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Abstract

Vertical external cavity surface emitting lasers (VECSELS) have seen tremendous
growth and development over the the past twenty years since its initial demon-
stration. A key feature that has driven its development is the direct access to
the external laser cavity. When combined with various cavity elements, these
continuous wave semiconductor lasers can provide high output powers, tunabil-
ity, high-quality diffraction-limited beams, and nonlinear frequency conversion to
different spectral regions that are difficult, or impossible, to reach with more tradi-
tional laser technology. Passively mode locked, or ultrafast, VECSELs are able to
combine many of the same features in ultrashort pulses with high output powers
and fast repetition frequencies.

The vast majority of work that has been published on ultrafast VECSELs has
been at its fundamental wavelength. This is in stark contrast to its continuous
wave counterpart, which has seen nonlinear frequency conversion utilized to target
spectral regions from the UV to mid-IR with excellent results. It is the primary
objective of this dissertation to explore the combination of intracavity nonlinear
frequency conversion with ultrafast VECSELSs to achieve high peak power, ultra-
short pulses in the visible and UV spectral regions. This work is concluded with
a new wafer and cavity design for an ultrafast VECSEL for telecommunications
applications and, finally, initial results are presented for an ultrafast VECSEL
generating higher order Hermite-Gaussian modes.

This dissertation begins with an introduction to continuous wave VECSELSs,
including their origin and applications, semiconductor gain chip design, microfab-
rication process, and general operating principles. This is followed by an in-depth
look at passive mode locking of VECSELSs, the fundamentals and cavity design
criteria that lead to stable mode locking, and the characterization of ultrashort
pulses. The methods of resonator cavity design and pulse simulation are detailed,
along with an introduction to second harmonic generation with ultrashort pulses

and the dominant criteria for pulse broadening effects.
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These introductory sections are followed by the demonstration of a record-
setting ultrafast VECSEL utilizing intracavity second harmonic generation for
high peak power, sub-picosecond pulse duration in the green spectral region. This
was accomplished by careful optimization of the resonator cavity to satisfy key
lasing parameters simultaneously. This work was then expanded upon with an
overlapped cavity design that fully encloses the high peak power of the second
harmonic within its own high Q resonator cavity for all-intracavity fourth harmonic
generation into the UV spectral region.

This work is followed by a discussion and analysis of the gain chip design pro-
cess and parameters for a new multi-quantum well wafer emitting in the 1550 nm
spectral region that will be used in passively mode locked VECSELSs. Finally, this
dissertation concludes with the initial results for an ultrafast VECSEL generating
higher order Hermite-Gaussian (HG) modes for conversion into Laguerre-Gaussian
(LG) modes, with a brief discussion about future work to further develop this con-
cept and combine it with other VECSEL technology for the next generation of laser

systems.
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Chapter 1

Introduction to VECSELSs

1.1 Brief History

Semiconductor lasers have seen enormous growth in the decades since their first
demonstration by Robert N. Hall in 1962. They are ubiquitous in applications
spanning multiple diverse fields, including telecommunications, consumer electron-
ics, medicine, and defense [1-3]. This is no doubt a result of the semiconductor
laser’s design wavelength flexibility spanning the visible, infrared, and terahertz
spectral regions [4-7]. Regardless of the application, these lasers are typically sep-
arated into two distinct groups: edge-emitting and surface-emitting semiconductor
lasers.

Edge-emitting semiconductor lasers utilize a heterojunction structure where
the gain material is sandwiched between two cladding layers (Fig. 1.1). The
cladding layers restrict the propagation of the laser radiation to the gain region,
with each facet of the cleaved semiconductor acting as a flat mirror. Typically, one
of the facets will be coated for transmission of a small percentage of the circulating
laser power. Achieving high power operation with this type of semiconductor laser
requires a wider and/or longer gain section to handle the increased thermal load
of the device, leading to a more elliptical beam profile [8].

The surface-emitting laser is also a semiconductor heterojunction structure,
but the light propagates orthogonally to the semiconductor layers (Fig. 1.2). The

vertical cavity surface emitting laser (VCSEL) is similar to a edge-emitting laser
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Figure 1.1: Edge-emitting semiconductor laser.

in that it also has a gain, or "active" region, sandwiched between two flat mirrors.
However, in the case of the VCSEL, these mirrors take the form of distributed
Bragg reflectors (DBRs), which can be designed to have a specific reflectivity.
The VCSEL is electrically pumped, with the diffusion of electrons through the ac-
tive region determining the mode profile. Various techniques have been employed
to power scale the VCSEL, but the primary issue remains inefficient heat dissi-
pation out of the structure through the thermally resistant DBR mirrors which
can impact generation of high power, high quality TEMg, beams [9]. However,
arrays of individual low power VCSELSs, each with excellent beam quality, have
been demonstrated to deliver high power and high speed operation in applications

including telecommunications and thermal treatment of materials [10, 11].

Figure 1.2: Surface-emitting semiconductor laser.

The vertical external cavity surface emitting laser (VECSEL) was able to

overcome many of the deficiencies in both edge-emitting and electrically-pumped
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surface-emitting lasers by offering high power, diffraction-limited TEMy, beams
[12]. A VECSEL layer structure is very similar to that of a VCSEL, in that they
both utilize a multi-quantum well active region for their gain medium. However, a
VECSEL structure has no doped layers, and only contains a single DBR, section.
The second mirror, necessary for completion of the laser cavity, is external to the

chip structure, as seen in Fig. 1.3.

VECSEL Chip  Optical Pump

Output Coupler
Mirror

—

Heat sink

Figure 1.3: VECSEL linear cavity. The VECSEL chip contains a DBR mirror and
the gain section, and the laser cavity is completed by the external output coupler
mirror and optical pump.

A VECSEL can be optically pumped, which allows for a uniform distribu-
tion of photons across the surface of the chip. The size of the pump beam can
also be scaled to pump larger areas of the chip to achieve higher output power
while maintaining single mode operation by appropriate cavity design [13, 14].
This feature of optically-pumped VECSELS simply cannot be accomplished by
electrically-pumped VCSELSs because of adverse thermal effects and poor guiding
of electrons through the active region for larger beam sizes, resulting in low power,
multi-mode operation.

Along with generating high power, high quality TEMyy beams, the primary
strength of the VECSEL is direct access to the external laser cavity. Access to
this cavity allows for insertion of various optical elements to achieve different

results, such as [15, 16]:
e Birefringent filters for wavelength tuning
e Polarizers to rotate the polarization of the laser beam

e Nonlinear optical crystals for frequency conversion to various harmonics
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e Etalons for narrowing of the optical spectrum
e Saturable absorber mirrors for passive mode locking

e Dichroic mirrors and beamsplitters for beam combining/splitting

Different groups have been able to exploit this inherent flexibility to achieve a
variety of results. This includes high power harmonic generation from the ultravi-
olet (UV) to mid-infrared spectral regions, ultra-narrow laser linewidths, high
power TEMg, beams with high brightness, generation of high order Hermite-
Gaussian and Laguerre-Gaussian modes, and high power ultrashort pulse gen-

eration [3, 5, 17-21].

1.2 Semiconductor Chip Structure

At the core of any VECSEL system is the multi-quantum well semiconductor
(MQW) gain chip. This heterojunction structure combines an active region, with
quantum wells sandwiched between barrier sections, with a distributed Bragg re-
flector (DBR) mirror for high reflectivity of the generated fundamental photons.
The surface of the chip is typically anti-reflection (AR) coated to provide protec-
tion and increase absorption of the pump photons. A typical VECSEL gain chip

layer structure can be observed in Fig. 1.4.
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Figure 1.4: Multi-quantum well semiconductor structure. The "active" gain region
contains barriers and quantum wells for absorption of incoming pump photons and
emission of fundamental photons. The DBR mirror provides >99.9% reflectivity
of the fundamental photons.

1.2.1 Active Region

The gain of a VECSEL is contained within the active region of the multi-quantum
well semiconductor chip structure, with the wells acting as the gain elements. Each
quantum well is sandwiched between barrier sections, with the band gap energy of
the barrier being greater than that of the well. The quantum well also has a narrow
width sufficient for quantum confinement of electrons in one dimension [22]. If an
incoming pump photon has an energy that exceeds the band gap energy of the
barrier, it will be absorbed in this region. When a pump photon is absorbed, it
will excite an electron from the valence band to the conduction band. The excited
electron will diffuse from the barrier region into a quantized energy level within
the well. When the electron transitions from the quantized energy level in the
conduction band well to an energy level in the valence band well, a fundamental
photon will be emitted with a wavelength corresponding to the energy lost by the
electron in this transition (Fig. 1.5). This fundamental photon will travel through
the active region and be reflected by the DBR mirror which has been designed for

high reflectivity (>99.9%) around the fundamental wavelength.
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Figure 1.5: Section of active region depicting a single quantum well sandwiched
between two barrier sections. A pump photon is absorbed in the barrier, exciting
an electron from the valence band to the conduction band. This electron diffuses
into the quantum well, with its transition to the valence band well emitting a
photon at the fundamental design wavelength.

Typically, the quantum wells are positioned at the locations of the antinodes
of the standing electric field, as seen in Fig. 1.4, resulting in a condition known
as resonant periodic gain. This has the effect of overlapping the strongest portion
of the electric field with the quantum well gain element, doubling the effective
gain while significantly reducing amplified spontaneous emission [23]. Alternative
designs have utilized groups of tightly-spaced quantum wells around each antinode,
which can provide a tolerance for layer thickness variations during the growth
process and account for a thermal shift of the antinodes off center of the quantum
well during operation |24, 25].

Early models of quantum well gain in a VECSEL were based on a simplified

phenomenological logarithmic dependence of the gain on the carrier density

QZQOIH(N/NO) (1~1)

where gy is the material-gain parameter, N is the carrier density, and N, is the
transparency carrier density [26]. Using this model, the threshold condition for

lasing is expressed as
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R1R2Eoss exp <2ththLw) =1 (12)

where R; and Ry are the reflectivities of the cavity mirrors (output coupler and
DBR), T},ss is the transmissivitiy of the cavity, gy, is the material gain at threshold,
N, is the number of quantum wells, and L,, is the width of each well [26]. The
longitudinal confinement factor, I', defines the overlap of the optical field standing

wave with the quantum well and can be expressed as

fLa n2|E(z)]? dz

= T RGERR

(1.3)

where the numerator expresses the section of the optical field overlapped with the
quantum wells and the denominator expresses the entire optical field, with n, and
n(z) representing the refractive indices of the quantum well and additional layers
in the z-direction, and L, and L representing the length of the quantum wells and

total length of the active region [27]. The carrier density N can be determined by

Nabs Pp

= Mabstp 1.4
hvNyLyA, (1.4)

with 74 the pump absorption efficiency, hv the photon energy, A, the pump spot
area, and 7 the carrier lifetime [26]. We can determine the carrier lifetime using

the carrier density in

1
7(N)

— A+ BN + CN? (1.5)

where A, B, and C are the monomolecular, bimolecular, and Auger recombination

coefficients, respectively.

1.2.2 DBR Region

The DBR mirror is a stack of A/4 layer pairs of alternating refractive index. When

a series of these layer pairs is combined, it can result in nearly perfect reflectivity
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at the fundamental design wavelength. A greater refractive index contrast between
the layers will result in fewer layer pairs needed to achieve >99.9% reflection. After
reflection from the DBR mirror, the fundamental photon will travel back through
the active region and exit through the surface (window layer) of the chip, into the

external cavity.

1.2.3 Thermal Considerations

Excessive heating of the gain chip is one of the most important considerations in
maintaining a stable VECSEL system. The strong focusing of the optical pump
onto the surface of the chip results in concentration of a significant amount of
energy in a small area during high power operation. Waste heat is primarily
generated by the quantum defect, which is the difference in energy between the
absorbed pump photons and the emitted fundamental photons. Furthermore, any
pump photons not absorbed in the active region will be absorbed in the DBR sec-
tion, further adding to waste heat. The buildup of this thermal energy can lead to
a condition known as thermal rollover [28]. The material gain peak and microcav-
ity resonance shift to higher wavelengths as a function of increasing temperature
at rates of 0.3 nm/K and 0.1 nm/K, respectively [26]. At high temperature, the
gain peak will "rollover" the microcavity resonance entirely, ceasing operation of
the laser. Without the laser in operation, nearly all of the incoming optical pump
energy becomes waste heat that needs to be extracted from the chip to prevent
catastrophic failure and damage to the chip structure.

To mitigate adverse performance from thermal loading, several design strate-
gies should be considered. First, the active region of the MQW chip should include
enough barrier length to ensure absorption of all of the incoming pump photons.
Second, the quantum defect should be minimized by identifying an ideal balance
between optical pump photon energy, fundamental photon energy, and the min-
imum barrier height needed to prevent thermal leakage of electrons out of the

quantum well. The DBR mirror thickness should be minimized by using materials
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with a high refractive index contrast, which will result in fewer layer pairs needed
to achieve high reflectivity. This is especially important for MQW wafers designed
longer wavelength operation near the telecommunication C-band (1530-1565 nm),
where the DBR section can account for more than 85% of the total chip thickness
and act as a massive thermal impedance, reducing the performance of the laser
[25]. Finally, the gain chip should be mounted to a heat sink for efficient dissipa-
tion of waste heat. A common method involves solder-bonding the gain chip to a
chemical vapor deposition (CVD) diamond heat sink, which has a very high ther-
mal conductivity of 1000-2000 W/mK, and using liquid-cooling or thermo-electric

cooling (TEC) to remove the waste heat.

1.2.4 Microfabrication Procedure

In a bottom-emitter layer design, the active region is grown first on the substrate,
followed by the DBR section. To expose the active region and heat sink the DBR
region, the VECSEL gain chip needs to undergo a substantial microfabrication
process. This process involves cleaning, metallization, solder bonding, selective
chemical wet etching, and AR coating (Fig. 1.6). The following procedure is uti-
lized for GaAs wafers, but the same metallization steps can be applied to wafers
grown on any material system, such as InP /InGaAsP. However, the selective chem-
ical wet-etch steps would need to be altered to use chemicals that are selective to
the InP/InGaAsP material system rather than the InGaAs/GaAs/AlGaAs mate-
rial system described below.

To begin the process, a small piece of wafer (~ 4 —5 mm?) and a piece of
chemical vapor deposition (CVD) diamond heat sink are thoroughly cleaned with
acetone, isopropyl alcohol, and deionized (DI) water. These pieces are then loaded
into an electron beam evaporator and a 50 nm layer of titanium, followed by a
200 nm layer of gold, is evaporated onto the DBR-side of the chip and the polished
side of the heat sink (Step 1). The samples are then transferred to a thermal

evaporator for deposition of ~ 4 — 6 pm of indium (Step 2). The indium on both
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Figure 1.6: Flowchart of the microfabrication procedure used to solder-bond the
MQW gain chip to a CVD diamond heat sink for efficient heat dissipation. This
process requires a bottom-emitter wafer design, where the active region is grown
first on the substrate, followed by the DBR section.

the chip and diamond heat sink are cleaned again in acetone, isopropyl alcohol,
and DI water. This is followed deoxidizing the indium in a 1:1 solution of DI water
and 30% concentrated hydrochloric acid. The chip is then flip-chip mounted to
the heat sink and solder-bonded at 170°C for 30 minutes (Step 3).

After solder-bonding is completed, the 500 pum thick GaAs substrate needs to
be removed through selective chemical wet-etching (Step 4). This first involves
a fast etch step where a 1:1:8 solution of DI water, 98% concentrated sulfuric
acid, and 30% concentrated hydrogen peroxide removes approximately 400 yum of
the substrate. This is followed by a slow etch step with a 1:4 solution of 30%
concentrated hydrogen peroxide and citric acid. This slow etch will cease when
it encounters the first of several etch-stop layers which prevents further etching.
This layer is etched with a 1:9 solution of hydrofluoric acid and DI water. The
successive etch stop layers are etched by alternating the citric acid solution and the
hydrofluoric acid solution. This careful etch-stop procedure ensures that etching
stops exactly at the window layer, preserving the microcavity of the active region.

The final step in the microfabrication procedure involves using electron beam

evaporation to deposit a 165 nm layer of silicon dioxide as an anti-reflection coat-
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ing. This coating protects the surface of the chip and also reduces reflectivity of

808 nm pump laser to less than 5%.

1.3 Basics of Operation

Any laser system requires the same three fundamental components: a cavity, a
pump, and a gain medium. The MQW semiconductor chip contains the VECSEL
gain medium in the form of quantum wells, along with a DBR mirror. In the case
of a simple linear cavity, the cavity is completed with an external mirror that also
serves as the output coupler. The pump source can be electrical or optical, but for
the purposes of this dissertation, we will focus on VECSEL cavities utilizing optical
pumping. Electrically pumped VECSELs have been demonstrated, but they suffer
from the same issues as VCSELSs: power scalability and mode control issues [29—
31]. The primary benefit of electrically pumped VECSELSs is the elimination of
the fiber-coupled diode pump laser, which can result in a more compact VECSEL
package size for potential mass commercialization.

The linear VECSEL resonator cavity (Fig. 1.3) is designed to support the
Gaussian beam standing wave. For this cavity configuration, the beam spot size,
beam radius of curvature, and divergence can be calculated from the set of stan-

dard equations for laser resonators [32],

w(z) = wor\/1 + (2/25)° (1.6)
R(2) = 2[L + (2r/2)"] (1.7)
¢(2) = tan"" (2/zR) (1.8)

where wy is the beam waist, zg is the Rayleigh range, and z is the position

within the cavity. The optical pump diameter, or "spot" size, on the chip is

29



designed to closely match that of the beam waist at that location. For standard
fiber-coupled diode pump lasers, a collimator lens and focusing lens is attached
to the fiber output to collimate and refocus the fiber laser onto the surface of the

chip. The spot size on the chip can be calculated from the following equation,

Wehip = %wﬁber (19)

cl.
where f; is the focal length of the focusing lens, f.; is the focal length of the
collimation lens, and wy, is the diameter of the fiber core. The pump spot size
on the chip is typically selected to be approximately 10% larger than the cavity

mode size to ensure uniform pump photon distribution across the mode area.
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Chapter 2

Introduction to Ultrafast VECSELSs

2.1 Brief History

Ultrafast lasers sources, which exhibit a pulse length in the picosecond-femtosecond
range and repetition rates in the MHz-GHz range, have seen incredible growth over
the past two decades. These lasers have found use in a wide variety of fields and
roles, including photodynamic therapy, corneal surgery, material abalation, and
exploration of nonlinear processes in atomic, molecular, plasma, and solid-state
physics [33-38]. However, solid-state lasers with broad gain bandwidth utilizing
saturable absorbers for passive mode locking have a tendency toward Q-switching
instabilities due to their typically low gain cross-section which limits their per-
formance [39]. An exception is the Ti:Sapphire laser, but its use is limited due
to its significant financial expense. Semiconductor saturable absorber mirrors
(SESAMs) incorporated with solid state lasers were demonstrated to be capable
of delivering picosecond pulses at multi-GHz repetition rates, but these approaches
do not scale well to high power, high repetition rate operation. This limitation oc-
curs because the larger mode size required on the gain medium (solid state crystal)
again leads to Q-switching instability and break-up of the pulse train [40].

The VECSEL was the ideal laser platform to suppress the Q-switching instabil-
ity issue because of its larger gain cross section and smaller gain saturation fluence
of quantum wells [41, 42|. Since the first demonstration of a passively mode locked

VECSEL utilizing a SESAM in 2000, the laser platform has demonstrated kilowatt
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peak powers, watt-level average output powers, multi-GHz operation, and pulses
in the femtosecond regime [43-48|.

The vast majority of passively mode locked VECSELs are demonstrated in
the 900-1200 nm spectral region due to the well-established InGaAs/GaAs ma-
terial system. However, researchers have also demonstrated their viability in the
visible, telecommunications, and mid-IR spectral regions using more complicated
material systems including AlGalnP/GalnP, InGaAsP/InP, and InGaSb/GaSb,
respectively [49-54]. Some of the limitations of these systems include poor carrier
confinement within the quantum wells, complex thermal management due to the
quantum defect and thick DBR section, and limited availability of diagnostic tools

to characterize laser performance.

2.2 SESAM Design

Active mode locking requires a feedback system to modulate the pulse characteris-
tics, which results in longer pulses than what is possible with passive mode locking,
because there is a limit to the response time from electronic equipment [55]. The
semiconductor saturable absorber mirror (SESAM) is a passive element, in that
it requires no electronic equipment to modulate its performance. This allows
it to generate substantially shorter pulse durations, typically in the picosecond-
femtosecond regime. This is possible because the pulse itself is responsible for
modulation and pulse shaping.

The SESAM has a very similar structure to that of a MQW VECSEL gain
chip. The SESAM has a DBR stack for high reflectivity at the fundamental
wavelength and an "active" region that typically only contains a single quantum
well sandwiched between barrier regions, as see in Fig. 2.1 [56]. The quantum well
is designed for absorption of the center wavelength A\y. The modulation depth,
AR, of the SESAM is the difference in reflectivity between its saturated and

unsaturated state. The nonsaturable loss, AR,, is the total excess loss in the
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SESAM caused by scattering or absorption, regardless of the state of saturation.

Finally, the saturation fluence, Fj,, is the pulse fluence required to saturate, or

bleach, the SESAM [8].

<— Capping Layer

‘_H

DBR Mirror Quantum Well

Figure 2.1: Layer schematic of SESAM. The DBR stack is high reflectivity for the
fundamental wavelength. The single quantum well acts as the absorber. There is
typically a thin capping layer applied to protect the chip from damage.

A SESAM can be designed to be a fast or slow absorber, which refers to
the recovery time being faster or slower than the generated pulse duration. A
semiconductor structure grown with standard parameters exhibits a recovery time
in the nanosecond range. To reduce the recovery time to picoseconds, the growth
temperature can be reduced, which increases the prevalence of point defects in the
absorber that exhibit fast carrier trapping [57]. Fast saturable absorbers have the
benefit of a faster recovery time, but this also has an adverse gain filtering effect
for shorter pulse duration in the femtosecond regime caused by the interaction
between the gain and the pulse shortening mechanism of the SESAM [58].

The multi-layer structure of the SESAM allows for analysis of the overlap of the
intracavity standing wave pattern with respect to the layer structure. The spacer
thickness between the DBR stack and the absorber section is designed to position
an antinode of the field over the absorber section. The spacer thickness after the
absorber section is then designed to result in a resonant or anti-resonant SESAM
specified by the round-trip phase change in this final spacer layer [8, 56]. Anti-
resonant SESAMS are more common due to their broader reflectivity bandwidth

around the center wavelength, but they exhibit higher saturation fluences. Res-
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onant SESAMs have reduced saturation fluences and are used in cavities where
multi-GHz repetition frequencies are desirable, but its parameters are strongly
wavelength dependent.

The carrier and saturation dynamics of a SESAM can be described using a
basic semiconductor physics band gap model (Fig. 2.2). At low fluence, photons
entering the active region are absorbed in the quantum well, exciting an electron
from the valence band to the conduction band (1)-(2). This excited electron
will transition back to the valence band during the recovery time (3)-(4). This
process will continue for fluences below the saturation fluence. Once the saturation
fluence has been reached, a bleaching effect occurs in the absorber, where all
available electrons are excited into the conduction band. At this point, the loss
of the absorber is reduced by the modulation depth AR, and the next incoming
photons will pass through the transparent active region. The excited electrons will
transition back to the valence band during the recovery time for the process to
start again. It is this passive process which leads to ultrafast operation of passively
mode locked VECSELSs.

(2 ]_

(b)

Figure 2.2: Basic functionality of a SESAM acting as a slow saturable absorber.
In (a), incoming photons excite an electron from the valence to conduction band.
This electron eventually transitions back to the valence band following the recovery
time. In (b), the saturation fluence has been reached and the absorber is bleached.
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2.2.1 Basics of Operation

While an optically-pumped passively mode locked VECSEL looks very similar to
a CW VECSEL cavity, there are additional parameters that must be considered
to induce stable mode locking. One of the primary challenges involves balancing
the VECSEL’s dynamic gain saturation against the SESAM’s dynamic absorption

saturation, behavior which can be observed in Fig. 2.3 [8, 42, 59].

loss

pulse

time —

Figure 2.3: Pulse formation with dynamic gain and absorption, such as that with
a passively mode locked VECSEL utilizing a SESAM.

In this type of laser system, it is imperative that the absorber saturates before
the gain. This will result in a net gain window forming where the loss of the
absorber is temporarily reduced below the gain. The region where this behavior
occurs is defined by the mode area ratio S,.., and is expressed as
Esat,g . Fsat,gAg o A

= =9 10 2.1
Esat,a Fsat,aAa Aa > ( )

Sarea =

where Esqt g, Esatar Fsat,g, Fsatas Ag, and A, are the saturation energies, saturation
fluences, and mode areas of the VECSEL gain and SESAM absorption, respectively
[42, 60]. The same material system is generally used for the quantum wells in both
the gain chip and SESAM absorber, resulting in a similar saturation fluence for
both devices. This reduces Sy, to be the ratio between the physical mode area
on the gain chip versus the SESAM. It has been demonstrated that for stable
passive mode locking to have a gain advantage over CW operation when using a

slow saturable absorber, the mode area ratio should be between 10-30 [61]. This
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means that the cavity design needs to have a mode area 10-30X larger on the gain
chip than the SESAM.

For passive mode locking with slow saturable absorbers, where the recovery
time of the absorber is long compared to the pulse duration, the net gain window
can be up to 10X longer than the actual pulse duration and still achieve stability.
The leading edge of the pulse will be absorbed in the SESAM during each round-
trip, and the noise trailing the pulse will lead to a further increase in the pulse
energy. This process allows the pulse to "walk backwards" every round-trip and
results in the trailing noise eventually becoming merged into the pulse, preventing
the noise from overtaking the pulse formation process [60]. This has a cleaning
effect on the pulse formation, although the generated pulse is typically chirped
and has a somewhat imperfect sech? pulse shape [42]. Every time the circulating
pulse within the resonator hits the output coupler mirror, a portion of the pulse
will be ejected from the cavity with a repetition rate equal to Av = ¢/2L, where

c is the speed of light and L is the length of the resonator.

2.2.2 Cayvity Design

The most common resonator cavity layouts for a passively mode locked VECSEL
are the V- and Z-cavities (Fig. 2.4). These are frequently used because the
supported Gaussian beam within the resonator will have multiple beam waist
locations, which is ideal for achieving a larger spot size on the gain chip and a
substantially smaller spot size on the SESAM. The Z-cavity offers more freedom
in design than the V-cavity, but typically at the expense of a larger cavity and
lower repetition frequency. While both cavity configurations allow for a double-
pass of the gain chip for power enhancement, the Z-cavity will provide greater
flexibility in design by providing substantially different Gaussian beam diameters
at the location of the VECSEL chip and SESAM. Furthermore, gain broadening
has been demonstrated by folding the beam off the gain chip in this manner [62].

While a V-cavity design was used to demonstrate 50 GHz operation using a
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Figure 2.4: Passively mode locked VECSEL in Z- and V-cavity configurations.
The SESAM is acting as an end mirror in both of these configurations, which
allows for designing a different mode area on the gain and absorber.

3 mm cavity length, there are practical limitations as to how to continue to scale
this approach for commercial applications when considering the cavity geometry
and mirror dimensions [44]. One promising approach has been the wafer-scale
integration of the saturable absorber structure of the SESAM onto the VECSEL
MQW gain chip [61]. This novel device is referred to as a mode-locked integrated
external-cavity surface-emitting laser (MIXSEL) and takes advantage of a simple

linear cavity (Fig. 2.5) [63].

HR HR
960@ 808@ AR

“ QDs |Qws |

Figure 2.5: Linear cavity incorporating a mode-locked integrated external-cavity
surface-emitting laser. The semiconductor chip incorporates the gain (quantum
wells) and absorber (quantum dots) onto the same structure.

]

Other cavity geometries are used to generate a smaller beam spot on the
SESAM than on the VECSEL chip to achieve the desired mode area ratio for
stable mode locking. This is based on quantum wells being used in both the sat-
urable absorber and gain chip, which exhibit similar saturation fluences due to

similar material parameters. The MIXSEL gets around this limitation by utiliz-
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ing quantum dots for the saturable absorber and quantum wells for the gain. The
quantum dots have carrier confinement in three dimensions, which lowers the den-
sity of states and thus the optical intensity needed for saturation. This results in a
device that has the same beam diameter throughout the structure, but saturates
the saturable absorber before the gain [63]. The MIXSEL has been demonstrated

to deliver multi-watt average powers and ultrashort sub-picosecond pulses [64, 65].

2.2.3 Characterization

The characterization of an ultrafast laser involves four standard measurements:
the pulse duration, the RF frequency of the pulse train, the optical spectrum,
and the average output power. Additional testing can be conducted based on
the availability of diagnostic equipment, such as a fast oscilloscope trace of the
pulse train or direct measurement of the pulse energy. For the purposes of this

dissertation, the available diagnostic tools for pulse characterization were:

e APE pulseCheck USB 150 autocorrelator for free-space pulse measurement
from 50 fs - 35 ps. Interchangeable optics kits allow measurement of pulse

duration in the 200-360 nm, 420-500 nm, 700-1100 nm, and 1000-1600 nm

range.

e HP 8593E RF spectrum analyzer for pulse repetition measurement from

9 kHz - 22 GHz.

e HP 70950B and Avaspec optical spectrum analyzers for measurement of

wavelengths from 200-1700 nm.

e Thorlabs thermal power meter for average laser power measurements.

These tools have been used to characterize the laser cavities described in this
dissertation. As an example, the following set of data was obtained from an early
build of a passively mode locked VECSEL in a Z-cavity configuration. As seen
below in Fig. 2.6, this cavity has an end mirror M1, fold mirror M2, a long arm

length L1412, and short arm length of L3.
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Figure 2.6: Z-cavity configuration used for demonstration of the measurement
techniques for characterization of passively mode locked lasers.

Mirrors M1 and M2 have a 30 cm and 7.5 ¢cm radius of curvature, respectively,
with similar 99% reflectivity coating at ~1064 nm. The SESAM has a 25 ps
recovery time, with a modulation depth AR of 2% and nonsaturable loss of 1%.
The long arm length was 25 cm and the short arm length was 3 cm. This results in
a total cavity loss 4%. The mode diameter on the chip was ~440 pym and the mode
diameter on the SESAM was ~120 pm, for a mode area ratio of 14. The chip was
pumped with an fiber-coupled 808 nm diode laser with a 504 um diameter on the
chip. Both the chip and SESAM were maintained at a temperature of 20°C. Stable

mode locking was achieved at approximately 26.5 W of optical pump power.
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Figure 2.7: Autocorrelation measurement of the fundamental pulse. This pulse
had a sech? pulse fit of 1.6 ps.

The autocorrelation measurement of the pulse observed in Fig. 2.7 was ob-
tained with the APE pulseCheck using the optics kit for near-IR wavelengths.
The data was overlapped with a sech? pulse with a width of 1.6 ps. The similar
overlap between the measurement and the fit demonstrates the tendency for the
pulse shape from passively mode lock VECSELSs to resemble sech? profiles, rather

than Gaussian profiles.

40



R
(@)
1

1

o
o
1
1

o
o
1
1

Spectral Power Density (dBm)
A
o

7 il by s i S
1.5 2 2.5 3
Frequency (GHz)

Figure 2.8: RF spectrum of the fundamental pulse demonstrating a repetition
frequency of 530 MHz.

The repetition rate of the laser is determined by an RF frequency measure-
ment using a fast photodiode and RF spectrum analyzer. The repetition frequency
should have a clear signal to noise floor of >30 dBm, without any additional inten-
sity peaks between the primary repetition frequency peaks which would indicate
an unstable cavity. The RF spectrum measurement observed in Fig. 2.8 has a
peak separation of ~530 MHz. The cavity was designed to have a total length
of 28 cm, which would lead to a calculated repetition frequency Av of 535 MHz.
This indicates that our measured repetition frequency represents a stable passively

mode locked VECSEL.
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Figure 2.9: Optical spectrum of the fundamental lasing wavelength centered at

~1071.5 nm.

The optical spectrum of the Z-cavity was centered near 1071.5 nm, as observed

in Fig. 2.9. The full width at half maximum (FWHM) bandwidth of the spectrum

was approximately 1 nm. This is typical of VECSELSs, which have less overall

gain than other laser sources, such as solid state or dye lasers. This has a direct

limiting effect on how short of a pulse width is achievable with a VECSEL, due

to the inverse relationship between pulse width and spectral bandwidth [66].
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Chapter 3

Ultrafast VECSEL Resonator Design
and Pulse Modeling

3.1 ABCD Transfer Matrix Method for
Resonator Design

A VECSEL resonator needs to be designed and modeled to determine the behav-
ior of the Gaussian beam within the cavity to ensure TEMg, operation. Different
cavity configurations, use of various optical elements, and specific laser opera-
tion requirements necessitate modeling the Gaussian beam to determine the beam
diameter and divergence at different points within the resonator. In a cavity con-
figuration with fold mirrors with optical power, astigmatism will be introduced
which will alter the shape of the Gaussian beam from circular to elliptical. This
ellipticity can be advantageous on the gain chip because the optical pump is typ-
ically angled at 20-30° with respect to the chip, creating an elliptical pump spot
which should match the ellipticity on the gain chip to maximize the efficiency of
the pump laser. For stable passive mode locking, it is necessary to model the spot
sizes at the gain chip and SESAM to ensure that the saturation parameter is within
the acceptable range of 10-30 [61]. The length of the resonator will determine the
repetition frequency of the laser, which can be compared against data obtained
from the RF spectrum analysis to determine proper mode locked behavior. Other

important parameters can also be deduced from the Gaussian beam model.
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3.1.1 Theory

The standard approach for modeling a Gaussian beam within a resonator cavity
is the ABCD ray transfer matrix method [67]. This method takes advantage of
the paraxial approximation, where for small angles, sin(6) ~ 6, tan(f) ~ 0, and
cos(f) ~ 1. This allows for the use of two linear algebra equations to describe an
arbitrary ray before and after passage through any optical element that can be

described by a 2x2 matrix element that acts on the ray (Fig. 3.1) [68].

A

Optical Element

/ Y,

Z1 Z2

>
Z

Figure 3.1: The matrix transfer method takes any incoming ray (green arrow) and
transforms it with a 2x2 matrix representing the optical element, resulting in the
ray seen exiting from the plane at z,.

The simplified optical system depicted in Fig. 3.1 can be described by the

following equations

y2 = Ay1 + Bb, (3.1)

where yq, 49, 01,05 are the ray height and ray angle for the initial and final rays,
respectively, and A,B,C, and D represent real numbers. This set of equations can

be expressed in matrix form as

0, C D 0,
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A B
M = . (3.4)
C D

The internal matrix in Equation 3.3 is the generic matrix M that is used to
describe different optical elements, such as free-space propagation, refraction at
planar boundaries, refraction a spherical boundary, or reflection from mirrored

surfaces. These elements are expressed by the following derived set of matrices

[32, 67, 68]:
1 d
Free space propagation : M = (3.5)
01
1
Refraction at planar boundary : M = (3.6)
0
1 0
Refraction at spherical boundary : M = ( : (3.7)
o 2231 Z_;
1 0
Reflection from spherical mirror : M = (3.8)
_% 1
1 0
Reflection from planar mirror : M = (3.9)
01

where d is the propagation distance, n; and ny are the refractive indices of the
media, and R is the radius of curvature of the mirror.

The matrix in Equation 3.9 is a special case of reflection from a spherical mirror
when the radius of curvature R — oo. There is another important consideration
for reflection from spherical mirrors that have different focal points in the tangen-
tial (vertical) and sagittal (horizontal) planes due to astigmatism introduced by a
folded mirror, a common design feature in VECSEL cavity configurations. These

different focal lengths can be described as by:
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fu = f/cos(0) (3.10)
fy = feos(0) (3.11)

where 0 is the half fold angle off of the mirror, and f, and f, are the focal lengths
in the sagittal and tangential planes, respectively [69]. Using the simple geo-
metrical optics relation R = 2f, the matrix M for a spherical mirror introducing
astigmatism into the resonator must now be represented by two separate matrices,

depending on the plane of propagation being modeled:

1 0
Reflection from spherical mirror (sagittal) : M = " (3.12)
2cos
—2es®)
1 0
Reflection from spherical mirror (tangential) : M = . (3.13)
2
— 1
Rcos(0)

This this set of matrices, any arrangement of optical elements can be modeled by
multiplying them together according to the reverse order in which the circulating
beam encounters them: Mt = My..M3MsM;. The elements A, B, C, and D
from the system matrix My can then be extracted for further analysis, including

the resonator stability condition expressed as [67]:

1
~-1< §(A+ D) < 1. (3.14)

For a Gaussian beam in a laser resonator, where stability requires that the
beam replicate itself in a fixed plane after a round-trip, the so-called "q parameter"

can be related to the system matrix elements by

_Aq+B

QZ(Z> N CQQ + D

() = ="+ (3.15)
and the q parameter can be directly related to the Gaussian beam radius of cur-
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vature R(z) and beam radius w(z) by

11 A
az)  R(z)  Tme(z)

(3.16)

which allows for simple algebra to be used to solve for R(z) and w(z) if the
system matrix elements are known [70, 71]. After some algebraic manipulation of

Equation 3.15, we arrive at

1 A-D /1-(A+D)?/4

q(2) - 2B J B

(3.17)

where we made use of the determinant of the system matrix, AD — BC = 1.
The real and imaginary parts in Equations 3.16 and 3.17 can now be equated
to directly determine R(z) and w(z) with only the system matrix elements and
the laser wavelength. This extremely powerful result can be easily modeled in
simulation software, such as Mathworks MATLAB, to determine the beam radius

at any defined plane within any arbitrary resonator cavity.

3.1.2 Linear Cavity

A VECSEL linear cavity is composed of a flat mirror (the VECSEL gain chip) and
a single curved end mirror, or output coupler. Figure 3.2 demonstrates a stable
Gaussian beam within this resonator cavity, with a beam waist of approximately
440 pm located at the chip. This cavity was simulated for a fundamental wave-
length of 1064 nm, 30 cm radius of curvature (RoC) mirror, and a cavity length of
8 cm. The sagittal and tangential beams overlap because there is no astigmatism

in this cavity.
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Gaussian Beam in Linear Cavity
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Figure 3.2: VECSEL linear cavity demonstrating a stable Gaussian beam.

3.1.3 V-Cavity

A V-cavity configuration is slightly more complicated, in that it typically includes
a spherical "fold" mirror between the VECSEL chip and the flat end mirror.
The fold mirror introduces astigmatism to the cavity. Furthermore, the cavity is
usually referred to as having a "long arm" and a "short arm" which represent the
cavity length between the chip and fold mirror, and fold mirror and end mirror,

respectively (Fig. 3.3).

Fold Mirror
Short Arm
Long Arm
End Mirror
Optical Pump

VECSEL Chl'pI

Figure 3.3: VECSEL V-cavity configuration with a fold and end mirror. The short
arm can typically be adjusted by several millimeters to fine-tune the Gaussian
beam parameters.
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The short arm is typically adjusted by some millimeters to achieve specific
Gaussian beam spot sizes on the chip, fold, and end mirrors. This is important
to make sure that the spot size on the chip closely matches the pump spot size to
ensure TEMg, operation and efficient optical pumping. The same transfer matrix
method can be used to observe the evolution of the beam diameter at specific
locations within the cavity as a function of another varying parameter, such as

the short arm length.

Chip (sagaital)
= = ={Chip(tangential) | ]|
Fold (saggital)
= = =Fgl|d (tangential) | ]|
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=
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2 4 5 . 10 12 14
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Figure 3.4: Gaussian beam diameter within the V-cavity for both the sagittal and
tangential planes. The beam size is modeled at the chip, fold mirror, and end
mirror for a varying short arm length.

The beam in Figure 3.4 was modeled for a V-cavity with a fundamental wave-
length of 1064 nm, a fold mirror RoC of 10 c¢m, a full fold angle of 20°, and a long
arm length of 10 cm. From this plot, a specific short arm length can be selected
and it is immediately clear what the beam diameter will be at the three different
locations within the cavity in both the sagittal and tangential planes. This makes
it possible to select a short arm length of 6 cm that results in a circular, rather

than elliptical, spot at the end mirror (Fig. 3.5).
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Gaussian Beam in Fundamental V-Cavity
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Figure 3.5: Gaussian beam propagation within the V-cavity for a short arm length
of 6 cm. Note that the astigmatism caused by the fold mirror has resulted in
slightly different beam characteristics in the sagittal and tangential planes.

3.1.4 Z-Cavity

For a passively mode locked VECSEL, the Z-cavity configuration is ideal because
it allows for designing Gaussian beam characteristics necessary to achieve a satura-
tion parameter of 10-30 while also folding off of the gain chip for gain enhancement.
The Z-cavity in Figure 3.6 is essentially a V-cavity with an extra fold on the gain
chip. The chip acts as a flat mirror without adding optical power to the beam.
This provides flexibility for positioning the chip in the "long arm" between mir-
rors M1 and M2 where there is variability in the beam diameter for a fixed beam
diameter on the SESAM.

The Gaussian beam diameter characterization in Figure 3.7 demonstrates the
beam size at mirrors M1 and M2, along with M3 which represents the SESAM.
This simulation was performed for a fundamental wavelength of 1064 nm, full fold
angle of 20°, a long arm length (L1+L2) of 20 cm, and mirror RoC of 30 cm and
7.5 cm for M1 and M2, respectively. A short arm length, L3, was selected to be
3.3 cm.
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M1

Optical Pump
SESAM

VECSEL ChipI

Figure 3.6: VECSEL Z-cavity configuration commonly used for passively mode
locked VECSEL:s.
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Figure 3.7: Gaussian beam diameter within the Z-cavity for both the sagittal and
tangential planes. M3 represents the SESAM. A short arm length of 3.3 cm is
selected to model the full Gaussian beam within the cavity and determine the
location of the chip to achieve a desired saturation parameter.
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The full Gaussian beam can now be modeled for this Z-cavity (Fig. 3.8). The
location of the chip can be placed anywhere between M1 and M2. The lower plot
observed in Figure 3.8 shows the mode area ratio for different positions of the
chip throughout the cavity. By careful examination of these two plots, an ideal
location for the chip can be determined to achieve the aforementioned parameters

for a stable resonator for a passively mode locked VECSEL.
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Figure 3.8: Gaussian beam propagation through the Z-cavity for both the sagittal
and tangential planes for a short arm length of 3.3 cm. The bottom plot shows
the various mode area ratios possible depending on the position of the gain chip.

3.2 Operator Method for Pulse Modeling

Before a resonator cavity is constructed for passive mode locking of a VECSEL,
it is necessary to model pulse formation and stability. One of the earliest efforts
to model mode locked pulse formation within a resonator is the Haus Master
Equation, where the gain, loss, chromatic dispersion, and optical nonlinearities

act on a circulating pulse in the form of A(t), which represents a complex am-
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plitude [55, 72|. The primary benefit of the Master Equation is that it provides
an analytical solution for pulse formation. For every trip through the resonator,
each parameter slightly modifies the pulse shape. After many thousands of round
trips, a stable pulse forms (if a solution exists). The caveat is that no single pulse
shaping mechanism can have a strong effect on the pulse during any single pass
through the resonator, and any parameter must be sufficiently simple to model to
result in an analytical solution. For a passively mode locked VECSEL, this model

encounters trouble because of the strong saturation effect of the SESAM.

3.2.1 Theory

A new approach was developed to specifically model pulse formation for a res-
onator of a passively mode locked VECSEL based on quasi-soliton behavior, which
results in a sech?(t/7) pulse shape. This numerical method utilizes the slowly

varying envelope approximation (SVEA),

E(t) = Re{A(t)exp(—wot)} (3.18)

P(t) = |A(t)]® (3.19)

where E(t) is the electric field, A(t) is the complex envelope, P(t) is the instan-
taneous power of the pulse, and wy is the fundamental frequency [42, 73|. If
we discretize the time step AT such that A(t) is essentially constant during this
time step, the SVEA is valid for this numerical method. This allows us to focus
exclusively on the evolution of A(t).

Each element within the resonator that has a pulse-shaping mechanism is now
described by an "operator" which acts on the pulse during each round-trip through
the cavity. These operators will include the gain saturation of the chip, loss
saturation of the absorber, group delay dispersion (GDD), gain filtering, second

harmonic generation, and noise effects.
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3.2.2 Operator Definitions

The dynamic gain of a passively mode locked VECSEL can be described by

dg(t) — gO_g(t) —g(t) P(t>

3.20
dt Tg Esat,g ( )

where gg is the small signal gain, 7, is the recombination time, and Ey, 4 is the
saturation energy of the gain [42]. For a discretized time step At, the gain is

modeled as
—g() P(t)

Agy = gt + At) = g(t) + At| L g(t)
T Esat,g

(3.21)

The saturation of the SESAM is handled similarly to the saturation of the chip

dg(t) -5 —g(t) o0
dt Ts Esat,s

(3.22)

where 7 is the recovery time of the SESAM, Ej4 , is the saturation energy of the
SESAM, and the small signal gain gy has been approximated by —AR/2, where
AR is the modulation depth [8]. For clarity, the numerical model for the loss

saturation is

28 —g(t)

Ags = g(t + At) = g(t) + At | —2—2~
gs = gt + At) = g(t) + - Fooe s

Both the gain and loss saturation act upon the pulse in the time domain.

The dynamic nature of the gain saturation of both the VECSEL chip and
SESAM will lead to a nonlinear phase change. This nonlinear phase change is
related to the changing carrier densities, which is in turn related directly to the
gain or loss [73]. A change in the carrier densities also results in a change in the
refractive index of the material. This effect leads to a broadening of the linewidth
by a factor of 1+a?, where « is known as the linewidth enhancement factor [74]. A

larger value of a represents excitation closer to the band gap in the VECSEL chip
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or SESAM. The value of « for a SESAM should be less than that of a VECSEL
chip since excitation of carriers in the SESAM is expected to happen higher above
its respective band gap. The nonlinear phase change associated with the linewidth

enhancement can be modeled as

Ad(t) = Sg(t). (3.24)

This phase modification to the pulse shape is implemented in code as two separate
operators, one for the VECSEL chip and another for the SESAM, since each one
will have its own respective linewidth enhancement factor. These operators are

modeled in code as

rgs(t) = exp[(1 —ia)Agy,] (3.25)

where r,(t) and 74(t) are the complex reflectivities of the gain and saturable ab-
sorber, respectively. As can be seen above, the gain and loss saturation is calcu-
lated and inserted into the complex amplitude reflectivity, and it is this reflectivity
that finally operates on the incoming optical pulse in the time domain.

Another operator is needed to model the finite gain bandwidth of the VECSEL
chip, which will determine the wavelength of the output pulses and limits the pulse

duration [1]. This is a rather simple filtering operator, modeled as

Gritter (W) = exp{ - (3)21 (3.26)

We
where w is our predefined frequency grid and w, is the limited frequency bandwidth
of the gain [75]|. This operator is applied in the frequency domain, which requires
a Fourier transform of the incoming pulse into frequency space, application of the
operator, and then inverse Fourier transforming back into the time domain.

The pulse duration and cavity stability are also affected by group delay disper-
sion (GDD), which is a change in the spectral phase of the pulse and is modeled

as
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b(w) = %DQ(M)Z (3.27)

where Dy is the GDD coefficient. In operator form, the GDD can be expressed as

00 = o[, () o

with fs? being the unit of the GDD coefficient. As with the gain filter operator,
the GDD operator is applied to the pulse in the frequency domain through use of
a Fourier transform.

Cavity loss is modeled as the accumulated total of all sources of loss within the
laser cavity, including mirror losses, nonsaturable absorption within the SESAM,
and various defects within the VECSEL chip. This operator functions in the time

domain and is represented simply as

L = exp[—1] (3.29)

where [ is the total loss of the cavity.

Finally, an operator is necessary to initiate the pulse formation process and
another operator is necessary to keep the pulse centered on the time grid. The
initial pulse operator definition can be modeled as either random noise, or as a
small Gaussian-shaped "starter" pulse if computation time is of concern. In the

case of a small Gaussian input, we have modeled the starter pulse as

1T

2
Gaussian Input = A exp{ ~3 (j—j) 1 (3.30)
0

where A is a small scalar, T" is the time grid, and Ty is the pulse width. The
centering operator is necessary because the saturable absorber will absorb the
leading edge of each pulse, causing the pulse to shift backwards continuously if

not re-centered after each pass [8].
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3.2.3 Pulse Formation Models

For the following example pulse simulations, a set of parameters was compiled
that is a combination of known values and approximations based on typical values
available in literature and can be observed in Table 3.1. Stable pulse formation
is demonstrated in Fig. 3.9 with an initial pulse definition that was a very weak
starter pulse. After approximately 700 passes in the resonator cavity, a stable
pulse has been formed. In Fig. 3.10, noise is used to initiate the pulse formation.
Stability is reached much faster because the order of magnitude of the noise is

larger than that of the weak starter pulse.

Pulse Simulation Parameters
GDD Parameter 2000 fs?
Cavity Loss 3%
Cavity Gain 10%
Recombination Time (VECSEL) 2 ns
Recombination time (SESAM) 15 ps
Saturation Energy (VECSEL) 20et]
Saturation Energy (SESAM) 4et]
Linewidth Enhancement Factor (VECSEL) 3
Linewidth Enhancement Factor (SESAM) 1
Modulation Depth 1%
Gain Bandwidth 30 nm
Reference Wavelength 1064 nm

Table 3.1: Pulse simulation parameters for demonstration of stable pulse forma-
tion.
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Figure 3.9: Stable pulse formation with the simulation initiated with a weak
"starter" pulse.
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Figure 3.10: Stable pulse formation with the simulation initiated with noise.
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Chapter 4

Nonlinear Frequency Conversion

4.1 Second Harmonic Generation

The earliest demonstration of nonlinear optical phenomena was second harmonic
generation by Franken et al. in 1961 [76]. They demonstrated that certain optical
properties of a material could be modified by a sufficiently strong optical field.
This opened a floodgate into the exploration and development of laser sources and
materials that could be combined with nonlinear frequency conversion processes to
target specific wavelength regions that are difficult, or impossible, to reach directly
with existing gain media at fundamental wavelengths [18, 19, 77-79].

Starting from Maxwell’s Equations for an electric field E and magnetic field

H in a medium,

V-D=p (4.1)
V-B=0 (4.2)

. 9B

- - aD
H=J+22 4.4
V x J+ T (4.4)

where p is the charge density, J is the current density, and D and B are the electric
and magnetic flux densities, respectively [75, 80]. These flux densities are related

to the magnetization density M , polarization density ]3, permittivity of free space
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€0, and permeability of free space g, by equations
D=¢kE+P (4.5)

B = po(H + M). (4.6)

For nonlinear frequency conversion in typical nonmagnetic optical media, there
are no free currents or charges. This results in M=J= p = 0. Furthermore, P

can be expressed by a power series expansion as

P =e[x\VE + P E? + \PE? + ™ E™ (4.7)
P =Py +e[\PE? + xPE + . xWE™ (4.8)
P =P, + Py; (4.9)

where x(™ is the optical susceptibility of the material. For second harmonic gen-
eration, the second-order nonlinear susceptibility x(? is of primary interest which

results in P being expressed as
P = Py, = P(z,t) = egxPE?(2,1) (4.10)
with the electric field represented as
E(z,t) = Ey(2,1) + Es(z, t) (4.11)

where E is the pump pulse and E, is the second harmonic generated wave. The
nonlinear polarization and electric field satisfy the wave equation in nonlinear

optical media given by

2 2 73 25
275 n_ 0°F . 1 0 PNL
V'E (02) o2 (6002) ot? (4.12)

where n and c¢ are the refractive index of the material and the speed of light,
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respectively. The pump and second harmonic waves can be described by

E, = (%) [A(z,t) exp [—i(wt — k12)] + c.c} (4.13)
E, = (%) [B(z, t) exp [—i(2wt — kyz)] + c.c}. (4.14)

Using these equations, we can solve for the wave equations for fundamental and
second harmonic pulse envelope functions [80, 81|. These pulse envelope functions
form the basis for the operator required to model second harmonic generation and

are represented as

0A 10A . .

3 + V—IE = i1 A * Bexp (—iAkz) (4.15)
9B 10B . ., .
5 + T 182 A% exp (1Akz) (4.16)

where 1 and vy are the group velocities of the fundamental and second harmonic,

respectively. The constants 3; and [, are expressed as

in%deff
S 4.17
b= "0 (4.17)
B, = iwideyy (4.18)
2 ]{?262 ’

where w; is the fundamental frequency, ws is the second harmonic frequency, and
ky and ko are the angular wavenumbers of the fundamental and second harmonic,
respectively. The degree of phase matching is expressed by Ak = 2k; — ko. The
constant d.ss is known as the effective nonlinear coefficient and varies according
to the optical media used. Solving the set of coupled equations 4.15 and 4.16 will
yield the propagation behavior of the fundamental and second harmonic pulses

through a nonlinear medium.
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4.2 Angle Phase Matching

The efficiency of the second harmonic process is driven by phase matching, which
is the extent to which the polarization of the second harmonic is in phase with
the fundamental that created it [82]. For the second harmonic process observed in

Fig. 4.1, phase matching is achieved when Ak = 0, which requires that n(wg) =

n(wspa)-
we TEETEEEEEEEEETTTT
ﬁ I We
W 2)
— X —_— WsHe
Wshe = 2Wr 1 Wr

Figure 4.1: The nonlinear second harmonic process observed in (a) results in the
generation of a fundamental photon with twice the frequency of the fundamental
that created it. The energy schematic in (b) demonstrates the conservation of
energy in this process.

It is difficult to find a material that satisfies the phase matching condition re-
quired for efficient second harmonic generation since, under normal dispersion,
the refractive index increases for increasing frequency. However, special materials
that exhibit birefringence are able to accomplish this by providing different re-
fractive indices along different crystal axes, where the polarization of the higher
frequency wave is aligned along the direction of a lower refractive index, and the
polarization of the lower frequency wave is aligned along the direction of a higher
refractive index. Nonlinear optical crystals are classified based on the relationship
between their refractive index components n,,n,,n, along the z,y, 2z coordinate
directions, as observed in Table 4.1 and Fig. 4.2.

For the purposes of this dissertation, we focus on Type I second harmonic
generation (SHG) where the two lower frequency fundamental components in
w; < we < wsz have the same polarization state, with the second harmonic fre-

quency having an orthogonal polarization state. For completeness, Type II occurs
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Uniaxial Biaxial

Positive n, =n, <n, n, <ny, <n,

Negative Ny =Ny >N, Ny >ny, >n,

Table 4.1: Classification of nonlinear optical crystals that exhibit different refrac-
tive indices along the different coordinate axes.

nzu

Figure 4.2: General layout of the refractive indices within a biaxial crystal with
wave propagation in direction k.

when these two lower frequency components have orthogonal polarization states.
Following a renaming convention where, considering the direction of propagation
in a biaxial or uniaxial crystal, there will exist two refractive indices ny,s and
Nsiow Where ngast < Ngior [83]. This results in phase matching for Type I SHG

when

a slow
n(sj}fé)wszm = 2n§cund)w fund (4.19)

with wyne < Wswa-

Exploiting the benefits of angle phase matching within a birefringent nonlinear
optical crystal requires aligning the polarization direction of the fundamental and
second harmonic waves that results in Ak = 0. Lithium triborate (LBO) is com-
monly used for second harmonic generation of visible wavelengths and is classified
as a negative biaxial crystal, where n, # n, # n, and 0 is 90°, resulting in the wave
propagation vector k being in the n,,n, plane and angle ¢ defining the difference

in refractive index between the fundamental and second harmonic waves. For beta
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barium borate (BBO) crystals, which are frequently used for frequency doubling
to the UV spectral region, ¢ is 0° and the wave propagation is in the n,,n, plane.
This flexibility enables angle phase matching using different materials to target

different spectral regions for second harmonic generation.

4.3 Considerations for Ultrashort Pulses

4.3.1 Group Velocity Dispersion

Ultrashort pulses that have a duration less than several picoseconds can experience
significant perturbation from propagation through a transparent nonlinear optical
crystal. This can be most readily seen by applying a Taylor series expansion to

the propagation vector k, resulting in |75, 80|
k(w)—k‘(w)+%(w—w)+——(w—w)2+ (4.20)
= Rlwo) + 2~ 0 x 0 :

where we assign k; and ks to represent the derivatives

dk
= | — 4.21
" ( dw)wwo (4.21)

d?k
kg - <w)w:wo. (422)

When considering the propagation of an individual pulse, the major effect is group

and

velocity dispersion (GVD). This describes the dependence of the group velocity

V4, on the optical frequency w, expressed as

Vg(t)o) - (%)w:wo =h (4.23)

d*k d 1
D=|— = — i 4.24
Gv (dw2>ww0 d(JJ (Ug (U.}) ) w=wo ( )
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Ultrashort pulses can possess a large frequency bandwidth, with each frequency
component having a slightly different group velocity. This results in temporal
broadening of the pulse as a result of the group velocity dispersion as the pulse
propagates through the dispersive medium. Under normal dispersion, the GVD
effect diminishes for smaller optical frequencies (longer wavelengths). This is cru-
cial for second harmonic generation, since the harmonic will experience a greater
effect of GVD than the fundamental that created it, potentially resulting in a

broadened second harmonic pulse duration compared to the fundamental.

4.3.2 Group Velocity Mismatch

While each pulse can experience temporal broadening by GVD within a dispersive
medium, it is also important to consider the potential broadening of the second
harmonic pulse as a result of "walking away" from the fundamental pulse while
propagating through a medium. This is the result of the fundamental and second
harmonic pulses having different group velocities, with group velocity mismatch

(GVM) expressed as the difference between these group velocities, or |75, 84]
= A(v ). (4.25)

The temporal effect of GVM is equivalent to the frequency domain phase matching
bandwidth. The effect that GVM has on second harmonic pulse broadening is
characterized by the temporal walk-off length, or quasistatic interaction length
(Lgs), which defines the distance over which one pulse temporally separates from

the other, expressed as
T T

LS: =
=T GUVM A, )]

(4.26)

where 7 is the pulse duration. This parameter is material dependent and limits
the length of crystal that can be used for second harmonic generation without

substantially increasing the pulse duration.
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4.4 Second Harmonic Pulse Modeling

The pulse simulation code developed for modeling stable pulse formation of the
fundamental can be expanded to also model single pass second harmonic gener-
ation. For every pass through the resonator cavity, the SHG operator takes the
incoming pulse field and propagates it through the nonlinear crystal. The oper-
ator uses a split-step method to solve the coupled equations 4.15 and 4.16 and
accounts for the effects of GVD and GVM. These effects are applied in frequency
space to the Fourier transform of the fundamental and second harmonic pulses

and are expressed as

—iDpw?A
Tp = exp (%) (4.27)
and
D A
Lsne = exp — (% + iwA(vg_l)Az) (4.28)

where Dr and Dgyg are the GVD coeflicients for the fundamental and second
harmonic, respectively, and Az is the propagation step through the nonlinear
optic. Finally, w is the frequency domain equivalent of the time grid.

The following simulations observed in Figs. 4.3 and 4.4 demonstrate the capa-
bility of the code to model stable pulse formation with the inclusion of a nonlinear
optical crystal within the cavity. They were performed with the same set of param-
eters collected from literature and material specification sheets. It is important to
note that these simulations are not modeling exact behavior we expect to measure
from an actual experiment, but rather demonstrate that stable mode locking is

possible within a certain parameter space.
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Figure 4.3: Demonstration of stable fundamental pulse formation with a nonlinear
optic in the cavity.
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Figure 4.4: Simulation of single pass second harmonic generation. The SHG pulse
behavior follows that of the fundamental.
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Chapter 5

High Peak Power Second
Harmonic Generation in an

Ultrafast VECSEL

5.1 Brief History

As discussed in Chapter 2, passively mode locked VECSELs have been demon-
strated to be capable of delivering multi-watt average output power, kilowatt peak
pulse power, multi-GHz repetition rates, and ultrashort pulses in the picosecond
to femtosecond range. However, the majority of this work was accomplished at
fundamental wavelengths in the 900-1550 nm spectral region using the GaAs and
InP material systems. The limits of available gain material for direct access to
UV, visible, and mid-IR wavelengths has seen the proliferation of nonlinear fre-
quency conversion methods to access these otherwise inaccessible spectral regions
under continuous wave operation. Band gap engineering of the VECSEL gain
chip adds additional flexibility in targeting a specific wavelength when combined
with these nonlinear processes. However, intracavity frequency conversion in a
passively mode locked VECSEL remains a relatively unexplored area.

There are a few important reasons for why intracavity frequency conversion
has seen limited growth in a passively mode locked VECSEL. First, nonlinear

optical crystals add dispersion to the resonator which can lead to substantial pulse
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broadening, especially for ultrashort pulses in the femtosecond region. Second,
the pulses need to be aligned spatially and temporally at the entry facet of the
crystal for any frequency conversion process to occur. Third, especially for second
harmonic generation, the harmonic will have a different group velocity which will
see it walk off from the fundamental which can also result in pulse broadening.
The last major consideration is depletion of the fundamental within the resonator
through a highly efficient conversion process. Passively mode locked VECSELS
have dynamic gain which needs to be carefully balanced against the saturable loss
of the SESAM. Strong depletion of the fundamental has the potential to destabilize
the mode lock as a result of the crystal absorbing the most intense portion of the
pulse, which will change the bleaching behavior of the SESAM.

Intracavity second harmonic generation (SHG) in a passively mode locked
VECSEL has only been previously demonstrated twice. The first demonstra-
tion in 2005 used an InGaAs-based gain chip in a V-cavity configuration with
the SESAM as an end mirror [85]. They placed the 5 mm LBO crystal in front
of the SESAM for intracavity SHG of 489 nm. They were only able to generate
6 mW at this wavelength. The second demonstration game a decade later with
an AlGalnP-based gain chip in a V-cavity configuration [86]. This group also
placed their nonlinear crystal (BBO) in front of the SESAM for intracavity SHG
of 325 nm. Their power at the second harmonic was only 0.5 W.

The primary issue with both of these approaches involves placing the nonlinear
optical crystal in front of the SESAM. In the V-cavity geometry that was used,
the SESAM is at the position of the smallest beam waist. If the SESAM was an
ordinary flat mirror, this would be the ideal location for the crystal for efficient
SHG. However, the DBR within the SESAM is not designed for reflection at
the second harmonic, and, instead, will absorb it. This can lead to damage of the
SESAM and eventual failure from thermal effects if the generated second harmonic
is too intense. The solution is to place the nonlinear optic in a separate arm from

the SESAM in a cavity optimized for passive mode locking simultaneously with
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highly efficient SHG. This work was funded by the National Science Foundation

grant (1709918).

5.2 W-Cavity Resonator Design and Optimization

The ideal resonator cavity design for intracavity second harmonic generation in
a passively mode locked VECSEL is a W-cavity configuration, as observed in
Fig. 5.1. This cavity can be designed to be symmetric, with similar arm lengths
for L1 and L3, which results in a similar small beam waist at the SESAM and
M1. This design also allows for the arbitrary placement of the VECSEL chip
along L2 in order to achieve the desired mode area ratio for stable passive mode
locking, as observed in the Gaussian beam simulation in Fig. 5.2. Finally, we can
take advantage of gain bandwidth enhancement by folding the cavity off of the
chip. With the LBO crystal placed at the beam waist in front of a high reflectivity
mirror M1, we are able to achieve double-pass SHG for increased conversion to the
harmonic with full extraction out of the resonator through output coupler mirror
M2. A small portion of the circulating fundamental can be extracted through
mirror M3 for separate characterization of the fundamental and second harmonic

beams.
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Figure 5.1: Schematic of the W-cavity resonator used for high peak power second
harmonic generation.
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Figure 5.2: Simulation of the Gaussian beam within the W-cavity resonator. Note
that the cavity is symmetric with similar beam diameters at both ends.
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A W-cavity following the layout in Fig. 5.1 was first designed and simulated.
Mirror M1 was a broadband flat mirror with 99.9% reflectivity from 400-1200 nm.
Mirrors M2 and M3 have similar 7.5 cm radii of curvature with 99.9% reflectivity
at ~1064 nm. Mirror M2 also has an anti-reflectivity coating at ~532 nm to allow
for complete extraction of the second harmonic from the cavity. The SESAM used
has a modulation depth AR of 4%, nonsaturable loss of 1%, and a 15 ps recovery
time. The 5x4x4 (LxWxH) LBO crystal has both facets AR coated at 1064 nm and
532 nm. The VECSEL chip is a strain-compensated InGaAs/GaAs/GaAsP multi-
quantum well semiconductor heterostructure with DBR designed for emission at
~1070 nm. The active region consists of 12 compressively strained quantum wells
sandwiched between GaAs/GaAsP barriers and the DBR section consists of 25
pairs of alternating AlGaAs/AlAs layers for 99.9% reflectivity. The processed
chip was clamped to a copper water block maintained at a temperature of 10°C
and pumped with a fiber-coupled 808 nm diode laser with a spot diameter on the
chip of ~500 pm.

As can be observed in Fig. 5.2, the Gaussian beam is symmetric with beam
waists of ~110 um at both M1 and the SESAM when L1 and L3 are 4.5-5 cm
long and L2 is 22.5 ¢m long. The chip will be placed approximately 5 cm in front
of M3 for a beam diameter of ~440 pm, which results in a mode area ratio of
14-15, which is in the ideal range for passive mode locking. Pulse stability was
simulated for single pass intracavity SHG and can be observed in Fig. 5.3. It is
again important to note that the pulse simulations demonstrate that stable mode
locking is expected for both the fundamental and second harmonic with slight
broadening of the second harmonic. However, the simulation is not a prediction

of exact pulse shape or duration.
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Figure 5.3: Pulse simulations for both the fundamental and second harmonic. The
second harmonic is expected to broaden from the fundamental pulse width.

5.3 Experimental Results

5.3.1 Fundamental Characterization

The W-cavity was constructed and tested first without the LBO crystal in or-
der to characterize the fundamental pulse [87]. The pulse was measured on an
APE pulsecheck 150 autocorrelator with a sech? function fit to the data which
demonstrates a full width at half maximum (FWHM) pulse duration of ~700 fs,
as observed in Fig. 5.4. The repetition of the frequency was measured to be ap-
proximately 465 MHz, as observed in Fig. 5.5, which is in good agreement with
the cavity design of 460-470 MHz. The absence of any secondary peaks in the RF
spectral plot, along with a stable pulse measurement, is an indicator of a stable
mode lock. The optical spectrum of fundamental pulse was centered at ~1057 nm,
as seen in Fig. 5.6, which demonstrates a blue shift of the fundamental from the
chip design wavelength. This is an indicator of an up-chirped pulse as the opti-
cal spectrum drifts from the gain maximum as a result of the SESAM absorbing

the low frequency components of the leading edge of the pulse [42]. The average
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output power of the fundamental was measured to be 180 mW, which results in a

peak pulse power of ~490 W.
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Figure 5.4: Fundamental pulse measurement demonstrating a FWHM pulse du-
ration of 700 fs.
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Figure 5.5: RF spectrum of the fundamental demonstrating a repetition frequency
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Figure 5.6: Optical spectrum of the fundamental centered at 1057 nm.
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5.3.2 Second Harmonic Characterization

With the fundamental fully characterized, the LBO crystal was inserted into the
cavity in front of mirror M1 and adjusted for phase matching and pulse stability.
When the crystal was moved close to M1 for tight focusing and greater conversion
to the second harmonic, the mode lock began to destabilize. This was most likely
the result of strong depletion of the fundamental, which changed the gain/loss
dynamics between the chip and SESAM. The crystal was adjusted to maintain
operation within the weak saturation regime to avoid this issue. A picture of the

operational W-cavity can be observed in Fig. 5.7.
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Figure 5.7: Picture of the operational W-cavity with intracavity LBO crystal for
second harmonic generation. The red lines denote the W-cavity resonator path.

The second harmonic pulse was measured and fit with a sech? function that
demonstrates a FWHM pulse duration of ~760 fs, as observed in Fig. 5.8. For
a LBO crystal with a 700 fs fundamental pulse duration and a GVM coefficient
of 44 fs/mm between the fundamental and second harmonic, the quasistatic in-
teraction length is 16 mm. A 10 mm LBO crystal length (double pass with an
actual 5 mm crystal length) is well below this criteria, so pulse broadening was

not expected and is likewise not substantially present in Fig. 5.8. The repetition
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rate of the second harmonic matched that of the fundamental, with its optical
spectrum centered near 528 nm, as observed in Figs. 5.9 and 5.10, respectively.
The measured average output power of the second harmonic was ~230 mW, which
resulted in a record-setting peak pulse power of 580 W in a passively mode locked
VECSEL utilizing intracavity SHG. This is a substantial improvement over the
previously reported results and demonstrates the potential for intracavity SHG in

an optimal cavity design.
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Figure 5.8: Fundamental pulse measurement demonstrating a FWHM pulse du-
ration of 760 fs, which is slightly broader than the fundamental.
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While the second harmonic result was record-setting, it is still possible to
improve it further. The beam waist was approximately 110 pym at the LBO crystal.
However, for ideal second harmonic generation, the calculated beam waist should
be approximately 60 pm. As mentioned previously, tighter focusing in the crystal
could result in destabilization of the mode lock caused by strong depletion of the
pump beam. This could be compensated by replacing output coupler mirror M3
with a high reflectivity mirror at the fundamental wavelength, which would reduce
the total cavity loss by 2%. Furthermore, the entire cavity can be scaled down in

size to make it more compact while still maintaining the symmetry needed.
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Chapter 6

All-Intracavity Fourth Harmonic
(Generation in an Ultrafast VECSEL

for Deep UV Emission

6.1 Brief History

There is growing demand for ultrafast laser sources operating in the deep UV
spectral region near 266 nm for applications involving chemistry, biology, medicine,
and other industrial applications [88, 89]. These lasers are almost exclusively
based on decades-old technology involving Excimer and Ti:Sapphire lasers, or more
recently developed Yb-doped fiber lasers [90-94|. This existing laser technology
always involves a trade-off in terms of performance metrics (e.g. femtosecond
pulses at low MHz repetition rates, or high output power with nanosecond pulses),
are excessively large, or expensive. Furthermore, active stabilization equipment is
commonly used which adds additional size and cost to ultrafast UV lasers.

A passively mode locked VECSEL emitting in the deep UV spectral region
through all-intracavity fourth harmonic generation can provide an alternative to
this existing technology. The published work discussed in Chapter 5 demonstrates
the capability of intracavity second harmonic generation. This work was expanded
upon by enclosing the high output power of the second harmonic within its own

high Q Z-cavity resonator for power enhancement. The inclusion of a beta barium
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borate (BBO) crystal within the Z-cavity allows for second harmonic generation
of the circulating "green" pulse, effectively frequency quadrupling the initial fun-
damental pulse. This work was funded by the National Science Foundation grant

(1709918).

6.2 Overlapped Resonator Cavity Design

The VECSEL designed for ultrafast deep UV emission can be observed in Fig.
6.1. The fundamental is enclosed in a W-cavity resonator (red lines) with the
second harmonic enclosed in a Z-cavity resonator (green lines). The SESAM has
a 15 ps recovery time, modulation depth AR of 3%, 1% nonsaturable loss, and

was maintained at a temperature of 20°C.

Fund. Output M4

UV Output

Figure 6.1: Schematic of the overlapped fundamental W-cavity (red lines) and
second harmonic Z-cavity (green lines). The two cavities were designed to be
symmetric.

Mirror M1 has a radius of curvature (RoC) of 10 cm with a ~99% reflectivity
coating at 1064 nm. Mirror M2 has a 5 cm RoC with an high reflectivity (HR)
coating at 1064 nm and an anti-reflectivity (AR) coating at 532 nm. Mirror M3

is a flat mirror with a broadband HR coating from 400-1200 nm. Mirror M4 has

a 10 cm RoC with an HR coating at 532 nm. Mirror M5 has a 5 cm RoC with an
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HR coating at 532 nm and <10% reflectivity coating at 266 nm. Mirror M6 is a
flat mirror with an HR coating at 532 nm and <10% reflectivity at 266 nm. The
LBO crystal is a 5x4x4 mm (LxWxH) with facets AR coating for 1064 nm and
532 nm and the BBO crystal is 5x4x4 mm (LxWxH) with facets AR coating for
532 nm and 266 nm. A thin polarizer is included between the SESAM and M1 to
force a gain preference on the fundamental beam to prevent polarization hopping
while angle tuning the LBO crystal. The VECSEL chip is from the same wafer
described in Chapter 5 based on InGaAs/GaAs/GaAsP with 12 compressively
strained InGaAs quantum wells sandwiched between GaAs/GaAsP barrier regions,
with a DBR stack containing 25 pairs of alternating AlGaAs/AlAs layers for 99.9%
reflectivity at 1070 nm. The VECSEL chip was optically pumped with a fiber-
coupled 808 nm diode laser focused to a 550 pum spot size with the temperature
of the chip maintained at 10°C.

For the fundamental cavity, distance L1 is 6.5 cm, L2+L3 is 20 cm, and L4 is
2.5 cm. For the second harmonic cavity, distance L5 is 6.5 cm, L6 is 20 cm, and
L7 is 2.5 ecm. The chip was placed approximately 10.5 cm from M1 (distance L2),
which resulted in a spot diameter of ~500 pym on the chip. The spot diameter
was ~110 um at the SESAM and M3, which results in a mode area ratio of
approximately 20. As can be seen, the Z-cavity was designed to be symmetric
to the W-cavity, with mirrors M1/M4 and M2/M5 having the same RoC, along
with L1/L5, (L2+L3)/L6, and L4/L7 having the same length. This symmetry was
necessary to ensure nearly identical cavity lengths (i.e. repetition frequency) for
the W-cavity and Z-cavity for pulse overlapping of the fundamental and second
harmonic at the entry facet of the LBO crystal. This symmetry also ensures
that the circulating fundamental and second harmonic beams in their respective
resonators have similar beam characteristics in the shared cavity length between

mirrors M2 and M3 for approximate mode matching within the LBO crystal.
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6.3 Experimental Results

The fundamental pulse was characterized through mirror M1 which has 1% trans-
mission at 1070 nm. The pulse duration was measured using autocorrelation and
fit with a sech? function which demonstrates a FWHM pulse duration of 1.4 ps, as
observed in Fig. 6.2. The RF spectrum of the fundamental pulse can be observed
in Fig. 6.3, which demonstrates a repetition frequency of approximately 510 MHz
without any secondary peaks and is in close agreement with the calculated rep-
etition frequency of 517 MHz. Finally, the optical spectrum of the fundamental
pulse, as observed in Fig. 6.4, is centered near 1060 nm with a bandwidth of

approximately 1 nm.
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Figure 6.2: Autocorrelation measurement of the fundamental pulse. The sech?
function fit demonstrates a FWHM pulse duration of 1.4 ps.
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Figure 6.3: RF spectrum plot of the fundamental pulse demonstrating a repetition
frequency of 510 MHz, which is in good agreement with the calculated frequency
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With the fundamental fully characterized, the LBO crystal was inserted into
the cavity in front of mirror M3 and adjusted for phase matching and pulse sta-
bility, as seen in the Fig. 6.5 which depicts the operational W-cavity. The output
power of the second harmonic was approximately 50-60 mW, which was too weak
to measure with our autocorrelator with the included photodiode module. How-
ever, as was detailed in Chapter 5 and other work, the LBO crystal length is less
than the quasistatic interaction length that would otherwise result in pulse broad-
ening [49, 85, 87|. Therefore, we expect that the second harmonic pulse shape
and duration to closely match that of the fundamental. After stable mode locking
had been achieved with the LBO crystal, the Z-cavity was completed with mirrors
M4, M5, and M6 to create the high QQ resonator for the second harmonic. A small
portion of the circulating second harmonic was picked off between mirrors M4 and
M5 for measurement of the RF and optical spectra, which can be observed in
Figs. 6.6 and 6.7, respectively. The picture in Fig. 6.8 demonstrates the power

enhancement of the second harmonic in the high Q Z-cavity resonator.

-

-

Figure 6.5: Picture of the operational W-cavity with LBO crystal inserted.
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Figure 6.6: RF spectrum of the second harmonic pulse in the high Q Z-cavity
resonator. The repetition was adjusted to 510 MHz to match the repetition rate
of the fundamental W-cavity.
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Figure 6.7: Optical spectrum of the second harmonic centered near 530 nm with
a FWHM of approximately 0.4 nm.
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Figure 6.8: Picture of the high Q Z-cavity resonator demonstrating the power
enhancement of the second harmonic.
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Mirror M6 was adjusted slightly ensure that the repetition frequency of the Z-
cavity matched the W-cavity for pulse overlapping of the fundamental and second
harmonic at the LBO crystal. The BBO crystal was then inserted in front of
mirror M6 for second harmonic generation of the circulating 530 nm pulse, which
effectively frequency quadrupled the 1060 nm fundamental pulse. The overlapped
W-cavity and Z-cavity can be observed in Fig. 6.9 where the red lines denote
the fundamental cavity and the green lines denote the second harmonic cavity.
There was no mirror available with an HR coating at both 532 nm and 266 nm,
which resulted in the use of M6 which has an HR coating at 532 nm but <10%
reflectivity at 266 nm. Therefore, we were only able to achieve single pass SHG
to the deep UV spectral region with ejection of this pulse immediately out of the
cavity through M6. For the second harmonic in a BBO crystal utilizing SHG
to the UV spectral region, the GVM coefficient is approximately 600-650 fs/mm,
which will result in broadening of the UV pulse duration by 2-3 ps. The optical
spectrum of the UV pulse was centered near 265 nm, as observed in Fig. 6.10,

which is the fourth harmonic of the fundamental 1060 nm pulse.

Figure 6.9: Picture of the overlapped fundamental W-cavity (red lines) and second
harmonic Z-cavity (green lines).
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Figure 6.10: Optical spectrum of the fourth harmonic pulse centered near 265 nm
with a FWHM of <0.3 nm.

The output power power of the UV was measured to be approximately 525 uW.
When considering that the repetition rate of the UV pulse has to match the
repetition rate of the second harmonic of 510 MHz, and a broadened pulse duration
of 3-4 ps, the peak power of the UV pulse is calculated to be approximately 250-
300 mW. To determine the amount of power enhancement achieved by use of the
high Q Z-cavity resonator, mirror M6 was removed from the cavity and the UV
output power was measured again. This output power was limited to ~50-60 W,
which demonstrates a factor of 10 power enhancement using the high @ resonator.
The power stability of the UV pulse was also measured over a 30 minute duration
and can be observed in Fig. 6.11. There was a power deviation of approximately
+5% over this time duration which demonstrates excellent stability considering
that no active stabilization equipment was utilized. Finally, a picture of the UV

laser beam can be observed in Fig. 6.12.
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Figure 6.11: Power stability plot of the UV pulse over a 30 minute duration
demonstrating a +5% deviation. This was achieved without the use of any active
stabilization equipment.

Figure 6.12: Picture of the generated UV laser beam external to the cavity.
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This is the first demonstration of a passively mode locked VECSEL utilizing
all-intracavity fourth harmonic generation of ultrashort deep UV pulses. Further
work could result in substantial improvements to the UV output. The ideal beam
diameter at the LBO crystal for highly efficient SHG should be closer to 60 pm,
instead of the designed 110 pum. This could result in greater circulating power
of second harmonic pulse in the Z-cavity resonator, which would in turn result in
greater conversion to the fourth harmonic. Furthermore, the ideal beam size at the
BBO crystal is approximately 30 gm. This results in a significant loss of conversion
efficiency to the fourth harmonic. All of the mirrors used in this experiment were
off-the-shelf. Customized mirrors could result in a cavity design that is able to
achieve better mode sizes at the LBO and BBO crystals for increased conversion
efficiency and greater UV output power. Another important consideration is that
a reduction in the size of the beam at the BBO crystal that boosts conversion
efficiency would allow for use of a shorter crystal length to achieve the same
output power. This would reduce the pulse broadening effect of GVM. This could

result in a trade-off between pulse duration and average output power.
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Chapter 7

Ultrafast 1550 nm VECSEL

7.1 Brief History

Passively mode locked VECSELSs emitting in the telecom C-band (1530-1565 nm)
are of great interest as compact, low-cost laser sources that can provide multi-GHz
repetition rates through cavity engineering. These VECSELs utilize quaternary
semiconductors based on the InP material system to target the 1550 nm spectral
region. Both continuous wave and mode locked 1550 nm VECSELSs have seen
their performance limited by poor heat dissipation and, until recently, were only
capable of delivering tens to hundreds of milliwatts of average output power with
temperatures typically near 0°C |25, 53, 95-97].

One of the primary challenges with VECSELs emitting in this spectral region
is the size of the distributed Bragg reflector (DBR) mirror required for high re-
flectivity of the fundamental exceeding 99.8%. As described in Chapter 1, the
DBR mirror is a series of A/4-layer pairs that, with a specific number of repeats,
can result in high reflectivity. However, the large 1550 nm wavelength results in
thicker layers which is further compounded by the small index contrast that exists
between InP and lattice-matched quaternary structures necessitating a greater
number of pairs to achieve high reflectivity. Waste heat extraction through this
thick DBR can be inefficient and has led to inclusion of additional heat manage-
ment techniques, such as heat extraction out of the surface of the gain chip by use

of a silicon carbide or diamond heat spreader attached through liquid capillary
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bonding.

More recently, a high power 1550 nm CW VECSEL was demonstrated with
watt-level output power at 11-15°C [98|. This was made possible by utilizing wafer
fusion to bond a AlAs/GaAs DBR to the InAlGaAs/InP gain section which alle-
viates the constraint of lattice-matching the DBR to InP. A similar metallization
and selective chemical wet-etching process as described in Chapter 1 was utilized
to bond the chip to a diamond heat sink. However, the process of wafer fusion is
complex and was still demonstrated to lead to catastrophic failure of the chip as
a result of nonuniform fusion across the entire wafer structure.

For industry telecommunications applications, a 1550 nm VECSEL needs to be
robust, compact, and inexpensive. A semiconductor wafer designed for emission at
1550 nm using InGaAsP /InP that avoided the use of strain compensation layers by
ensuring that every layer was lattice-matched to the InP substrate. An additional
small pump DBR section was included for reflection of any unabsorbed 1210 nm
pump photons to prevent absorption in the fundamental DBR which would add
additional waste heat to the chip. Finally, etch stop layers were incorporated to
enable the use of the same fabrication method outlined in Chapter 1, although
with different acids that are selective to InP-based materials. This allows for the
utilization of the efficient heat extraction capability of solder-bonded diamond
heat sinks while avoiding the additional complexity and expense of wafer fusion.

This work was generously funded by the II-VI Foundation.

7.2 Semiconductor Chip Design

7.2.1 Active Region

The first part of the multi-quantum well (MQW) semiconductor structure that
was designed was the active region that consists of the quantum wells (gain) and
barriers. Both the wells and barriers were designed using In;.GayAs,P;, and

lattice-matched to InP. Solving for the energy levels within the quantum well
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requires solving the Time Independent Schrodinger Equation (TISE) expressed as
HVY(x) = EV¥(x) (7.1)

where H and E are the Hamiltonian and energy operators, respectively, and V(z)
is the wavefunction. The TISE needs to be solved for both the energy levels in
the conduction band well and valence band well. The depth of the potential well
will help determine the position of the quantized energy levels and is defined by
the band gap offsets AFE,. and AFE, for the conduction and valence band, respec-
tively [99]. These values are in part defined by AE,, which represents the band
gap energy difference between the quantum well and barrier. There is significant
variation in the literature regarding the energy levels in In; (Gay,As, P, lattice-
matched to InP [100-102]. This led to using an energy level equation that is a

linear interpolation of certain data sets given by

E,(eV)=0.7440.61(1 — y) (7.2)

which is valid for room temperature operation [103]. The effective masses of the
electron, heavy hole, and light hole, also need to be computed. While the effective
mass of the electron in this material system is well defined, it is again not the
same case for heavy and light hole effective masses. However, the approximate

equations in literature for these parameters are

me = (0.08 — 0.039y)myq (7.3)
my, = (0.120 — 0.099y + 0.030y*)my (7.4)
mupn = 046777,0 (75)

where my is the free electron mass [99]. These equations focus primarily on the

amount of arsenide within the quaternary compound and assumes lattice-matching
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to InP. This requires that the amount of gallium to be adjusted based on the

amount of arsenide to ensure the lattice matching, which results in

-~ 0.1849y
~0.4184 — 0.013y

~ 0.47y (7.6)

where y is the percentage of arsenide in the quaternary.

The energy of fundamental photon is now determined by adding the band gap
of the quantum well, energy of the first energy level in the conduction band well,
and energy level of the heavy hole in the valence band well. After determination
of the material composition of the quantum well and barrier regions to achieve
the desired fundamental lasing wavelength, the width of the barrier section is
determined to place each quantum well at an antinode of the standing electric field
within the microcavity to take advantage of resonant periodic gain [23]. Finally,
the number of repeat sections of barrier/wells was determined to be 6 due to
the absorption of the barrier region being approximately 5000-10,000 cm™ for the
pump wavelength of 1210 nm.

The energy band structure observed in Fig. 7.1 contains energy values calcu-
lated for an active region designed for fundamental emission at ~1520 nm. The
gain has been detuned by 35 nm to account for thermal effects that will be de-
scribed later. The barrier band gap is designed for absorption of the 1210 nm pump
photons. The major drawback of using a simplified structure with InGaAsP used
as both the quantum well and barrier material is that the depth of the quantum
well is severely diminished. This can result in thermal excitation of electrons out
of the well, which will reduce lasing efficiency and increase the thermal load from

radiative recombination.
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Figure 7.1: Energy band diagram for the active region designed for emission at
~1520 nm. The conduction band well depth of 0.0419 eV between the barrier and
first energy level will lead to potential leakage of electrons out of the well.

7.2.2 DBR Mirror

The DBR mirror is designed using a transfer matrix method commonly used for
multilayer film design. This approach uses a set of matrices that represent transfer
through an interface separating materials ¢ and 7 and propagation through layer ¢
or j, as observed in Fig. 7.2. The matrices that transfer and propagation can be

expressed as
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Figure 7.2: Basic schematic of electric field propagation through the two layers n;
and n; that comprise the DBR structure.

The matrix for transfer through an interface can be expressed as [104]

1 1 Tiq
Ty = — ’ (7.7)
tij Tij 1
where t;; and r;; are given by
2n;
ty = — (7.8)
n; + n;
and
n; —ny
= 7.9
T'ij i+ ny (7.9)

where we assume a propagation angle of zero. The matrix for propagation through

a specific layer is expressed as

e % 0
T, = (7.10)
where ®; is given by
o, =" (7.11)
Ao

where d; is the thickness of layer ¢ and )\ is the wavelength. A total system matrix

Tiys is calculated that is the multiplication of each matrix in order,

Y ny
Tsys = T0T1T12T2T23T3...TN_lT(N_l)N = (712)
Y Ty
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From this system matrix we can determine the reflectivity R at a given wavelength

Ao from
T
= (7.13)
TP
where
R=|r|% (7.14)

As discussed in Chapter 1, a stack of A\/4 layer pairs should ideally result in high
reflectivity >99.8% centered at the fundamental lasing wavelength. The stopband,
or wavelength window where high reflectivity is achieved, is a strong function of
the index contrast between the two layers. For the wafer designed for operation
at 1550 nm, the DBR was designed to have alternating layers of InGaAsP /InP
with the InGaAsP lattice-matched to InP. The energy level diagram and material
compositions can be observed in Fig. 7.3.

The DBR design requires a stack of 48 layer pairs for high reflectivity and a
large stopband, for a total thickness of approximately 11 um. The reflectivity can
be observed in Fig. 7.4.

E ry

c

0.8864 eV
~1400 nm 1.344 eV

~922 nm

4
E; | \

Ing.53Gap.a7AS0.76P0.24 InP

Figure 7.3: Energy level diagram of the DBR section designed for 1550 nm.
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Figure 7.4: DBR reflectivity plot designed for 1550 nm. Note that the stopband
is approximately 80 nm wide.

A similar method was used to design another smaller DBR for approximately

10% reflection of the 1210 nm pump photons, observed in Fig. 7.5.
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Figure 7.5: DBR reflectivity plot designed for 1210 nm. The maximum reflectivity

is approxiomately 10%.

7.2.3 Full Chip Reflectivity and Detuning

As was mentioned previously, the active region was designed for a lasing wave-

length of 1520 nm. The gain was detuned by 35 nm to account for red shifting
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of the gain peak of 0.3-0.54 nm/K that is expected under thermal load during
normal operation [25, 51, 97]. Furthermore, the subcavity was set at 1535 nm
to account for a similar, but weaker, red shift of ~0.1 nm/K of the subcavity
resonance. At room temperature, it is expected that the gain profile will overlap
the subcavity resonance near 1550 nm during lasing operation. The reflectivity of
the full structure, which includes the active region and both DBR sections, was
modeled and can be observed in Fig. 7.6. The zoomed-in reflectivity curve in Fig.
7.7 demonstrates that the subcavity resonance was correctly set to 1535 nm by

the dip in the stopband at this wavelength.
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Figure 7.6: Reflectivity plot of the full MQW chip structure.
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Figure 7.7: Zoomed in view of the reflectivity plot of the full MQW chip structure.
The dip at 1535 nm demonstrates that the subcavity was properly set at that
wavelength to account for a red-shift under thermal load.

7.3 Z-Cavity Resonator

With the 1550 nm wafer design submitted to industry for eventual growth, at-
tention was paid to designing a resonator cavity that is capable of passive mode
locking with this chip. A Z-cavity resonator was modeled using the ABCD matrix
code, as observed in Fig. 7.8. Mirror M1 has a 20 c¢m radius of curvature (RoC),
with a 99.35% high-reflectivity (HR) coating from 1400-1700 nm. Mirror M2 has
a 5 cm RoC with the same coating as M1. The long arm distance L1412 was
13 cm while the short arm distance L3 was 2.5 cm. The SESAM used for this
design had a modulation depth AR of 2%, nonsaturable loss of 1%, saturation
fluence of 180 pJ /cm?, and a recovery time of 4 ps. If the gain chip is placed 8 cm
from M1, it will result in a mode area ratio of ~17, which is in the ideal range for
stable mode locking. Finally, pulse stability was also modeled and is observed in

Fig. 7.9.
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Figure 7.8: Gaussian beam modeled within the Z-cavity designed for the 1550 nm
VECSEL.
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Figure 7.9: Pulse simulation demonstrating a stable pulse for the 1550 nm VEC-
SEL.

While it is expected that the new 1550 nm VECSEL chip will be experimentally
demonstrated under continuous wave operation, it is still questionable if the chip
as designed will result in stable passive mode locking. This is the result of several
parameters being approximated within the simulation model, such as the gain
bandwidth and saturation fluence. Each of these parameters will have a significant
impact on pulse formation. However, the knowledge gained from the first wafer
growth will be utilized to adjust parameters and equations within the wafer design
model for an optimized second growth that will be able to achieve passive mode

locking at 1550 nm in a compact, cost-effective design.
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Chapter 8

Generation of Higher Order
Hermite-Gaussian and

Laguerre-Gaussian Beams in an

Ultrafast VECSEL

8.1 Brief History

An interesting area of research and development involving VECSELs is the gener-
ation of higher order Hermite-Gaussian (HG) beams for conversion into Laguerre-
Gaussian (LG) beams. In recent years, significant effort has been put toward
the research and development of encoding information in the orbital angular mo-
mentum (OAM) modes of LG laser beams, which have been demonstrated to be
capable of delivering optical information through free space [105]. Encoding free
space optical (FSO) communications in the OAM of LG beams provides addi-
tional physical layer security against eavesdropping which is highly lucrative for
defense applications [106, 107]. Individual OAM modes are also orthogonal to any
other OAM mode, which can lead to a significant increase in short haul fiber optic
channel capacity through mode division multiplexing (MDM) without degradation
from crosstalk [108].

Our research group has recently published extensive work detailing how direct
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access to the laser cavity in a continuous wave VECSEL enables the creation
of any arbitrary HG mode that can be converted into a corresponding LG mode
[20, 109, 110]. The creation of specific HG modes can be done by inserting a "mode
control element" into the cavity with an obstruction over the nodes of the desired
mode, or the use of one (or more) pump lasers displaced from the center axis of
the resonator on the chip. This work was expanded upon by using a Z-cavity
resonator with a SESAM to generate a pulsed HG beam for mode conversion to
an LG beam.

A mode converter placed in the beam path external to the cavity can then
convert the HG modes into corresponding LG modes, a schematic of which can
be observed in Fig. 8.1. Any higher order HG or LG mode distribution can
be described by a superposition of other HG or LG modes with proper phase
factors [111]. In the case of Fig. 8.1, the initial HGyo mode rotated at 45° can
be described as a superposition of an in-phase HG;y and HGg; mode. The use
of a cylindrical lens pair induces different Gouy phase shifts in the tangential
and sagittal directions between the pair of lenses. If this phase difference is 7/2
between the exiting HGyy and HGy; modes, the superposition is now an LGy

mode. This method allows for transforming any HG mode into a corresponding

LG mode.
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Figure 8.1: Schematic of an astigmatic mode converter with two cylindrical lenses
of equal focal length. The tangential and sagittal directions will experience dif-
ferent phase shifts due to the cylindrical lenses only adding optical power in one
plane. In the above example, if the exiting HG modes pick up a phase difference
of m/2 after transversing the mode converter, the result is an LG mode.

8.2 Initial Experimental Results

A typical Z-cavity was constructed to test the potential of mode locking high
order HG modes, with the addition of a second pump laser for the chip, which
can be observed in Fig. 8.2. The SESAM used had a recovery time of 25 ps, a
modulation depth AR of 6%, and nonsaturable loss of 2%. The fold mirror M2
had a 7.5 em RoC with a 99% reflectivity coating at 1070 nm. The end mirror
M1 had a 30 cm RoC with an HR coating at 1070 nm. The total cavity length
was ~28 cm, with L1+4L2 being 25 ¢cm long and L3 being ~3 cm long. The cavity
was designed for a spot diameter of ~120 pym on the SESAM and ~440 pm on
the chip, which results in a mode area ratio of 14. The 1070 nm chip was pumped
with two 808 nm fiber-coupled diode lasers with focused spot sizes of ~500 pm.

The chip and SESAM were maintained at a temperature of 10°C.
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Figure 8.2: Z-cavity VECSEL layout with two optical pump lasers for generation
of higher order HG modes.

The two pumps were focused and overlapped on the chip and then displaced
horizontally in different directions to induce a higher order mode by changing the
gain preference and thus mode profile for the cavity [20]. It was only possible to
induce what appears to be a low quality asymmetric HG19 mode, as observed in
the free space CCD image in Fig. 8.3. The asymmetry is most likely a result of

the fold mirror M2 introducing astigmatism into the cavity. An astigmatic mode

converter was constructed to convert this "HGiy" mode into an "LGiy" mode,

with the result observed in Fig. 8.4.

Figure 8.3: Free space image of the potential HG;y mode using a CCD camera.
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Figure 8.4: Free space image of the potential LGy mode using a CCD camera.

It is not known exactly if stable mode locking had been achieved during op-
eration with the "HG" mode. The pulse was measured, but it was rather weak
in comparison to other builds. The measured pulse shape was normalized and
fit with a sech? function which demonstrates a FWHM pulse duration of 1.6 ps,
as observed in Fig. 8.5. The RF spectrum was also measured and does indicate
a stable mode lock, as indicated by equally-spaced peaks with a separation of
525 MHz, which closely matches the calculated repetition frequency of 535 MHz.
The RF spectrum plot, observed in Fig. 8.6, is also absent of any secondary peaks
which would indicate instability. Finally, the optical spectrum was measured and
is centered near 1068 nm, with a FWHM bandwidth of approximately 1 nm, as

seen in Fig. 8.7.
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Figure 8.5: Autocorrelation measurement of the fundamental "HG" beam.
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Figure 8.6: RF spectrum of the circulating "HG" beam demonstrating a repetition
frequency of 525 MHz.
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Figure 8.7: Optical spectrum of the "HG" beam centered near 1068 nm with a
bandwidth of approximately 1 nm.
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8.3 Future Work

There are two remaining questions that are unresolved with the generation of this
potential HG1g mode: is it a pure HG;y mode and is the cavity mode locked
during operation? All existing work and models regarding passively mode locked
VECSELSs assumes a HGgg mode. The saturation model of a SESAM also assumes
a uniform super Gaussian profile where the same saturation fluence exists across
the region of the SESAM spanned by the laser beam. This is not necessarily
the case when the circulating beam in the resonator is a higher order mode with
asymmetric intensity profiles between the different lobes of the mode. It is possible
to imagine a scenario where, in the case of a hypothetical HG3y mode, the outer
two lobes might saturate differently than the inner two lobes. This might induce a
filtering effect by the SESAM, where the portions of the beam that saturate sooner
see a gain preference and the rest are simply absorbed without inducing a mode
lock. This provides an exciting opportunity to continue to explore the potential
for passive mode locking in a VECSEL with higher order modes and discovery of

the criteria that governs this process.
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Chapter 9

Conclusion

Passively mode locked VECSELs have been developed extensively over the past
two decades with excellent results regarding picosecond-femtosecond pulse dura-
tion, multi-GHz repetition frequencies, multi-watt average output powers, and
kW-level peak pulse powers at the fundamental lasing wavelength. This has
been accomplished with novel gain chip and SESAM designs, specialized coat-
ings to eliminate dispersion within the cavity, temperature control of the chip and
SESAM, etc. Intracavity nonlinear frequency conversion was also shown to be ca-
pable of generating ultrashort pulses at the second harmonic, but with extremely
low output power.

An optimized passively mode locked VECSEL in a W-cavity configuration
utilizing intracavity second harmonic generation was demonstrated to be capable
of generating ~760 fs pulses with 230 mW of average output power at a repetition
frequency of ~465 MHz, resulting in a record-setting peak pulse power of 490 W.
The key to this breakthrough was separating the nonlinear optical crystal into
a separate cavity arm from the SESAM, and optimizing the spot sizes on the
SESAM and gain chip for stable mode locking simultaneously with a more ideal
spot size on the LBO crystal for efficient second harmonic generation.

The high output power of the "green" pulses generated in an optimized W-
cavity was fully enclosed in its own partially-overlapped high Q Z-cavity resonator
for power enhancement. With a BBO crystal inserted into the Z-cavity, it was pos-
sible to generate ultrashort UV pulses at ~265 nm with a duration of ~3-4 ps,

525 uW average output power, and a repetition rate of 510 MHz, resulting in
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a peak pulse power of 250-300 mW at the fourth harmonic. This was achieved
without any active stabilization and only off-the-shelf components, which greatly
reduces the size and cost of the laser package. Customization of the cavity compo-
nents, such as mirror curvatures and coatings, could push the UV average output
power to tens of milliwatts or more, which would result in tens of watts of UV
peak pulse power. This opens the door to a new type of ultrafast UV laser source
that could be incredibly useful in medical, biological, or industrial applications
and has the potential to be tailored to the needs of the end user.

The telecommunications industry has need for ultra-compact, low-cost, efficient
laser sources operating in the C-band. A multi-quantum well semiconductor wafer
structure was proposed for use in a passively mode locked VECSEL, along with
an initial Z-cavity configuration. Future work could see this ultrafast telecom
VECSEL scaled down to achieve multi-GHz operation, which would be ideal for
information encoding.

Exploration of the potential of generating higher order Hermite-Gaussian modes
within a passively mode locked VECSEL is of great interest because it has the
capability to bridge different VECSEL technologies together into a single system.
The mode locked "HG" mode results presented at ~1070 nm could be combined
with the wafer designed for emission at 1550 nm to provide an ultrafast telecom
laser source capable of encoding information in the OAM states for data multi-
plexing. The flexible length of the external cavity could be minimized to boost
the repetition frequency to >10 GHz operation, which would result in high-speed
information encoding with picosecond-femtosecond pulses.

The future for the research and development of VECSELSs is promising with
new avenues being explored as the technology continues to mature. The work
presented in this dissertation has demonstrated that the flexibility of the VEC-
SEL will continue to push the boundaries and limitations of conventional laser

technology and provide novel solutions for academic and industrial applications.
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