting in irregularity of the tuning curve. For a device,
operating at a lower output power, a design can be chosen with more selectivity in the
CSG response. This increases tuning regularity and tuning range.

In this analysis the direct interaction between optical field and carrier-density was not
taken into account. For higher values of output power this can result in saturation and
non-linearity. Also optical gain at higher values of tuning current was not considered.
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Figure 4.27: Wavelength of experimental CSG laser versus first sampled grating tuning current
for several tuning currents in the second sampled grating. Tuning is irregular with an available
tuning range of 57 nm (1489-1546 nm).

This enables a higher power device (or lower tuning currents).

Experimental device performance

An experimental record of the wavelength tuning of a CSG laser from wafer B (see
appendix B for details on the experimental material) is shown in figure 4.27. The device
design is given in the third column in table 4.1. The major deviation from the simulated
device is the number of sections in the second sampled grating, since full device wafers
were processed before all design insights were complete. Also no coating was applied
to the front-facet. A simulation on the design of the experimental devices showed a
wavelength tuning range of 31 nm with an SMSR larger than 35 dB and a gain section
operating current between 130 and 220 mA. This compares to a wavelength range of 40
nm and an operating current range between 120 and 180 mA for the optimal design.

This device shows a tuning range of 57 nm (1489-1546 nm) and SMSR is measured to
be better than 30 dB over a continuous range of 34 nm (consistent with the simulation
for this design). The output power from this device at 100 mA varies between 5 and 10
mW, compared to a simulated power between 8 and 20 mW at 100 mA. This device does
not generate the desired 30 mW ex-facet power, partly because of the uncoated front-
facet (the simulation tool predicts at 10 mW penalty, compared to the 17% coating) and
partly because of a strong roll-over of the LI-curve, possibly due to a poor gain section
material.

The wavelength tuning, even compared to the simulations, is irregular. In the figure it
is observed that the mode-plateaus are shifting with applied current through the second
sampled grating (see the arrows), as expected from a regularly tuning device. The large
number of hops between resonances indicates a poor selectivity between CSG resonances.
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Due to the irregular tuning, not all wavelengths within the 57 nm range are addressable
with a sufficient value for SMSR.

In figure 4.28 the SMSR is plotted versus the wavelength. A distinction is made be-
tween the SMSR over a range of 5 nm around the lasing wavelength (i.e. the suppression
of cavity modes by the selected CSG resonance) and 80 nm around the lasing wave-
length (i.e. including mode competition with modes in other CSG resonances). Clearly
the SMSR-limitation for this device is due to mode-competition with modes in secondary
CSG resonances. An SMSR of more than 30 dB is maintained over a tuning range of 57
nm. For a tuning range of 34 nm all intermediate wavelengths are addressed.

These experimental and simulation results confirm the operating principle of the CSG
laser. Even thought the experimental data only has scant comparison to the simulation
data, full tunability has been demonstrated over a 34 nm wavelength range (and over
57 nm with SMSR lower than 30 dB). The remainder of this chapter is devoted to
understanding the difference between the performance of this experimental device and
the simulations.

4.3.2 Simulation tool verification

Sampled grating reflectivity

In the previous section a comparison was presented between an experimental device
and a simulation. Although a good qualitative agreement was established, quantitative
agreement was limited. Therefore, first the modeling tool needs to be experimentally
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Figure 4.29: Relationship between the measured external efficiency for the three fabricated CSG
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verified.

A larger sample population of about 90 CSG laser, including several design variants
(variants in sampled grating periodicity, burst section length and number of sampled
grating sections) is used for this verification. For each device the output power versus
gain section current is measured at 0 mA tuning currents. From this measurement the
external efficiency is determined. For each device, the CSG reflectivity is calculated
based on the device configuration. The correlation between external efficiency and CSG
reflectivity is studied, since a wide range of values for external efficiencies have been
measured (due to a range of CSG configurations on the wafers) and in the calculation
of the external efficiency only a limited number of assumptions have to be made (see
formula 2.6).

In figure 4.29 the measured external efficiency is plotted versus the calculated CSG
reflectivity. Also, the calculated relationship, for a loss-less tuning layer material is
shown. Firstly, the external efficiency decreases with a decrease in CSG reflectivity,
since the amount of power leaving the cavity at the back-facet side increases. Secondly,
the external efficiency is higher for tuning-material with a lower bandgap wavelength.
Clearly, the effect of material absorption on the output power of the device is seen. For
the wafer with Q1.35 tuning layer material (low material absorption) the distribution of
data points closely follows the predicted curve.

The wafers B and C clearly have a lower external efficiency over the full range of CSG
reflectivity. However, for higher values of reflectivity the difference becomes smaller. This
is explained by realizing that the lower the reflection value, the deeper the optical field
penetrates into the tuning section (i.e. the effective length increases). As a result a
larger fraction of the light is absorbed.

In conclusion, this section has demonstrated the impact of tuning section composition
on the external efficiency of a tunable laser. For material with low absorption, close
correlation was found between theoretical prediction and experimental data. This shows
that the simulation model provides an accurate description of the reflection values of a
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for two of the fabricated CSG wafers.

CSG section. In addition, it was argued that the reduction of external efficiency with
an increasing tuning layer bandgap wavelength, is minimized at high values of CSG
reflectivity.

Sampled grating selectivity

The measured external efficiency is a measure for the reflectivity of the tuning section
and has a large impact on the achievable output power. The side-mode suppression is
determined by the resonance selectivity of the CSG section.

The method described in appendix C was used to measure the reflection spectra
of CSG lasers, from which the FWHM (Full Width Half Max) of the resonances is
determined. In figure 4.30, the measured CSG resonance FWHM is plotted versus the
calculated FWHM for the CSG sections.

Again, close correlation is found between the theoretical predictions and the exper-
imental results. Material absorption is not expected to significantly affect the spectral
width of the resonance, as confirmed by the data (the overlap of data-points from two
different wafers, with different tuning layer bandgap wavelength). This leads to the
conclusion that the simulation tool provides a good description of the CSG properties.

4.3.3 Isolation channel between sampled gratings

The previous section showed that the simulation model provides a good description for
both the reflectivity and the spectral selectivity of a CSG reflection spectrum. The
correspondence between simulated and experimental data, at a device level is, however,
poor thus far. The deviation between simulation and experiment, therefore, seems to be
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Figure 4.31: Simulated tuning behaviour of CSG laser. Current injection in the region of the
isolation channel, between both sampled gratings, is set to zero. Arrows indicate where the
wavelength tuning deviates from the simulation, where the isolation channel was neglected.

in the description of the experimental devices.
In practical devices, an isolation channel is present between the first sampled grating

and the second sampled grating, to prevent current leakage and electrical cross-talk (see
figure 4.1). As a result, a small region exists, in both sampled gratings, without current
injection (the last period of the first sampled grating and the first period of the second
sampled grating). These sampled gratings are therefore not completely pumped and
the current density, along the length, is not uniform. This results in an anomalous
phase-change near the isolation channel and reduced selectivity of the CSG.

The effect on the laser wavelength of such an isolation channel of 20 µm is demon-
strated in figure 4.31. For this simulation it was assumed that the isolation channel was
centered over the last grating-burst section of the first sampled grating. The isolation
channel thus extends 8.9 µm into the propagation regions of both sampled gratings.
The refractive index below the isolation channel is taken to be independent of the tuning
currents.

Clearly, the wavelength tuning behavior becomes less regular, with additional hops
between resonances (indicated by the arrows, compare to figure 4.24). From the simu-
lation it follows that the output power over the tuning range is not affected, but these
intermediate hops reduce the SMSR. This reduces the tuning range to 26 nm (1534-1560
nm), with a wavelength region between 1560 nm and 1567 nm, where no wavelength is
addressed.

Because of the isolation channel between the two sampled grating sections full wave-
length accessibility is threatened. A solution to this problem is the 5 section CSG (figure
4.1). This device configuration requires two isolation channels in a second phase section
making the current injection in the sampled gratings uniform. However, a second phase
section is introduced to control the phase between the two sampled gratings (in order to
restore the positive interference of the reflection terms). The added complexity of this
design, both in characterization and control, makes the 5 section CSG laser less favorable
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to existing widely tunable laser types with four or less contacts.

As suggested the isolation channel in the design is a possible cause for the irregular
tuning in the experimental device. The simulations have proven this to be a reasonable
assumption, though they are not conclusive. In addition, in the measurement of the
experimental device the phase section current is not adapted to align the cavity modes
with the CSG resonance, resulting in lower mode-selectivity. At the very least, these
effects make the design more susceptible to other effects that affect the selectivity of the
CSG section. Examples are the flatness of the gain curve of the gain section material,
the increase of temperature with tuning currents and spatial and spectral hole burning.
Finally, it has to be noted that the experimental device deviated from the optimum
design.

4.3.4 Electro-optical interaction in CSG

Free-carrier absorption in the tuning section reduces the CSG reflectivity over the tuning
range. In addition to this, the optical power incident on the CSG is absorbed and gen-
erates a position dependent photo-current in the tuning sections. Also, with sufficiently
high carrier-density, gain is generated in the tuning layer. In the following section the
effect of absorption in the CSG on the mode-pattern is demonstrated, and it is shown
that this can be a cause for the irregular tuning that was observed. In the following
section an experimental demonstration is presented of the effect of gain in the tuning
section with increasing current injection.

Saturation effects in the CSG laser

Following the methodology described in section 3.4 the reflection spectrum of a CSG
section at different levels of incident power is calculated with a stepwise increase in
the incident power on the tuning section. After each calculation the photo-current is
recalculated. This approach is needed to achieve a self-consistent solution. With this
approach it is not tried to calculate a complete mode-map of the tunable laser, since
this cannot be un-ambiguously defined. At any given output power and current setting,
multiple set-points can exist with a specific combination of power incident on the CSG
section and CSG reflectivity. This hysteresis effect reduces the usefulness of a calculation
of wavelength tuning versus current.

In figure 4.32 reflection spectra from a CSG section are shown at different levels of
incident power. A combination of tuning currents was chosen, where the sampled grating
sections are aligned with regard to one-another and both power and SMSR is high. A
tuning layer material composition is used of Q1.425 and Q1.325. Since the absorption
of the Q1.325 material is lower, the photocurrent and sensitivity to incident power is
lower. In the spectra for the Q1.425 material it is seen that for incident power of 20 mW
and higher the reflection spectrum has significantly changed from the spectrum with
no incident power. The spectrum for the Q1.325 material also changes with increased
incident power. However, thanks to the lower absorption the impact of the photo-current
is lower and the Q1.325 material still selects the same resonance at 30 mW incident power
as at 0 mW power.
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Figure 4.32: Calculated spectra of CSG section with increasing values of incident power. For
a Q1.425 material the spectrum is shown for 0, 10 and 20 mW incident power. The 20 mW
spectrum is distinctly different from the 0 mW spectrum. For a Q1.325 material the spectrum is
shown for 0, 10, 20 and 30 mW incident power. Even though the spectrum becomes more noise,
high reflectivity and selectivity is still obtained.

This figure clearly demonstrates that a design with a too high bandgap wavelength
for the tuning layer is highly dependent on the incident power on the tuning section.
Even if the design supports 30 mW operation, based on the spectrum at low power, the
change in spectrum at higher power levels makes single mode operation impossible.

For the tested experimental device output powers up to 10 mW were measured. At
these power levels the simulations predict no significant impact on the CSG reflection
spectrum. Therefore, the experimental data are not likely affected by this phenomenon.
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Figure 4.33: Dependence of output power on current through the first sampled grating. Output
power is relative to the maximum output power. For each graph up to 10 different devices are
plotted. The thick dotted line provides a guide for the eye.

Tuning layer composition

The choice of tuning layer composition is important in reducing the variation of oper-
ating current in the gain section over the tuning range. In the design and simulation
sections it was argued that a material bandgap close to the operating wavelength reduces
this variation over the tuning range, by allowing the material absorption at no current
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injection to be comparable to the maximum free-carrier absorption. A second effect that
occurs with a bandgap wavelength close to the laser wavelength is a larger amount of
stimulated emission (i.e. gain). Through this effect, an increase in tuning current and
free-carrier absorption can be partly compensated for by the increase in gain coefficient.

In the process of free-carrier absorption, an electronic carrier is excited from the
conduction band, towards a higher energy level. The probability for this process is
proportional to the product of available carriers in the original state and the number
of free states at the final energy. Since the higher energy levels are fully depleted, the
free-carrier absorption is proportional to the carrier-density in the conduction band.

The process of stimulated emission involves the stimulation by a photon of a carrier
in the conduction-band to decay towards the valence band, while emitting a photon.
The product of the available carriers and free states again gives the probability for this
process. Since the valence band is typically occupied by carriers, the number of free
states in the valence band is limited to the number of carriers that have been excited to
the conduction band (in charge equilibrium). Hence, the process of stimulated emission
is proportional to the square of the carrier-density. For higher levels of current density
the gain can therefore compensate for the free-carrier absorption.

In figure 4.33 the dependence of optical output power on tuning current density
is shown for lasers from the three CSG wafers. These curves were measured with a
constant current into the gain, phase and first sampled grating section. Different CSG
configurations (with differences in sampled grating periodicity, grating burst length and
number of sections per sampled grating) are displayed together, explaining the spread in
behavior.

In figure 4.33 guides to the eye are drawn, to highlight the difference in behavior of
devices from the different wafers. For the low bandgap wavelength material a decrease in
absorption is seen, with stabilization at higher values of current density. For increasing
bandgap wavelength, a recovery of the output power is observed. For the tuning layer
material with a Photo-Luminescence (PL) wavelength at 1455 nm the output power fully
recovers for high values of current density. The minimum in output power is observed
at lower current density values.

The expectations was that an increased stimulated emission in material with higher
quaternary composition reduces the output power variation. However, the power vari-
ation over the tuning range is not reduced by this gain effect. For unknown reasons,
the decrease in output power is higher for the material with higher bandgap wavelength.
This is not expected to be due solely to free-carrier absorption (which is proportional
to the carrier-density and hence current density, at low current). Possibly, it is due to
an increased carrierdensity from photo-current. Additionally, for DBR lasers, it was ob-
served that the tuning range was reduced from 11 to 9 and 8 nm for wafer A, B and C
respectively.

These results demonstrate gain at high carrier-density in widely tunable lasers, which
depends on the tuning material composition, for a wide range of material composition
(tuning layer PL wavelength range of 100 nm). Though not well understood, these results
indicate that a lower value of bandgap wavelength can improve both output power and
output power variation over the tuning range.
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4.4 Summary

In summary, the operation of a CSG laser was simulated and experimentally demon-
strated. The simulation showed that, by design, a CSG laser can generate an output
power of more than 30 mW over a tuning range of 40 nm with an SMSR better than 37
dB, for gain section current lower than 180 mA. The experimental device (different from
the optimum design) was tunable over a total tuning range of 57 nm, though only over a
range of 34 nm all wavelengths were accessible, with an SMSR better than 30 dB. Out-
put power varied between 5 and 10 mW at 100 mA gain section current. In comparison
between simulation and experiment, the wavelength tuning of the experimental device
is highly irregular.

It was verified that the simulation tool provides an excellent description of the re-
flection spectrum of a CSG laser. Therefore, the irregular tuning behavior of the CSG
laser is attributed to a reduced CSG resonance selectivity, due to a non-optimal design,
the presence of an isolation channel between sampled grating sections and the absence
of alignment between resonance and cavity modes during measurement.

It was demonstrated that the interaction between optical field and carrier-density
in the tuning sections can significantly influence the performance of the tunable laser.
For a bandgap wavelength of Q1.425 it was shown that 30 mW output power cannot be
obtained, due to a decreased selectivity and reflectivity of the CSG at high (>20 mW)
power-levels. In addition it was shown that gain in the tuning-section counter-acts the
increase in free-carrier absorption with tuning current. This effect was strongest for the
material with a higher bandgap wavelength, but devices in this material did also show
the largest variation in output power over the tuning range. Therefore, it is advised
to reduce the bandgap wavelength of the tuning layer material further than the Q1.425
used in the presented design.
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APPENDIX A: Fabrication

The fabrication process for the CSG laser is similar to that of a tunable DBR laser (refer
to [104]). The device structure is known as Semi-Insulating Planarly Buried Hetero
(SIPBH) . Though a detailed description is out of the scope of this thesis, a cursory
overview of the fabrication of the CSG laser is given below:

Epitaxy grating layer The quaternary grating layer with InP cap layer is grown on
an n-doped InP substrate.

Sampled grating definition The grating is defined on the full wafer by a holographic
process. With a masking step the resist in the gain, phase and propagation sections
is exposed, after the holographic exposure. After photo-resist development, SiO2

etching and wet chemical grating etch the grating only remains in the grating-burst
sections.

Epitaxy gain layer The spacer-layer and gain layerstack is regrown on the grating
surface.

Buttjoint definition The gain section is protected by a SiO2 mask and wet chemical
etching is used to remove the gain section layerstack outside of this mask.

Epitaxy tuning layer The tuning layerstack is regrown selectively in the etched away
regions. Device operation is sensitive to the connection between gain and tun-
ing section layerstack, since residual reflections may occur here. A process was
developed to ensure a high-quality auto-aligned butt-joint connection.

Epitaxy cladding layer After removal of the SiO2 mask an InP cladding layer is
regrown on top of the gain and tuning sections.

Waveguide definition and etch The waveguide is defined in a SiO2 mask and the
material outside the waveguide is removed by a combination of dry and wet chem-
ical etching.

Epitaxy blocking layer The iron-doped blocking layer is regrown.

Isolation channels To ensure electrical isolation between sections an isolation channel
is defined in SiO2 between all sections. In this channel of 20 µm length the
InP-thickness on top of the waveguide is 700 nm. This ensures a high electrical
resistance (≈ 10kΩ) and a negligible overlap with the optical field.

Epitaxy top layer The highly doped toplayer and contact layer is grown. Since SiO2

remains in the separation channels, no regrowth occurs in the isolation channels.

P-metalization and lift-off Since this device consists of several sections it is mounted
EPI-up . Consequently the metalization is defined through a lift-off process, which
allows to separate the sections electrically and allows for the inclusion of fiducials on
the chip. A sputtering process is used for the deposition of metal and an acetone-
based lift-off process is used to remove the metal deposited on photo-resist.
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Thinning The wafer is thinned down to 150 µm to reduce thermal impedance

N-metalization N-metal is sputtered on the back-side of the thinned substrate.

Bar cleave and coating The wafer is cleaved into bars. Coating is performed in a
sputtering system both for the back-facet AR coating and the font facet 5 - 30 %
coating.
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APPENDIX B: Processed material

CSG lasers were fabricated from three wafers with different tuning layer composition.
In table 4.2 the various parameters for these wafers are collected. Variants in grating
burst section length, propagation section length and number of periods for both sampled
gratings were included on each wafer.

During the growth of the gain section layerstack part of the confinement layer was
omitted, due to a mistake in the growth-recipe. This resulted in an asymmetric layer-
stack. For a good buttjoint coupling the thickness of the tuning layer was reduced to
330 nm, reducing the tuning efficiency. From calculations this resulted in a decrease
in confinement to 55 % from 65%. Tunable DBR lasers fabricated on these wafers had
a tuning range between 8 and 11 nm, as compared to a typical 13 nm. Therefore the
reduced tuning range can not solely be attributed to the thinner tuning layer, but also
to a reduced material performance or process control.

Wafer A Wafer B Wafer C
Wafer ID 15908 15910 15911
PL gain section (nm) 1546.9 1546.9 1544.5
Standard deviation over wafer (nm) 5.7 5.4 5.3
PL passive section (nm) 1381 1438 1453
Standard deviation over wafer (nm) 4.1 3.8 3.5
Bragg wavelength (nm) 1530 1530 1530

Table 4.2: Overview of process parameters for wafers with CSG lasers
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Figure 4.34: Method for determining the resonance width of the grating section.

APPENDIX C: Measurement of grating properties

The standard tunable laser configuration considered here is a sequence of gain section,
phase section and tuning section(s). Figure 4.34a illustrates how current injection into
the phase section, allows us to derive the tuning section reflection spectrum. The spon-
taneous radiation, emitted from the phase section, couples partly to the waveguide and
propagates in both directions. The emitted light, at the gain section facet, consists out
of light that propagated directly through the gain section and light that was reflected
on the tuning section and propagated through the phase and gain section. This light is
collected into a fiber. Since photons are generated by spontaneous emission, and no cav-
ity effects are supported by the highly absorbing gain section, no interference effects are
present at combination of the two beams. With zero injection current in the gain section
any cavity effects between front facet and tuning section are effectively suppressed. A
small amount of current injection is used to decrease the absorption in the gain section
and increase detection sensitivity.

In 4.34 a spectrum reflected from a DBR grating is shown. In this case only 13 % of
the detected light, did reflect on the grating (the resonance is at -70.7 dBm as compared
to a -71.3 dBm background level). The background level is removed from the spectrum
as indicated in 4.34c, after which the resultant DBR reflection spectrum is found (figure
4.34d).

This resonance is fit to formula 2.12 and with the known grating length of 400 µm
the grating strength is determined. It should be noted that the detected resonance is the
resonance of the TM mode, since the absorption in the multi-quantum well gain section
is considerably smaller for a TM mode than for a TE mode. With a proper mode solver
program both the TE and TM mode are easily calculated to correlate the TE and TM
properties.
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Chapter 5

Tunable MMI Laser

This chapter focuses on the other novel concept for a widely tunable laser: the Tun-
able Multi-Mode Interference section (T-MMI) Laser [25]. The concept is introduced
in section 5.1. In section 5.2 the design of the device is detailed. Section 5.3 presents
computed and experimental verification of the performance. In section 5.4 a summary
is provided of the performance of this widely tunable laser concept.

5.1 Device concept

The CSG device presented in the previous chapter is based on a Vernier-type tuning
scheme. With the two sampled gratings, both controlling the cavity mode selection,
accurate control over both tuning currents is required and device control is complicated.
In contrast, with tuning sections in which the selection of cavity mode and sampled
grating resonance is separated, a tight control over only one tuning current is needed.
In section 1.2, the GCSR was described as a prime example. The device introduced in
this chapter, the Tunable MMI (T-MMI) laser, builds upon the same principle.

In figure 5.1 a schematical topview of the T-MMI laser is shown. Starting from the
emitting facet on the right, the device consists of four sections. The gain section pro-
vides amplification. The phase section fine-tunes the position of the cavity modes. The
sampled grating provides a reflection spectrum with multiple resonances. And the tun-
able MMI section selects one of the multiple sampled grating resonances of the sampled
grating. A different cavity mode is selected by tuning the sampled grating reflection
spectrum and a different sampled grating resonance is selected by shifting the narrow
tunable MMI section transmission spectrum.

The basis of this device is the selectivity of the transmission of an MMI and the
tunability of the wavelength of maximum transmission of the T-MMI coupler. The MMI-
transmission curve is sharper than for two-mode interference devices, due to the higher
order modes that propagate in the MMI. The tunability is achieved through localized
current injection into the T-MMI laser. The associated localized refractive index change
results in a shift in the wavelength of maximum transmission.

Building on the work presented in previous chapters, this section focuses on the
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Sampled grating

Figure 5.1: Schematical top-view of Tunable MMI laser: the contour of the device (dark area)
is shown with the electrical contacts for current injection (gray areas with pointer)

operation of the tunable MMI coupler. First the component basics are presented, followed
by an analysis on tapering and tuning of the T-MMI coupler.

5.1.1 Multi-Mode Interference section

Basics

A Y by Z MMI coupler is a wide waveguide, in which several optical modes can propagate.
The input field is generated by Y (typically single-mode) input waveguides and the output
field is collected at Z output waveguides. In figure 5.2 a 1 by 1 MMI coupler is shown
for reference.

At the position where the input waveguide connects to the wide waveguide region the
optical field in the input waveguide is decomposed into the optical modes that propagate
in the MMI coupler. At this interface the overlap is nearly complete (i.e. coupling to
radiation modes is negligible) [70]. These modes each have a different effective index and
thus experience a different phase-shift upon propagation. As a result, the field intensity
profile changes, along the MMI coupler length, due to interference. In an MMI coupler
the optical modes image the original input field, at each multiple of the MMI coupler
periodicity (LMMI ). At intermediate points, a distance ±LMMI

N from the image, an N-
fold copy of the input-field is imaged. In figure 5.2 the field in an MMI coupler is shown
for the wavelength of maximum transmission. At the output waveguide the exciting
input mode is imaged. A 2-fold image is projected at 1

2 of the length, a 3-fold image at
1
3 and at 2

3 of the length, and-so-forth.

The propagation constant βj for mode j is expressed as [21]:

βj = k − (j + 1)2π

4µrW 2
MMI

λ → µj = µr −
(j + 1)2λ2

8µrW 2
MMI

(5.1)

In this equation βj and µj are the propagation constant and effective index for mode
j (0, 1, etc.), k (= k0µr) is the wavenumber, µr is the slab-index in the MMI coupler
region, WMMI is the MMI coupler width and λ is the free-space wavelength. This

equation shows that the difference between the mode-indices is a multiple of λ2

8µrW 2
MMI

and, hence, that after a propagation length
8µrW 2

MMI

λ all modes in the MMI coupler have
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Figure 5.2: Distribution of optical power in 1 x 1 MMI coupler, when excited by a single mode
input field. The mode is injected through the left waveguide and at the right-hand side of the MMI
coupler the field images and is coupled into the single-mode output waveguide. At intermediate
positions, multiple images of the input field are projected.

an integer · 2π phase difference with one another. At this position the original image is
imaged, through the interference of the separate modes.

MMI coupler geometries exist in which only specific modes are excited. In the re-
stricted interference design, the input field is at ±WMMI

6 from the center and only the
mode pairs 0-1, 3-4, 6-7 are excited. Alternatively, the symmetric design requires an
input field, symmetrical along the center of the MMI coupler, such that only even modes
are excited. For these geometries the image length is reduced by a factor 3 and 4,
respectively [21].

From formula 5.1 it follows that the MMI coupler length at which imaging occurs is
given by [21]:

LMMI =
M

N

4 · µr · W 2
MMI

a · λ (5.2)

Where N is the number of images, M is an integer (without a common divider with
N) that defines the number of positions along the MMI coupler, where an N-fold image
appears, and a is a geometry specific number. Its value is 1, 3 or 4 for the general,
restricted and symmetric design, respectively [21].

At the wavelength of maximum transmission the original field is imaged at the output
waveguide, but at other wavelengths (with an offset ∆λ from the wavelength of maximum
transmission) the image point is positioned before or after the output waveguide. The

shift in the image point is given by ∆LMMI = −M
N

4µrW 2
MMI

λ2 ∆λ. The coupling of this
image to the output waveguide can be calculated through a Gaussian expansion and
an optical overlap calculation [21]. From this the spectral width of the MMI coupler
transmission curve follows [21] (see e.g. figure 5.5):

δλ(α) =
π

LMMI
· µrd

2
0 · Z(α) =

N

M
· aπ

4µr
· d2

0

W 2
MMI

· Z(α) · λ (5.3)

The spectral width δλ(α) is defined as the wavelength range over which the wave-
length dependent transmission loss is less than α dB. d0 is the Gaussian waist of the
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Figure 5.3: Schematical representation of tapered MMI coupler. The taper ratio is the percentage
change in MMI coupler width.

input field and Z(α) is an approximate function following from the mentioned overlap
calculation (see appendix in [21]).

In this thesis only symmetric 1 by 1 MMI couplers are considered, reducing the above
equations to (N = 1; a = 4):

LMMI = M · µrW
2
MMI

λ

δλ(α) =
π

2LMMI
· µrd

2
0 · Z(α) =

1

M
· π

2µr
· d2

0

W 2
MMI

· Z(α) · λ (5.4)

These formulas reveal a number of interesting aspects of MMI couplers. Firstly, the
spectral width and hence wavelength selectivity is inversely proportional to the length
of the device. For any choice of width the same length is required to obtain a given
wavelength selectivity. Secondly, the main parameters influencing the MMI coupler
bandwidth are the device length and the width of the input field. Thirdly, the MMI cou-
pler wavelength of maximum transmission scales with L−1, µr and W 2

MMI of which only
the last parameter is hard to control: a control over the MMI coupler center wavelength
of 10 nm (0.6% at 1550 nm) requires a width control better than 0.3% of design width
(0.06 µm for a 20 µm wide MMI coupler). For this reason wide MMI couplers offer
better control over the MMI coupler transmission wavelength during manufacturing.

The above analysis is fully based on the paraxial approximation, leading to formula
5.1. This requires that the optical field guided within the MMI coupler, such that the
modes resemble plane waves. When this assumption breaks-down the modes do not build
up a multiple of 2π phase difference among one another, at the same position, and full
imaging is no longer achieved. This results in lower transmission and increased spectral
width (see section 5.2.3 for more details).

MMI coupler tapering

The previous section introduced the basic MMI coupler properties, including wavelength
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selectivity. The inclusion of a long sufficiently selective MMI coupler in a laser cavity
makes the laser cavity modespacing unacceptably narrow. A shorter MMI coupler is
required for single mode laser operation.

This can be effectively achieved by tapering the MMI coupler [70]. In figure 5.3 the
basic layout of a tapered MMI coupler is shown. At its input the MMI coupler has its
maximum width W1 and the input field is decomposed into the available modes. Over
the length of the MMI coupler these modes are adiabatically tapered to width W2, such
that the distribution of optical power over the modes is retained and the difference in
propagation constant between modes increases (see formula 5.1). Near the output the
MMI coupler is again tapered to maximum width and the original field is imaged. Since
the difference in propagation constant between modes is larger in narrow MMI couplers,
the MMI coupler length, needed to build up the multiple of 2π phase difference between
modes, is shorter. Since the position of the image point depends on the shift in phase-
difference near the output waveguide of the MMI coupler, the tapering does (ideally) not
influence the spectral width of the MMI coupler transmission.

The requirement of adiabatic tapering restricts the maximum length reduction that
can be achieved. When the taper-ratio is too high, cross-talk between different modes
occurs and full recovery of the image is not possible anymore, resulting in an increased
insertion loss and degrading selectivity. Higher order modes, to which some optical power
is coupled at the input waveguide, become cut-off and radiate power to radiation modes
and lower order modes, such that both insertion loss and selectivity are affected (refer
to section 5.2.3).

MMI coupler tapering is studied in a paper by D.S. Levy et al. [70]. The study
shows that for a highly confined MMI coupler structure (20 µm wide, with an effective
index contrast of 2.3 and a 4 by 4 MMI coupler configuration) the length reduction
achieved by tapering is linear with the taper-ratio and a reduction by 60% is shown for
a 50% taper-ratio. For this taper-ratio the decrease in transmission is less than 1 dB.
For devices with a lower port-count (in this case a 1 by 1 configuration) the dependence
of transmission on taper-ratio decreases. Although, not treated in [70], the MMI coupler
bandwidth is also affected by tapering.

At high taper-ratio the transitions in the MMI region are not fully adiabatic anymore,
resulting in a loss of power in each mode. In addition, some of the modes that are
supported in the wide MMI region become cut-off in the narrow region. Power in these
modes is radiated or coupled into the other supported modes. As a consequence, both
the power and phase of these modes is altered and the longitudinal position where the
condition of an integer · 2π phase difference is reached different for each combination of
modes.

In figure 5.4 simulation of tapering on a 20 µm wide MMI coupler with an index
contrast of 2.3 is shown. A Beam Propagation Model (BPM) tool was used for this
calculation. The (1,1) order Padé approximation is used to improve the results at high
taper ratio. The results presented here on length reduction are in line with calculations
from D.S. Levy et al. [70]. The transmission calculated in that publication is however less
sensitive to tapering. These differences are most likely due to the handling of radiation
modes in the algorithm and the accuracy of the algorithm at high index-contrasts.

Different taper shapes are possible (e.g. parabolic tapers, linear tapers or tapers
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Figure 5.4: MMI coupler length versus taper-ratio for 20 µm wide MMI coupler. In the insets
the calculated transmission by BPM at 0, 20 and 50% taper-ratio is shown.

that scale with the effective index of the waveguide). It is however established [74] [70]
that parabolic tapers give a better performance than linear tapers in terms of length
reduction and selectivity [74].

A last consideration for MMI coupler properties is the insertion loss. Since typically
these devices are fully passive and the optical mode has limited overlap with any etched
sidewall, the loss is low. Imperfections, which affect the phase-difference at the output
waveguide, and material absorption, dominate the insertion loss. With a material loss
of 10 cm−1 (for Q1.45) and a transverse optical confinement of 70%, the optical loss in a
1mm long MMI coupler is 3 dB. A reduction in MMI coupler length, through tapering,
can lead to a net decrease in insertion loss.

MMI coupler tuning

The wavelength of maximum transmission of an MMI coupler is determined by the
effective index difference between the lateral modes (n0−n2, n0−n4, n2−n4 and so on).
Control over this effective index difference enables tuning of the wavelength of maximum
transmission for the MMI coupler. Since optical modes are distributed differently over
the width of the MMI coupler, a localized change in refractive index has affects the
effective index of each mode differently. A local change in the refractive index can be
accomplished by current injection. Dependent on the position of the current injection
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Figure 5.5: Transmission versus wavelength for a tunable, 20 µm wide, 1x1 T-MMI coupler.
The area of current injection is 3 µm wide. Upon tuning, the spectral selectivity and optical
transmission degrade; Transmission spectra are shown for a) no current injection; b) 0.0025;
c) 0.005; d) 0.0075; e) 0.01 lower effective index in center of MMI coupler. For a change in
effective index, below the contact, of 0.01 a 100 nm wavelength tuning is obtained.

either a reduction (i.e. tuning to higher wavelength) or increase in the effective index
difference (i.e. tuning to lower wavelength) is obtained.

For the symmetric tunable MMI coupler presented here localized current injection is
achieved through electrode(s) along the length of the MMI coupler. An electrode in the
middle of the MMI coupler enables a positive wavelength shift (since the refractive index
difference between modes is reduced), while two electrodes at the outside of the MMI
coupler enable a shift towards negative wavelength. In figure 5.5 the tuning-performance
for the configuration with a centered contact is simulated with a BPM tool (see section
3.2). A wavelength shift of more than 100 nm is achieved by a change in effective index
of less than 0.01 (an effective index change of more than 0.03 is achievable).

In figure 5.5 it is observed that the transmission loss and spectral width increase with
current injection. This is caused by the breakdown of the relation in formula 5.1, where
the effective index difference between modes scales with (j +1)2 (j is the mode-number).
After propagation over the MMI coupler length, the phase difference between different
modes is not a multiple of 2π anymore at the same position along the MMI coupler. The
image of the original field is therefore not complete anymore and extra insertion loss and
widening of the transmission curve is observed. This can also be concluded from the
asymmetry in the transmission spectrum, between the higher and lower wavelength side
of the wavelength of maximum transmission. The wavelength of maximum transmission
is mainly determined by the index-difference between the fundamental and second order
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mode (since these two modes contain most of the optical energy). For higher order
modes the change in effective index is smaller than for the second-order mode and thus
the position where these modes are in phase with the fundamental mode occurs at a
larger wavelength. Consequently, the spectrum widens towards the larger wavelength
side. At the shorter wavelength side the transmission curve becomes sharper, since the
optical intensity of higher order modes does not add constructively at this side of the
transmission curve.

5.2 Design

The T-MMI laser is processed as a ridge type laser. Therefore, re-optimization of the
layerstack (both for laser and tuning section) is required, compared to the CSG design.
This is addressed after the conceptual design.

5.2.1 Laser design

The conceptual design of the laser section is similar as for the CSG laser (section 4.2.1).
Therefore, the design-choice from chapter 4 for a gain section length of 400 µm is equally
valid for the T-MMI laser. This choice again reduces the requirement on the back-facet
reflectivity and increases the cavity modespacing. Both a shorter (< 400 µm) and longer
(> 600 µm) gain section length requires a higher reflectivity from the sampled grating
section. For a gain-section length up to 600 µm the requirement on back-facet reflection
is constant, but spacing between cavity modes decreases.

From the analysis in section 4.2.1, this design requires a front facet reflectivity of
17% and a back-facet reflectivity of at least 23%, to enable 30 mW output power at 150
mA. A 1 dB selectivity between modes is required to ensure 40 dB SMSR.

5.2.2 Tuning elements design

In this tunable laser concept, the T- MMI coupler provides the selection of a resonance
in the sampled grating reflection spectrum. Therefore, the design target for the MMI
coupler is to provide good sampled grating resonance selectivity and a low transmission
loss over its tuning range. The design goal for the sampled grating is high reflectivity,
cavity mode selectivity and a sufficiently large sampled grating resonance spacing, to
support selectivity of the T-MMI coupler.

Sampled grating

For the T-MMI laser the achievable grating strength is assumed to be 15 mm−1. The
validity of this assumption is proven in the design section for the layerstack. As for the
CSG laser, inherently in this ridge-type structure a 12 nm tuning range can be achieved.
However, since the design of the T-MMI coupler places a limitation on the material
composition, here a reduced tuning range of 10 nm is used. This corresponds to a 40
µm periodicity in the sampled grating.

Similarly as in the design section from chapter 4 the choice for the sampled grating
design is based on the figures 4.9 and 4.10. Here these figures are reproduced. In figure
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Figure 5.6: Parametric plot for sampled grating properties. a) required cavity modespacing versus
minimum sampled grating reflectivity over the tuning range. The solid curves, for different
values of sampled grating length, are plotted for increasing values of burst section length, with
increments by 10% indicated by the dotted lines. Included are the modespacing for a cavity
formed by the sampled grating, a 400 µm gain section, a 100 µm phase section and a 400 or
1000 µm long MMI section. b) variation in reflection between two sampled grating resonances
versus the sampled grating minimum reflectivity over the tuning range. The solid curves, for
different values of sampled grating length, are plotted for increasing values of burst section length,
with dotted lines indicating a burst section length of 6, 10 and 14% of sampled grating periodicity.
Only settings for which the sampled grating cavity mode selectivity supports a laser cavity with
a 400 µm long MMI section are included.
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5.6a the modespacing for a 400 µm long gain section, a 100 µm phase section, a 400 or
1000 µm long MMI coupler and a sampled grating are included. Clearly, modespacing
in the T-MMI laser is a limiting condition, for both the burst-section length and the
sampled grating length. MMI coupler tapering is essential in reducing the cavity length.

Different from the CSG laser, sampled grating resonance competition is only between
neighboring resonances, since the MMI coupler transmission is monotonously decreasing
over the full tuning range and therefore provides an excellent suppression of resonances,
further away from the MMI coupler transmission wavelength. At the edge of the tuning
range the difference between neighboring resonances is largest. In figure 5.6b the differ-
ence between the two outer-most resonances within a tuning range of 40 nm is displayed
versus the minimum sampled grating reflectivity over the tuning range. The curves are
only drawn for the set-points that provide a sufficient mode-selectivity with an MMI
coupler length of 300 µm.

The sampled grating needs to provide at least 23% reflectivity to support 30 mW
operating. Taking into account the change in sampled grating reflectivity with current
injection of a factor 2.5 (as found from calculations for a 10nm tuning range on a wide
range of sampled grating configurations), a 58% reflectivity is required. To support
a T-MMI coupler insertion loss of 0.5 dB, the total reflectivity should be more than
72%. This requirement is included in figure 5.6b. In this figure it is seen that for
a burst-section length larger than 14% of the sampled grating periodicity, the cavity
modespacing becomes too large for the SMSR requirements. To add some margin we
choose a burst section length of 12% of the sampled grating periodicity (i.e. 4.8 µm).
The total length of the sampled grating is chosen to be 720 µm (i.e. 18 periods) to
meet the reflectivity requirement with a low variation in peak-reflection.

The chosen design requires the MMI coupler to provide a selectivity of at least 1.4 dB
between cavity modes in neighboring resonances (0.4 dB for suppression of the neighbor-
ing resonance plus an additional 1 dB to ensure sufficiently high SMSR). This selectivity
is obtained in two passes through the MMI coupler.

Tunable MMI coupler

The design approach, for the T-MMI coupler, is to design first an untapered MMI coupler
for the desired transmission properties. As a next step, the length of the MMI coupler is
reduced by tapering. Since bandwidth and transmission are affected by tapering, a factor
2 margin is included in the design for the selectivity. The advantage of this approach
is that optimization is done on basis of conceptual understanding and simple analytical
formulas.

The main design criterion for the MMI coupler is wavelength selectivity. The optical
bandwidth is given by formula 5.4 for an untapered MMI coupler. An independent input
to this formula is d0, the Gaussian waist (width of the mode, where the amplitude is
e−1 of its maximum) of the input and output field. In figure 5.7 the Gaussian waist of
a fundamental mode is plotted versus the waveguide width. Since the in- and output
waveguides to the MMI coupler do not need an electrode on top, the width is only limited
by the capabilities of the lithography. For a straight waveguide widths down to 0.7 µm
can be realized with contact-lithography. However, the reproducibility is limited and
since these waveguides have to connect to the wide MMI coupler region the definition
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Figure 5.7: Gaussian waist of fundamental mode in input waveguide to T-MMI coupler. The
waist d0 is plotted versus the waveguide width for several values of etch-depth around the
waveguide. For a negative etch depth, the cladding layer, on top of the tuning layer, is not
completely removed.

of the waveguide near the MMI coupler is more difficult. A minimum waveguide width
of 1.5 µm is used to ensure reproducibility. From the figure it follows that a minimum
Gaussian waist is obtained by etching at least 200 nm into the tuning layer around the
waveguide. A waist of down to 1.2 µm can be obtained.

To obtain a 1.4 dB resonance selectivity, the MMI coupler wavelength dependent
transmission needs to provide 0.7 dB suppression (since the optical mode will pass twice
through the MMI coupler on a round-trip) at 10 nm from the transmission wavelength.
To address the previously mentioned margin of a factor 2 to compensate for reduction in
MMI coupler selectivity upon tapering a target single pass suppression of 1.4 dB is used.
With typical MMI coupler parameters (µr = 3.4, d0 = 1.2µm and Z(1.4 dB) = 1.0)
the relation between MMI coupler length and bandwidth is given as: δλ(1.4 dB) =
14.4µm2

LMMI
< 20 nm. This implies a minimum MMI coupler length of 770 µm.

MMI couplers of these lengths are unpractical in a device application, since the long
laser-cavity results in narrowly spaced laser-modes (more narrow than the allowed 0.27
nm) and material loss results in a high insertion loss. Different tapering structures
are available. Here, we choose to make use of parabolic tapering, since extensive work is
available on this type of tapers [74] and because both linear tapers and tapers, as defined
in [70], result in longer devices for the same taper-ratio (though the optical insertion loss
is less for adiabatic tapering, according to [74]).

Following the work in [70], taper-ratio’s up to 50% result in optical insertion loss
lower than 1 dB. This does not take the reduction in material loss into account, leading
to a smaller actual increase in insertion loss. With such taper ratio a length reduction
of up to 60% can be obtained.
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With these considerations the design for the T-MMI laser with a 10 nm minimum
sampled grating resonance spacing is a 310 µm long MMI coupler with 50% tapering.
The maximum width of the MMI coupler is 18 µm (consistent with the length). The
in- and output waveguides to the MMI coupler have a width of 1.5 µm. The wider
MMI coupler design makes the MMI coupler transmission wavelength less sensitive to
processing variation. A 0.2 µm change in MMI coupler width results in a 34 nm shift
in MMI coupler transmission wavelength. To control the transmission wavelength of a
processed device an accurate linewidth control is required and/or a process to correct for
deviations from the target width. Alternatively, the MMI design needs to support a wide
tuning range, allowing for a large tolerance of MMI coupler transmission wavelength.

Tuning of the MMI coupler transmission wavelength is achieved by control over the
effective index for the different modes. This is done by a local change in the refractive
index. The different modes are affected differently by this, corresponding to their optical
overlap with that region.

∆µeff,k = Γk · ∆µmat (5.5)

With Γk the optical confinement of mode k (0,1,2 etc.) in the region with material
index change ∆µmat.

The MMI coupler wavelength of maximum transmission is mainly determined by the
difference in effective index for modes 0 and 2 (since a symmetric MMI coupler is used,
mode 1 is not excited): λMMI = (µeff,0 − µeff,2) · LMMI . Hence, the wavelength shift
is given at ∆λMMI = (Γ0 − Γ2) · ∆µmat · LMMI .

The dimension of the contact on the MMI coupler determines the portion of the
MMI coupler cross-section, over which a change in refractive index is induced by current
injection. In figure 5.8 the absolute difference in optical confinement between the funda-
mental and second order mode is given versus the dimensions of the centered contact. A
maximum difference in optical confinement is obtained for a contact that covers half of
the MMI coupler. For this configuration a difference in confinement of 32% is obtained.
A change in wavelength of 60 nm would then only require a change in material refractive
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index of 0.0002 (< 1% of the physically achievable change). Therefore, there is a wide
design margin for the width of the tuning contact, as well as for the material tunability.

However, current injection in the MMI coupler and the subsequent change in modal-
indices changes the effective index difference between modes, widening the MMI coupler
response and increasing the insertion loss. Therefore the T-MMI laser tuning range is
limited by the breakdown in performance of the MMI coupler at higher current injection,
rather than by the tunability of the refractive index.

The use of electrodes at the outside of the MMI section allows for tuning towards lower
wavelength. However, since the MMI coupler is deeply etched, surface recombination can
occur, reducing the tuning efficiency. Most importantly, the use of these electrodes can
give flexibility in device design and allows for compensation of fabrication tolerances.
A device can be envisioned with both contacts in the middle and outside of the MMI
coupler to fully compensate for the MMI coupler center wavelength fabrication tolerance.

Since current injected into the MMI coupler is not confined to the region below the
contact, the region over which the MMI coupler material refractive index is changed is
wider than the contact. Since there is a wide design margin on contact width, a contact
design of 25% of the MMI coupler width (i.e. 4.5 µm) is chosen.

5.2.3 Optical layerstack

In contrast to the CSG-laser the T-MMI laser cannot easily be fabricated in a SIPBH
structure. The large angles in the MMI coupler design make blocking layer regrowth
impossible [55]. Therefore a ridge structure is chosen for implementation of this device.

In figure 5.9 the cross-section of the device is shown at several positions along its
length. The T-MMI laser has two distinct layerstacks: one for the gain section and
one for the tuning sections. In the gain section, a multi-quantum well is sandwiched
between quaternary confinement layers (for waveguiding and carrier transport) and InP.
In the tuning sections, the bulk tuning layer is positioned between InP layers. The top
InP-layer is p-doped, while the lower InP layer is n-doped. In the grating burst regions
a grating layer is present below the tuning layer. The waveguide is defined by etching
away the toplayer of InP in the layerstack. Both in sampled grating and gain section,
a cladding layer is left and the etch does not extend into the gain or tuning layer, to
avoid carrier recombination at the etched surface. In the MMI coupler region the etch
preferably extends into the tuning layer to improve the selectivity performance of the
MMI coupler.

To avoid loss in the metallisation pattern, it is separated from the optical mode.
In the ridge this is achieved by using a 2000 nm toplayer. In the region around the
waveguide a 350 nm SiON layer is used to create a separation between metal and the
optical mode.

The choice for a ridge structure puts constraints on the dimension of the waveguide.
Since an electrode has to be aligned on top of the waveguide a minimum width of 2 µm
is required.

gain section

As for the CSG laser, the objective in the design of the gain section layerstack is to
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Figure 5.9: T-MMI laser topview and SEM cross-section at different positions in the T-MMI
laser. The cross-section samples have been etched to accentuate doping and material contrast.
The layers in the phase and T-MMI section are detailed in the top-inset. The lower inset
provides the layers in the gain section. In the SEM-pictures it can be seen that the opening in
the SION is mis-aligned. Also, at the edge of the MMI the layer-stack is not etched. This is
only the case on the wafers D and E.
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provide sufficient optical gain for laser operation, at a low carrier-density. Since the
device is fabricated in a ridge structure, the optimization for the optical confinement
and the overlap at the buttjoint has to be re-calculated.

The gain to be provided by the gain section is high to compensate for reduced feedback
at high tuning currents, due to degradation of the MMI coupler transmission and/or
free-carrier absorption in the sampled grating section. As for the CSG laser, the proven
DFB design with the 3-layer confinement structure is used as building-block for the
gain section. It is assumed that a similar gain can be obtained in a ridge structure
(about 20 cm−1 per % confinement). To overcome an estimated loss of about 42 cm−1

(Rf = 17%;Rb = 23%), internal loss αi = 12.5 cm−1 and 1 dB MMI coupler insertion
loss over a 400 µm long gain section the number of quantum wells is increased to 6. A
confinement of about 3% is required to overcome all loss terms. The device is expected to
still operate in the linear regime of the quantum well gain versus carrier-density. Mirror
loss variations can then be compensated for by a relatively small change in current.

To avoid loss, due to surface recombination the ridge cannot be etched into the
quantum well and confinement layers. Furthermore, the chosen fabrication technique,
Reactive Ion Etching (RIE), shows significant depth variation over a 2-inch wafer. There-
fore, a minimum cladding thickness of 100 nm is maintained to provide margin against
this etch-depth variation.

The thickness of the InP cladding layer is to remain as small as possible, to increase
the confinement of the optical mode below the waveguide. A thick cladding layer results
in a lateral diffusion of the electrical carriers and a broadening of the optical mode-profile,
reducing the injection-efficiency of the laser. Similar arguments are applicable to the
tuning sections. Also, when the optical mode is not well confined below the waveguide, its
dimensions will increase and a first order mode is more likely to be supported. Therefore,
the cladding layer is set to 100 nm.

tuning sections

As for the CSG laser, the tuning section in the T-MMI laser is to provide a sufficiently
high optical confinement with a high tuning efficiency. The confinement in the MMI
coupler region is of lesser importance, given the calculated tuning efficiency in section
5.2.2. The grating strength in the grating burst sections needs to be maximized for
sampled grating efficiency.

The etch in the sampled grating and phase sections is not allowed to extend into the
tuning layer, since this creates recombination centers in the high carrier-density region
of the device. Similarly as for the gain section layerstack a minimum InP cladding layer
thickness of 100 nm is required.

The product of optical confinement and material tuning range determines the total
available tuning range in the tuning sections. In figure 5.10 the optical confinement
and tuning efficiency of the tuning layer is plotted versus the tuning layer thickness.
As a reference, the curve for the CSG laser is also included. The confinement is only
marginally dependent on etch-depth and waveguide width (a 0.4 µm reduction in mesa
width results in a 2% decrease in confinement; a 100 nm thicker cladding-layer gives 1%
higher confinement). For improved tuning efficiency a narrow waveguide is preferred,
but the lithographic process (for definition of a contact) requires the width to be at least
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Figure 5.10: Overlap of optical mode with tuning layer versus waveguide thickness. A 1.8 µm
wide waveguide is used, though dependence on waveguide width is minimal. Also shown the
tuning efficiency and the curve for the CSG-laser.

2 µm.

In comparison to the CSG laser the T-MMI coupler structure allows for a more
effective tuning and a wider tuning range, given by a higher confinement of about 4%.
This is mainly caused by broadening of the optical mode, to the region at the side of the
waveguide. The tuning efficiency is underestimated, since in the ridge design the current
spreads out from under the waveguide and the effective active volume is larger. Based
on this figure, a tuning layer thickness of 350 nm is preferred as compromise between
tuning efficiency and tuning range.

To increase the carrier-density in the tuning layer at high injection currents a thin
electron-blocking InAl0.40Ga0.07As layer is added at the p-side of the tuning layer. As in
the CSG laser, this avoids leakage of electrons out of the bulk layer by increasing electrical
confinement and hence improves the tuning range [112]. Since this Al-containing layer
is not exposed to air, no reliability impact is expected.

From calculations with the mode-solver software in section 3.2.1, the first order mode
in the tuning section is guided for all practical waveguide widths. Therefore, coupling of
light into this mode needs to be avoided at the buttjoint. Since the waveguide becomes
more cut-off at lower InP cladding thickness, the etch-depth is set to 100 nm. Calcula-
tions with the eigenmode expansion algorithm (section 3.2.2) show that power coupling
to this transmitted mode is less than 10−7 for all considered design-points.

For gain, phase and sampled grating section, etching into the tuning layer results in
surface recombination. For the T-MMI coupler however, the carriers are concentrated
in the center of the device and etching into the tuning layer around the MMI coupler
does not lead to surface recombination. In figure 5.11 it is shown that this etching is
beneficial to the T-MMI coupler performance. With an increased etch-depth (i.e. when
comparing a T-MMI with a 100nm cladding-layer and one etched into the tuning layer)
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Figure 5.11: Tuning of T-MMI coupler transmission spectrum. Curves are for an effective index
contrast of 0.05 and 2.3 (higher contrast is achieved by etching into the tuning layer around the
T-MMI coupler). At a higher contrast the BPM simulations show a larger insertion loss and
a more selective transmission spectrum. With increased tuning the decrease in transmission is
higher for the T-MMI coupler with a high index contrast. Curves correspond to a) 0, b) 0.0025,
c) 0.005, d) 0.0075 and e) 0.01 change in effective index in the center 3 µm of the T-MMI
coupler.

the selectivity of the T-MMI coupler improves, due to a higher effective index contrast.
The BPM-simulation shows a reduced transmission and a noisy tuning curve at higher
tuning current. This is however not expected from a theoretical stand-point and it is
assumed that the limitation of the BPM algorithm to handle high contrast structures,
with divergent fields, is the cause of this decrease.

For a wavelength selective MMI coupler the position, where positive interference
occurs between the different modes, should overlap. When the condition in formula 5.1
is fulfilled (i.e. the paraxial approximation is correct) this is achieved. In figure 5.12 the
deviation of the modal-index for modes 4, 6 and 8 from equation 5.1 is shown for a given
value of etch-depth. An etch-depth of 0 indicates that the etch stops on the tuninglayer,
an etch-depth of 350 means that the etch removes all tuning-layer material next to the
MMI coupler. When the etch does not extend into the tuning-layer a variation of the
wavelength where modes image can be up to 50 nm. From the figure, the etch next to
the MMI coupler, should extend into the tuning layer. The actual depth is not critical.
At this interface, no current is injected, hence no surface recombination occurs here.

In figure 5.13 the impact of the cladding layer thickness on the modal effective index
is shown. With a decreasing cladding-layer thickness, the contact provides index guiding
for the optical modes in the MMI coupler. This results in a break-down of the modal
relation in formula 5.1. To avoid this break-down a cladding layer thickness of at least
600 nm is preferred. This will ensure that the image length is similar for each mode-pair.

The design of the grating layer is similar for the T-MMI laser as for the CSG laser.
With a grating layer of 70 nm and a spacer layer of 40 nm a grating strength of 15 mm−1

is realized.
Material selection for the tuning layer material is a compromise between the optical
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absorption, free electron absorption and available tuning range. The material choice for
the CSG laser was based on a trade-off between tunability and absorption. This was
achieved by choosing a material with a bandgap relatively close to the laser-wavelength.
The T-MMI coupler, however, behaves mostly as a passive component. Only the intrinsic
material loss is significant for this component, since the device has considerable length
and only requires a low level of carrier-density over a small part of its cross-section for
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tuning.

In figure 5.14 the excess insertion-loss of a 400 µm long MMI coupler, with a 70%
overlap of the optical mode with the tuning layer, is plotted versus the material bandgap
wavelength. The three curves correspond with the lowest, center and highest wavelength
in the tuning range. A low insertion loss over the full tuning range requires a bandgap
wavelength below 1410 nm (0.5 dB loss). For larger values of bandgap wavelength the
insertion loss rapidly increases.

Comparing this result with figure 4.21 it is seen that free-carrier absorption quickly
dominates material absorption at this bandgap wavelength. In the T-MMI coupler the
modal overlap with the region of current-injection is however low and the expected
tuning-efficiency of the MMI coupler is high (resulting in a low carrier-density in the T-
MMI coupler). Therefore, the free-carrier absorption is neglected in the T-MMI coupler.

Referring back to the figure 4.21, this choice of material results in a lower available
index-change (or higher required carrier-density) for the sampled grating section. The
reduction in index-change is about 20%, reducing the available sampled grating tuning
range from 12 nm to about 10 nm, motivating the earlier choice for sampled grating
resonance-spacing.

Buttjoint coupling

High quality coupling, between gain and tuning section, requires a match of the optical
modes at the buttjoint. For this purpose waveguide width and cladding layer thickness
are optimized with the eigenmode expansion algorithm (section 3.2.2). The reflection at
the interface is to be reduced, to avoid a secondary cavity within the laser cavity. How-
ever, non-transmitted power is not necessarily coupled into the reflected mode. Power
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also couples to substrate modes. Calculations on the buttjoint coupling shows that the
reflection coefficient back into the fundamental mode is below 0.03% over the complete
parameter space. The transmission from the fundamental mode in the gain section to
the first order mode in the tuning section is lower than 10−7 over the range of interest.
A confinement layer thickness (the thickness of the quaternary layers around the gain
section QWs) of 60 nm and a waveguide width of 2 µm is selected to provide 87% of
coupling at the buttjoint.

5.2.4 Design summary

The optimized design of the tunable MMI laser is summarized in the first column in
table 5.1.

Parameter Design and Experiment
simulation value value

Gain section length 400 µm 400 µm
Front facet reflectivity 17% 27%
Gain section waveguide width 2 µm 1.7 µm
Gain section confinement thickness 60 nm 89 nm
Gain section cladding layer thickness 100 nm 100 nn
MMI width 18 µm 20 µm
MMI length 310 µm 442 µm
MMI taper-ratio 50% 40%
MMI etch depth >200 nm -100 nm
MMI cladding layer thickness 700 nm 700 nm
Propagation section length 35.2 µm 31.2 µm
Grating burst length 4.8 µm 5.8 µm
Number of sections sampled grating 18 12
Tuning section waveguide width 2 µm 1.7 µm
Tuning layer thickness 350 nm 400 nm
Tuning section composition Q1.4 Q1.43
Grating strength 15 mm−1 15 mm−1

Table 5.1: Summary of design parameters for T-MMI laser. The first column lists the final
design parameters, as used in the simulation. The second column lists the design of the presented
experimental T-MMI. Deviations between the two designs are explained by the elapsed time
between design finalization and processing of first wafers.

5.3 Device optimization and realization

With the design considerations from the previous section, simulation and experimental
realization is needed to demonstrate the device performance and to further optimize the
design. The simulation tool from chapter 3 allows for the calculation of the T-MMI laser
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(or minimum) in the transmission curve, demonstrating a shift in MMI coupler wavelength with
injection current. The open arrow indicates the background noise level in the measurement.

performance. Experimentally, several wafers have been processed to demonstrate the
T-MMI laser operation (see appendix B for details on the experimental wafers).

In this section, first the performance of a separate T-MMI coupler is demonstrated.
Then, the design is verified with the aid of the device-simulation tool. Finally, experi-
mental data are presented of operating T-MMI lasers and the performance is compared
to expectations.

5.3.1 Tunable MMI operation

The tunability of the T-MMI coupler is the basis of the T-MMI laser. To characterize
this tunability, samples (untapered, 20 µm wide MMI couplers) were prepared for
transmission measurements by cleaving T-MMI sections from the wafer material. These
samples include the full T-MMI coupler plus approximately 50 µm long in- and output
waveguides. An AR coating was applied on both facets and after device separation,
T-MMI couplers were mounted and bonded. The T-MMI coupler transmission loss over
the wavelength tuning range was characterized for a range of injection currents. The
set-up and the experimental approach are described in appendix C. The samples used in
this experiment were collected from wafers that did not yield operating T-MMI lasers.
This is attributed to a high internal loss in the gain section layerstack (see appendix B)
and not expected to impact the performance of the tuning layerstack.

In figure 5.15, transmission curves are shown for one T-MMI coupler. Despite noisy
curves, due to the low optical power levels in this measurement setup, it is observed
that the wavelength of maximum transmission shift over a range of more than 110 nm.
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Figure 5.16: Shift in wavelength of maximum transmission versus injection current for untapered
T-MMI couplers.

Following the minimum in transmission (for curves that have no maximum in the wave-
length range of the testing laser) it can be observed that the shift is even larger, by at
least 40 nm.

Several samples have been characterized in this manner. The wavelength of maximum
transmission is determined with a fit to a quadratic function. For injection current
settings, where the MMI coupler wavelength was outside of the tuning range of the testing
laser, the minimum in the fitted curve was used to determine the shift in wavelength.
In figure 5.16 the wavelength shift is plotted versus the injection current. The tuning
performance is shown to be consistent for two different wafers. A tuning-range of 150
nm for an injection current up to 500 mA is demonstrated.

In figure 5.16 the wavelength shift is towards lower wavelengths for the first 20 mA.
This effect is attributed to current-spreading over the full MMI coupler width for low
levels of current injection. Apparently, this results in a reduction of the modal index of
the second order mode. In the following sections, this effect is reproduced on an actual
T-MMI laser.

As discussed in appendix C, there are multiple paths between in- and output fiber in
the experimental set-up. Hence, a significant part of the transmitted power is not passing
through the T-MMI coupler. In figure 5.15 the level of this wavelength independent
component to the transmission curve is indicated. An estimate for the T-MMI coupler
selectivity is obtained by correcting the measured curves for this background level. From
this, the wavelength dependent transmission loss is less than 1 dB over a wavelength range
of 62 nm without injection current. This width increases to more than 100 nm for an
injection current of 200 mA. This is to be compared to a calculated value of 10 nm for
untapered, 20 µm wide MMI couplers.

In contrast to the optimal design, these T-MMI couplers were not etched into the
tuning layer. As a consequence the effective index of each mode in the MMI deviates
from the value given by formula 5.1. In figure 5.11 it is illustrated that this results in
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wider transmission curves. For the calculated example (a 0.05 effective index contrast)
a width of 48 nm without injection current was found, widening to 65 nm at 40 nm
tuning range. In addition, the cladding layer in the experimental device has a thickness
of 400 nm. This results in a further deviation of the modal relationship from the formula
5.1 (see figure 5.13). A lower selectivity of the MMI coupler transmission curves is also
expected from this effect. An increase in etch-depth and effective index contrast can
greatly improve selectivity.

The remaining discrepancy between the selectivity determined from the experiment
and the calculated value may be due to a wavelength dependent component of the stray-
light (e.g. light that is coupled to the input waveguide and passes through the MMI
coupler, but is not coupled into the output waveguide).

The change in peak transmission over the tuning range is limited to 1 dB. This is in-
consistent with the BPM-simulations and suggests that part of the reduced transmission
in the BPM calculations is due to the limitation of this method, especially for calculation
of devices with a high index contrast.

Here, the operation of a tunable MMI coupler has been demonstrated, with a tuning
range of up to 150 nm. The spectral width of the T-MMI coupler deviates from the
calculated value. This is partly attributed to the low etch-depth and thin cladding layer
in the MMI coupler region. In addition, the measurement set-up did not allow for an
optimized coupling to the waveguides and T-MMI coupler, resulting in alternative optical
paths (see appendix C) between lens objectives and a low transmitted intensity. The
spectral width can be improved by resolving these issues (i.e. by etching into the tuning
layer material around the T-MMI coupler and using a thicker cladding layer). Also it is
shown that the change in T-MMI coupler transmission over the tuning range is limited
to 1 dB, suggesting that the BPM simulations provide a worst case estimate.

5.3.2 Tunable MMI laser simulation

Having demonstrated the tunability of a T-MMI coupler, this section simulates the use of
a tunable MMI coupler in a widely tunable laser. For this purpose the device performance
is calculated with the transfer-matrix based tool, described in chapter 3. In this model,
the real part of the MMI coupler transmission is described using formula 5.3 (see the
transfer-matrix 3.16E). The imaginary part is described as a waveguide, such that the
phase and material absorption effects are included in the model. Free-carrier absorption
in the T-MMI coupler is not taken into account, since the optical overlap of the modes
with the region where current is injected is small, as is the current density (and hence
carrier-density) in the T-MMI coupler. For the simulations the optical field is assumed
to be weak to limit the interaction between carrier-density and photon density.

In figure 5.17 the simulated wavelength tuning of a T-MMI laser, defined in table
5.1, is shown versus the MMI coupler wavelength of maximum transmission. The phase
section current is adjusted to align the lasing wavelength with the sampled grating res-
onance. Also the output power and SMSR are shown for a gain section current of 150
mA (roll-over is not included). The MMI coupler transmission wavelength shift towards
higher wavelength with increasing current, selecting the sampled grating resonance with
which it is best aligned. A large tuning range is available since in the calculation the
MMI coupler transmission is monotonously decreasing away from the MMI coupler wave-
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length. In practice MMI couplers do not provide infinite suppression and transmission
resonances are available of from the main MMI coupler transmission wavelength. Since
the sampled grating resonances become weaker, further away from the Bragg wavelength,
the effective reflectivity of the main MMI transmission resonance and the sampled grat-
ing resonance at some point becomes weaker than the effective reflectivity of the center
sampled grating resonance with a secondary weak T-MMI transmission peak.

In the graph for the ex-facet output power, the tuning between sampled grating
resonances is visible as small ripples on an envelope, that follows the reflectivity of the
sampled grating. At increased sampled grating current the output power decreases,
because of free-carrier absorption in the sampled grating. A power-variation of 2.5 dB
over the 40 nm tuning range is observed.

From the third graph it is seen that SMSR is better than 40 dB over the 40 nm tuning
range. The peaks in SMSR are slightly asymmetric, since the resonance-competition is
more favorable when the distance between the T-MMI coupler transmission wavelength
and the high-reflection sampled grating resonance (closer to the Bragg wavelength) is
slightly wider than the spacing between resonances.

In the application for this device, the gain section current is changed to stabilize
the output power to 30 mW. A power variation of 2.5 dB needs to be compensated for.
This requires a gain section operating current between 160 and 220 mA over a 40 nm
tuning range. The threshold current is between 35 and 60 mA. This simulation assumed
similar wavelength dependence of the MMI coupler transmission, upon tuning. Also, the
interaction between material absorption and optical power was not taken into account
(for the low bandgap material used, this is a reasonable assumption). A 1 dB insertion
loss for the MMI coupler was assumed.

The selectivity of the MMI coupler is crucial for device selectivity. Simulations have
been performed, with an 18 µm, 13 µm and 9 µm wide MMI coupler. This corre-
sponds to MMI couplers with an 1-dB width of the transmission peak of 5, 10 and 20nm,
respectively. The change in optical bandwidth does not affect the drive-current range for
30 mW operation. However, the competition between resonances prevents lasing opera-
tion at higher order sampled grating resonances and reduces the SMSR. The achievable
SMSR at 18, 13 and 9 µm MMI coupler width (length 310, 155 and 78 µm, respectively)
is 37, 32 and 30 dB, respectively. The tuning range for the 9 µm wide T-MMI coupler is
reduced to 25 nm. This demonstrates the importance of a highly selective MMI coupler
over the full tuning range.

In this section the feasibility of using a T-MMI coupler to make a tunable laser was
shown. 30 mW power and 40 dB SMSR was predicted over a tuning range of 40 nm,
with a gain section operating current up to 220 mA. This performance is based on the
assumption of 1 dB insertion loss of the T-MMI coupler. At low tuning current this is
an overestimate (with typical experimental values of down to 0.5 dB), while the BPM-
simulations suggest that this is an underestimate at higher tuning currents (though the
accuracy of these BPM simulations is in doubt).

5.3.3 Experimental verification

From the wafers (see appendix A for the list of processes) with operating T-MMI couplers
a device is chosen with a parabolic tapered MMI coupler (from 20 to 12 µm, with a total
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length of 442 µm) and a sampled grating of 10 nm periodicity (12 periods of 37 µm with
grating burst sections of 5.8 µm). The tuning characteristic is shown in figure 5.18.

In the figure a tuning range of 38 nm is visible for an MMI coupler tuning current
up to 60 mA. For increasing current, the MMI coupler selects the consecutive sampled
grating resonances. By current injection into the sampled grating section, the wavelength
is tuned within the MMI coupler transmission spectrum. This is most clearly visible near
the arrow in the figure. Irregular mode-hops are observed, where the cavity modes in
two different resonances compete (mainly when the device is close to a hop). This is a
similar phenomenon as observed for the CSG laser. The tuning efficiency of the T-MMI
coupler is higher than for the untapered MMI couplers, due to a higher current density
(with the length reduction by 40% tapering) and a larger difference between effective
indices for the optical modes in the MMI coupler.

In figure 5.19 the optical spectrum of an T-MMI laser is plotted over the tuning
range. A tuning range of 38 nm is visible with an SMSR better than 25 dB. The SMSR
improves for a lasing wavelength close to the Bragg wavelength. The envelope for power
and SMSR is symmetric around the sampled grating Bragg wavelength. This indicates
that over the range of T-MMI coupler tuning currents, the insertion loss of the MMI
coupler does not significantly increase. Again, this experimental observation challenges
the results of the BPM calculation which showed a strong dependence of T-MMI coupler
insertion loss on tuning range (figure 5.11).

Over the tuning range the output power varies between -2 and 8 dBm. The output
power versus MMI coupler current is plotted in figure 5.20. This decrease in output power
is mainly associated with the sampled grating current (4 dB over 40 mA), as expected
from the free-carrier absorption. As was observed on the measured spectra, the output
power is not dependent on the T-MMI coupler tuning current. This justifies neglecting
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Figure 5.19: Optical spectrum at 100 mA gain current, of experimental T-MMI laser, over the
full accessible tuning range of 38 nm. Side-Mode Suppression Ratio is better than 25 dB for
each spectrum. The dotted line in each figure shows the envelope of the peak optical power over
the tuning range.

free-carrier-absorption in the modeling of the MMI coupler and using a fixed insertion
loss. This again points to a limitation on the accuracy of the power-transmission in the
BPM tool.

Based on the laser-model from chapter 2, a threshold gain of 60 cm−1 is calculated
when the MMI coupler is aligned with the center sampled grating resonance. Using the
internal loss measured for this wafer and the calculated sampled grating reflectivity, an
MMI coupler transmission loss is found of 4-5 dB, much higher than demonstrated on
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these types of MMI couplers [21]. Comparing this to the value for quaternary material in
figure 5.14, this is consistent with a detuning between lasing wavelength and tuning layer
bandgap wavelength of 90 nm. The PL wavelength for this wafer of 1430 nm indicates a
detuning lower than 110 nm. Given the strong dependence of the insertion loss at that
value of material detuning, a small variation in the detuning over the wafer and/or a
minor inaccuracy in the PL measurement can explain this high insertion loss. Also the
loss due to scattering at the MMI coupler sidewalls, the thickness of the cladding-layer
and the limited etch-depth around the MMI coupler adds to the total MMI coupler loss.
The result indicates that a tuning layer composition was used with too low bandgap
energy.

The MMI coupler power (figure 5.20) shows a dependence on the MMI coupler tuning
current at low values. The power decreases before it starts to increase. This is consistent
with the previous transmission measurements, where a decrease in MMI coupler wave-
length was observed for low values of tuning current. This was attributed to spreading
of the injected current over the full MMI width for low values of current injection.

These results demonstrate the single mode T-MMI laser. However, they also demon-
strate its deficits. Threshold current is in the range of 50 to 80 mA and output power
is low (0.63 to 6.3 mW ex-facet). This is attributed, for a major part, to the choice for
the tuning material bandgap energy. Reduction of the tuning layer PL wavelength by
50 nm should improve the maximum output power at 150 mA by a factor 3. The SMSR
over the 40 nm tuning range always better than 25 dB. Improvement in the etch-depth
of the MMI coupler is required to make the MMI coupler more selective.
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5.3.4 Threshold current and wavelength

In the previous section the best performing device with regards to wavelength tuning
and tuning range was shown. Other devices were tested with similar tuning range or
higher output power (up to 10 mW ex-facet over a tuning range of 23 nm). A complete
presentation of all devices details is impossible in the context of this work. However, mea-
surements on more than 50 devices with different designs (variation in sampled grating
period, burst-length and periods, and variation in T-MMI length) allow for a quantitative
analysis of the tunable MMI coupler behavior.

Fabricated devices varied in their design of the T-MMI coupler. Both linear and
parabolic tapered MMI couplers of various taper ratio were used (and hence different
length). Intentionally, the length of the MMI coupler was varied around the design-
length by 3 and 6 % in either direction, to account for the sensitivity of the MMI coupler
transmission wavelength to the MMI coupler width (see formula 5.4).

In figure 5.21 the wavelength and threshold current without current injection is shown
versus the MMI coupler length for devices from 2 different wafers (with a different offset
in MMI coupler width from the design). For these wafers a negative offset in width from
the design was found of 0.5 and 0.7 µm(from SEM cross-section analysis). The data
without current injection is used, since at this setting free-carrier injection does not play
a role and the MMI coupler wavelength is only dependent on fabrication.

Data for 3 different values of taper ratio (30, 45 and 60%) and two different taper
types (linear and parabolic) are available. The threshold current has a minimum at
a device length that is 97% and approximately 93% of the design length, respectively.
These values correlate reasonably well with the measured offset of the T-MMI coupler
width (0.5 µm corresponds to 95%, and 0.7 µm corresponds to 93%). The lowest
threshold current is achieved when the MMI coupler transmission wavelength overlaps
with the main sampled grating resonance. In the figure it is indicated by arrows that
at minimum threshold current the wavelength is approximately 1550 nm, the designed
Bragg wavelength. A higher threshold current corresponds to the selection of a sampled
grating resonance of higher order, with a lower reflectivity.

From the wavelength plot versus the device length it can be observed that the MMI
coupler transmission wavelength shifts towards lower wavelength. This shift is approx-
imately 2.2 nm per % length change, which is much lower than the expected 15 nm
per % (based on δL

L = δλ
λ ). Thus the resonance of the sampled grating resonance that

is overlapping with the peak in the MMI transmission is not selected. Instead either
the main-resonance or a close side-resonance is selected (depending on the alignment of
the cavity modes). The change in threshold current is therefore a good measure of the
change in MMI coupler transmission at the selected wavelength.

In the figure there is no discernible difference in the threshold current and wavelength
of the different types of MMI couplers and the different taper-ratio. This means that
either tapering of the T-MMI does not add significant insertion loss to the MMI coupler
or that any increase in insertion loss is compensated for by a decrease in material loss.
From these results it can be concluded that for the used material composition a high
taper ratio (and MMI coupler length reduction) can be used, without sacrificing T-MMI
coupler transmission performance. With a change in material composition, the effect of
taper ratio and type might become observable. The overlap of the curves shows that the
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set-point the laser operates close to its Bragg wavelength.

model, used to calculate the design length for the different taper-types, is sufficiently
accurate.

In this section it was demonstrated that, within the investigated range of 30-60%
taper ratio, the performance of the T-MMI laser is independent of the tapering geometry,
i.e. the taper ratio and type. An offset in MMI coupler length, where the MMI coupler
is aligned with the sampled grating Bragg wavelength, is found to be roughly consistent
with measured MMI coupler dimensions.

5.3.5 Current spreading

The performance of the T-MMI coupler depends on a local variation in the carrier-density
in the MMI coupler. The dimension of the contact sets the window for current injection
in the MMI coupler, but no structure is present to reduce the current spreading over
the width of the MMI coupler. In section 3.3 a model was introduced to calculate the
current injection profile, through a resistive diode model.

In figure 5.22 a simulation of current spreading is shown for a 20 µm wide and 500
micron long MMI coupler with a 3 µm wide contact in the center of the MMI coupler. It
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can be seen that at low values of current injection the current spreads towards the MMI
coupler edges. However, for current values higher than 20 mA the current is confined to
a region within 5 micron from the contact. As stated in section 5.2.2 the MMI coupler
tuning is most efficient for a carrier-density confined to the middle 50% of the MMI
coupler width.

The simulated current spectrum is insensitive to the choice for the diode parameters.
Therefore, only the value of the InP resistance is varied. It can be seen that for a mate-
rial with higher resistance, less current spreading is observed at low values of injection
current. At higher values of injection current the voltage over each diode is clamped and
the FWHM is independent of this resistance. Obviously the thinner the cladding layer,
the better the carrier confinement, but given the values of current spreading no design
trade-off is needed to minimize the impact of current spreading.

In all the calculations the carrier diffusion current is calculated and it is verified that
the diffusion current is at most 0.23% of the total current into each region.

Current spreading is experimentally verified by cleaving 500 µm long samples through
untapered 20 µm wide MMI couplers. An AR coating was applied on both facets to
avoid internal reflection of spontaneous generated and amplified light. The samples had
a 4 µm wide contact for current injection. Two different types of MMI couplers were
prepared, with an InP cladding thickness of 720 and 450 nm.

Upon current injection the charges distribute over the MMI region and a carrier-
density builds up locally. Proportional to this carrier-density spontaneous emission (SE)
is generated. At the front facet of the sample the optical power density along the MMI
coupler is measured with an infra-red camera.

The following measurements are all presented with courtesy to J.A. de Poorter.
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Figure 5.23: T-MMI coupler spontaneous emission for 20 µm wide MMI coupler samples, with
4 µm wide contact region. Traces are for different value of T-MMI coupler current. On the
foreground the sample cross-section is drawn. Due to specifics of the processing, the material at
the edge of the T-MMI coupler was not removed, resulting in narrow ridges that guide some of
the light.

In figure 5.23 the emission from an MMI coupler with a 720 nm thick cladding layer
is shown. Emission curves for different values of injection current demonstrate current
spreading at low currents and a narrowing of the FWHM for increased current injection.
Since this MMI coupler has extra (technology related) ridges at the side of the MMI
coupler also guided light is observed at the edge of the MMI coupler.

The measured full-width-half-max (FWHM), neglecting the features at the edge of
the MMI coupler, of two samples from both wafers is plotted versus injection current in
figure 5.24. Also included in this figure is the simulated width for a 700 nm cladding
layer.

Though the simulation predicts the experimental trend, a significant quantitative
discrepancy is observed. This is most likely due to the detection of spontaneous emission
from within the sample. This radiation propagates towards the front-facet, while it
expands as a Gaussian beam. Hence, the detected distribution of optical power at
the front facet is wider, than the distribution generated in a cross-section. This is
also supported by the detection of guided light below the side-structures of this MMI
coupler. Furthermore the simulation assumes a resistance value of 0.05 Ωcm−1. With
a lower value, a wider FWHM is calculated. However the fast decrease in FWHM with
current is not observed in the experiment. The value of FWHM for higher values of
current injection shows consistency between experiment and simulation.
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E. The InP cladding thickness was 720 and 450 nm, respectively. Also included the calculated
FWHM for wafer D.

In this section it has been demonstrated, both by experiment and simulation, that
current spreading is not considered a risk for device operation and that it is not sensitive
to the device configuration. A limited overlap between experiment and simulation was
observed.

5.4 Summary

In this chapter the operation principle of a tunable MMI coupler and its application in
a T-MMI laser has been introduced. The design requirements and design optimization
were given. Both from theoretical and experimental perspective the feasibility of this
design is shown and several experimental aspects of the operation were analyzed.

The operation of a T-MMI laser was simulated and demonstrated with experimental
devices (which were not of the optimal design). The simulation showed that a T-MMI
laser can generate an output power of more than 30 mW over a tuning range of more
than 40 nm with an SMSR better than 40 dB, for gain section current lower than 220
mA. The experimental device accessed a total tuning range of 38 nm, with an SMSR
better than 25 dB. Output power varied between 0.7 and 7 mW at 100 mA gain section
current. Individual T-MMI couplers were shown to have a wavelength tuning range of
up to 150 nm.

Based on the experimental data and the comparison to the calculations the bandgap
wavelength of the tuning material needs to be reduced by at least 40 nm (to 1400 nm),
to reduce the insertion loss of the MMI coupler. Furthermore the area around the MMI
coupler needs to be etched into the tuning layer, to improve the selectivity of the MMI
coupler.
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APPENDIX A: Fabrication

In contrast to the CSG laser the T-MMI laser is fabricated in a ridge structure. The main
reason for this is the incompatibility of the blocking layer (selective) regrowth process
with the 90◦ angles in the MMI coupler.

The requirement of localized current injection in the MMI coupler region requires
a two-level ridge-etch process, with the area outside the MMI coupler etched into the
tuning layer and the MMI coupler-area outside the contact etched down to a couple of
100 nm above the tuning layer. The isolation channels are also defined at this depth. A
total of 4 epitaxial growth steps are required.

Fabrication of the T-MMI laser consists of the following steps.

Grating growth The grating layer with InP cap-layer is grown in the first epitaxial
growth.

Grating fabrication A grating is defined over the complete wafer by holographic ex-
posure. A masking step is used to overexpose the areas where no grating is to
remain. The grating teeth are defined by a wet chemical etching process.

Active layer growth The spacer-layer plus gain section layerstack is grown.

Gainblock etching Gainblocks are defined in the active layer with a SiO2 mask and
etched by a wet chemical process.

Tuning layer growth Selective regrowth is performed to grow the tuning layerstack
around the gain-blocks. The selective regrowth technique ensures a high quality
buttjoint with low residual reflections.

Toplayer growth After removal of the gain-block masking the remainder of the layer-
stack is grown, including contactlayers.

Two-step ridge etching A Reactive Ion Etch (RIE)-process is used to etch the wave-
guide. First the complete MMI coupler and waveguides are defined in SiO2 and
the material outside this region is removed up to a given depth. In a following
step the masking of the isolation channels and of the part of the MMI coupler
without current injection is removed. The RIE-etching is then continued down to
the required depth.

P-metallisation and lift-off SiO2 is deposited on the wafer and removed on top of
the contacts. A lift-off process is employed to define the metallisation pattern on
the p-side.

Wafer-thinning and n-metallisation The wafer is thinned to the desired thickness
and n-metallisation is sputtered.

Coating and back-end process Bars are cleaved and coated, after which chips are
separated, mounted and bonded for testing.
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APPENDIX B: Processed material

For demonstration of the T-MMI laser several wafers were fabricated. On these wafers
device variants were included with different MMI coupler width, MMI coupler taper
ratio and sampled grating design, as well as common DBR lasers. To compensate for
fabrication tolerances in the MMI coupler width, devices with MMI coupler length of
±3% and ±6% around the design length were included. Between wafers, there was
intentional variation in cladding layer thickness and tuning material composition.

The gain section internal loss of each of these wafers has been determined by a length-
series of Fabry-Perot lasers [111]. In table 5.2 the data for different wafers is given.
Wafers D, E and F show a high internal loss (typical values are 10-15 cm−1). Therefore,
no operational T-MMI lasers were obtained from these wafers. Possible reasons for the
high loss are surface recombination due to etching into the active layer or low-quality
regrowth onto a thin spacer layer (required for a high grating strength). Both hypotheses
could not be verified conclusively. The high internal loss is not inherently related to the
tunable MMI coupler concept, since gain-sections operated as ridge lasers performed
equally poor.

The etch depth in the MMI region is the same as in the phase and sampled grat-
ing sections. As a consequence the confinement in the MMI coupler is sub-optimal.
Estimated MMI coupler index-contrast is between 0.05 and 0.10.

Wafer ID Wafer D Wafer E Wafer F Wafer G Wafer H
15830 15847 15906 15907 15972

Internal loss (cm−1) 25 36 34 12.4 15.4
Injection efficiency (%) 81 69 48 98 76
Ridge width (µm) 2.9 2.9 1.5 1.8
MMI cladding (nm) 724 451 400 400 400
MMI width deviation (µm) -0.7 -0.5 NA NA NA
λB(nm, from DBR) 1546 1548 ∼ 1550 ∼ 1550 ∼ 1550

Table 5.2: Overview of fabricated wafers with T-MMI lasers
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APPENDIX C: T-MMI coupler transmission measure-
ment

Transmission of MMI couplers is measured [80] [48] with a setup as shown in figure 5.25.
Two fiber-lens assemblies are used to couple an optical signal from the measurement
setup to and from a sample. This sample is a cleaved untapered MMI coupler with short
input and output waveguides (about 50 µm long). Both facets are AR-coated to avoid
cavity resonances.

A signal of a tunable extended-cavity laser is coupled into the input waveguide of
the MMI coupler. A polarization controller controls the polarization of the input light.
Both the input and output power is measured to determine the optical loss in the sample.
Transmission loss is measured at three polarization settings, from which the transmission
in both TE and TM mode polarization is derived [6].

The coupling efficiency of the signal, to input and output waveguides, is optimized
through the generation of spontaneous emission below the MMI coupler contact by cur-
rent injection.

The acquired transmission spectrum depends on the quality of the coupling between
measurement setup and sample. Ideally only light that propagates through the waveg-
uides and MMI coupler is collected at the output fiber-lens assembly. But several other
optical paths exist:

Light that is not coupled from MMI coupler to output waveguide is partly collected by
the fiber-lens assembly, due to the short output waveguide from the MMI coupler.

Light that is not coupled to the input waveguide can propagate into the MMI coupler
and be collected at the output waveguide, due to the short input waveguide to the
MMI coupler.

Light that is not coupled to the sample can directly couple into the output fiber-lens
assembly, due to the short sample length.

These sources of stray-light introduce a significant amount of noise in the measure-
ment and cause the measured MMI coupler response to be less selective than the actual
spectrum.

Tunable laser

Polarization controller

Power meter 1

Power meter 2

Optical Spectrum
Analyzer

T-MMI
chip

Figure 5.25: Measurement set-up for MMI coupler transmission measurements. The probe
signal, generated by a tunable laser, is coupled to the MMI coupler sample, through a polarization
controller and fiber-lens assembly (at the left side). The right side lens-fiber assembly collects
the signal into a power-meter and optical spectrum analyzer.
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Chapter 6

Discussion

The analysis of the two widely tunable laser concepts is conpleted in this chapter with a
comparison to other integrated widely tunable lasers. This chapter is concluded with a
summary of the presented work and its relevance to the field of widely tunable lasers.

6.1 Evaluation of the CSG and T-MMI laser

The experimental realization of the two new concepts has left a mixed impression of the
performance of these tunable lasers. On one hand, the tuning concepts have been demon-
strated and requirements were shown to be within reach for both tuning range (40 nm)
and output power(30 mW). On the other hand, the demonstrated devices were irregular
in the tuning performance and the target of 30 mW output power is not achieved.

One reason is that the wafers were processed before all design insights were obtained.
Therefore, processed devices were not fine-tuned according to the optimum design, as
presented in this thesis. For the T-MMI laser, the high quaternary composition of the
tuning layer and the etch-depth around the MMI are examples of this. For the CSG laser,
the length of the sampled gratings was not optimal. Also, processing complications
introduced problems. For the CSG laser, an error in the growth of the gain section
layerstack forced the use of a thin tuning layer and for the T-MMI laser, several of
the wafers had a high internal loss in the gain region, along with a not well controlled
etch-depth in the RIE-process. Experimental devices, when processed with the optimal
design, are expected to show an improvement on the already achieved experimental
results.

In the following sections the experimental result, as well as the simulations, are an-
alyzed. The main target is to derive the inherent capabilities of each concept and to
compare those to existing concepts. Also the capability to reach the required specifica-
tions is discussed. The most important criteria for a widely tunable laser, output power
and SMSR, are the main criteria to judge both new laser concepts. But also considera-
tions for practical use, such as manufacturability, testability and controllability will be
considered.

In the evaluation, only the comparison to other integrated semiconductor-based tun-
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able lasers is discussed. The choice is made to focus on this category, based on the
discussion in section 2.3. ECL type lasers are expected to be superior in performance,
but less favorable in terms of cost, compared to integrated designs. VCSEL’s inherently
generate low output power and only compete for a niche market segment. Array concepts
present a high level of complexity and are therefore not preferred, when alternatives are
available. They also require additional components, such as an optical amplifier or a
MEMS mirror.

The evaluation of the different integrated semiconductor-based concept is based on
the same areas of operation as in section 2.3. In addition the available tuning range
needs to be considered. The tuning range of both CSG and T-MMI laser was shown
to meet the required 40 nm, both from simulation and experimental verification. The
simulations predict accessibility of all intermediate wavelengths, though the irregular
tuning of mainly the CSG lasers resulted in intermediate wavelengths that could not be
accessed on processed devices.

A. optical output power

From simulations, CSG and T-MMI operation at 30 mW can be obtained with the
optimized designs. Devices were demonstrated for the CSG laser with an output power
between 5 and 10 mW over 40 nm. For the T-MMI the power varied between 0.7 and
7 mW over a 38 nm tuning range. These power-values were achieved at 100 mA gain
section current. For other devices, with a lower tuning range, a higher output power was
realized.

The discrepancy between experiment and simulation is for the CSG lasers attributed
to a non-optimal design choice for the CSG and processing errors, such as the growth
of an asymmetric confinement layer structure. For the T-MMI lasers, the low power is
attributed to excessive loss in the MMI section, as confirmed in calculations. In addition
it was found that several wafers grown in the period of these experiments showed a high
internal loss. Solution of these problems can result in a significantly better performance
that approaches the simulation results. Further material improvements are needed for
the laser section to provide a higher gain at a lower current. Quantum well improve-
ments and/or the inclusion of Al-based material to reduce electron leakage are considered
promising.

Free carrier absorption presents a limitation for semiconductor current-injection based
tuning schemes. To achieve an output power of 30 mW, with a sufficient side-mode
suppression and a gain section current in the range of 150 mA, the reflectivity of the
back-facet needs to be higher than 23% over the full tuning range. To achieve this long
sampled gratings are needed, with a high value of grating strength (and for the T-MMI
laser a low loss MMI). Other technology platforms exist, such as used for the SG-DBR
[54], that can generate up to 30mm−1 grating strength. A CSG or T-MMI within
that platform can be designed with shorter sampled grating sections and hence a lower
penalty for free carrier absorption.

An output power of up to 5 mW for the GCSR and SG-DBR over the 40 nm tuning
range is demonstrated [38]. The SG-DBR laser does not have the potential to reach high
output power without amplification, but for the GCSR a 25 mW power was demonstrated
over 25 nm [44]. For the modulated grating Y-branch laser a device has been demon-
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strated with more than 13 dB of output power over the tuning range[116]. With the
optimal design of both CSG and T-MMI, simulations show that 30 mW of output power
can be realized (with gain section currents up to 220 mA). Devices without a tuning
section at the front facet are very similar in their potential to reach high output power.
Optimization of design choices and processing technology is needed to demonstrate this.

B. single mode operation

Simulations on the CSG and T-MMI show that an SMSR larger than 37 dB can be
realized over a 40 nm tuning range. Experimentally, the SMSR values were lower, partly
due to relatively short (compared to the optimal design) sampled grating sections. It
was shown that the T-MMI selectivity can be improved by an increase in the etch-depth
around the T-MMI. Also a different technology platform with a higher grating strength
can reduce the sampled grating length and improve the mode-spacing.

For the CSG laser SMSR values better than 30 dB have been demonstrated, while
the T-MMI laser delivered better than 25 dB SMSR. This compares to demonstrated
values of 30 dB with the GCSR design and better than 40 dB with the SG-DBR and
modulated grating Y-branch laser [15] [44] [116].

Conceptually, the achievable SMSR is higher than 35 dB for all concepts and the
actual realized value is not an important differentiator for use of these lasers in telecom-
munication networks.

C. variation of power and SMSR over the tuning range

The CSG laser has demonstrated an output power variation of 3 dB over the tuning
range and an SMSR variation of 8 dB. The T-MMI laser showed a 10 dB variation
over the tuning range and a SMSR variation > 10 dB (consistent with this large power
variation). In the simulations for these devices an output power variation of 2.5 dB was
predicted for the CSG and T-MMI laser. If the SMSR target is met over the complete
tuning range, the actual variation in SMSR is not relevant.

The variation in power for the other integrated concepts is comparable or larger. 3
dB variation was demonstrated for the GCSR laser [38] and more than 5 dB for the
SG-DBR laser. For the modulated grating Y-branch laser a variation of less than 1.5 dB
over the tuning range is reported [116].

Concepts with only a sampled grating section at the back-facet side offer an inherent
advantage in variation in power over the tuning range, compared to a concept with a
sampled grating at the front facet. Typically a variation less than 3 dB can be achieved
for most concepts.

D. tuning complexity and stability

Inherent to tunable lasers a change in tuning section properties results in a change in laser
wavelength. Though this is a beneficial property, it means that the device is sensitive to
external noise.

A change in the tuning section current, results in a change in its transmission and/or
reflection spectrum. At the lasing wavelength, the cavity phase changes and the lasing
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Figure 6.1: Location of mode-boundaries versus tuning currents. At the interfaces the lasing
wavelength changes, from one laser cavity mode to another. The gray areas between modehops
are the stability regions where all specifications are met. a) No competition between modes in
different tuning section reflection resonances. b) Competition between modes in different tuning
section reflection resonances. The mode-boundaries are misformed, when the mode-hop is not
towards a neighboring cavity mode. The occurrence of such a mode-hop is dependent on the
alignment of modes in the competing reflection resonance and is irregular.

wavelength has to shift, to fulfill the laser condition. If initially the selected cavity mode
was aligned with the tuning section resonance, this might no longer be the case after
the shift in lasing wavelength. If the misalignment becomes too large, a different cavity
mode, that is better aligned, is selected. This is known as a modehop and if this can occur
during normal operation, over the device lifetime, the laser is not sufficiently reliable for
most telecommunication applications.

To express the stability of the wavelength to a control signal, it needs to be established
by how much the cavity round-trip phase at a given lasing wavelength changes. The
lasing wavelength will then shift over the wavelength range ∆λ needed to compensate
for that phase change. This wavelength change is ∆λ = ∆λcav · ∆φ

2·π . With ∆λcav the
cavity modes spacing and ∆φ the phase change of the tuning section response at the
original lasing wavelength.

In appendix A the sensitivity of the lasing wavelength to changes in the tuning
sections is calculated for the different integrated widely tunable lasers discussed here.

A lasing mode can be misaligned by half the cavity modespacing, before competition
with a neighboring cavity mode results in a mode-hop. Therefore the size of a stability
region (within which the tunable laser operates without modehops) for one control pa-
rameter is defined as ∆λcav

δλ/δz , with δz the change in that control parameter. Performing

this analysis for all control parameters of the tuning sections gives a multi-dimensional
stability region. In figure 6.1a this is shown for a two dimensional structure, such as the
CSG section. Set-points where modehops occur are indicated by black lines, resulting in
islands (stability regions), within which the device is lasing in one cavity mode.

A regular mode-map is obtained when only mode-competition between neighbor-
ing cavity modes is considered (i.e. within the same tuning section resonance). Mode
competition with modes in other tuning section resonance can change this regularity.
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Dependent on the alignment of the cavity modes within other resonances, a mode in
that resonance can take over lasing before a modehop between neighboring cavity modes
occurs. This modehop reduces the size of the stability region and makes the tuning
performance irregular.

The effect on the tuning map is illustrated in figure 6.1b. A mode-pattern is shown,
where modes in different resonances compete for lasing operation. The boundaries, where
the modehops occur, have an irregularly shape and the stability regions decrease in size.
This competition with modes in other tuning section resonances is uncontrollable in
nature.

To avoid this reduction in stability area and increase in irregular tuning performance
the design has to suppress the cavity modes with overlap with a non-selected sampled
grating resonances. In this manner any mode-hop will occur within the selected res-
onance. This can be accomplished in two ways: either an over-design of the tuning
section to suppress all non-selected sampled grating resonances or by a reduction in the
selectivity of the sampled grating resonances to increase the selection of cavity modes in
the same sampled grating resonance over other cavity modes. The latter method does
reduce the SMSR.

The combination of sensitivity of the lasing wavelength, on tuning section currents,
and the irregularity of the tuning behavior have impact on at least three areas:

reliability To meet optical communication reliability standards the operating current
and device wavelength need to be controlled within tight specifications over the
device lifetime. This requires inherent stability of the material system and an
insensitivity of the tunable laser to changes in the tuning section. Changes in a
semiconductor laser properties are due to physical changes in the material, or due
to external feedback (of any kind). The physical changes that can occur in a device
are correlated with the technology chosen for manufacturing. However the impact
of these physical changes on device properties is determined by the device concept.

Testing and control The ability to quickly distinguish good and bad devices, and to
fully characterize a device within minutes is essential for manufacturing widely
tunable lasers. For most widely tunable lasers, with typically 3 or 4 contacts, a
full characterization is not a good approach. Even a small number of points per
dimension (say 50), leads to a huge number of characterization points (e.g. 0.125
and 6.25 million for 3 and 4 dimensions, respectively) that need to be measured
and analyzed.

For each specific laser-type an optimized algorithm is required to intelligently look
for the operation points. This algorithm needs to make full use of each type of mea-
surement, with its own characteristic evaluation time (e.g. electrical measurements
can be done faster than a ms, optical power can be measured typically within a
few ms, a wavelength measurement takes about 100ms and an optical spectrum
requires at least 500ms). Several intelligent ways have been proposed to screen
devices and find the mode boundaries, by only measuring the electrical charac-
teristics. Examples are the measurement of the gain section voltage [68] and the
measurement of generated photocurrent in the phase section (not reported).
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The characterization of a tunable laser is facilitated by a predictable tuning sec-
tion response, regularly positioned modehops and a dependence of properties on a
minimal number of external sources.

linewidth In [14] the excess linewidth for a TTG laser (modeled as a Fabry-Perot
cavity) and a 3-section DBR is analyzed. A full extension of this analysis to other
widely tunable laser types shows that the linewidth is proportional to the change
in wavelength with tuning current, as expressed in equation 2.9.

From this analysis if follows that the excess-linewidth is proportional to the change
of wavelength with tuning current, as expressed in table 6.3.

Considering the above, tuning complexity is inversely proportional to the size of the
stability region, and device concepts with an inherent larger stability region, provide a
more stable set-point that can be determined with less complexity.

For each integrated widely tunable laser considered here, the sensitivity of the wave-
length to changes in the tuning sections is calculated from the formulas in table 6.3.
The results are summarized in table 6.1. For this numerical calculation the following
representative values are used:

cavity − mode spacing ∆λcav 0.4 nm

Length phase section Lphase 100 µm

Effective index gain and tuning sections µ 3.5

Effective length laser cavity Lcav 700 µm

Effective length sampled grating Leff 300 µm

Reflection sampled grating rSG1 rSG2 40% (6.1)

Design Section Wavelength sensitivity
All concepts Phase section δλ/δµ = 0.0016 nm

CSG 1st Sampled grating section δλ/δλB = 0.08 nm/nm
2nd Sampled grating section δλ/δλB = 0.08 nm/nm

T-MMI Sampled grating section δλ/δλB = 0.17 nm/nm
T-MMI section δλ/δλMMI = 6 · 10−6 nm/nm

SG-DBR Sampled grating sections δλ/δλB = 0.17 nm/nm
GCSR Sampled grating section δλ/δλB = 0.17 nm/nm
MG-Y 1st Sampled grating section δλ/δλB = 0.08 nm/nm

2nd Sampled grating section δλ/δλB = 0.08 nm/nm

Table 6.1: Numerical values for operating wavelength sensitivity to tuning section properties.

It is understood that for each particular device design the number can vary signifi-
cantly (up to about a factor 4). Even so, the comparison between different widely tunable
laser concepts remains valid, since most errors in the assumption are equally valid for all
concepts.

In this comparison, the GCSR and T-MMI lasers, based on the selection of a sam-
pled grating resonance with a coarse filter, provide the largest stability region. The
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wavelength is almost independent on the current setting in the coarse filter element and
only the sampled grating current needs to be controlled accurately to provide the control
over the lasing wavelength. The larger stability region is a real benefit for device oper-
ation, because it requires a less complex stabilization algorithm and reduces the tuning
complexity by one dimension (since the wavelength is not dependent on the coarse tuning
element the wavelength can also not be controlled by it).

In addition, the coarse filter elements in the GCSR and T-MMI, provide increased
selectivity further away from the lasing wavelength (assuming that the transmission
curve is monotonous decreasing). Therefore irregular tuning, to other resonances over
the complete tuning range, is suppressed.

Furthermore, the wavelength can only change by ∆λcav within a stability region. By
providing a large laser cavity (as is needed for T-MMI and GCSR) further stabilization
of the wavelength is achieved. The size of the stability region is however not affected.

Concepts based on the Vernier effect - like SG-DBR, modulated grating Y-branch
laser and CSG - have a much smaller stability region, since wavelength is sensitive to
both sampled grating currents.

In the comparison between SG-DBR and both CSG and modulated grating Y-branch
laser the former is more sensitive to changes in tuning section current. In the formu-
las it can be seen that changes in tuning current in sampled grating have an impact
proportional to their contribution to the total phase of the CSG or modulated grating
Y-branch. For the SG-DBR the change in phase of a sampled grating is equal to the
change in cavity phase. As a result the stability region is smaller for an SG-DBR.

In conclusion, both T-MMI and GCSR provide a stability region, which size is only
limited by the sampled grating section. A CSG and modulated grating Y-branch laser
control the lasing wavelength through two control signals, though the phase change of
the separate sampled grating sections is reduced by the addition of the two reflection
terms of both sampled gratings. The SG-DBR has the most narrow stability regions,
since any phase change of its sampled gratings reflection changes the cavity phase by the
same amount.

E. wavelength tuning time

The ability to tune the wavelength of a tunable laser from any setting to a given set-point
is independent of the device design and mainly dependent on the tuning principle. For
devices with tuning based on current injection (as opposed to thermal or mechanical
tuning) wavelength tuning times in the order of 10s of ns are achievable. The different
devices do not offer significant differentiation.

F. device size

The device size of all widely tunable laser concepts is large, in comparison to the source
lasers they intend to replace (typically 500 µm length or less). For the use in the
network, this is not a relevant consideration, since the dimensions of any package is
considerably larger than the widely tunable laser chips. It does however increase the
cost, through the number of devices per processed wafer.

159



The typical length of a widely tunable laser is in the range of 1 - 2mm, formed by a
gain section, a phase section and tuning sections. The MG-Y design has a conceptual
advantage by using parallel tuning sections (total length about 1mm). The CSG design
and SG-DBR design are conceptually equal in length (about 1.2mm). The GCSR is a
long device, since the vertical coupling filter has a long beat length (about 2mm). The
T-MMI length is also longer than the CSG or SG-DBR design, due to the MMI section.
It’s length could however be reduced by tapering (about 1.6mm).

G. technological complexity

Device concepts such as the CSG, the SG-DBR and the GCSR do not pose a restriction
on the technology platform for realization. These concepts can be fabricated equally well
in a ridge, SIPBH or buried structures. The T-MMI and sampled grating Y-branch laser
cannot be realized in a SIPBH structure, since Y-junctions and MMI’s are incompatible
with the blocking layer regrowth process. In addition, since the current injection in
the T-MMI needs to be localized, the T-MMI can also not be made in a buried ridge
platform.

The technology used in this thesis for the fabrication of a CSG laser is equal to the
established SIPBH technology for DFB lasers. Also, the buttjoint regrowth and the
grating definition is a well-established technique used for EML [22] and tunable DBR
devices [96]. The most relevant deviation from established processing technology is the
growth of a thin spacer-layer, before the gain section layers are grown. Even though
planarization of the growth surface can be achieved within 25 nm of growth [31], it has
not been proven that this has no impact on the quality of the gain section (and, indeed,
it might be the reason for a high internal loss and low tuning efficiency of some of the
processed wafers). Alternatively, a grating can be defined on top of the tuning section
material.

The technology used for the fabrication of the T-MMI laser is more novel, even though
ridge laser processing is a well established process. The ridge and the MMI need to be
defined with an RIE etch, since this is not easily achieved with a wet chemical etch. The
required different etch depths in the gain section and the two depths in the MMI section
make this a complex process that is not readily available. An advantage of the process is
that it involves a reduction in the number of steps of epitaxial growth and a significant
reduction in the complexity of the regrowth processes involved, compared to the SIPBH
platform.

In summary, the T-MMI and sampled grating Y-branch laser concepts constrain the
freedom to choose any processing platform. In addition the T-MMI laser requires a
non-standard etching process. In contrast, the other concepts are closer to standard
manufacturing technology and can be realized in most technology platforms.

6.1.1 Overall judgment

The CSG and T-MMI are very similar in performance on the three main requirements
(output power, tuning range and SMSR) to the other integrated semi-conductor based
concepts and only the SG-DBR is not suitable to generate 30 mW output power. The
T-MMI laser needs a higher gain section current to achieve this output power, but this
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performance disadvantage comes with an inherent stability of the concept and regularity
of the tuning performance.

Comparison of the experimental devices from CSG and T-MMI lasers to the avail-
able data on other concepts, shows that the current realization of the two new concepts
does not yet meet the performance of the competitive concepts. Implementation of the
design optimization presented in this thesis is expected to improve the performance of
both concepts. Given that the other concepts have been developed over a long time and
that these new concepts are in their infancy, it is believed that with realistic improve-
ments, both CSG and T-MMI are capable on delivering state-of-the-art devices with
similar or better performance as other semiconductor integrated concepts. The T-MMI
provides a significant simplification in the area of device control, characterization and
manufacturability, which makes it preferred over the other concepts.
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SG-DBR - 0 0 - 0 0 +
GCSR + 0 0 + 0 - -
Syntune + 0 0 - 0 + -
CSG + 0 0 - 0 0 +
T-MMI + 0 0 + 0 - -
Source laser + + X + X + +

Table 6.2: Rating of different concepts; + designates an excellent performance of the device,
compared to the other concepts and - denotes a disadvantage compared to the other concepts.
The 0 denotes that the concept provides neither and advantage nor disadvantage for that item.
The X designates the unavailability of tuning performance in a regular source laser.

6.2 Improvements to be realized

The evaluation of the CSG and T-MMI concept and the comparison to other devices has
demonstrated that these concepts can provide an as good if not better integrated semi-
conductor tunable laser than presently available. To demonstrate this, the performance
of the CSG and MMI laser has to be improved, over the presented experimental data.
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Several aspects of the experimental wafers were not as designed. This is one of the
reasons for the lower than expected performance of the widely tunable lasers. Based
on the experiment evaluation and the simulation on these devices, recommendations are
presented that should further improve the device performance.

6.2.1 CSG laser

The CSG laser is inherently limited by the use of an isolation channel between the two
sampled gratings. Though this can be remedied by the use of a 5-section design, this is
not a realistic solution (due to the anticipated extra effort needed for characterization).
By improving the CSG selectivity and reducing the size of the isolation channel a good
4-section CSG can be achieved. The following improvements are proposed:

Use optimized design The presented devices were different from the optimum design.
Device performance will improve if this design optimization is implemented.

Increase grating strength In the presented design the grating layer is located below
the tuning layer, limiting the grating strength to approximately 15 mm−1 (see
section 4.2.4). In a different technology platform a higher value of grating strength
can be realized [54]. This allows for the design of shorter, more selective sam-
pled gratings, with more design margin for optimization of the sampled grating
selectivity.

Reduce size of isolation channel To avoid the impact of the isolation channels on
the performance of the CSG section the channels need to be reduced in size. This
can be accomplished by proton implantation, instead of an isolation channel. With
this technique a reduction of the isolation channel width to 5 µm is possible [8].

Decrease tuning material bandgap wavelength Experimental data suggest that a
reduction in the tuning material bandgap wavelength allows for a lower power-
variation over the tuning range and a higher overall power. In addition, the inter-
action between optical field and carrier-density is reduced, giving a more regular
tuning performance. Also, simulations, on the dependence of the CSG reflection
spectrum on incident optical power, suggest that 30 mW operation is not possible
due to saturation, at too high a material bandgap wavelength. The analysis in
section 4.3.4 suggest a choice for tuning layer PL wavelength down to 1350 nm.

Improve material quality Improvement of material quality and laser properties pro-
vides more margin for the optical output power. This allows to make changes to
the design that improve selectivity and/or reduce tuning irregularities. This is par-
ticularly achievable, since the wafer-material grown for the experimental devices
showed an internal loss that was relatively high.

6.2.2 T-MMI laser

For the MMI laser the following improvements are proposed:
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Tuning material bandgap wavelength The presented devices had MMI’s with a large
material absorption. To reduce this the tuning material bandgap wavelength needs
to be reduced to 1400 nm or lower. Results on the CSG laser suggest that a fur-
ther reduction allows for a higher reflectivity of the sampled grating over the tuning
range. One probably wants to keep the bandgap wavelength larger than about 1350
nm, since lower values reduce the achievable tuning range and provide no advantage
in reduced absorption.

MMI-tapering The measured threshold current for devices with different taper ratio
demonstrate that in the range of up to 60% tapering, no difference in threshold
current is observed (see section 5.3.4). Consequently a high taper-ratio of 60% can
be used to increase the MMI width and selectivity.

MMI etch depth In order to improve the MMI selectivity, the different modes that
propagate in the T-MMI coupler needs to experience a 2π phase-difference be-
tween one-another at the same location. This can be achieved by etching into the
tuning layer around the T-MMI. An etch depth of 200 nm, around the T-MMI and
the in- and output waveguides, is sufficient.

Cladding layer thickness An increase in cladding layer thickness to 600 nm will fur-
ther improve the bandwidth of the device. Current spreading simulations and
measurements have shown that this does not pose a problem for device operation.

6.3 Recent developments

The experimental work presented in this thesis dates from the years 2002 and 2003. Since
then the field of widely tunable lasers has seen continued development with improved
performance for the existing concepts, introduction of new concepts and a gradual change
in performance requirements.

Several manufacturers of widely tunable lasers have ceased to exist in the economical
down-turn. Only a couple of companies remain operational: Agility (SG-DBR, acquired
by JDSU), Bookham (Digital Supermode DBR), Iolon (ECL based on a Littman-Metcalf
cavity), Intel (ECL based on thermal tunable etalons), Santur (actively coupled DFB
array) and Beam-express (electrically pumped tunable VCSEL). These companies have
made improvements to the performance of their respective concepts.

In addition, a small number of companies has entered the widely tunable laser market.
Syntune, as already described in this thesis, manufactures a Modulated Grating Y-
Branch Laser [115]. Two-chip Photonics makes an electrically pumped VCSEL by hybrid
integration of a silicon MEMS chip and a chip with bottom DBR mirror and gain-
generating layers [89]. The reduction of the number of players in the field is partly a
sign of consolidation and maturity, but it also reflects the difficulty to meet evolving
performance requirements.

Initially, tunable lasers were designed to replace fixed-wavelength CW lasers in the
long-haul network. Early on it became clear that only an offering with a full band tuning
range (C or L band) provides a significant cost-advantage for network operators. In
addition, these lasers need to provide comparable power as the single-wavelength devices
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they are replacing. As argued in this thesis, this is a hard target to achieve with any
integrated tunable laser concept. Therefore tunable lasers were monolithically integrated
with a Semiconductor Optical Amplifier (SOA) [113]. This has the two benefits that the
output power of the device becomes independent of the actual power from the tunable
laser and that the output power can be blocked (for example during switching).

Due to the economical downturn and the ensuing focus on lower-cost network op-
eration (as opposed to higher functionality) 2.5Gbps Direct Modulated Lasers (DMLs)
emerged as the main telecommunications market. To be compatible with this changed
market-demand tunable lasers are required to also provide the modulation functionality.
Since direct modulation is most often not possible for these tunable laser concepts (due
to the potential for modehopping [28]), it is required to integrate a modulator behind
the SOA. First demonstrations have been achieved with an Electro-absorption Modula-
tor [108] [9]. An alternative is a Mach-Zehner modulator, allowing a higher frequency
operation and less dependence on lasing wavelength [16]. In addition, fast switching
between wavelengths is becoming more important [58][94].

The latest development in telecommunications is the transition to small form factor
hot-pluggable packages with low power dissipation [23]. The large foot-print and high
power consumption of widely tunable lasers makes the transition into this direction
challenging.

Not only the requirements for widely tunable lasers are evolving. Also the required
integration level has changed. Whereas with tunable DBR lasers the device control
was relatively straightforward, more complex concepts require a look-up table to find
the correct wavelength and to control that set-point over the lifetime of the device. In
addition, these set-points are dependent on the calibration of the used current sources.
Therefore, a tunable laser needs to be recalibrated in the customer’s application. Since
system integrators typically do not want to deal with this complication the tunable laser
manufacturer has to deliver his product at a higher level of integration (including all
electronics and software). For the customer the exact operation of the device becomes
invisible and irrelevant. The establishment of an MSA for such a module was critical
[51].

In addition to the described efforts to deliver a tunable laser that can address customer
needs, also more fundamental work has been going on to, similar to the work in this thesis,
demonstrate alternative concepts for tunable lasers. Several new extended cavity laser
concepts have been introduced, such as a laser cavity with a liquid crystal based tunable
mirror [89] and an extended cavity laser with an electronic tuning element integrated in
the gain chip [66]. Another concept uses an AWG, of which the optical length of the
arms can be separately controlled. A tunable laser is formed by placing this element in
a cavity with an optical amplifier [42]. For monolithic integration, ring resonators have
been demonstrated to provide sufficient selectivity for a tunable laser [102][32].

The increase of the change in index that can be achieved in the tuning layer has been
pursued by the use of type-II bandgap material. Such a configuration separates electrons
and holes and reduce the recombination rate in the tuning material [90]. Photonic crys-
tals have been demonstrated to reduce the size of tunable lasers and improve selectivity
[75]. Finally, an interesting application of tunable lasers is as component in a wavelength
converter [77][101].
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APPENDIX A: Operating wavelength sensitivity to
tuning sections

When the laser-mode is aligned with a resonance in the reflection spectrum, a shift in
Bragg wavelength results in a misalignment of the cavity mode. Neglecting the modes
in other resonances, the mode-competition with the neighboring cavity modes becomes
more competitive. With an increasing offset in Bragg wavelength, this neighboring mode
takes over lasing-operation. This is a mode-hop. Ideally, mode-hops are regularly spaced
(in tuning current) and there is a large stability region between mode-hops where the
requirements on output power, SMSR and other specifications are met.

The effective length (Leff ) of a sampled grating is given by [54],

Leff =
φSG · λ
4π · µSG

=
1

2|κk|
· tanh(|κk| · LSG) (6.2)

In the CSG section, the two sampled gratings only differentiate in the periodicity
(grating strength and reflection phase are similar). Furthermore, we only consider align-
ment of same-order reflection resonances. Therefore, the effective length of the CSG is
the same as for a sampled grating (formula 6.2).

With a change in Bragg wavelength of the sampled grating (∆λB), the phase at
the original resonance-wavelength shifts by ∆φSG = −∆λB · 4π · Leff · µSG/λ2. To
compensate for this phase-change the mode within the laser cavity (of length Lcav and
effective index µcav ) needs to re-align by ∆λ = ∆λB · (Leff · µSG)/(Lcav · µcav).

For the CSG section the change in phase with current is more complicated and
expressed through the vector addition in figure 6.2. The reflection terms of the first
and second sampled grating, rSG1 and rSG2, add coherently. Since resonances of the
same order are aligned, the phase of these two terms is equal. With a change in phase
of the second sampled grating, expressed through the effective length of the individual
sampled grating, the total phase changes, as expressed in the figure. The sensitivity
of the CSG phase is given by: ∆φCSG = atan((rSG2/(rSG1 + rSG2)) · tan(∆φSG2)) ≈
(rSG2/(rSG1 + rSG2))∆φSG2. For a change in the first sampled grating, the expression
is similar (with rSG1 and rSG2 interchanged). This shows that the phase-shift for a CSG
is always smaller than the phase-shift of the constituting sampled gratings. Translating
this to an expression for the cavity mode shift, we obtain: ∆λ = −∆φCSG · λ2/(2π ·
Lcavµcav) ≈ −(r2/(r1 + r2)) · ∆λB · (Leff · µSG)/(Lcav · µcav).

This derivation is completely similar for the modulated grating Y-branch laser.
For the CSG a secondary effect is that the reflection phase of the second sampled

grating changes with a change in Bragg wavelength of the first sampled grating. In
the above derivation the reflection phase of the other sampled grating was assumed
constant. However, changes in the first sampled grating affect the transmission phase of
this section and hence the combined reflection phase. A lower Bragg wavelength reduces
the reflection phase of the second sampled grating and this reduces the change in cavity
mode with Bragg wavelength. This further makes the CSG less sensitive to changes in
tuning current.

For a T-MMI the change in MMI wavelength is given by: ∆λMMI = (Γ0 − Γ2) ·
∆µcontact · LMMI , where ∆µcontact is the change in material index below the contact in
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Figure 6.2: The reflection terms of both sampled gratings add in phase to give the combined
reflectivity of a resonance in the CSG reflection spectrum. For small changes in the reflection
phase of one of the sampled gratings, the simplified drawing is used to calculate the resultant
change in CSG reflection phase.

Design Section Wavelength sensitivity

All concepts Phase section δλ
δµ = ∆λcav · Lphase

µ·Lcav

CSG 1st Sampled grating section δλ
δλB

= − rSG1

rSG1+rSG2
· Leff ·∆λcav

Lcav

2nd Sampled grating section δλ
δλB

= − rSG2

rSG1+rSG2
· Leff ·∆λcav

Lcav

T-MMI Sampled grating section δλ
δλB

=
Leff ·∆λcav

Lcav

T-MMI section δλ
δλMMI

= Γ0

Γ0−Γ2
· λ

µ·Lcav

SG-DBR Sampled grating sections δλ
δλB

=
Leff ·∆λcav

Lcav

GCSR Sampled grating section δλ
δλB

=
Leff ·∆λcav

Lcav

MG-Y 1st Sampled grating section δλ
δλB

= − rSG1

rSG1+rSG2
· Leff ·∆λcav

Lcav

2nd Sampled grating section δλ
δλB

= − rSG2

rSG1+rSG2
· Leff ·∆λcav

Lcav

Table 6.3: Sensitivity of operating wavelength to tuning section properties.

the MMI and Γ0 and Γ2 are the overlap factors, of the fundamental and second order
mode, with the area below the contact. The change in transmission phase of the MMI
is given by (2π · LMMI · Γ0 · ∆µcontact)/λ, since it is determined by the optical length
for the fundamental mode. Combining these two expressions to express the change
in cavity modespacing as a function of change in MMI wavelength gives: ∆λcav =
∆λMMI · (Γ0 ·λ)/((Γ0−Γ2) ·µcav ·Lcav). A factor 2 is added to the analysis to reflect the
double-pass through the T-MMI in a round-trip. Given the magnitude of the different
parameters, the shift of cavity modes with MMI wavelength is negligible.

For the GCSR the analysis is similar as for the T-MMI, where the shift in cavity
modes by the coarse filter is only dependent on the change in optical length of the coarse
tuning element.

Table 6.3 summarizes the dependence for several device concepts.
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Summary

Widely tunable lasers can significantly reduce the costs and increase the functionality
of optical networks. So far, the performance of integrated semiconductor based tunable
lasers lagged behind the performance of the fixed wavelength sources they need to replace.
The objective of this thesis is to investigate new widely tunable laser concepts and
compare their performance with the alternatives. In this work two new concepts for
widely tunable lasers are introduced: the Cascaded Sampled Grating (CSG) laser and
the T-MMI (Tunable Multi-Mode Interference section) laser.

The tuning element in the Cascaded Sampled Grating (CSG) consists of two sampled
grating sections. The reflection spectra of these elements add to give a CSG-reflection
spectrum with one dominant reflection resonance. The design of this element is detailed
and simulations are presented.

Experimental devices were processed and characterized. In these devices an output
power of up to 10 mW was achieved with an SMSR of at least 30 dB over a tuning
range of 57 nm. Simulations, based on the experimental results, predict a capability to
generate > 30 mW output power and an SMSR > 37 dB over a 40 nm tuning range.

The tuning element in the T-MMI consists of a sampled grating and a novel tuning
element, the T-MMI section. The transmission curve of this element can be shifted over a
wide wavelength range by current injection in the center of the MMI section. By shifting
the transmission curve of the T-MMI section, subsequent sampled grating resonances
are selected. The design of this laser is detailed and simulations on the final design are
presented.

Experimental devices were demonstrated with up to 7 mW output power. The SMSR
was more than 25 dB over a tuning range of 38 nm. Over this tuning range a 10 dB
variation in output power was observed. Simulations based on these experimental results
predict a capability to generate 30 mW output power and an SMSR of 40 dB over a tuning
range of 40 nm (for a maximum gain section current of 220 mA) for an optimized design.

An aspect of tunable lasers that has not been given sufficient attention in the past
is the role of absorption of optical power in the tuning sections. In this thesis it was
demonstrated that for 30 mW operation the composition of the material in the tuning
layer is critical. For a tuning layer with bandgap wavelength close to the laser wavelength,
the reflection spectrum of the tuning elements saturates before 30 mW output power is
achieved.

In the comparison between the CSG and T-MMI with other concepts for widely
tunable lasers, it follows that both CSG and T-MMI are similar or better than other
concepts in the area of output power and SMSR. An important differentiation for the
T-MMI is achieved in its simplicity of operation.
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Samenvatting

’Widely tunable lasers’ hebben de potentie om de kosten van optische netwerken te ver-
lagen en de functionaliteit te verbeteren. Tot nu toe zijn de prestaties van gëıntegreerde
verstembare lasers, gebaseerd op halfgeleider materiaal, achtergebleven bij die van de
conventionele lasers, die ze moeten vervangen. Het doel van dit proefschrift is om nieuwe
concepten voor ’widely tunable lasers’ te onderzoeken en de prestaties hiervan te ver-
gelijken met alternatieven. In dit werk worden twee nieuwe concepten gëıntroduceerd:
de ’Cascaded Sampled Grating’ (CSG) laser en de ’Tunable Multi-Mode Interference’
(T-MMI) laser.

Het verstemmings-element in de CSG bestaat uit twee ’sampled grating’ secties. De
reflecties van deze twee secties worden bij elkaar opgeteld om een CSG reflectie spectrum
te produceren met één dominante reflectie-piek. Het ontwerp van dit element en de
resultaten van simulaties worden in detail gepresenteerd.

In het kader van dit onderzoek is een serie experimentele CSG lasers gerealiseerd en
gekarakteriseerd. Met deze lasers is een optisch vermogen tot 10 mW en een SMSR van
tenminste 30 dB gedemonstreerd over een verstemmings-bereik van 57 nm. Simulaties,
gebaseerd op de experimentele resultaten, voorspellen meer dan 30 mW vermogen met
een SMSR beter dan 37 dB over een verstemmings-bereik van 40 nm.

Het verstemmings-element in de T-MMI bestaat uit een ’sampled grating’ in com-
binatie met een nieuw element, de T-MMI sectie. De transmissie karakteristiek van dit
element kan worden verschoven over een groot golflengtebereik door stroom-injectie in
het centrum van de MMI sectie. Met het verschuiven van het maximum in de transmissie
van het T-MMI element kunnen de verschillende ’sampled grating’ resonanties worden
geselecteerd. Het ontwerp van deze laser en een aantal simulatie-resultaten zijn in detail
beschreven.

Experimentele T-MMI lasers tonen een optisch vermogen van 7 mW. De SMSR was
tenminste 25 dB over een bereik van 38 nm. Over dit bereik is een vermogensvariatie
van 10 dB gemeten. Simulaties gebaseerd op de experimentele resultaten voorspellen 30
mW optisch vermogen en 40 dB SMSR over een afstemmingsbereik van 40 nm (voor een
stroom injectie van maximaal 220 mA) voor een geoptimaliseerd ontwerp.

Een onderbelicht aspect van verstembare lasers is de absorptie van optisch vermogen
in de verstemmingselementen. In dit proefschrift wordt gedemonstreerd dat voor het
bereiken van 30 mW uitgangsvermogen de materiaal compositie van de laser cruciaal is.
Voor een halfgeleider met een bandgap golflengte dicht bij de laser golflengte degradeert
het reflectie-spectrum voordat de 30 mW vermogen bereikt is.

Bij het vergelijken van CSG en T-MMI lasers met reeds gerealiseerde ’widely tun-
able lasers’ blijken beiden gelijkwaardig of beter te zijn op het gebied van vermogen en
SMSR. De T-MMI laser onderscheidt zich voorts door de eenvoud van de verstemmings-
procedure.
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[16] Barton, Skogen, Mas̆anović, Denbaars, and Coldren, “A widely tunable high-speed
transmitter using an integrated SG-DBR laser-semiconductor optical amplifier and
MachZehnder modulator,” IEEE J. Select. Topics Quantum Electron., vol. 9, no. 5,
pp. 1113–1117, October/November 2003.

[17] Barut, The theory of the scattering matrix for the interactions of fundamental
particles. Maxmillan, 1967.

[18] Beaudoin, DeVries, Johnson, Laman, and Tiedje, “Optical absorption edge of semi-
insulating GaAs and InP at high temperatures,” Appl. Phys. Lett., vol. 70, no. 26,
pp. 3540–3542, June 1997.

[19] Belenky, Reynolds, Shterengas, Hybertsen, Donetsky, Shtengel, and Luryi, “Effect
of p-doping on the temperature dependence of differential gain in FP and DFB 1.3-
µm InGaAsPInP multiple-quantum-well lasers,” IEEE Photon. Technol. Lett.,
vol. 12, no. 8, pp. 969–971, August 2000.

[20] Bennett, Soref, and Amano, “Carrier-induced change in refractive index of InP,
GaAs, and InGaAsP,” IEEE J. Quantum Electron., vol. 26, no. 1, pp. 113–122,
January 1990.

[21] Besse, Bachmann, Melchior, Soldano, and Smit, “Optical bandwidth and fabrica-
tion tolerances of multimode interference couplers,” J. Lightwave. Technol., vol. 12,
no. 6, pp. 1004–1009, June 1994.

[22] Binsma, Kuindersma, Gestel, Cuypers, Peeters, Dongen, and Thijs, “DFB lasers
with integrated electroabsorption modulator,” in Conference on Indium-Phosphide
and Related Materials, 1995, pp. 709–712.

[23] Bond, Wolf, Stackhouse, Sipics, Jiaming, and Jambunathan, “Challenges in opto-
electronic component packaging for next generation pluggable modules,” in Con-
ference on Lasers and Electro-Optics, October 2005, pp. 706–707.

[24] Borchert, Illek, Wolf, Rieger, and Amann, “Vertically integrated Mach-Zehnder in-
terferometer (VMZ) widely tunable laser diode with improved wavelength access,”
Electron. Lett., vol. 30, no. 24, pp. 2047–2049, November 1994.

[25] Bukkems, “Widely tunable laser,” Patent 6 687 267, February 3, 2004.

[26] Burkhard, Dinges, and Kuphal, “Optical properties of In1−xGaxAsyP1−y, InP,
GaAs and GaP determined by ellipsometry,” J. Appl. Phys., vol. 53, no. 1, pp.
655–662, January 1982.

172



[27] Casey, Sell, and Wecht, “Concentration dependence of the absorption coefficient
for n- and p-type GaAs between 1.3 and 1.6 eV,” J. Appl. Phys., vol. 46, pp.
250–257, 1975.

[28] Chacinski, Isaksson, and Schatz, “High-speed direct modulation of widely tunable
MG-Y laser,” IEEE Photon. Technol. Lett., vol. 17, no. 6, pp. 1157–1159, June
2005.

[29] Chandra, Coldren, and Strege, “Refractive index from In1−xGaxAsyP1−y films,”
Electron. Lett., vol. 17, pp. 6–7, 1981.

[30] Chang-Hasnain, “Tunable VCSEL,” IEEE J. Select. Topics Quantum Electron.,
vol. 6, no. 6, pp. 978–987, November/December 2000.

[31] Chu, Tanbun-Ek, Logan, Vandenbarg, Sciortino, Wisk, and Pernell, “Grating over-
growth and defect structures in Distributed-Feedback-Buried Heterostructure laser
diodes,” IEEE J. Select. Topics Quantum Electron., vol. 3, no. 3, pp. 862–873, June
1997.

[32] Chung, Kim, and Dagli, “Widely tunable coupled-ring reflector laser diode,” IEEE
Photon. Technol. Lett., vol. 17, no. 9, pp. 1773–1775, September 2005.

[33] Cohen, Skogen, Nolde, and Coldren, “A monolithic chemical sensor using tandem
heterodyned sampled grating DBR lasers,” in Conference on Lasers and Electro-
Optics, vol. 1, November 2001, pp. 238–239.

[34] PIC3D User’s manual, CrossLight Software Inc., 2002.2.

[35] Day, “External-cavity tunable diode lasers for network deployment,” in Conference
on Optical Fiber Communications, vol. TuJ4, 2001, pp. 1–2.

[36] Merlier, Morthier, and Baets, “The influence of lateral carrier diffusion and surface
recombination on the behavior of semiconductor optical amplifier (SOA)-based
MMIs,” IEEE J. Quantum Electron., vol. 39, no. 7, pp. 880–885, July 2003.
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