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ABSTRACT

As the speed barrier is reached in traditionagrdted circuits, the need to
produce ultra-fast optical pulses is of growing artpnce. By using optical pulses as
clock sequence generators, it is possible to oneedie bottlenecks due to RC delays
and the excessive power consumption of today'si@olgy. In this thesis a quantum
dot mode-locked laser is passively locked and ugiaglouble-interval technique
achieves higher order harmonics. The double-iatdechnique is commonly used with
musicians to create false harmonics while theystiieir instruments. When a violinist
places his finger upon a string he creates a rfutechanges the tune of the violin as it is
strummed. The strumming of the violin without thelinist placing a finger upon the
fingerboard creates the first harmonic also knosithe fundamental harmonic. If the
location of the node were in the center of thednbgard, this would result in the creation
of the second harmonic. Placing the finger atcation at a third, fourth, or fifth of the
fingerboard will result with the third, fourth, afith harmonics, respectively. Using this

as a base the double-interval technique is appiedpassively locked mode-locked laser
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in this study. The double-interval technique wabldor the generation of harmonics that
would not easily be possible with a traditionalgasly locked mode-locked laser. The
double-interval technique utilizes the stimulatafrthe prime number harmonics in
unison in order to achieve higher order harmonilse laser in this study has a
fundamental frequency of approximately 6.0 GHz é&mdecond, third, fifth, sixth, and

tenth harmonics are presented.
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CHAPTER 1 - INTRODUCTION

1.1 Overview of Laser Technology

With the world's escalating thirst for knowledgétaditional means of
communication will soon be insufficient to meet tmarket's growing demand. It is
foreseen that since silicon CMOS features are kimgn bottlenecks due to RC delays are
occurring, and with power consumption of integraté@duits rapidly rising [1, 2], laser
technology is the solution. That is why since daienmunications revolutionized in the
late 2¢" Century, scientists have moved towards optical rnamications because of its
extremely fast speed, the speed of light. Thentiwea of more monochromatic and
monolithic semiconductor lasers has set the stagdaster communications.  Since
semiconductor lasers are small in size and easgp&rate by means of electrical
pumping, they can provide the necessary modulatapability required for high-speed
communications [3-7]. By controlling the operaticgnditions of the laser, it is possible
to create ultra-fast pulses of light. These optmadses can be used in a wide range of
applications such as local oscillator sources foitlimeter-wave imaging, radio
astronomy, atmospheric sensing, and clock sequegeeerators in optical
communications [6]. One of the best techniquesfeating these optical pulses is mode

locking in a laser diode.

Using a mode-locked laser, the objective of thissis is to investigate the so-
called “double-interval technique” with applicatiom higher order harmonic generation

in the device. This is advantageous because thblelinterval technique allows for the



generation of harmonics that would not easily bgsgae in conventional semiconductor

mode-locked lasers.

1.2 Laser Mode-Locking

The task of mode-locking is to get as many of ldsr's longitudinal modes to
operate in a phase synchronous fashion, such b®atstiperposition of all modes
represents a pulse with a spatial extent much eshtitan the cavity [8]. In essence it
allows all of the laser’s optical power to be caefil into a very small region rather than
across the entire laser cavity. By doing thisdextocking allows for the generation of
ultra fast pulses with smaller pulse widths comga@ a traditional laser. The most
prominent methods are active mode-locking, passiede-locking, and colliding pulse
mode-locking. Figure 1-1 shows an example of #egation of optical pulses confined
to a small region by the saturable absorber ofléser. The blue sections are either
mirrors or cleaved facets that create the desmedrlcavity length. fis the roundtrip
time needed for a pulse to pass through the sysiigme.bottom half of Figure 1-1 shows
the generation of optical pulses. This occurs winengain becomes larger than the loss
resulting in positive net gain. The necessityhef $aturable absorber will be discussed in
the following sections. Mode-locking of semicondudasers can be realized using many

different techniques.
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Figure 1-1 The creation of pulses using the interdaain and loss of a laser [8]

1.2.1 Active Mode Locking

Active mode-locking is used to create laser spetttat are no longer randomly
fluctuating, but rather controllable by operatiranditions [9]. Typically, active mode-
locking utilizes external sources to modulate thm gnd/or loss in the laser. As seen in
Figure 1-2, an optical pulse is emitted when thia gathe laser is greater than its losses.
The creation of the pulses can be regulated byegtpumping light into the laser by
optical modulators or by controlling the loss ire tlaser with a Radio Frequency (RF)
source. By controlling the amount of loss or gainai certain region of the laser, it is

possible to make the laser pulse at a desireddrexyu The modulation of the loss region
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is reminiscent of an on/off switch for the optigaillses. Furthermore, the frequency used
to control the gain or loss of the laser is alsoatdp the intermodal spacing of the optical

output [10]. The intermodal spacingy, is directly related to the driving current

frequency by the reIationJu:% where T is the period of the driving current’s

modulation.  The best condition for active modeking achieved wheil is exactly
equal to the round-trip time of the laser's cavitsenerally this will result with an
intermodal spacing in the range of 0.3 and 20 GHais distinguishes active mode-
locking from gain-switched lasers where the pulegudency is not related to the cavity
length of the laser. Fundamentally when the Iedess than the gain it creates an optical
window that allows the optical pulse to exit thesteyn and emit from the laser. An
example of an actively mode-locked laser is showirigure 1-3 where the laser feeds

into an Acousto-Optic-Modulator (AOM), which behavas the optical window for the

pulses.
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Figure 1-2 Generation of optical pulses by active ate-locking [11]
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Reflector Coupler
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Figure 1-3 An example of an actively mode-locked $&r employing an acousto-optic-modulator
(AOM) [8]

Active mode-locking is difficult to control becamsof all of the variables
involved. These variables include the placementao$tanding wave acousto-optic
modulator inside the laser cavity, the placemern ofiodulation device inside the laser
cavity to induce a frequency shift based upon sdegptic effects, and/or the modulation
of the energy source pumping the laser itself. kVihging external optical sources, free
space optics makes coupling into the laser diffiemd optical modulators also reduce
efficiency. Losses make it difficult to controlethmode-locking due to the presence of
such a weak signal. Another major disadvantageefctive mode-locking technique is
its dependence on the external modulation rate T8Je pulse rate is limited to the speed
of the signal generator and cannot surpass itordier to create pulses faster than the
electronic signal generator, the laser needs tedmdigured in such a way that it can

generate the desired pulses on its own. A debighcreates a self-pulsating laser within



a self-contained system without the use of exteomtics is the passive mode-locking

configuration of a laser diode.

1.2.2 Passive Mode-Locking

Passive mode-locking harnesses the time deperglevicéhe gain and loss
saturation energies to create the desired puBg<reating very small regions where the
laser’s gain is greater than its losses, ultragattes can be produced. When the losses in
a laser are greater than the gain, it would appeadf the laser is off. This is because
there is not enough energy to create the stimulketedsion required for lasing. It is said
that the net gain is zero because there is noiyp®gain. It is very important that as the
loss and gain approach their steady-state valbasthe loss remains larger than the gain
in the regions where pulse generation is not desif@nce the gain is slightly greater than
the losses, resulting in net gain, there will beugyh energy to cause the laser to turn on
and emit light. The key to creating pulses in plassive mode-locked laser is to control
the region in which there is net gain. Implementnsaturable absorber into the system
can control the amount of loss as a function of grosuch that the peak of the pulse that
has spontaneously formed will see very little lceative to the wings of the pulse. The
saturable absorber is a region in the laser diotierevthe amount of loss can be
controlled by controlling the reverse bias appliefhe main purpose of the saturable
absorber is to create a region in which the puldebe shaped. This region will be able
to pull in the wings of the broad pulse and creatéinner pulse while maintaining the
same average power. If the recovery time of therable absorber is much longer with

respect to the duration of the pulses then it ieda slow absorber [8]. Otherwise, the



absorber is commonly referred to as a fast abs¢iiferl3]. Figure 1-4 and Figure 1-5
show the generation of an optical pulse while @digilg the gain and loss saturation

energies for a slow and fast absorber, respectively
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Figure 1-4 An example of a passively mode-lockeddar with a slow saturable absorber [12]
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Figure 1-5 An example of a passively mode-lockedder with a fast saturable absorber [12]



1.2.3 Colliding Pulse Mode-Locking

The colliding pulse mode-locking technique (CPMsheen shown to be very
effective in creating optical pulses that are ie femtosecond range [14, 15]. CPM
utilizes the forward and backwards traveling ligingide the laser cavity to build up a
transient standing wave. An example of a monoli®iRrM laser is shown in Figure 1-6.
The ultra-short pulses are achieved by having tliesgard- and backward-traveling
waves collide inside the absorber section and atitgr (bleaching) the section. This
collision creates a spike in optical intensity tirgga an associated pulse. The collision
creates a much stronger saturation of the absahiaer would be possible with just a
single pulse traveling through at one time. Tdreggth of the absorber section can control
the ease and quality of mode locking. The absartteyduces a nonlinearity that leads to
a change in pulse shape, which causes the putsmnpress [10]. If the colliding pulses
traveling into the absorber section are relatidelge compared to the absorber, the
resultant pulse will undergo significant compressidue to the short length of the
absorber section. This pulse will not only havgngicant compression, but it will be
near the saturation energy of the gain sectiore @rergy associated with the wide pulse
is conserved, but is now confined into a smalldsguwvidth, which results in a greater
intensity. This is a very important aspect to CPbtduse it allows passively mode-
locked laser to operate at low pulse energy forimam compression [3] while still
providing adequate optical power. It is also polesto apply this technique in order to

generate higher order harmonics of the laser’'sdomehtal frequency.
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Figure 1-6 Schematic of a monolithic CPM laser [17]

1.3 Double-Interval Harmonic Mode-Locking

Double-interval mode-locking takes advantage sémiconductor laser’'s ease of
reconfigurability and harmonic mode-locking. Theuble interval technique refers to
using two saturable absorbers that independentiyukite harmonics of the device in
order to achieve the multiplicative value of theotlWwarmonics. The double interval
technique is similar to CPM in that it utilizes watble absorbers to create a pulse. The
unique aspect of the double-interval techniqudn& by creating two saturable absorber
sections within the laser cavity, it is possibled®ate a condition where the pulses
created can collide together and affect each oByeusing this knowledge, it is possible
to place the absorbers in specific locations ireotd create the desired optical pulse. For
example, to stimulate the laser’s tenth harmorsatarable absorber can be placed in the
midpoint of the laser diode and another at a poamtesponding to a fifth of the laser
diode. Individually they would stimulate the secaaad fifth harmonics, but with the
double-interval technique they are stimulated siemdously and result in the stimulation

of the tenth harmonic. A harmonically mode-lockaskr produces an optical pulse train



at a multiple of the fundamental round-trip freqeyefiLl6]. This is very advantageous for
semiconductor lasers because they already haghdundamental frequency due to their
short cavity length. Combined with the double n&k technique it is possible to get very
high repetition rates from semiconductor laser dgdPhotolithography techniques and
mask designs can create a segmented semicondastordiode, but as more and more
divisions are desired it becomes difficult to aekiegood results. Double interval
harmonic mode-locking is beneficial because it coeres the limitations introduced by
standard processing. By utilizing this techniquésipossible to lock to higher order
harmonics that would correspond to repetition ratest would be very difficult to
achieve by just mode-locking alone. As seen irufadL-7 it is possible to segment the
device for the double-interval technique or intovisions that will allow for the
simulation of the desired harmonic. In the cageFHgure 1-7, it is desired to stimulate
the 10" harmonic of the device. Traditionally this wouldquire the device to be
segmented in order to isolate a section that woatdespond to a tenth of the device. As
discussed earlier this may be limited to photolpfaphy techniques and as dimensions
get smaller it becomes difficult to wire-bond aneblpe the device. With the double-
interval technique it is possible to maintain largegments and stimulate the™0

harmonic.
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Figure 1-7 Comparison between device segmentatioarfdouble-interval mode-locking and
traditional mode-locking for the 10" harmonic of a laser diode

The goal of this thesis is to see if it is possita stimulate higher order harmonics
of the mode-locked laser utilizing the double iagdrtechnique exploited by violinists.
This thesis will apply the double interval techreq a semiconductor laser by using the
device’'s geometry and multiple absorber section®rier to stimulate higher order

harmonics.

1.4 Organization of Thesis

Chapter 2 will discuss in detail how the doubleemal harmonic mode-locking
technique is used to achieve the generation 02the&?, 5", 6", and 16' harmonics of a
Gallium Arsenide Quantum Dot semiconductor lasethva fundamental frequency of

approximately 6.0 GHz. A predictive equation fiigtmulated by Yongchun Xin used to
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optimize performance will be discussed as well.e Bxperimental setup will also be
introduced and explained. Chapter 3 will discirgsresults obtained by the experiments.
Chapter 4 will discuss conclusions from this expemtal effort and will describe

possible avenues for future work.
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CHAPTER 2 - THEORY AND MEASUREMENT PROCESS

2.1Colliding Pulse Technique for Higher Order Harmo@eneration

The double-interval technique utilizes collidinglges to generate higher order
harmonics of a semiconductor laser diode. Usimgadblliding pulse technique, higher
order harmonics of the repetition rate can be egcji8, 19]. This knowledge coupled
with a musician’s ability to generate artificial rh@nics sets the stage for this thesis.
Analogous to the method used by a violinist to dagh order harmonic sounds, the
colliding pulse technique can create higher ordamionics of a laser's fundamental
frequency. The difference is with the mode-lockasker anti-nodes are created rather
than nodes. When a violinist places his fingerrupostring he creates a node that
changes the tune of the violin as it is strumme&de strumming of the violin without the
violinist placing a finger upon the fingerboard atess the first harmonic also known as
the fundamental harmonic. If the location of thed@mowere in the center of the
fingerboard, this would result in the creation lo¢ second harmonic. Placing the finger
at a location at a third, fourth, or fifth of thederboard will result with the third, fourth,
and fifth harmonics, respectively. Figure 2-1 shothe locations of nodes and the

corresponding harmonics.
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Figure 2-1 Location of nodes and corresponding haronic generated [21]

By stimulating multiple nodes simultaneously sitpossible to create higher order
harmonics that are equivalent to the product ointbeées’ harmonics. Since it is possible
to create the second and fifth harmonics separatpplying both nodes concurrently will
create the tenth harmonic. This technique is agpiiethe device in this experiment to

create the higher order harmonics of the laseriddmental repetition rate.

When applied to a mode-locked laser techniquelyaqgpa reverse bias to the
corresponding location creates an absorber sectibrthis absorber is saturable, not
strong enough to absorb all of the excess camiesent, then it behaves as an anti-node.
This saturable absorber is an anti-node becauseates a location where a maximum
can occur rather than a fixed minimum as with aendtlis these anti-nodes that are
needed to provide the generation of the higherrondemonics. Also, obtaining high

order harmonics would be difficult to achieve byply creating a single anti-node. This
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would require placing the anti-node at a divisidnh@ laser that might be impractical to
achieve. Thus multiple anti-nodes can be use@neate the desired harmonic using the
double-interval technique. Figure 2-2 shows amexa of a laser diode with anti-nodes
corresponding to the second and fifth harmonicscivrare used to create the tenth
harmonic. This allows for the generation of harmsrthat would not be possible to
create with just one anti-node. With this devie@articular, when the saturable absorber
was placed close to the sections correspondingpdcofundamental repetition rate, the
fundamental repetition rate was excited. So towgte the tenth harmonic with just one
saturable absorber at the location corresponding5ton Figure 2-2 was not possible

because it stimulated the fundamental harmonic.

250 pm
le—>]

2272625242322212019181716151413121110 918(7(6[5/4|3|2]1

= >

Figure 2-2 Laser anti-nodes for creation of tenth Aarmonic

2.2Predictive Model Using the Colliding Pulse Equation

A large amount of both theoretical and experimer@search has been preformed
on semiconductor quantum well and quantum dot passode-locked lasers [20, 22-28].
From these studies it is clear that there are mvangbles that can be altered in order to
reach a result such as adjusting the amount of igathe device, the type of absorber
section(s), and the location of the absorber se(f)o That is why the predictive model
first proposed by Y. C. Xin is of great importancelt utilizes knowledge of
semiconductor gain/loss characteristics to maximikze cavity photon density in

region(s) that will accentuate particular harmonaésthe mode-locked RF spectrum.
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Figure 2-3 shows the Radio Frequency (RF) specfamthe fundamental,"? 3¢, 5",

and 8" harmonics of the mode-locked laser.
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Figure 2-3 50 GHz span of the mode-locked laserfandamental harmonic (6.0 GHz), 2* harmonic
(12.0 GHz), ¥ harmonic (18.0 GHz), %' harmonic (30.0 GHz), and & harmonic (36.0 GHz)

Since it is desired to have the pulses collidedaghe saturable absorber, the
forward and backwards traveling waves must be ofigh combined intensity in order to
saturate the absorber. As stated earlier, in dalgenerate optical pulses for a passive
mode-locked laser the loss must saturate fastarttteagain. This introduces the stability
conditions of a passively mode-locked laser, Eqn. 2-1. Thbikty condition gauges the
quality of the laser's mode-locking and is usecapiideline for getting into the locking

regime.
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WhereEsat ansiS the saturation energy of the absorberBigdgis the saturation energy of
the gain section. Additionallyyis Planck’s constant; is the optical frequency, is the
mode cross-sectional ardaijs the confinement factodg/dNis the differential gain with
respect to carrier density, ang is the transparency density. It is desirableaweehans
greater than 1 to keep the laser in the stableeassode-locking regime. This implies
that for stable CPM operation it is desired to hamall differential gain, confinement
factor, and dot density.

The intensity of a pulse in the CPM is of greapartance. The pulse intensity is
usually studied by looking into the amplified spameous emission (ASE) of the pulse.
The ASE intensityl, of a propagating pulse moving in the positiveirection is a

function of the net modal gaig, and the signal testing position|29, 30]:

dl

—=GU0+S )
dx Egn. 2-2
G=TIG, —q,

Where theSis the intensity of the spontaneous emission edhittaall directions]" is the
optical confinement factog, is the material gain ang is the internal loss.
After solving this equation it is possible to fihdafter it has propagated a total

length ofL.:
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In(l +§j—ln(l0 +§j =G0
G G Eqgn. 2-3

Wherelg is the intensity of the signal at the startingnpoiFor the single pass case we

obtain the solution as [31]:

Egn. 2-4

Using this equation and setting some of the vaemlals constants, it is possible to find

the operating conditions in order to achieve higr@monics.
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Figure 2-4 Model of optical intensities needed toreate the second harmonic

It is desired to have the forward and backwardetiag pulses collide inside the
saturable absorber because this will allow therdddiarmonic to be stimulated. For the
generation of the™ harmonic, the saturable absorber needs to bectbdatthe center of
the laser diode, as indicated by the green seatigigure 2-4. For simplicity, let us first
study the forward traveling pulse, which we chodsehave originate at the Anti-
Reflectivity Coating (ARC) facet and propagate todgathe High Reflectivity Coating

(HRC) facet. The purpose for applying the ARC BRI to the laser’s facets is to create
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a gain cavity where we control the emittance to gree facet, the ARC side. The pulse
travels through the first gain region shown in tighkue. As it travels through this region
it is amplified by the gain of the first regio@;, and the length,;. Since it is desired to
have the pulses collide in the middle of the absrthe pulse will also undergo some
time-averaged loss due to the absorber. This éwegaged loss will allow the optical
pulse to be trimmed/narrowed and appear to be Baressian like. The distance it will
travel inside the absorber, half of the absorbegtle, will bel,,. The resultant equation

for the forward traveling pulsedlis

s -al,
e :—(eGl L —1je 2
G

| Egn 2-5

WhereS s the spontaneous ener@, andL; are the gain and length associated with the
blue region in Figure 2-4; is the loss associated with the absorber, lgats half the
length of the absorber section.

To get the backwards traveling wave)(ive must continue the journey of the
pulse from the forward traveling wave until it exfts off of the HRC facet and returns to
the midpoint of the absorber. If there is a prasioptical intensity, as with this case, the
following equation can be used.

= (l 0 +§j eC X i
gn 2-6
Eqgn 2-6 is a general equation for resultant intgnshen an initial optical intensity is

present. Wherg is the length traveled through a gain region ansd the previous optical
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intensity. Using this generalized equation we cantinue the journey ofl The pulse
will now undergo the remaining average loss ofdbsorber section and travel through
the second gain section, with lendth and gain ofG, as indicated by the light red
colored section in Figure 2-4. It should be ndtest the reason therelis & L, andG;

& G, is because the lengths and gain values could depgnding upon the location of
the saturable absorber and the pumping currenter Adflecting off of the HRC facet the
pulse will travel through a length, andG,. Then the pulse will encounter some loss
again as it travels to the mid-point of the satleabsorber. The resultant equation for

the backwards traveling pulse, as shown in Figedei2

Eqgn 2-7

Wherel, is the total absorber length, is half the length of the absorber section, sl
the total cavity length. The sum lfandlg is the round trip of a single pulse through
the entire laser cavity, but it is broken up inte k- andlg to study the pulses colliding
inside the saturable absorber. It is desired teehéie pulses collide as close to the
middle of the absorber section to ensure that thiseptrimming that occurs is as

symmetric as possible.

2.3Device Design and Fabrication

This experiment was carried out on devices fabrtt@an a wafer produced by Zia
Laser, Inc. The wafer was ZLG1023 which was grayon a GaAs substrate material

using Molecular Beam Epitaxy (MBE). It has 10 &&mof InAs-InGaAs dots-in-a-well
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(DWELL) layers in the active region with GaAs bars. The cladding layers are
AlpesGan34/As and the GaAs barriers layers above the dot $agez un-doped with 60

holes per dot. Figure 2-5 shows the growth stimector ZLG 1023.

GaAs C:3el9 60nm

Al Ga, As/GaAs  C:lel9 40nm

Al gGa 5 ,As C:Jel8 1000nm

Al gGa 5 As C:lel?7 800nm

GaAs/Al ((Ga 3 As 37nm

GaAs Snm

GaAs 16nm X9

InGaAs quantum well 7.6nm

/| X0

InAs quantum dots

GaAs Snm

Al Ga 5, As/GaAs 37nm

AlGa 5 As Si:lel?7 800nm

Al Ga; As Si:3el8 2000nm

GaAs/Al Ga; As  Si:3el8 40nm

GaAs Si:2-Sel8 300nm
GaAs Substrate

Figure 2-5 Zia Wafer 1023 growth structure

After the growth process, the wafer was taken ihi® cleanroom to undergo
standard waveguide processing. The wafer was ettamith a 1:30 ammonium
hydroxide solution to remove any native oxide tinaty have formed between growth and
processing. This was done to ensure that thewollp steps would be completed

properly. Following the native oxide etch, the gratinderwent photolithography to
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pattern a ridge waveguide on the p-side of thetsales This was done using standard
UV photolithography utilizing a contact mask andl8EIR positive photoresist, which is
then inverted. The mask itself consisted of sdvpadterns to set the footprint for
multiple devices with varying dimensions. This waballlow for future experiments with
devices of similar characteristics, but varyingg#rs. After patterning, the ridge was
etched in an inductively coupled plasma (ICP) maehising BGJ as the etchant. To
reduce the spreading of the injected current argrame the optical field confinement,
the ridge was etched to just Quir above the active region of the device. Thenidiqu
Benzocyclobutene (BCB) was spun onto the wafer ianehs baked at 250°C. Once
cured, the wafer was placed in a reactive ion @Rik) machine employing Oxygen and
CHF; to remove the BCB until the surface of the ridgeswlearly visible. The purpose
of the BCB is to act as an electrical isolationelafor the p-metal in the spaces it still
occupies.

Next the wafer undergoes another photolithogragikp to create the pattern for
the metal contact. Using electron beam evaporatiop-metal consisting of 500-A
titanium (Ti), 500-A platinum (Pt), and 3000-A galdu) is evaporated on to the wafer.
It then goes through another metallization step time consisting of Ti/Au. This step
allows for an increase of the p-metal thicknessatdeast 1lum for good metal step
coverage over the edge of the ridge where the B&Bsometimes be over etched. Also,
this soft evaporated Au provides a site for easiez bonding without risking damage to
the device. A third photolithography step is paried to create the pattern needed for ion
implantation. In preparation for ion implantatian thick layer of photoresist is applied

over the entire wafer with clearances at therbgaps between each 2t section. The
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wafer is then processed using proton implantatmrelectrically isolate each 250m
section. The ion implantation provides greater th8nAMQ of electrical isolation. It is
important to note that the sections are only aleaity isolated not optically. Then the
wafer is lapped and polished using fine-graineanahum oxide pads to produce a final
thickness between 1Q0m and 200wm. This ensures high quality cleaved facets and
sufficient thermal heat sinking. The backside & thafer is then placed into the metal
evaporator and the n-type metal consisting of GBKAu is evaporated on to the
backside. The wafer is then annealed at 380°Cgheh temperature is not used because
this would result in the cracking of the BCB anddmo longer providing the electrical
isolation layer as desired. The ridge waveguidaagsvon the wafer are then cleaved in
to several independent devices for testing. A Bndepiction of this process is shown in

Figure 2-6.
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Figure 2-6 Standard processing for standard segmesd contact devices [32]

A device 6.75 mm long, consisting of 27 2o sections, was cleaved off of the
wafer to be used as the laser diode. The devizak facet, the cleaved facet near the
absorber, received an HRC with a reflectivity opayximately 95% and the other facet
received an ARC with reflectivity of approximatedyo to create a Fabry-Perot cavity.
This single device is now ready to be mounted astetl. Figure 2-7 shows a diagram of

the segmented device to be tested.
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Figure 2-7 Segmented device

An Aluminum Nitride (AIN) substrate was mounteal d gold plated copper H-
mount in order to provide a mounting location foe taser diode. The laser diode was
then mounted onto the indium strip on the AIN, desidlown, for better heat sinking. The
device is positioned so that the exit facet hangs the edge of the AIN by less than 50-
um, this is to prevent any reflections and maxinfizat sinking. Figure 2-8 shows the
AIN substrates with 25Qm and the 50Qimn contact pads that were used for mounting.
Each of the laser diode’s anodes was wire bonded260um gold strip on the AIN as
seen in Figure 2-9. The 25%0n gold strips were then hopped over to p@0-gold strips

on another AIN substrate permitting the deviced@lobed for testing.
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Figure 2-8 The 250um and 500um contact-pad AIN substrates
i B oy L il

Figure 2-9 Wirebonding of the 250pm anodes
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2.4 Measurement Setup

After mounting the laser to the H-mount, it isdg#&o be placed on the stage. The
stage consists of two copper blocks and a therrmotvelecooler (TEC). The H-mount is
placed on a mounted piece of copper that it atthtbehe cold side of a TEC. The hot
side of the TEC is attached to a bigger piece ppeo allowing it to work as a heat sink
by moving heat away from the device as seen inrBigul0. This allows for the device

to be steadily cooled to 20 °C for the durationhaf measurements.

Figure 2-10 Side view of the copper stage with tHEEC

Once the device is securely fastened to the cogipge, the probe card is moved
into position. The probe card consists of 16 psplEach electrically isolated with a

diameter of 0.75-mm, which are arranged to matehspfacing of the 500m gold strips
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on the AIN. The probe cards allows for the contbinjection current and reverse bias
voltage going into the device as seen in Figurel2-This allows for the ease of
reconfigurability for running the tests. Also, thebes are kept away from the device to

prevent any accidental scratching of the device.
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Figure 2-11 Probe card connected to device

The current is pumped into the device by a ctirsenrce controlled by computer
code in Igor Pro. The software controls the outguhe ILX Lightwave LDC3916 Laser
Diode Controller to correspond to the desired imgeccurrent.  This allows for complete
control of the current applied to each gain sectaon thus controls the operational
conditions. The reverse bias, when desired, isegpply connecting an Agilent 3610A DC
Power Supply to the necessary probe. As shownguar&i2-12 any probe can be used to

either apply a reverse bias or inject current.
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Figure 2-12 Reconfigurable board for biasing the Iser

The light exiting the device was coupled into atical head pigtailed with single
mode polarization maintaining fiber. The opticaad, 414F-GH-10, had a coupling
efficiency of approximately 15% and was able topielD to 1 dBm of the laser’s light.
The optical head was aligned to the laser’'s exifampet using a five-axis stage. This
stage allowed for more sensitive tuning, thus alhgwthe greatest amount of light to be
coupled. Minor realignment was needed approximaggery 15 to 30 minutes due to
gravity pushing down on the stage’s Z-directiomstation. The alignment was made
and monitored using an ILX Lightwave FPM-8210H Fikptic Power Meter to see the
power of the coupled light. The optical head wégnad to the device until the
maximum power was coupled, approximately 1 dBm. ilgVfunning the experiment if

the power exiting the optical head’s pigtail drogpe O dBm, realignment was necessary.
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In order to study the repletion rate of the deyvare Electrical Spectrum Analyzer
(ESA) and a photodetector were used. The lighhftioe fiber pigtail of the optical head
was coupled to a New Focus 45 GHz IR Photodetektodule 1014, which was
connected to an Agilent 8565EC 50 GHz Spectrum yweal This allowed for the
measurement of the laser’s repetition rate andtgualmode locking.

To ascertain the mode-locking behavior of the cevihe pulse shape was also
measured using an autocorrelator and oscilloscopée optical head’s pigtail was
connected to a Femtochrome FR-103XL autocorrelatbich was connected to a
Tektronix TDS540 Digitizing Oscilloscope. This@Med for the viewing of the pulse
shape and the emergence of pulses due to higher badmonics. The measured pulse
widths were then calculated using a Gaussian ditrveFigure 2-13 is a schematic of the

complete system with all of the associated compisnen
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Figure 2-13 Complete system schematic
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CHAPTER 3 - DATAAND MEASUREMENTS

3.1 Rationalization and Focus of the Experiment

With passive mode-locking there is a tradeoff leetw the compression of the
pulse width and the quality of the mode-lockingheTsaturable absorber introduces a
nonlinear element to the laser that allows for @uisdths to be trimmed/narrowed, but at
the same time if the absorber section is too Ibieg it limits the operational range of the
device. As stated in Chapter 1, the goal of thésis is to see if it is possible to stimulate
higher order harmonics of the mode-locked lasdizutg the double interval technique
exploited by violinists. This thesis will apply ehdouble interval technique to a
semiconductor laser by using the device’s geomatry multiple absorber sections in
order to stimulate higher order harmonics. Dewgmmetry is very important to the
application of the double interval technique beeaos$ the locations of the saturable
absorber sections directly correspond to the aeatf anti-nodes as discussed in Chapter
2.  The experiment will be successful if the sisid/or tenth harmonics are excited

using the double interval technique.

3.1.1 Fundamental Harmonic Laser Characteristics

The device used for the double interval highereordarmonic generation is a
6.75-mm long GaAs semiconductor laser diode, ctingiof 27 250um sections. In
order to have a starting point for this experimergHort, the laser's fundamental
harmonic must be found. For the self-collidinggeupassively mode-locked system, the

fundamental harmonic is found by placing the sdtigrabsorber next to the HRC facet
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[33]. With this device in particular, it was sedratt with more than three continuous
absorber sections (>750n) it was not possible to achieve mode-locking. isTis
valuable information because for the fundamentaimlioaics, the absorber length is
limited by the mode-locking threshold conditionSince the laser was not able to mode-
lock while having four sections of continuous albswos (1.00-mm) located at the HRC
facet it would be impossible to maintain mode-lockvhile having 1.00-mm of absorber
anywhere else in the device. The fundamental haienwas observed when the device
was configured with three continuous absorber gesti(750um) located next to the
HRC. Three sections were used because this watldduce the greatest amount of
pulse trimming. The addition of more sections wiosthutdown the mode-locking of the
device. As shown in Figure 3-1, the fundamentainmmic is accomplished by placing a
reverse bias of 3.15 Volts across the last thregases (25, 26, and 27), as indicated by
the blue probes. The remaining sections (1-24)paraped with 150 mA distributed
equally across the gain section length (555.56 AYcas shown by the red probes. The
values for the reverse bias and pumping currenéselected experimentally in order to
maintain the minimum of 0 dBm output power needethke the measurements. Figure
3-2 shows the fundamental and higher harmonicdeidser across a 50 GHz span and
Figure 3-3 shows a 100 MHz span of the fundameinégjuency. It is explicit from
Figure 3-3 that the fundamental frequency for thser is 6.019 GHz. Figure 3-3 is
useful for seeing the quality of the mode-lockirggduse it shows the peak intensity with
respect to the noise floor. For this thesis theagewill be considered mode-locked as
long as there is at least 15 dB of signal betweembise floor and the peak of the ESA

measurement. Figure 3-4 shows the pulse widtbcaged with the fundamental
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harmonic having a Full Width at Half Maximum (FWHMJ 4.96 ps. The higher order
harmonics of the laser will be integer multiples tbé fundamental frequency. For
example, for a 6.0 GHz fundamental frequency tleguencies corresponding to the
second, third, fifth, and tenth harmonics would12e0 GHz, 18.0 GHz, 30.0 GHz, and

60.0 GHz, respectively.

Figure 3-1 Configuration for the generation of thefundamental harmonic
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Figure 3-2 50 GHz span of the laser diode’s fundaméal repetition rate
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Figure 3-3 100 MHz span of the fundamental repetitin rate
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Figure 3-4 Pulse width associated with the fundameal harmonic repetition rate

3.1.2 Second Harmonic Laser Characteristics

To generate the laser’'s second harmonic, thead&nabsorber is placed in the
center of the laser's gain cavity. As stated egrlsymmetry is very important when
stimulating higher order harmonics. Section 1thesmidpoint of the 27 section device.
It is desired to have the point of symmetry aselwsthe middle of the saturable absorber
as possible. By ensuring that the midpoint of shéurable absorber is at the desired
division of the cavity length, it is easier to stilate the desired harmonic. To excite the
second harmonic there are two main options, usiggsaturable absorber (section 14) or
using three saturable absorbers (sections 13-M)th both methods symmetry will

remain, but due to the fact that the end goal isfttesis is to apply the second harmonic
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towards the double interval technique, the secardhbnic is stimulated using just one
absorber. The advantage of having sections 1¥igbye 3-5, as saturable absorbers is
that with the longer absorber length the pulseimmed more. This is apparent when
comparing the pulse widths of Figure 3-6 whichas the three sections absorber case
and Figure 3-10 which is the one section absorbse.c This will guarantee that the
additional saturable absorber sections can stillplaeed within the cavity without

jeopardizing the mode-locking conditions.

Figure 3-5 Configuration for the generation of thesecond harmonic using three saturable absorbers
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Figure 3-6 Pulse width associated with the secondimonic repetition rate for when three sections of
saturable absorber is used

Optimal Second Harmonic Configuration and Laserr@ttaristics

The optimal configuration was when section 14,shewn in Figure 3-7, was
chosen as the absorber section and it was biaséd&tVolts, as shown with the blue
probe. The increase in voltage compared to thddomental harmonic case is mainly due
to the fact that the absorber section is limitedmndy 250um and that it must provide
adequate absorption. The remainder of the lagetedivas uniformly pumped with 150
mA (555.56 Alcm), as shown with the red probes. Figure 3-8 shdves set of
harmonics that generate the pulses at the secamdohie repetition rate of the laser
across a 50 GHz span. Figure 3-9 shows a 100 Midn ®f the second harmonic

repetition frequency. As shown in the figures, #egond harmonic frequency for this
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laser is 12.027 GHz. Figure 3-10 shows that tHeepwidth associated with the second

harmonic having a FWHM of 7.28 ps.

Figure 3-7 Configuration for the generation of thesecond harmonic
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Figure 3-9 100 MHz span of the second harmonic refigon rate
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Figure 3-10 Pulse width associated with the secomdrmonic repetition rate

3.1.3 Third Harmonic Laser Characteristics

To generate the laser’s third harmonic, the shterabsorber needs to be placed
at a location approximately one third of the lasddtal length from either facet. One
third of the 27 section device would correspon@ &ections from either facet. The issue
is that the saturable absorber’s center needs faoed with its center located in a spot
where the pulse has already traveled through 9osect This would correspond to the
area in between the two adjacent sections. Strisenbt possible to place a reverse bias
at this location specifically, two saturable abspsbare used to create an absorption
section that would have a midpoint correspondingh® desired symmetry. Placing

saturable absorbers one third from either facetidvoarrespond to placing a reverse bias
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at sections 10 and 9 or 18 and 19 or both as semgure 3-11. In Figure 3-11(a), the
saturable absorber section is too close to thetiagitacet and this causes difficulty in
having the device mode-lock. In Figure 3-11(b), ashieve the optimal condition and
this will be discussed in the following section&or Figure 3-11(c), mode-locking is
shutdown and the laser operates in continuous \W@we) because as stated earlier, once
four sections are used as the saturable absorbede-tocking is lost. Thus the

configuration in Figure 3-11(c) is ruled out.
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Figure 3-11 Possible configurations for the generatn of the third harmonic. (a) Using only sections
9&10, (b) using only sections 18&19, and (c) usirgections 9&10 and 19&18
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Optimal Third Harmonic Configuration and Laser Cltderistics

The optimal case for the third harmonic was adtdewhen sections 18 and 19
were used as the saturable absorber as seen ire Bgl2. This is due to the saturable
absorber’s proximity to the HRC facet because easier for the device to mode-lock
when the absorber section is closer to the HRCusecaf the high photon density and
the possibility of higher modulation depth. The teets were reverse biased with a
voltage of 3.38 Volts, as shown with the blue ppb&he remainder of the laser diode
was uniformly pumped with 150 mA (555.56 A/9nio ensure the average power of O
dBm needed in order to carry out the experimenshasvn with the red probes. Figure
3-13 shows the set of harmonics that generate palsthe third harmonic repetition rate
and Figure 3-14 shows a 100 MHz span of the thamnionic’s repetition frequency. As
can be seen in the figures, the third harmonicueegy for this laser is approximately
18.023 GHz. Figure 3-15 shows the pulse width @ased with the third harmonic

having a FWHM of 4.34 ps.
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Figure 3-12 Configuration for the generation of thethird harmonic
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Figure 3-13 50 GHz span of repetition rate while atfigured for third harmonic generation
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Figure 3-14 100 MHz span of the third harmonic repgtion rate
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Figure 3-15 Pulse width associated with the third &rmonic repetition rate
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3.1.4 Fifth Harmonic Laser Characteristics

To generate the laser’s fifth harmonic, the sdtleraabsorber is placed at a
location approximately one fifth of the laser’saioiength from either facet. One fifth of
the 27-section device would correspond to 5.4 gestirom either facet. By placing a
saturable absorber at 6 sections from either fiaeeduld be very close to achieving the
5.4 sections needed to stimulate the fifth harmaimce the center of the sixth section
would be at 5.5. Again the minimum number of absemhs used at each symmetric
location because of the desired application tovilaeddouble interval technique later on
in the experimentation. Placing a saturable akesoab a location one fifth from either
facet corresponds to placing a reverse bias aipbse6tor section 22 or both as seen in
Figure 3-16. In Figure 3-16(a), the saturable dirois too close to emitting facet to
maintain stable mode locking, the colliding pulses too asymmetric in power. In
Figure 3-16(b), mode-locking was achieved, butlibst condition was achieved with the
configuration see in Figure 3-16(c). Stimulatidrttee fifth harmonic was successful for
two cases - when the saturable absorber was placedction 22 and when multiple

saturable absorbers were used by placing one @se@2 and 6 simultaneously.
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Figure 3-16 Possible configuration for the generabin of the fifth harmonic. (a) Using only section 6,
(b) using only section 22, and (c) using sectionaid 22
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Optimal Fifth Harmonic Configuration and Laser Ciweristics

The optimal case for stimulating the harmonic \&ebkieved when both sections
(22 and 6 simultaneously) were used as the sawdidorbers as seen in Figure 3-17.
This also corresponded to the smallest pulse wWattlthe fifth harmonic. This is due to
the fact that by having two saturable absorberi@estthe pulse can undergo more
trimming before it is coupled out of the systent.gies the pulse an opportunity to be
trimmed at section 22 and again at section 6 paaxiting the system. Section 22 was
biased with a reverse voltage of 4.03 Volts, ascetéd by the light blue probe, while
section 6 received a reverse voltage of 2.10 Vaksshown with the blue probe. Section
22 received a greater reverse bias because ofatgnuty to the high photon density
created at the HRC facet end of the cavity. Thwarader of the laser diode was
uniformly pumped with 200 mA (740.74 A/én as shown with the red probes. The
increase in pumping current is due to the fact thate of the laser is now under a reverse
bias and more current is needed in order to modeioe laser. Figure 3-18 shows the
fifth harmonic’s repetition rate of the laser a@@s50 GHz span and Figure 3-19 shows a
100 MHz span of the fifth harmonic’s repetitiondteency. As shown in the figures, the
fifth harmonic frequency for this laser is approately 30.125 GHz. Figure 3-20 shows

the pulse width associated with the fifth harmdmwing a FWHM of 4.96 ps.
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Figure 3-17 Configuration for the generation of tke fifth harmonic
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Figure 3-18 50 GHz span of repetition rate whileanfigured for fifth harmonic generation

50



50—

-60—

Intensity (a.u.)

I I I
30.08 30.10 30.12
Repetition Rate (H:

Figure 3-19 100 MHz span of the fifth harmonic repgtion rate
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Figure 3-20 Pulse width associated with the fifth &rmonic repetition rate
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3.2 Double-Interval Experimentation

For the double-interval technique it is importahat the saturable absorber
sections work together in order to achieve highemmonic stimulation. The double-
interval technique results in harmonic mode-lockaidhe least common multiple of the
individual absorber positions that correspond tdage lower harmonics. As shown in
the 50 GHz ESA spans of each harmonics in Sectibnn3ultiples of the harmonic are
apparent when the prime is stimulated. For exaniijeire 3-8 shows the series of
harmonics of the second harmonic repetition rateesponding to 12.1 GHz, 24.2 GHz,
and 36.3 GHz. The subsequent frequencies of thke GRiz are just multiples of the
lowest 12.1 GHz frequency. The double-intervahteque generates the least common
multiple of the harmonic frequency excited in tlasdr cavity. As discussed earlier
placing a saturable absorber with the correct @esienmetry is of immense importance.
Once the 1% section is used for the stimulation of the sedeadnonic it is of no benefit
to attempt to stimulate additional harmonics ussegtions 15-27. This is because the
pulse loses the necessary intensity in sectionolthat it can collide with the opposing
pulse with comparable intensity in the saturableodber near to the ARC facet. Just as
with the acoustic harmonics, the additional nodefaode needs to be placed closer to
the outputting facet so that the two nodes can wotknison to produce the higher order
harmonic. The double-interval technique produces ldast common multiple of the
constituent absorber placements. The followingeexpents will show the combination
of the second and third harmonics to stimulate sixéh harmonic and the use of the

second and fifth harmonics to stimulate the temitmonic.
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3.2.1 Sixth Harmonic Laser Characteristics

To generate the laser’s sixth harmonic, the shterabsorber could be placed at a
location approximately one sixth of the laser'satdength from either facet as seen in
Figure 3-21. Figure 3-21(a) and Figure 3-21(b)vshitie traditional method for
stimulating the sixth harmonic. This could be iagical depending upon the laser’s
length. As lasers continue to become smaller andllsr it will become increasingly
difficult to pattern sections small enough to ceeatregion that can be easily biased and
are unambiguously positioned to stimulate a cetttammonic. Since this thesis is geared
to testing the double interval techniques, thesdigorations were not tested. Figure
3-21(c) is not an optimal configuration becausehaf proximity of placing a saturable
absorber at sections 18 & 19. The high photon itefi®om the HRC will make it
difficult for the saturable absorber to recover #mas the laser would lose mode-locking.
Figure 3-21(d) is not tested because of the faat tiere are four sections of saturable
absorber (>75@uam) and when this occurs mode-locking is lost aral dbvice runs in
c.w. The optimal condition was when section 14 sections 9 and 10 were used as the
saturable absorbers as seen in Figure 3-22. Tiaecdaresponding to this configuration

is discussed in the following section.
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Figure 3-21 Possible configuration for the generadin of the sixth harmonic. (a) Using the traditional
method and placing a saturable absorber at eitherestion 5 or 23, (b) using both sections 5 and 23,
(c) using the double-interval technique by placingaturable absorbers at section 14 and 18&19, and
(d) using the double-interval technique by placingaturable absorbers at section 14 and 9&10 and
18&19

Optimal Double-Interval Sixth Harmonic Configuratiand Laser Characteristics

The double interval technique would stimulate sieeond and third harmonics
concurrently to get their multiplicative value ok.sThis would correspond to placing a
reverse bias at section 14 to simulate the secanddnic and placing a reverse bias on
sections 18 and 19 and/or sections 10 and 9 irr eodgimulate the third harmonics. As
discussed earlier, placing a saturable absorbeiosebeyond section 14 is of no use
because it is desired to have the additional asderlocated next to the outputting facet.
The sixth harmonic was stimulated when section ridi sections 9 and 10 were used as

the saturable absorbers as seen in Figure 3-22tio8€l4 was biased with a reverse
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voltage of 2.14 Volts, as indicated by the lighudlprobe, while sections 9 and 10
received a voltage of 0.00 Volts, as shown with lthee probes. The remainder of the
laser diode was uniformly pumped with 300 mA (1111A/cnf), as shown with the red
probes. The device is being more aggressively panigecause of the locations of the
absorbers and the fact that there are three of.thEme absorbers are closer to the ARC
facet than before and the gain needed in ordeatirate the absorber must be achieved
by the increase in pumping current. Also, theaase of pumping current helps provide
the gain needed to maintain the minimum of O dBraw@rage power needed to carry out
the experiment. Figure 3-23 shows the sixth haio® repetition rate of the laser
across a 50 GHz span and Figure 3-24 shows a 100 $pEn of the sixth harmonic’s
repetition frequency. It is apparent from Figur@48that mode-locking is becoming more
difficult to achieve. The configuration hardly nie¢he 15 dBm difference between the
noise floor and the peak of the ESA measuremeniin&gent for mode-locking decided
upon before the experimentation. In essence besoming difficult for the laser to
mode-lock. As shown in the figures, the sixth hamm frequency for this laser is 36.120
GHz. Figure 3-25 shows the pulse width associatgd the sixth harmonic having a

FWHM of 6.82 ps.
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Figure 3-22 Double interval configuration for the gneration of the sixth harmonic
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Figure 3-23 50 GHz Span of repetition rate while atfigured for sixth harmonic generation
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Figure 3-25 Pulse width associated with the sixthadrmonic repetition rate
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3.2.2 Tenth Harmonic Laser Characteristics

To mode-lock at a repetition rate that is thetlidrdrmonic, the saturable absorber
could be placed at a location approximately onehteri the laser’s total length from
either facet. Again, this could be impractical eleging upon the laser’s length and
patterned segmentation. Figure 3-26(a) and Figt26(b) show the configurations for
stimulating the tenth harmonic using the traditiongethod. Using the traditional
method, it becomes difficult to stimulate just tiemth harmonic by placing a saturable
absorber at section 3 and/or 25. Due to the gesiize and laser length, an ambiguity
occurs as the device is divided to corresponddbedri harmonics. If a saturable absorber
was placed at section 3 or 25, by geometry, iiffecdlt to know if this would stimulate
just the tenth harmonic. Those absorber locaticosld also work for § — 13"
harmonics because their desired midpoints lie wittihose sections. Thus the
configurations in Figure 3-26(a) and Figure 3-26{t® not considered. Since it has been
shown that the second and fifth harmonics are plesghe double interval technique can
be used to stimulate the tenth harmonic. The ldomlerval technique would stimulate
the second and fifth harmonics concurrently totgeir multiplicative value of ten. This
would correspond to placing a reverse bias at@edié to simulate the second harmonic
and placing another reverse bias at section 22oaseéttion 6 in order to stimulate the
fith harmonic. Figure 3-26(c) shows the configiom corresponding to placing
saturable absorbers at section 14 and sectiorS2ize the device will be pumped harder,
placing a saturable absorber at section 22 is limgedo the HRC. The high density of

photons will constantly saturate the absorber amdllinot be able to recover at all. This
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would cause the device to lose mode-locking and tha in c.w. Figure 3-26(d) shows
the configuration corresponding to placing satweadbsorbers at section 14, section22,
and section 6. Again section 22 is too closeh HRC and it would be difficult to
mode-lock the device. The optimal condition wasieatd when section 14 and section 6
were used as the saturable absorbers is seen ureFR@27. The data for this

configuration will be discussed in the next section

Figure 3-26 Possible configuration for the generabin of the tenth harmonic. (a) Using the traditional
method and placing a saturable absorber at eitherestion 3 or 25, (b) using both sections 3 and 25,
(c) using the double-interval technique by placingaturable absorbers at section 14 and 22, and (d)
using the double-interval technique by placing sattable absorbers at section 14 and 6 and 22
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Optimal Double-Interval Tenth Harmonic Configuratiand Laser Characteristics

The tenth harmonic was achieved when section tl4saation 6 were used as the
saturable absorbers is seen in Figure 3-27. Settdowvas biased with a reverse voltage
of 0.10 Volts, as indicated by the light blue prothile section 6 received a voltage of
4.72 Volts, as shown by the blue probe. For tasedhe device was no longer uniformly
pumped across the remaining sections. Sectionsv&éré pumped with 62.0 mA (12.4
mA / 250um section) as show in Figure 3-27 by the golderb@so The remaining
sections (7-13 and 15-27) were pumped 280.0 mA (@0 mA / 250um section), as
shown by the red probes. Again due to the reveiese voltages and the locations of the
saturable absorbers, the current densities have ddjasted to satisfy the mode-locking
conditions. Figure 3-28 shows the tenth harmomnggetition rate of the laser across a 50
GHz span. This clearly demonstrates that the frecyués out of the range of the 45GHz
photodetector. Figure 3-29 shows the pulse widdoaiated with the tenth harmonic
with a FWHM of 6.51 ps. Using the time intervabdaihe number of pulses it is possible
to estimate the laser’s repetition rate. From FEgR+29 the number of pulses (# pulses)

_ #pulses

rep —

is 12, and thelT is 203 ps. Solvingdf the repetition rate is estimated to be

59.113 GHz ~ 60.0 GHz.
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Figure 3-27 Double interval configuration for the gneration of the tenth harmonic
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Figure 3-28 50 GHz span of repetition rate while atfigured for tenth harmonic generation
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Figure 3-29 Pulse width associated with the tentharmonic repetition rate

3.3Analysis

As seen in the data, the higher order harmonidscdrrespond nicely to the
expected values. The fundamental repetition r&te.@l9 GHz and the second, third,
fifth, sixth, and tenth harmonics had repetitiotesaof 12.027 GHz, 18.023 GHz, 30.125
GHz, and 36.120 GHz, and 59.113 GHz, respectiv8lince the device was divided up
into 27 sections it was difficult to achieve petfawltiples of the fundamental harmonic.
But it is the versatility of the double intervachmiques and the device’s geometry that
made higher order harmonic stimulation possiblecaofparison between the predicted

values and the measured values can be seen in 3-dble
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Harmonic to Predicted Measured

be Stimulated | Repetition Rate | Repetition Rate
Fundamental 6.019 GHz
Second 12.038 GHz 12.027 GHz
Third 18.057 GHz 18.023 GHz
Fifth 30.095 GHz 30.125 GHz
Sixth 36.114 GHz 36.120 GHz
Tenth 60.190 GHz 59.113 GHz

Table 3-1 Comparison of expected values for the petition rates and the measured values for the
repetition rates for the harmonics generated

As different harmonics were stimulated the pulsdths changed as well. The
smallest pulse width was produced when the thingnbaic was stimulated. This is
because of the fact that the mid-point of the disowas exactly at the desired symmetry
location. Also, there is a greater symmetric ragyd saturable absorber surrounding the
midpoint allowing for pulse trimming. When the dd& interval technique was applied,
the resultant pulse width was in between the puidéns associated to the harmonics that
were simultaneously stimulated. It is importanintate that for the tenth harmonic the
pulses are beginning to overlap and appear to be momb-like rather than clearly
defined. This is due to the fact that the lasgragially mode-locked and the pulses are

occurring closer together.

Harmonic Pulse Width

Stimulated (ps)
Fundamental 4.96
Second 7.28
Third 4.34
Fifth 4.96
Sixth 6.82
Tenth 6.51

Table 3-2 Comparison between pulse widths and stifated harmonics
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CHAPTER 4 - SUMMARY AND FUTURE W ORK

4.1 Summary

The objective of this thesis was to investigatghbr order harmonic generation
using the double interval technique of a passil@tked mode-locked laser. While the
double interval technique is not the only technigised to create mode-lock lasers, it
provides the ability to create repetition ratest theuld not be easily achieved. It
overcomes the difficulty of dividing a laser dioao infinitesimal sections by providing
the ability to divide it into its multiplicative coponents. One goal of this experiment
was to study a mode-locked laser and be able ttraioits harmonic generation. An
additional goal was to use the double-interval mémhe to stimulate higher order. While
it is possible to manufacture multiple lasers farltiple repetition rates, creating a laser
that can be easily reconfigurable is highly desired

The device used in this project is a 6.75-mm IGad\s semiconductor laser diode
which was divided up into 27 250n sections. The laser was grown with 10 stacks of
guantum dots (QD) to provide increased gain withim device. The saturable absorber
was selected depending upon the harmonic to beulstied. The absorber received a
reverse bias voltage and was the location for theepcollisions. The remaining sections
of the laser diode were pumped with the necessamgmt density in order to stimulate

the harmonic.
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The stimulation of the first, second, third, fifteixth, and tenth harmonics was
achieved in this thesis. The laser diode had ddomental frequency of 6.019 GHz and a
pulse width of approximately 4.96 ps. As expecthd,frequencies for the second, third,
fifth, sixth, and tenth harmonics were approximatidie desired values. They were

12.027 GHz, 18.023 GHz, 30.125 GHz, 36.129 GHz,5hl13 GHz, respectively.

4.2Future Work

An area of interest is to combine the higher oftlemonic generation with pulse
compression techniques to achieve better definégzbpu As shown in Chapter 3, when
the higher order harmonics are stimulated pulsethsidbegin to overlap. This
overlapping can make it difficult to differentiabetween pulses. In essence, the noise
floor between pulses increases making the autdetioe appear to be more comb-like
rather than having distinctly defined pulses. Wiabnventional pulse compression
techniques, such as adding optical fiber with negatispersion, it is possible to prevent
the overlapping and create well defined pulsesis Thadvantageous because not only
are the pulses well defined, but their pulse widtisy be reduced as well. Another
possible initiative would be the implementationadharmonic crystal. This may provide
the ability to create another multiple of the réjpmt rate exiting the laser. Another area
of interest would be to see how the numbers of @gks affect mode-locking of the
device. Since QDs have a tradeoff between gain spettral width, it would be
interesting to see how increasing the number of}Bestacks would affect the quality of
the mode-locking. Also, the use of different ldngiser diodes would provide different

fundamental repetition rates allowing for a vasige of frequencies. Alternatively, the
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device could be segmented differently by creatingask with 100tm sections so the
device could be divided up into even smaller sestifor harmonic stimulization. This
would allow for even more segmentation of the devand thus allowing for higher

harmonics.
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