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Abstract

In this dissertation, the insights provided using analytical methods to predict and
refine Quantum Dot Mode Locked Lasers (QDMLLs) for use in multiple applications
are explored. Experimental investigation guided by theory greatly reduces the num-
ber of iterations to find solutions to technical problems. The fitness of the theory and
methods used for prediction of QDMLL operation are demonstrated. Experimental
cases for QDMLLs in high temperature and radioactive environments are presented.
Further avenues of pursuit for achieving high repetition rates in optical sources are

also proposed.
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Chapter 1

Introduction

1.1 Foreward

Novelty is a constant in the development of next generation laser sources. The field
has progressed from the first GaAs [1] laser diode to branching families of devices
each with brilliant innovations and unique implications. It is remarkable that the
field of Optoelectronics has developed so rapidly in 50 years that the bulwarks of
the field have had the opportunity to see their work advanced several generations
by their colleagues. This dissertation illustrates and postulates based on my own
experience with the Quantum Dot Mode-Locked Laser (QDMLL). It is a device that
I have worked with extensively throughout my entire tenure as a graduate student
in Optical Science and Engineering; my first research projects with the technology
occurred even before then. I have been impressed with the versatility of the QDMLL

to produce short pulses and to be dynamically adapted to many situations.
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The theories that describe the operation of these devices are continuously evolving
as the dynamics of these lasers are better understood. It is my hope that the next
few chapters in this document will prove both enlightening and thought provoking

on the topic of the fitness of these devices to operate in a wide range of applications.

1.2 The Growth of Data Demand

The consumption of bandwidth for all purposes has been increasing exponentially
for many years and is expected to continue to do so for the foreseeable future [2].

The breakdown of this Internet traffic by type is shown in figure 1.1.

Mobile Access Network Traffic - United States

10,000

9,000

8,000

7,000 - m Emerging

m Filesharing

6,000 W Gaming
Storage
5,000 W Machine-to-Machine

® Tunneling

4,000 W Communications

Petabytes perYear

Marketplaces
3,000 Social Networking
m Web Browsing

2,000 M Real-Time Entertainment

1,000

sandvine

Figure 1.1: A breakdown of mobile bandwidth use in the United States and projec-
tions to 2018 [2]

The utilization of real time entertainment in figure 1.1 is driven primarily by

video streaming services. Impressive growth in the demand for more services on the
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Internet is already stressing our infrastructure and further considerations must be
made going forward. Long haul communications have principally adopted fiber optic
links because of their remarkable data bandwidth. Now, the stresses of bandwidth
are being felt locally as the limitations of the Copper interconnects [3] in current pro-
cessor technology are manifesting. A potential solution to the local bandwidth needs
utilizes Silicon photonics [4] to replace the existing Copper interconnects in routing
servers as well as in end user devices. Integration of photonic networks with high
bandwidth [5, 6] using novel structures for routing [7, 8, 9] continues to be a popular
area of research. Interest in laser sources for these networks is similarly shared by
many [10, 11]. This research focuses on the fitness of the QDMLL for integration into
similar networks by projecting mode locking behavior into environmental extremes

and with novel cavity configurations.

1.3 The Quantum Dot Mode Locked Laser

The ideal source for providing the necessary optical signal for Silicon photonic net-
working techniques is a mode locked laser. These lasers use internal modulation of
the elements inside the optical cavity to generate a continuous train of short pulses
[4]. These pulses vary in width and repetition rate based on the laser design. There
are two basic schools of mode locking which are employed independently or in hybrid
configurations. The first school is active mode locking. This requires that an external
high frequency source be used to create the pulse train which must be synchronized
and carefully monitored. The technique requires extensive Radio Frequency (RF)
generating equipment and is highly sensitive to temperature and other instabilities.
Many of the components for such an active mode locking setup utilize a large amount
of weight and power. However, this technique allows for the shortest possible pulses

at a cost of increased complexity.
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Section 2

Contact Pad

Isolation

Section 1

Waveguide Facet

Figure 1.2: 2 Section QDMLL device schematic

Passive mode locking is the other school to achieve short pulses and is the tech-
nique of choice for the optoelectronics group at the University of New Mexico. Mod-
ulation within a passively mode locked laser is accomplished using a nonlinear sat-
urable absorber [12]. A monolithic III-V semiconductor configuration of GaAs can
produce a mode locked laser, like the one in figure 1.2, without the need for RF
equipment required to maintain active mode locking. A complex system requiring
extensive power and heat dissipation can be replaced with a single semiconductor
merely millimeters in length. Operation of this laser requires only DC voltages in the
most basic of implementations. One section of the semiconductor serves as the laser
gain and the other as a mode locking element: the saturable absorber. A schematic
diagram of a horizontally emitting semiconductor laser is shown in figure 1.2. Each
section is electrically isolated to allow for independent gain and saturable absorption
regions. The ridge waveguide is coated with a metal contact which allows direct inte-
gration into electrical systems for ease of use. Emission of light is along the waveguide

facet; this light can be coupled into optical fiber or into silicon modulators for data
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multiplexing. Properties of the QDMLL [13] that allow for low threshold current
density [14], broad gain bandwidth from an inhomogeneously broadened system [15],
low spontaneous emission noise in the output pulses [16], and abrupt gain saturation

with carrier density [17] are all useful properties in communication systems.

1.4 Ultrafast Optical Networking

The concept of an ultrafast network on chip using assorted multiplexing methods
has been well implemented in fiber optic telecommunications systems. The rush to
develop fiber with the appropriate material properties took up much of the 1990s
and remains well implemented to this day. The reason for substituting optical com-
munications for Copper waveguides still holds today; higher bandwidth is possible
using a smaller cable when optical techniques are employed. This is due to several
unique properties of light and its conduits that make it an ideal communications
medium [18, 19]. First, the frequency of light far exceeds that of microwaves which
allows for a much higher data bandwidth. Additionally, light of different wavelengths
can travel along the same waveguide while maintaining the information each color
channel contains. This allows for many additional channels to be used in parallel
along the same connecting channel. This technique is known as Wavelength Division
Multiplexing (WDM) [6]. Mode locked laser sources deliver a continuous train of
stable pulses of light that range in duration from fs to ns in temporal width depend-
ing on the method used. These pulse trains can be multiplexed in time creating a
new pulse train that can carry data at integer multiples of the laser’s initial mode
locking repetition rate. Multiplexing in time, independent of wavelength, is known

as Optical Time Division Multiplexing (OTDM) [20, 21].

OTDM allows for an additional method to increase the bandwidth of WDM tech-

niques. A sample system based on passive delay lines constructed at the Rochester
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Institute of Technology [9] is shown in figure 1.3. This system is used to split one
pulse into many by offsetting optical pulses using variable delay lines. The optical
signals coupled into the system pictured in figure 1.3 travel along the four waveguide
paths with each circular section representing an optical delay path of equal length.
Thus, the optical pulse that enters the OTDM multiplexer will be copied and time
shifted so that the output appears to be an integer multiple of the initial repetition
rate. That integer will be equal to the number of independent optical paths available
in the multiplexer. In the case of figure 1.3, the frequency multiplication is a factor

of four.

Figure 1.3: OTDM pulse multiplexer for increasing the output repetition rate signal
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Integration of an optical modulator, like the ring resonators described later in
this section [22, 23], into the OTDM setup in figure 1.3 allows for the transmission of
binary information at a repetition rate of the input laser. This is done by increasing
the loss on one of the waveguide paths electrically using the ring resonator. This
would darken one of the pulses in the output multiplexed train allowing for the
communication of binary data. For example, if the input repetition rate of the laser
was 10 GHz, then the pictured OTDM setup would create an equivalent pulse train
with a repetition rate of 40 GHz. Limitations of this increase in repetition rate
are found in the total loss per unit length of the waveguide and the input pulse
width. The number of channels can be increased so long as the attenuation from the
waveguide does not mute the input pulses and the temporal spacing of the pulses in
the output is greater than the initial pulse width. The advantage of this system is
that the modulators operate at the frequency of the laser and not at the eventual
data rate. Data is multiplexed to create an effective transmission that is higher than
the laser pulse rate but modulation of each input channel only requires oscillators
operating at the same frequency of the laser’s pulse train. In the case of the example
in figure 1.3, this means that an active system following the same geometry would
require resonators only 1/4 of the speed of the output data transmission. This means
that lower power modulators that operate at slower frequencies can be substituted at
a savings in weight and power requirements. WDM operations applied to this allow
for additional channels on top of the OTDM system; these channels are separated
by color. Thus, even more data can be transmitted along the same waveguide when

WDM techniques are applied in concert with OTDM.

For completeness, this conversation must include a comment on WDM setups.
Modulation techniques can be applied to semiconductor waveguide systems using
tunable ring resonators grown on silicon [22]. These devices have the ability to elec-
trically shift their resonant wavelength at high speed. High speed and high resonator

quality means that these rings can operate as switches for data communication by



Chapter 1. Introduction

Figure 1.4: WDM functional illustration showing the isolation of data channels by
wavelength

picking off wavelengths of interest. A schematic diagram of a hypothetical WDM
system using ring resonators is shown in figure 1.4 [4]. The 90 degree bends in the
waveguide structure do not couple well without the use of the ring resonator. Broad
light sources represented by the white arrow can be partitioned into their component
colors using active ring resonators. When these rings are active, light will couple into
the perpendicular waveguide and reduce the intensity of that light along the main
optical channel. This allows for Boolean communication of data using on and off
settings. The resonance peak of each ring pictured in figure 1.4 is relative to the size
of that ring in addition to the electrical bias on it [23]. Such a system provides the
basic method for communicating binary data along multiple independent channels
separated by wavelength. These technologies are state of the art and variations of
the electrically tunable ring resonator are being tested all over the country. Individ-

ual modulators have been demonstrated as thermally tunable and quick responding.
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State of the art resonators can achieve modulation frequencies beyond 12.5 GHz
[22]. Combination of this technique with OTDM could expand the transmitted data

bandwidth even further.

1.5 Modeling Mode Locking with Device Param-

eters

Modeling device performance based on collected data from the processed wafer itself
[24] provides the best insight into the operation of lasers from that growth. This
dissertation utilizes and advances models of mode locking based on a gain modula-
tion phasor approach [25, 26] to forecast QDMLL operation. Input parameters into
these models are taken from device modal gain and loss curves captured using the
segmented contact method [27]. Analysis of new theoretical investigations and of
resulting corroborating experiments allow for the complete characterization of the
QDMLL using these gain curves as the principal informing quality. The details of
these gain and absorption curves in concert with the properties of the Quantum Dot

provide exceptional insight into the QDMLL.
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Chapter 2

Quantum Dot Mode Locked Laser
and Background

2.1 Novelty of Quantum Media

Advancements in the field of semiconductors have come quickly and with bounti-
ful results. Interesting properties of these devices have been examined beginning
with simple differential doping of a single semiconductor, to heterostructures that
blend many semiconductors, and finally to more exotic structures that push bound-
aries further. Quantum confinement in semiconductor material allows for a unique
definition of an energy band structure that is based mostly on the physical size of
the nanostructure rather than just the crystallographic arrangement of the material.
This quantum effect is a practical application of the “particle in a box” systems
solved by novice students of modern physics. The physical condition comprising the
“box” is a barrier potential on either side of a small physical space on the scale of
the de Broglie wavelength of the particle to be trapped. It is the barrier potential

caused by a buffer of dissimilar semiconductor material that provides the bounding
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region and the dimensions to determine the energy levels themselves. To illustrate
this mathematically, an example of the particle in a box in its most elementary case

is presented: an infinite potential well.

Begin by envisioning a cube of material with uniform side lengths L. The sym-
metry of this problem allows us to focus on only one dimension as each of the three
dimensions are linearly independent of each other. Next, proceed with the full time
dependent Schroedinger Equation 2.1. This is the general form of the governing
wave equation used for all quantum effects. This can be transformed into a time
independent case when considering a wavefunction of a form like W(¢) = Ee. This

time dependent oscillation cancels nicely resulting in equation 2.2.

o, LoV
h2

—— VU + VU =EV (2.2)
2m

Now, we can enforce boundary conditions in our system which produces solutions
that are trigonometric functions. Graphically, the solutions take the form shown in

figure 2.1 following the generalized expression in equation 2.3.
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o) = Boin (222 o3

Where L is the physical dimension of the quantum confinement and N is a positive
integer representing the discrete energy levels allowed in the quantum state. The
energy of the quantum state is solved using boundary conditions of the argument in

the trigonometric function. These energy levels take the form shown in equation 2.4

, Ground State
1% Excited State
2% Excited State

Energy—>

0 Distance— L

Figure 2.1: First three energy states W (x) offset by energy for a quantum particle in
a box

E = N?rn°h? /2mL? (2.4)

where m is the mass of the particle trapped, N is again a positive definite integer,
and L represents the physical dimension of the quantum confinement as before. This
discretization of permissible energy levels within the quantum structure provides

a method to adjust allowed states through the mechanical formation of the “box”.

15



Chapter 2. Quantum Dot Mode Locked Laser and Background

The general solutions to these expressions depend on the individual geometries of the
quantum media; as some shapes allow for closed form solutions [1] while others rely
on numerical approaches [2]. Quantum Dot approximations as cylinders (allow for
closed form solutions) and pyramidal structures (which require numerical methods
to solve) are the most common. These quantum effects allow for flexibility in energy
states that would not be attainable simply by combining new heterostructures and

provide a useful tool for band-gap engineering.

2.2 Variance in the Density of States

Shaping of the energy levels available in a material using quantum confinement is
one benefit of the technique but the same mechanism that creates these levels also
produces additional effects. Quantum confined media behave quite differently from
bulk semiconductor materials. These differences are stark in the analysis of the avail-
able Density Of States (DOS) in quantum confined media and traditional materials.
The quantum effect that generates the energy band-gaps from physical confinement
also provides shaping of the DOS. The DOS is a measure of how many possible sites
in a material are available to be filled based on the energy of the carrier in a semi-
conductor. These relations vary depending on the level of quantum confinement in

a material as shown by the qualitative depiction in figure 2.2.

Bulk material has a parabolic DOS where the number of available sites for carriers
to reside increases continuously as a function of applied energy. Quantum Wells
have restrictive measurements in one physical dimension. Such constraints make the
Quantum Well a 2D structure in terms of carrier transport. The 2D case allows for
continuous filling of energy states in the well’s two unconfined dimensions so long as

the initial minimum energy value is met first in the confined direction.
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Figure 2.2: Examples of the Density of State curves for bulk semiconductors, 2D
quantum confined material (Wells), and 0D quantum material (Dots)

Another interesting case is that of the 0D structure: the quantum dot. This
structure, as shown earlier in the particle in a box example, has only discrete states
for particular values of carrier energy. Intermediate energy levels are forbidden in the
dot. The DOS plot for a large number of exactly identical Quantum Dots takes the
form of discrete delta functions spaced by the allowed energy states and governed in
height by the number of dots in the material. These Quantum Dots in practice are
more like narrow Gaussians due to inhomogeneous broadening of the dot dimension
in the material. The novelty here for the 0D structures is that the number of available
energy states is adjustable by the number of dots in the material; their disposition
within energy space can be tuned by varying the size of the structures themselves.
For lasers, this is an extraordinarily powerful technique because it allows for more of
the carrier energy put into a material to be directed at the lasing transition rather
than to the bulk of the semiconductor states. This means that Quantum Dot Mode
Locked Lasers (QDMLLSs) exhibit remarkably low threshold current density [3, 4] by
exploiting this physical effect.
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2.3 Growth of Quantum Confined Media

Quantum confined materials are created in the growth process using techniques that
become more sophisticated as the dimensions of confinement increase. To understand
the techniques, one must first explain the cornerstone of microstructure engineering:
lattice strain. Introducing additional elements to a binary semiconductor like GaAs
can create ternary compounds like InGaAs or compounds with even higher num-
bers of constituent elements. Varying the fractional composition of semiconductor
compounds allows for band gap engineering at the device level and can be used to
manipulate strain as a function of the difference between the lattice constant of dis-
parate crystals. The possible variances in lattice constants are shown in the chart

reproduced in figure 2.3.
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Figure 2.3: Energy gap values for various semiconductor alloys [5]
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Structures like the quantum well or ultrathin layers [6] are grown by varying the
product ratios in the reactors as the growth process proceeds. Quantum Dots [7] in
particular have a fascinating growth method that utilizes material strain to induce
islands of semiconductor material to form. This Stranski-Krastanov [8] growth mode
is how quantum dots can self form in semiconductor devices when appropriate reac-
tor parameters are set. These quantum dots are the closest we can get to true 3D
quantum confinement. This growth mode utilizes lattice mismatch between semi-
conductor compounds to produce strain during the growth process. The size of these
dots is controlled by the thickness of the grown dot layer beyond some minimum
critical thickness [9]. These dots are grown with incredible density exceeding 10
dots per square centimeter. These dots are difficult to visualize by microscopy in a
completed device because one is limited to seeing the cross section. However, Atomic
Force Microscopy (AFM) images taken without a capping layer can be used to truly
gain an appreciation of the dots grown, as seen in figure 2.4. This image shows the

dots themselves before they are embedded in further layering.

Figure 2.4: AFM image of a Quantum Dot layer showing the growth process

These dot layers can be stacked upon one another in a device structure to reap

the benefits of increased material gain in the case of a laser and increased detector

19



Chapter 2. Quantum Dot Mode Locked Laser and Background

sensitivity in the case of a sensing device. The addition of layers can detract from
device function either by providing excessive recombination sites for detectors or
through attenuation in active devices as a result of nonuniform pumping. The mate-
rials used in this study are principally InGaAs quantum dots grown on and covered
by thin InGaAs layers and typically stacked 6-8 times. This growth pattern serves
a double function as the dots are embedded in a quantum well creating a Dots-in-a-
Well (DWELL) structure. The pattern enhances the carrier injection into the dots
themselves to increase the efficiency of the devices [10]. Among these benefits, ultra

low threshold current density is perhaps the foremost [3, 4].

2.4 Bandgap Tunability

Quantum dots inserted into a semiconductor behave as any heterojunction would in
traditional treatment. The difference is that their bandgaps can be adjusted through
varying the dot size to introduce additional energy transitions inside of the bandgap
of the parent semiconductor. The doping values of the dot and surrounding material
can shift the position of these intermediate gap states deliberately to create different
effects for carriers moving through the junction [11]. There are two basic types of

quantum dot as illustrated in figure 2.5 in traditional energy/space diagrams.

Type I Quantum Dots, such as the InAs dots in the InGaAs quantum well, have
their forbidden region within the bandgap of the parent semiconductor it is embedded
in. This means that both electrons and holes are trapped by the dot in the same
space as those carriers travel through the semiconductor. Type II Quantum Dots
have the energy band offsets that overlap with the parent semiconductor bandgap
at either the conduction or valence bands. Thus, the Type II case either confines
the electron carrier or the hole carrier as they travel through the semiconductor

depending on how the band overlaps.
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Figure 2.5: Quantum Dot band structures for Type I and Type II dots

The implications of this bandgap tunability lead to lasers that can have their
output wavelength adjusted during the growth process beyond that of the limitations
of binary compounds like GaAs. Device flexibility in output emission combined with
the improved efficiently afforded by discretization in the Density of States provide

powerful possibilities for lasers made with these quantum confined media.

2.5 DWELL Laser

The growth of the QDMLL structure [12] using Molecular Beam Epitaxy (MBE)
produces layers similar to the first step in figure 2.6. Starting from the n-doped sub-
strate, an n-type GaAs buffer layer is grown that is lattice matched to the substrate
to provide a high-quality, low defect density material before growing the actual de-
vice structure. The next AlGaAs layer provides the thick optical cladding material
for the waveguide portion of the laser. This layer is thick so that the maximum
extent of the generated optical intensity does not interfere with the substrate or the
buffer layer. Cladding layers that are too thin would leach some of the potentially
generated light. Differences in relative concentrations of Al and Ga in the AlGaAs

cladding layer affect the optical confinement factor of the finished devices which al-
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lows for fine tuning of the mode shape within the cavity. The next layering set is the
optical gain material itself. It consists of InAs quantum dots, InGaAs quantum wells
surrounding them, and layers of GaAs that comprise most of the waveguide core.
This layer sequence is repeated as needed to acquire the number of gain structures
desired for lasing operation. Too few layers will mean that the gain provided will be
insufficient. Excessive numbers of gain layers will be detrimental to the device as the
extra layers will begin to absorb light at the emission wavelength which will cause
an increase in the threshold current density. In practice, 6-8 DWELL layers provide

an ideal number of stacks for device operation.

GaAs Substrate

2
TiPtAu /

Photoresis

NiGeAu

Figure 2.6: QDMLL processing procedure and layer structure depicted looking down
the laser waveguide
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The processing flow in figure 2.6 begins with the grown material and an initial
patterning of photoresist that masks a waveguide trace. The device is then etched
in step 1 to electrically and optically isolate each individual laser waveguide from
its nearest neighbor. This is typically done with a plasma etch while monitoring
the anisotropy to ensure that the laser waveguide does not suffer from undercutting.
The etched groves are then filled with spin on Bisbenzocyclobutene (BCB) that pro-
vides electrical isolation between the p-type contacts and the underlying conductive
AlGaAs cladding layers. The next patterning process applies a metalization layer of
TiPtAu to provide an ohmic contact to the p-type material. Finally, the back con-
tact is metalized with an appropriate alloy of NiGeAu and the remaining material is
lifted off with an immersion bath resulting in a completed wafer of devices. Electrical
isolation along the ridge waveguides to produce independent anodes is accomplished
with ion implantation. The optical waveguide is continuous through the entire laser.
The final pattered wafer, when viewed from above, takes the form shown in figure

2.7.

2.6 Analytical Modeling of Mode Locking

Understanding of any engineered device is greatly expanded with the application of
analytical modeling where such formulations are possible. This section deals with the
derivation of the sinusoidal mode locking model used in this dissertation to predict
the performance of mode locked lasers [13]. Expansion of this model was vital to the
projections and claims made in this work and in the work of other researchers working
in this field. Expanding an existing model must always be done with respect to the
assumptions made during the initial formulation shown here. Thus, I begin with
the illustration of Lau’s model [13] for the prediction of passive mode locking. The

expression takes the form of a net gain modulation phasor of the form represented
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»
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Figure 2.7: Example processed wafer pattern showing laser waveguide paths and
multisection devices

in equation 2.5.

1 A i i
v; ((—25 _ ;) (1+8) + go) gV + V) (25)

Where V; is the field amplitude in the cavity of the j™ mode. Equation 2.5 relates
each mode to the relative phases of the previous and the next in the laser gain
profile. The photon lifetime of the device is represented by 7, the amplitude of the
net modulation phasor is given by |g|, and the phasor’s phase is given by 6. Next, §
represents the difference between the the modulation frequency and the inter modal
spacing. The parameter representing absolute gain in the device is given by g, with
a shaping parameter b; for each mode that correctly defines the gain function when
cast in the form g,/(1 4 b7). The next step is to find a solution for V; that satisfies
equation 2.5 when j is allowed to vary. A Gaussian solution of the form shown in

equation 2.6 results.
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V(j) = e O (2.6)
4b .
wt = ?|gnet|cos(9) (2.7)
Gnet = _Gggo — _Gaao S6Wt = gneteth (28)

iw+ Tyt dw+ Tt

Where the Gaussian parameter w is given by equation 2.7, T, and T}, represent the
respective effective carrier lifetime for the gain and absorption regions, and the gain
modulation phasor g, is given by equation 2.8. This is the pulse width. It is
important to note that the actual shape of pulses measured from passively mode
locked devices take the form of sech? rather than that of a pure Gaussian [14, 15].
However, this model is most valuable in projecting the existence and quality of
mode locking by examining how the pulse width, w, varies with device parameters.
The RHS of equation 2.7 contains the product of the magnitude of the net gain
modulation phasor |g| with the cos of the phase difference 6. This is the mathematical
transformation necessary to produce the real part of the phasor which is represented
as a vector in the complex plane [16, 17]. We then can approximate the real part of

g with equation 2.9 derived from the laser rate equations [16].

_GeSta, — G152,
~ T

P B

amvghvWdL N

Re(g)

(2.9)

So (2.10)

Where GG, and G, represent the differential gain or absorption that follow the be-
havior as shown in figure 2.8, a, is the unsaturated absorption, g, is the unsaturated

gain, €2 is the device modulation frequency (repetition rate), and S, is the cavity
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Figure 2.8: Differential gain values as a function of applied current bias on a QDMLL

photon density given in equation 2.10. In the photon density expression, L is the
device length, v, is the group velocity of the propagating mode, «,, is the mirror loss,
«; is the internal loss, d is the thickness of the active region, W is the ridge width of
the device waveguide, I' is the optical confinement factor, P is the peak pulse power,

and v is the emission frequency.

One can extract several physical limitations on the sinusoidal pulse model in that
all valid solutions for active pulsing must be positive definite for arguments of equa-
tion 2.9. This is to say that the argument for the exponential in equation 2.6 is an
oscillating solution and has a defined pulse width, w, given in equation 2.7. These
expressions do not produce oscillating solutions when the differential gain term ex-
ceeds the differential absorption term in equation 2.9. This provides a bounding
function on the appearance of mode locking in a device which lead to the develop-
ment of an analytical model predicting mode locking under different absorber/gain
conditions [18]. Further refinement of this model allows for the prediction of mode

locking operation in regimes previously not considered.
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Chapter 3

Analytical Modeling of Mode
Locking in QDMULLs

3.1 Theoretical Iteration

Investigations at the University of New Mexico have made considerable progress
in development of mode locked laser theory over several iterations from the initial
derivation illustrated by Lau and Paslaski [1]. This classic paper modeled the onset
of passive mode locking in a semiconductor laser as a sinusoidal modulation of the
optical intensity output of the laser. They described this boundary using a net gain
modulation phasor approach and simultaneously derived expressions that ensured

minimization of self-pulsation contamination.
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Our recent work extended the aforementioned formalism to account for the dis-
crete distribution of the gain and saturable absorber sections in a laser cavity and

the internal loss [2]. The following equation 3.1 was derived in that study

R

dgo 1\ ? p
> | 2 (3.1)
9 ngo|go:0 ao

where L, and L, are the length of the absorber and gain sections respectively, g, and
a, are the modal gain in the gain section and unsaturated absorption in the absorber
region respectively, dg,/dJ is the differential gain, and the differential quantity in
the denominator of equation 3.1 represents a conservative approximation for the dif-
ferential absorption [2]. The fundamental difference in the treatment of the pulse
predicting phasor between this treatment and Lau’s is that the bounding parameter
is set to the internal loss «; rather than simply zero. This extension enabled the pre-
diction of functional device layouts using the measured gain and loss characteristics
as input. The model has been employed for the cavity design of two-section passively
mode locked lasers based on several different material systems [2, 3, 4]. The method
is based on the assumption that the net gain modulation (g, — a,) is sinusoidal and
in phase with the photon density modulation. This formulation does not consider
the fundamental limit of lasing in these devices. Consequently, an additional basic
constraint within the model comes in the form of the threshold condition for lasing

in equation 3.2.

Lo go—0m —ai (3.2)
Ly, ap+ o+ ’

In equation 3.2 above, «; is the internal loss, «, is the mirror loss, while L, and

L, are the lengths of the absorber and gain sections of two-section device respectively.
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From equations 3.1 and 3.2, it is readily apparent that in order to strengthen the
mode locking condition over temperature one can, for instance, reduce the variation
of the modal gain with temperature by engineering the gain material and reducing
the internal losses. On the other hand, one can optimize the ratio L,/Lg; the latter
is the approach examined in this work. Equations 3.1 and 3.2 can be considered
as describing the hard boundary defining the onset of mode locking, the limiting
case, or minimum requirement. Although the model does not have the capability to
predict the pulse duration since a sinusoid is assumed, it is nevertheless a useful tool
to predict the onset of mode locking over a broad temperature range. Proceeding
from this point, the theoretical mode locking range of the wafer 967 is studied in

detail in this chapter.

3.2 Initial Theoretical Projections

As mentioned in the previous section, equations 3.1 and 3.2 together provide robust
boundary conditions for the prediction of mode locking operation. Applying this
technique to gain data of the 967 wafer provided an initial mode locking prediction
range in figures 3.1-3.6. These plots are presented with equation 3.1 providing the
lower bound, equation 3.2 providing the upper bound, and plotted as a function
of applied current density relative to the absorber section to gain section length
ratio in the laser. Regions of mode locking projected in this model are enclosed on
the right hand side of the projected device curves bounded from lasing threshold
and gain/absorption balance. These theoretical contours were computed based on
segmented contact method data taken between 20-70 C. Initial projections were
promising, thus the next step with more detailed gain/loss analysis was taken with

more confidence.
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Figure 3.1: Projected mode locking map for device 967E with 0 V reverse bias on
the saturable absorber
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Figure 3.2: Projected mode locking map for device 967E with -1 V reverse bias on
the saturable absorber
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Figure 3.3: Projected mode locking map for device 967E with -2 V reverse bias on
the saturable absorber
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Figure 3.4: Projected mode locking map for device 967E with -3 V reverse bias on
the saturable absorber
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Figure 3.5: Projected mode locking map for device 967E with -4 V reverse bias on
the saturable absorber
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Figure 3.6: Projected mode locking map for device 967E with -5 V reverse bias on
the saturable absorber
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3.3 Gain Measurement in Semiconductor Lasers
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Figure 3.7: Schematic diagram of the gain measurement setup

Here, a practical method is sought that allows one to determine whether a given
Mode Locked Laser (MLL) can maintain mode locking over a desired temperature
range and, if not, to understand why it fails. In comparison to our recent delay
differential equation model [5] and the work of Vladimirov and Turaev [6], the ad-
vantage of this analytical approach is the ability to predict functional MLL device
layouts through the use of measured temperature-dependent static laser parameters
measured on the actual device under investigation. Consequently, valuable insight
can be gained without knowing dynamic material parameters such as the carrier life-
time or the gain/absorption recovery times of the active semiconductor material. A
temperature dependent picture of the gain profile of our quantum dot laser devices is
critical to the prediction of the device properties. To this end, a measurement setup
was devised that has the capability to perform data sampling at the full range of
temperatures from 10 C to beyond 100 C. Temperature ranges from 10 C-70 C are
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accomplished through Peltier junctions (TE) alone but set points in excess of 70 C
require the use of electrical heating tape to achieve. Lasers under test are mounted
on a Copper heatsink with Indium solder to ensure effective thermal and electrical
contact. This Copper mount is then secured onto a larger temperature controlled
Copper block before measurements are performed. The limitation in test tempera-
ture is often this Indium solder which has a melting point around 130 C. Experiments

that require higher temperatures must use different methods of mounting.

The system is designed with a very high thermal mass near the laser itself to
maintain equilibrium temperature during each of these current measurements. The
schematic diagram of the experimental setup used for gain and absorption measure-
ments is given in figure 3.7. The meaning of the current wiring configurations will
be discussed later. A typical QDMLL device that we test is comprised of multiple
electrically isolated sections with dimensions of 500 pm x 3.5 pm as shown in figure
3.8. The gain sections are comprised of two device sections making the total length
of each 1 mm. The remainder of the device length is used as an absorber to reduce
back reflections. The effects of different biases on these remaining sections can have
a dramatic effect on the measured gain as shown in figure 3.9. This variance is due to
the elimination of the back reflections previously mentioned which conceal the true

device gain.

Electronic control is done using a control board re-purposed from previous work at
the University of New Mexico. Two current sources and a voltage source are used to
stimulate the device and measurement is conducted using an integrating sphere power
meter and an Agilent spectrometer. Data capture is performed via GPIB connections
to a central computer. Coupling of the laser light from the Quantum Dot laser is
achieved through an integrated optical head containing a small lens and isolator. This
head couples the light into a fiber which is routed to the measurement equipment.

The coupling lens is Anti Reflection (AR) coated to reduce back reflections.
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Figure 3.8: Schematic of the multi-section segmented contact amplifier used to mea-
sure the gain and loss properties of the QD DWELL active region as a function of
current density coated AR/HR to reduce the lasing threshold

The theory behind the segmented contact gain measurement method is taken
from the previously published work from Xin et al. [7]. Our measurement method
requires single pass amplification of spontaneous emission of the gain sections shown
in figure 3.7. The expression for computing the net modal gain of the laser is given

in equation 3.3.

13_11 -1
=1 — 1L .
g n<f2—]1 ) (3.3)

Where [;_3 are the intensity from each of the three measurement steps and L is
the length of the gain sections. Absorption measurements can be arrived at using a

similar technique with equation 3.4.

o 12_11 -1
a—ln(l4_jl)L (3.4)

Where « is the absorption, I, is a special measurement condition where Sections 1
and 3 are biased and Section 2 has reverse bias, and the remainder of the variables
follow the convention of equation 3.3. Further detail of this method can be found
in the literature. Back reflection is one of the variables that provides a significant
difference to the measured gain using this technique. Any back reflection at all

from the opposing facet will contribute to the measured spectrum and decrease the
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observed gain. This