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2011

This thesis examines second-order optical nonlinear wave mixing processes in domain-

disordered quasi-phase matching waveguides and evaluates their potential use in com-

pact, monolithically integrated wavelength conversion devices. The devices are based

on a GaAs/AlGaAs superlattice-core waveguide structure with an improved design over

previous generations. Quantum-well intermixing by ion-implantation is used to create

the quasi-phase matching gratings in which the nonlinear susceptibility is periodically

suppressed.

Photoluminescence experiments showed a large band gap energy blue shift around

70 nm after intermixing. Measured two-photon absorption coefficients showed a signif-

icant polarization dependence and suppression of up to 80% after intermixing. Similar

polarization dependencies and suppression were observed in three-photon absorption and

nonlinear refraction. Advanced modeling of second-harmonic generation showed reduc-

tions of over 50% in efficiency due to linear losses alone. Self-phase modulation was

found to be the dominant parasitic nonlinear effect on the conversion efficiency, with re-

ductions of over 60%. Simulations of group velocity mismatch showed modest reductions

in efficiency of less than 10%.

Experiments on second-harmonic generation showed improvements in efficiency over

previous generations due to low linear loss and improved intermixing. The improvements
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permitted demonstration of continuous wave second-harmonic generation for the first

time in such structures with output power exceeding 1 µW. Also, Type-II phase matching

was demonstrated for the first time. Saturation was observed as the power was increased,

which, as predicted, was the result of self-phase modulation when using 2 ps pulses. By

using 20 ps pulses instead, saturation effects were avoided. Thermo-optically induced

bistability was observed in continuous wave experiments.

Difference frequency generation was demonstrated with wavelengths from the optical

C-band being converted to the L- and U-bands with continuous waves. Conversion for

Type-I phase matching was demonstrated over 20 nm with signal and idler wavelengths

being separated by over 100 nm. Type-II phase matched conversion was also observed.

Using the experimental data for analysis, self-pumped conversion devices were found to

require external amplification to reach practical output powers. Threshold pump powers

for optical parametric oscillators were calculated to be impractically large. Proposed

improvements to the device design are predicted to allow more practical operation of

integrated conversion devices based on quasi-phase matching superlattice waveguides.
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Chapter 1

Introduction

1.1 Motivation for Compact Wavelength Converters

Modern optical technology has been used with great success in two key areas: communi-

cations and spectroscopy. Telecommunications systems have increasingly provided better

performance with faster bit rates and more flexibility, which is largely due to the devel-

opment of fiber optic technology. Optical spectroscopy systems have enabled fast and

accurate detection of chemicals and gases relevant to medicine, security, and industrial

processes due to advancements in laser and spectrometer technology. Continued research

and development efforts aim not only to improve the speed, accuracy, and functionality

of these systems, but also to reduce their cost, power consumption, and size.

Current telecommunications systems consist of an blend of microelectronics and op-

tics. Microelectronic devices are responsible for most signal processing functions including

switching and routing. Optics mostly handles the transmission of data on high capac-

ity, long distance lines. However, as integrated circuit technology nears performance

limitations imposed by the underlying physics of microelectronic devices, new optical

technologies will be required to handle high speed signal processing functions. One such

function is channel conversion in dense wavelength division multiplexing (DWDM) sys-

tems, in which data on one wavelength channel is converted to another channel operating

with a different wavelength. At present, channel conversions are handled by converting

the incoming optical signal into an electrical signal, routing the electrical signal through

1
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a microelectronic switching fabric, and then retransmitting the signal via a laser emitting

at the wavelength of the desired channel. Such a process is known as an optical-electrical-

optical (OEO) conversion. This method has high power consumption, requires several

discrete components that take up ample space, and is limited in speed by the interven-

ing microelectronics. In order to maintain the agility enabled by this function in future

systems at higher bit rates, a compact, highly-integrated all-optical technology will be

required. At present, some all-optical technologies have been proposed for carrying out

this function and are based on semiconductor optical amplifiers (SOA) [1, 2, 3], and non-

linear frequency conversion in silicon [4], and in dielectric crystals such as chalcogenides

[5] and lithium niobate [6]. However, SOAs are limited in speed by carrier recovery times

[7], and the integration potential of silicon and dielectric crystals is low due to their

inability to emit light.

Today’s spectroscopy systems for gas and chemical detection tend to consist of several

large, discrete optical components. One such component is the laser source. Tunable

systems are preferred over fixed wavelength systems since the range of chemicals that

can be detected is large. Also, detecting chemicals by their mid-infrared vibrational

resonances is desired for greater specificity. Semiconductors do not generally emit in this

range such that simple laser diodes could be fashioned. Quantum cascade lasers have been

engineered to emit in the mid-infrared [8], but their tunable ranges are limited and, in

many cases, they require cryogenic temperatures to operate. Better tunability with wider

ranges and continuous scanning can be achieved by using optical parametric oscillators

(OPO) based on nonlinear optical crystals [9]. Recent advances with periodically-poled

lithium niobate (PPLN) have led to the development of mid-infrared OPOs operating

with femtosecond pulses [10] and continuous wave pumps [11]. However, such systems are

limited by the transparency range of ferroelectric crystals, the large power requirements,

and their large physical size.

To solve the problems described above, what is needed is a compact all-optical wave-

length conversion device. Using nonlinear optical effects to perform the conversion is

well suited for both applications as these process are fast enough to keep up with high

bit rates and cover a wide range of spectrum. Ideally, such a device should include all of
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the necessary components to carry out the conversion on the same chip. This includes

the nonlinear wave mixer, couplers, waveguides, oscillator cavities, and pump laser. In

a similar manner to microelectronics, a monolithically integrated optical device would

benefit from lower costs, potentially lower power consumption, and higher robustness.

This thesis examines the potential for creating compact, wavelength conversion de-

vices based on photonic integrated circuit (PIC) technology and engineered semicon-

ductor microstructures. The envisioned device is built on a platform of GaAs/AlGaAs

superlattice for its strong nonlinear optical properties and ability to efficiently emit light.

Quantum well intermixing (QWI) is used to periodically modify the superlattice in order

to facilitate integration and to form a quasi-phase matching (QPM) grating to medi-

ate the nonlinear conversion process. Most of the research presented here focuses on the

QPM component. The performance of this component is studied in detail through analyt-

ical modeling, computer simulations, and laboratory experiments with fabricated QPM

devices. Based on the findings of these studies, the power requirements and operating

ranges of fully integrated wavelength conversion and generation devices are determined.

1.2 Nonlinear Optics

Under most ordinary conditions, materials have a linear response to the intensity of light.

The polarization density created in response to a driving electric field is related to the

electric susceptibility, χ, such that ~P = ε0χ~E. However, at extreme field strengths, an

additional nonlinear response to the driving field occurs. This nonlinear polarization

density component is described in the frequency domain as

~PNL = ε0[←→χ (2) : ~E ~E +←→χ (3)... ~E ~E ~E + ...] (1.1)

where←→χ (i) is the i-th order nonlinear susceptibility tensor. These high-order susceptibil-

ities are usually weak and only become significant at high optical intensities. However,

with the use of high power lasers and waveguide devices that confine light into tight

spaces, such intensities can be reached and nonlinear phenomena become significantly
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strong. Ordinarily, nonlinearities of fourth order and greater are extremely weak, and

thus the second- and third-order nonlinearities dominate. These nonlinearities result in

several phenomena that can be useful for several purposes, or detrimental to the perfor-

mance of those effects that are useful.

The second-order nonlinearity gives rise to a number of useful phenomena. One of the

most widely studied and used is three-wave mixing (TWM). In this effect, three different

optical waves interact in a medium and transfer power between each other. For this to

take place, the waves involved must satisfy the frequency matching condition

ω3 = ω1 + ω2 (1.2)

where ωi is the angular frequency of wave i. Ordinarily in TWM, only two waves are

initially present upon entering the nonlinear material. In this case, the third wave is gen-

erated with a frequency dictated by the frequency matching condition by power transfer

from one or both of the initial waves. This gives rise to two specific processes: 1) sum-

frequency generation (SFG) in which the two low frequency ω1 and ω2 waves produce

the high frequency ω3 wave, and 2) difference-frequency generation (DFG) in which the

initial waves ω3 (pump) and ω1 (signal) mix to generate ω2 (idler). In the degenerate

case where there is only one low frequency initial wave, ω1 = ω2 and a wave at frequency

ω3 = 2ω1 is generated in a process known as second-harmonic generation (SHG). The

reverse process of SFG and SHG is spontaneous parametric downconversion (SPDC), a

process in which pump photons at ω3 spontaneously split into two lower frequency pho-

tons at ω1 and ω2. Overall, TWM has found wide spread use for generating coherent light

sources at optical frequencies that would otherwise not be possible using conventional

laser materials and structures.

Efficient power transfer in TWM processes requires that the waves involved obey the

phase matching condition. This states that the propagation constants of each wave, βi,

add up such that

β3 = β1 + β2. (1.3)

If this condition is not met, power will flow to the generated wave, and then back to the
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pumping wave(s) after a certain distance with no net power transfer. Since all materials

are naturally dispersive, meeting this condition is challenging. One widely used method

for achieving the required phase matching is to use the natural birefringence in nonlinear

crystals such as KDP, BBO, and lithium niobate. However, if linearly isotropic materials

such as compound semiconductors are to be used for TWM, an artificial means of meeting

the phase matching condition must be implemented.

A number of phenomena result from the third-order nonlinear susceptibility. The

most widely known is the optical Kerr effect (or nonlinear refraction), in which the index

of refraction of a material becomes dependent on the optical intensity such that

n = n0 + n2I (1.4)

where n0 is the linear index of refraction, I is the optical intensity, and n2 is the non-

linear refractive index (or Kerr coefficient). This leads to an effect known as self phase

modulation (SPM) in which an optical wave imposes a nonlinear phase shift on itself.

Nonlinear refraction has been employed for a number of useful purposes, most notably in

all-optical switching devices [12]. However, SPM can be detrimental to other processes

such as TWM by impacting the phase matching condition.

Multiphoton absorption processes are another set of phenomena related to the non-

linear susceptibilities. Two-photon absorption (TPA) is a third-order nonlinear effect in

which two photons are absorbed simultaneously. This happens most readily when the

two photons have energies at or above half of the energy band gap of the material. TPA

increases with optical intensity, and thus the total loss coefficient is intensity dependent

such that

α = α0 + α2I (1.5)

where α0 is the linear loss coefficient and α2 is the TPA coefficient. At photon energies

below half the energy gap, TPA is negligible and three-photon absorption (3PA) becomes

the dominant nonlinear absorption mechanism. As a fifth-order nonlinearity, the amount

of 3PA is proportional to the square of the optical intensity such that the additional loss

is ∆α = α3I
2 where α3 is the 3PA coefficient. While nonlinear absorption is useful for
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certain types of devices such as all-optical switches [13], it is more often a parasitic effect

that adds more attenuation of the optical waves. As a result, useful intensity-dependent

nonlinear effects such as TWM and nonlinear refraction will be compromised.

1.3 Photonic Integrated Circuits in Compound Semi-

conductors

Photonic integrated circuit technology has been developed over a number of decades with

the goal of miniaturizing optical components for better space efficiency and lower cost.

Such circuits have been implemented using dielectric materials such as silica glass and

lithium niobate. Silicon has also been exploited in the last decade for creating several

integrated devices [14, 15]. However, the primary limitation of using such materials is

that they do not emit light. Integration of electrically-injected light-emitting devices, such

as amplifiers and lasers, requires hybrid integration with light emitting semiconductors

such as has been done with silicon and InP [16]. The nonlinear optical properties of

most nonlinear crystals are also weak, requiring large optical powers and long crystals

to induce TWM. Additionally, silicon lacks the strong second-order nonlinearity from

electric dipole interactions due to its centrosymmetric lattice structure. While second-

order effects can occur due to multipole interactions, these are usually weak and not

useful for practical applications [17].

Compound semiconductors such as those based on InP and GaAs do emit light effi-

ciently due to their direct band gaps, and they are the key materials used in laser diodes.

Thus, it is possible to integrate lasers, detectors, passive waveguides, and (de)multiplexers

all on the same chip. In recent years, these semiconductors have been used for high-

speed multiple-wavelength optical transmitters [18, 19] and detectors [20, 21] for DWDM

telecommunications systems. Compound semiconductors also exhibit strong optical non-

linearities. In particular, AlGaAs-based materials have Kerr coefficients that are nearly

500 times larger than silica [22]. Also, compound semiconductors lack centrosymmetry

and thus have a second-order nonlinearity. Measurements of the magnitude of χ(2) in
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GaAs place it as being over six times stronger than in lithium niobate [23]. Thus, non-

linear optical devices made with GaAs-based materials can be several times shorter than

in other nonlinear materials. This could make nonlinear devices compact enough to fit

onto a microchip with other devices. Also, the power requirements would be less.

Another key advantage to using compound semiconductors for PICs is the availabil-

ity of mature microfabrication processes. These include metal-organic chemical vapour

deposition (MOCVD) epitaxy for building lattice-matched multi-layered waveguide struc-

tures and quantum-well structures, and plasma-enhanced reactive ion etching (RIE) for

creating optical waveguides and grating structures. Wide availability of these processes

allows mass production of complex, highly-integrated semiconductor PICs at low cost.

1.4 Single-Chip Wavelength Conversion Devices

To address the need for compact optical wavelength conversion devices, unique designs

for PICs have been devised by Hutchings [24] based on AlGaAs semiconductors and

monolithic integration technology. The first such device depicted in Figure 1.1 is an

optical parametric converter. All of the components necessary to perform wavelength

conversion are present on a single chip. A pump laser with a ring cavity is integrated

directly onto the chip. The amplified spontaneous emission (ASE) seed source is used to

force the pump laser into unidirectional operation as has been demonstrated in other ring

lasers [25]. Dichroic couplers combine and separate the pump and signal wavelengths.

The idler wavelength is generated through a phase-matched DFG process in the wave

mixer. The DFG process also produces photons at the signal wavelength, and thus the

device also acts as an optical parametric amplifier (OPA). The wave mixer is placed within

the pump laser cavity in order to take advantage of the high circulating pump powers to

enhance the DFG process. Amplitude modulations present on the signal wavelength will

be transferred to the idler wavelength as the amount of idler power generated depends on

the amount of signal power. Hence, if the signal contains data, that data will be converted

over to the idler. This functionality can be used for performing channel conversions in

a DWDM system. Additionally, if the signal wavelength is set to be close to the pump
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Figure 1.1: Schematic of self-pumped optical parametric wavelength converter. The
circulating pump power at wavelength λp interacts with the signal wavelength at λs
to produce the idler wavelength at λi in the wave mixer.

wavelength such that their frequency difference is small, idler wavelengths in the mid-

infrared can be generated.

The second device envisioned is a monolithically integrated optical parametric oscil-

lator. This device is used only to generated light, not to convert external input light to

another wavelength. The underlying structure is the same as the parametric converter,

except that a second ring cavity is added to form the parametric oscillator. The signal

and idler wavelengths, initially generated by SPDC, are circulated through this ring to

build up their intensities and further enhance the DFG process in the wave mixer. A

tap waveguide is located on the outside of the OPO ring to siphon a small amount of

the signal power and guide it out from the device. The wavelengths of the generated

signal and idler pair will be those that best satisfy the phase matching condition. Tuning

of these wavelength is achieved by changing the pump wavelength from the ring laser.

Because of the high rate of change in the index of refraction with wavelength near the

semiconductor band gap, minute changes to the pump wavelength causes large changes

to the phase matching condition. In turn, this allows the signal and idler wavelengths

to be tuned over a large range. For spectroscopic chemical sensor systems, this means

that a large portion of mid-infrared spectrum can be generated. Such a device could also
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Figure 1.2: Schematic of self-pumped optical parametric oscillator. Pump light
photons (λp) are converted to signal (λs) and idler (λi) photons which are circulated
in the OPO ring to enhance the interaction in the wave mixer.

be used as a tunable laser source at telecommunications wavelength for use in diagnostic

equipment and agile DWDM systems.

There are two central challenges to creating these devices. First, ideally, the pump

laser should be made from the same waveguiding layers used in the rest of the device for

simplicity and to reduce cost. However, components such as the dichroic couplers will

absorb the pump light which will raise the threshold currents for lasing. Instead, it would

be beneficial if the couplers were formed out of a passive material with a larger band gap

than the laser gain material. Second, the wave mixer requires a mechanism for phase

matching the DFG process for efficient operation. Since AlGaAs is isotropic, an artificial

means of phase matching must be employed, most likely requiring manipulation of the

waveguide materials. Fortunately, techniques have been developed that yield solutions

for both of these challenges.

1.5 Quantum Well Intermixing

Quantum well intermixing is a set of post wafer growth methods that alters the properties

of a semiconductor quantum well structure [26]. The core layer of the optical waveguide
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Figure 1.3: Quantum-well intermixing process by ion implantation. The Group-III
sublattice is represented. The as-grown quantum well structure (left) is subjected to
As2+ implantation which creates defects in the crystal lattice (middle) that promote
interdiffusion during annealing leading to compositional and structural changes that
alter the potential well profile (right).

usually contains a multiple-quantum well (MQW) structure to be manipulated. Fig-

ure 1.3 depicts the QWI process for a single GaAs well with AlAs barriers. The quantum

well is subjected to one of several processes that disorders the semiconductor crystal lat-

tice. The most common disordering processes include impurity-free vacancy disordering

(IFVD), ion implantation disordering (IID)[27], and photoabsorption-induced disordering

(PAID) [28]. The sample is then heated to high temperature by rapid thermal annealing

(RTA) which allows the lattice atoms to diffuse, a mechanism which is enhanced by the

presence of the defects formed by the disordering process. This diffusion process has the

effect of repairing the crystal lattice, which reduces scattering centers and lowers optical

losses. It also alters the composition and structure of the quantum wells. The potential

profile of the quantum wells changes, which usually causes the energy gap between the

lowest conduction and valence states to widen. Thus, the optical absorption peak of the

quantum wells is shifted to shorter wavelengths. In tandem, optical properties, such the

as linear index of refractive, have their resonance features shifted along with the absorp-

tion peak. If the degree of intermixing is so much such that all of the atoms from the

well and barrier layers are mixed together, complete intermixing is achieved. In this case,

multiple quantum well structure is destroyed and the average alloy is formed. At this

point, the largest possible compositional change and band gap energy shift is achieved.

QWI has been used successfully as a means to shift the absorption band outward
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in lithographically defined regions which allows lasers to be mixed with passive optical

components. Furthermore, different areas of the chip can be manipulated with varying

degrees of intermixing to have different absorption/emission bands and optical properties

[29]. The intermixing process has also been shown to alter the nonlinear optical prop-

erties of the quantum-well structure [30]. This has been useful for creating new types

of nonlinear optical devices such as monolithic nonlinear optical switching devices inte-

grated with linear components [31, 32]. Overall, selective area intermixing opens new

possibilities for creating complex monolithically integrated photonic integrated circuits

and systems.

1.6 Semiconductor Superlattices

Semiconductor superlattices are an extension of MQW structures. Ordinarily, MQWs

employ thick barrier layers to isolate each quantum well. In a superlattice, the barriers are

made thin such that the electronic wave functions overlap adjacent wells. As a result, the

energy states broaden into minibands of quasi-continuous energy states. By adjusting

the layer thicknesses and composition, the energy gap between the lowest conduction

miniband and the highest valence miniband can be set to suit the specific requirements of

the target device. In particular, the band gap can be placed such that certain resonances

in the linear and nonlinear optical properties are near the operating wavelengths. This can

result in strong optical nonlinearities and better performance in a wavelength conversion

device.

A consequence of using a heterostructure such as a superlattice is that translational

symmetry is broken due to the non-equivalence of the in-plane and vertical directions

relative to the layers. This leads to the emergence of new independent, nonzero ele-

ments in the susceptibility tensors that would otherwise not be found in bulk zinc-blende

structures. Furthermore, the electronic band structure has a lifted degeneracy between

the light- and heavy-hole valence bands. Due to the selection rules [33], the absorption

peaks for the transverse electric (TE) and transverse magnetic (TM) polarizations will

occur at different photon energies. Overall, the structural asymmetry and the lifted
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band degeneracy leads to polarization dependencies in the linear and nonlinear optical

properties.

The key advantage of using superlattices over MQWs is the potential for creating

large shifts in the band gap energy by QWI. With thin barrier layers, the Ga and Al

atoms need only diffuse over a short distance of a few monolayers in order to cause large

compositional changes and potentially complete intermixing. Studies of short-period,

symmetric GaAs/AlAs superlattices showed that the band gap energy can be increased

by up to 25% after QWI [34]. As a result, large shifts in the nonlinear susceptibilities

have been predicted [35]. With such large potential modulation depths in the nonlinear

properties, selected regions of the superlattice can be rendered relatively linear, providing

a means to mix linear and nonlinear components onto a single chip. This allows better

performance from each device and greater integration potential.

1.7 Domain-Disordered Quasi-Phase Matching

Quasi-phase matching is an artificial means of meeting the phase matching condition

in a medium with insufficient birefringence to achieve phase matching naturally. In all

forms of QPM, the starting material is modified such as to create a grating in which

the second-order nonlinear optical coefficients are modulated. Domain-disordering quasi-

phase matching (DD-QPM) is one specific form of QPM which utilizes a MQW or su-

perlattice, and QWI to impress a grating structure [36]. Phase matching is achieved

by periodically suppressing the second-order susceptibility and power flow between the

participating waves when they become out of phase with each other. In this manner,

back conversion to the pumping waves is limited and power flow is ultimately directed to

the intended wavelengths. By appropriately choosing the grating period and duty cycle,

the wavelengths at which phase matching occurs can be set to suit the application.

The efficiency of DD-QPM is directly related to the magnitude of the modulation of

second-order nonlinearity. With more suppression of χ(2), there is less back conversion

that must be overcome. By using a GaAs/AlGaAs superlattice as the core layer of a

waveguide structure, a large modulation in the magnitude of χ(2) can be achieved with
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QWI, especially for wavelengths near the band gap energy where there is a resonance [37].

Furthermore, creating devices in which the QPM waveguide is monolithically integrated

with other components becomes simpler. For instance, for the wavelength conversion

devices discussed in Section 1.4, only a single intermixing step is required to create the

QPM grating and the passive regions for the dichroic couplers. As such, the overall

fabrication process is simpler, faster, and less costly.

1.8 Scope and Outline of Thesis

The objective of this thesis is to evaluate the performance of wavelength conversion

processes in GaAs/AlGaAs superlattice domain-disordered quasi-phase matching waveg-

uides. The purpose of studying this is to determine operating parameters such as the

phase matching wavelengths in order to select appropriate design parameters for the wave

mixer component of an integrated wavelength conversion device. Most of the analysis

and all of the experiments are limited to wavelength conversion around the 1550 nm

telecommunications band as the available equipment was limited to this range. Thus,

most of the results and predictions are most relevant to applications of this technology to

telecommunications systems. However, since some of the underlying material properties

and behavioural trends are evaluated, the research presented here provides some insights

which could be extended to other wavelength ranges such as the mid-infrared.

Chapter 2 examines the basic theory for second-order nonlinear wave mixing pro-

cesses and discusses several means of phase matching in semiconductors. The simplified

theory will allow simple analysis of results on wavelength conversion reported in the lit-

erature such that the various phase matching techniques can be compared to each other.

Chapter 3 discusses the design of the waveguide structure, and examines the linear and

nonlinear optical properties of the waveguides. In Chapter 4, an advanced model for

three-wave mixing and second-harmonic generation is developed. Using this model, the

performance of DD-QPM waveguides is predicted, and the impact of linear loss, dis-

persion, and high-order nonlinear effects on that performance is evaluated. Chapter 5

examines the results obtained from SHG experiments with DD-QPM waveguides. The
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performance with several different laser systems is compared and the data is used to

calculate the modulation depth in χ(2). In Chapter 6, difference frequency generation is

examined beginning with theoretical predictions of performance based on data obtained

in SHG experiments, and following with an examination of actual experiments in which

wavelength conversion is achieved. Using the data, predictions on the performance of self-

pumped, monolithically integrated wavelength conversion devices based on superlattice

DD-QPM waveguides are presented.

The research project presented in this thesis was done in collaboration with Prof. D.

C. Hutchings’s group at the University of Glasgow. A portion of the work was also done

with the assistance and facilities of Prof. M. Ebrahim-Zadeh’s group at the Institut de

Ciènces Fotònique (ICFO) in Barcelona, Spain.



Chapter 2

Phase Matching in Semiconductors

2.1 Introduction

The key requirement for achieving efficient frequency conversion in a three-wave mixing

process is to meet the phase matching condition. As AlGaAs has a zinc-blende cubic

structure, which is optically isotropic, the phase matching condition cannot be ordinar-

ily met as is done in birefringent nonlinear crystals. In order to gain substantial power

transfer between the participating waves, an artificial form of phase matching must be

employed. This can done either by altering the waveguide layer structure to induce an

artificial birefringence, by propagating one or more waves in higher order modes, or by

periodically correcting the phase mismatch along the length of the waveguide. Each

method has tradeoffs between parametric gain, fabrication complexity, optical attenua-

tion, and integration potential, all of which influence the overall conversion efficiency of

the device.

In this chapter, the basics of second-order nonlinear processes and phase matching

techniques will be reviewed. Starting with the simplified coupled mode equations, the

basic behaviour of three-wave mixing and second-harmonic generation in a waveguide will

be discussed. From this, metrics for evaluating the device efficiency will be derived and

examined. Several phase matching techniques for achieving phase matching in AlGaAs

waveguides will be explained and devices for each of these techniques reported in the

available literature will be reviewed.

15
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2.2 Basic Theory

In this section, basic theory on second-order nonlinear optical processes will be discussed.

The model presented is simplified to consider only the behaviour of second-order nonlinear

processes in waveguide structures. This will allow basic comparisons between the various

phase matching techniques discussed in Section 2.3. The model will be expanded to cover

a broader range of phenomena in Chapter 4.

2.2.1 Coupled Mode Equations

The waveguide structures examined here employ semiconductor materials such as AlGaAs

which are non-magnetic and isotropic. Thus, the model shall be limited to such materials.

This allows use of the simple scalar wave equation. Under these assumptions, the electric

field can be defined as

Ei =
1

2

[
Ẽi(x, y, z, t) exp [j(ωit− β0,iz)] + c.c.

]
(2.1)

for each wave i where Ẽ is the field amplitude, ω is the angular frequency, β is the

propagation constant, and c.c denotes the complex conjugate. Substituting this into

Equation 1.1 for the nonlinear polarization, the nonlinear coupled mode equations (CME)

can be derived. A full derivation can be found in Appendix A for the general case in

which several effects such as high-order nonlinearities, dispersion, and linear loss are

included. In the present discussion, these effects are not considered for simplicity. Under

this assumption, if the field amplitude is defined as

Ẽi(x, y, z, t) = γiFi(x, y)Ai(z, t) (2.2)

where γi = (2/cε0ni)
−1/2, and Fi represents the transverse field distribution such that

A(z, t) is the time-dependent amplitude envelope in units of
√

W, the coupled mode

equations for three-wave mixing become

∂A1

∂z
= −j κ1

λ1

A∗2A3 exp[−j∆βz] (2.3a)
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∂A2

∂z
= −j κ2

λ2

A∗1A3 exp[−j∆βz] (2.3b)

∂A3

∂z
= −j κ3

λ3

A1A2 exp[j∆βz] (2.3c)

where ∆β = β3 − β2 − β1 is the mismatch in the propagation constants. The coupling

coefficients κ are defined as

κi = πχ(2)

√
2

cε0n0,1n0,2n0,3A
(2)
eff,i

(2.4)

where n0,i is the index of refraction for wave i = 1, 2, 3, and χ(2) is the complex-valued

second-order nonlinear susceptibility. Under the assumption of a uniform medium for

simplicity, the second-order effective overlap areas, A
(2)
eff,i, are defined as

A
(2)
eff =

[∫∫∞
−∞ |F̃1|2dxdy

][∫∫∞
−∞ |F̃2|2dxdy

][∫∫∞
−∞ |F̃3|2dxdy

]
[∫∫∞

−∞ F̃
∗
1 F̃
∗
2 F̃3dxdy

]2 . (2.5)

for waves 1 and 2. They are complex-valued in general and are defined such that A
(2)
eff,1 =

A
(2)
eff,2 = A

(2)∗
eff,3. For the majority of cases, the imaginary component of the overlap areas

will be small compared to the real part, especially when using simple dielectric waveguide

structures and fundamental transverse modes. In this case, A
(2)
eff,1 = A

(2)
eff,2 = A

(2)
eff,3 and

κ1 = κ2 = κ3 = κ. In the more general case of a nonuniform medium, χ(2), n0,i, and A
(2)
eff

also take into account the finite overlap of the waveguide modes across several material

layers each with a different value of χ(2) for the given wavelengths and polarizations (see

Appendix A).

In the specific case of sum frequency generation, power from A1 and A2 is transferred

to A3. Under the assumption that the amount of power depleted from waves 1 and 2

is small such that |∆A1|2 � |A1|2 and |∆A2|2 � |A2|2 and that wave 3 initially has no

power, A1 and A2 can be taken as constant over the propagation distance z. Integrating

Equation 2.3c gives

P3 =
|κ|2

λ2
3

P1P2L
2 sin2

[
1
2
∆βL

][
1
2
∆βL

]2 (2.6)
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where Pi = |Ai|2 are the optical powers, and L is the propagation distance. For the

opposite process, difference frequency generation, power is transferred from the pump

wave (A3) to the signal wave (A1) and the idler wave (A2). Again, assuming that the

pump is not depleted appreciably and that the gain in the signal is insignificant, the

power generated in wave 2 can be found by integrating 2.3b which gives

P2 =
|κ|2

λ2
2

P1P3L
2 sin2

[
1
2
∆βL

][
1
2
∆βL

]2 . (2.7)

In both cases, the power in the generated wave grows quadratically with length and

linearly with each of the powers in the other two waves. Also, the amount of conversion

increases quadratically with the value of χ(2).

For the case of degenerate second-harmonic generation, the coupled mode equations

are
∂Aω
∂z

= −j κω
λω
A∗ωA2ω exp[−j∆βz] (2.8a)

∂A2ω

∂z
= −j κ2ω

λω
AωAω exp[j∆βz] (2.8b)

where Aω is the envelope amplitude of the fundamental, A2ω is the envelope amplitude

of the second-harmonic, and κ is the coupling coefficient defined as

κi = πχ(2)

√
2

cε0n2
ωn2ωA

(2)
eff,i

(2.9)

where A
(2)
eff,2ω = A

(2)∗
eff,ω. Again, assuming that the imaginary component of the overlap

areas is small, A
(2)
eff,2ω = A

(2)
eff,ω and κω = κ2ω = κ. Assuming the undepleted pump

approximation, the fundamental is constant and the power generated in the second har-

monic wave is

P2ω =
|κ|2

λ2
ω

P 2
ωL

2 sin2
[

1
2
∆βL

][
1
2
∆βL

]2 . (2.10)

Here, the power of the second-harmonic wave increases quadratically with the fundamen-

tal power in addition to the length.

The conversion bandwidth for both TWM and SHG depends on the dispersion of the
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phase mismatch/length product ∆βL. Longer waveguide lengths will result in a narrower

conversion bandwidth. Also, the more rapidly ∆β changes with wavelength, the narrower

the bandwidth. In most cases, the propagation constant of the shortest wavelength

changes rapidly due to proximity to the electronic resonances of the semiconductor. Thus,

SFG and SHG processes tend to have narrow conversion bandwidths with a sinc2 function

profile. In DFG processes, the shorter wavelength is usually kept stationary around the

SHG phase matching wavelength to function as the pump beam while the two longer

wavelengths are varied. Conversion bandwidths in this case tend to be on the order of

100 nm.

2.2.2 Type-I and Type-II Interactions

The second-order nonlinearity is in general described by a third-rank tensor. In bulk

zinc-blende semiconductor crystals, where the Cartesian directions are defined by the

Miller indicies such that

x = [100], y = [010], z = [001], (2.11)

the symmetry of the 4̄3m cubic lattice structure reduces the number of nonzero tensors

elements to six:

χ(2)
xyz = χ(2)

xzy = χ(2)
yxz = χ(2)

yzx = χ(2)
zxy = χ(2)

zyx. (2.12)

As they are all equal to each other, there is only one independent element, χ
(2)
xyz. In

the case of a heterostructure such as a superlattice in which the layers are grown in the

[001] direction, symmetry is broken between the in-plane and normal directions relative

to the layer interfaces. As a result, χ
(2)
zxy and χ

(2)
zyx, which are equal to each other, become

independent of the other tensor elements and a polarization dependence in second-order

nonlinear processes results.

For a (100) grown semiconductor wafer, the core/cladding interface is along the (100)

plane and rib waveguides are drawn along the [011] direction according to natural break-

ing of the wafer along the (011) planes. The principle guided polarization modes are

defined in reference to the core/cladding interface. The TE polarization has the electric

field directed in the plane of the core/cladding interface and thus has components in
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Figure 2.1: Polarization modes in semiconductor waveguides.

transverse xy-direction as shown in Figure 2.1. For the TM polarization, the electric

field is primarily directed in the z-direction. In general, two-dimensional confinement

in a dielectric waveguide requires that there be components in propagation direction as

well. However, for the fundamental transverse modes, that component is much smaller

than the dominating components in the transverse plane. Thus, while the polarization

modes are neither truly TE or TM, they are considered to be so for simplicity.

The second-order nonlinear polarization from 1.1 can be expressed as

~P
(2)
NL = ε0

←→χ (2) : ~E ~E. (2.13)

Given the allowable polarization modes in a waveguide structure and the available tensor

elements, there are two possible configurations for SHG. In the Type-I configuration,

the input fundamental wave is TE polarized and the second-harmonic produced is TM

polarized such that

Ef (TE)
χ
(2)
zxy−−→ Es(TM). (2.14)

In the Type-II configuration, both the TE and TM polarizations of the fundamental are

used and the second-harmonic is produced in the TE polarization according to

Ef (TE) + Ef (TM)
χ
(2)
xyz−−→ Es(TE). (2.15)

Type-II SHG behaves like sum-frequency generation as the degeneracy at the fundamental

frequency is lifted, and the TE and TM polarized waves are independent. Thus, for the
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purposes of modeling, Type-II SHG must be treated as a three-wave mixing process.

Due to birefringence, the phase matching condition will likely occur for different

wavelengths for each process. Thus, second harmonic generation will peak at different

wavelengths for Type-I and Type-II phase matching. While the waveguide induced bire-

fringence may be small, structures such as multiple quantum well layers and superlattices

may provide a significant material birefringence so as to separate the Type-I and Type-II

phase matching wavelengths by a large amount. This is important as both Type-I and

Type-II interactions will occur simultaneously in a dielectric waveguide structure if fun-

damental is split between the TE and TM polarizations. However, only one interaction

will be phase matched at a time, which allows the two processes to be isolated from each

other.

Similar interactions occur for DFG. For this process, the pump is defined as the short-

est of the three wavelengths, while the signal and idler are the two longer wavelengths.

The Type-I interaction refers to the case where the signal and idler waves are both in

the TE polarization while the pump is in the TM polarization such that

Epump(TM) + Esig(TE)
χ
(2)
zxy−−→ Eidl(TE). (2.16)

In this case, the phase matching degeneracy pump wavelength coincides with the phase

matching second-harmonic wavelength of Type-I SHG. For the Type-II interaction, the

signal and idler are in orthogonal polarizations while the pump is in the TE polarization

such that

Epump(TE) + Esig(TE)
χ
(2)
xyz−−→ Eidl(TM) (2.17a)

or

Epump(TE) + Esig(TM)
χ
(2)
xyz−−→ Eidl(TE). (2.17b)

For the purposes of monolithic integration, Type-II phase matching is of greater

interest. Quantum-well-based semiconductor lasers ordinarily emit in the TE polarization

due to quantum mechanical selection rules. Thus, Type-II becomes the more natural

choice for frequency conversion on a single microchip with an integrated pump source.



Chapter 2. Phase Matching in Semiconductors 22

2.2.3 Conversion Efficiency

An important metric for frequency conversion by second-order nonlinear processes is the

conversion efficiency. Several definitions for the conversion efficiency are used in the

available literature. For the SHG process, the simplest definition of conversion efficiency

is the percentage of power transferred from the fundamental to the second-harmonic such

that

ηs =
P2ω

Pω
× 100%. (2.18)

However, this definition does not take into account the quadratic scaling of the second-

harmonic power with the fundamental power. Thus, another definition is

ηq =
P2ω

P 2
ω

× 100% (2.19)

which has units of % W−1. While this definition is better, it ignores the dependence

of the second-harmonic power on the propagation length. As seen in Section 2.2.1, all

processes scale quadratically with length. Under the undepleted pump approximation

and assuming a perfectly phase matched process such that ∆β = 0, Equation 2.10 can

be rearranged such that

ηSHG,I =
P2ω

P 2
ωL

2
× 100% (2.20)

which is known as the normalized conversion efficiency [38, 39] and has units of %W−1cm−2.

When comparing Equation 2.20 with the Equation 2.10, note that ηSHG,I = |κ|2/λ2
ω at

perfect phase matching, and thus the conversion efficiency reflects the magnitude of the

coupling coefficient and the strength of the nonlinear susceptibility χ(2). This definition

is most appropriate for the case of Type-I SHG. For Type-II SHG, the TE and TM po-

larized waves are independent and each can have a different power level. Thus, it must

be treated as SFG. Rearranging Equation 2.6 gives

ηSHG,II =
P2ω(TE)

4Pω(TE)Pω(TM)L2
× 100%. (2.21)
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such that ηSHG,II = |κ|2/λ2
ω. In the case where the fundamental power is evenly split

between the TE and TM modes such that Pω(TE) = Pω(TM) = 1/2Pω, the normalized

conversion efficiency for the Type-II SHG process is the same as the Type-I SHG process

as defined in Equation 2.20.

Similar definitions for the normalized conversion efficiency can be derived for DFG.

Assuming that the phase mismatch is zero, rearranging Equation 2.7 gives

ηDFG =
Pidl

PpumpPsigL2
× 100%. (2.22)

as the normalized conversion efficiency. In this case, ηDFG reflects the power transfer

factor |κ|2/λ2
idl.

The conversion efficiencies defined above are for the case of continuous wave beams.

If a train of pulses is used, the average power and instantaneous power are not the

same, and calculations tend to inflate the conversion efficiency value if average powers

are used in the above definitions. Thus, Equations 2.20, 2.21 and 2.22 do not directly

reflect the coupling coefficient κ. To rectify this, the pulses must be taken into account.

The fundamental can be defined as a Gaussian pulse Pω = Pω,0 exp[−t2/T 2
0 ] with T0 as

the temporal 1/e half-width and Pω,0 as the peak pulse power. Substituting this into

Equation 2.10 for Type-I SHG gives the second harmonic pulse as

P2ω =
|κ|2

λ2
ω

L2P 2
ω,0 exp[−2t2/T 2

0 ]. (2.23)

Integrating the above equation over all time under the assumption that the pulses do not

overlap, and multiplying by the pulse repetition rate f gives the average second harmonic

power

P̄2ω =
|κ|2

λ2
ω

L2P̄ 2
ω

1

T0f
√

2π
(2.24)

where the overbars signify average power. After rearranging this equation, it is found

that the average power conversion efficiency η̄ and the instantaneous power conversion

efficiency η are related by

η̄ =
1

T0f
√

2π
η. (2.25)
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As T0f is usually � 1 for most ultrafast laser systems, the average power conversion

efficiency value when using short pulses will appear to be larger than the conversion

efficiency for continuous wave conversion by several orders of magnitude. In contrast,

the instantaneous efficiency directly reflects κ and χ(2). Furthermore, if the conversion

bandwidth is assumed to be much larger such that ∆β ≈ 0 across the pulse spectrum,

the instantaneous efficiency is essentially the same as the efficiency obtained for the

continuous wave case. Thus, η in Equation 2.25 can be considered to be the equivalent

instantaneous conversion efficiency. This is a good measure of the performance of a phase

matching waveguide as it relates to the nonlinear strength of the waveguide material

and structure. It also provides a common basis of comparison when examining the

performance of different phase matching schemes when different pulse lengths are used

in each experiment. However, Equations 2.20, 2.21, and 2.22 are still appropriate for

evaluating the performance within a specific pulse length regime as they are directly

related to the average photon flux and are representative of the quantum conversion

efficiency, which is the number of photons produced per unit of pump photons. Thus,

using short pulses should produce photons in the target wavelength at a higher average

rate than longer pulses or continuous wave due to the stronger interaction at the higher

peak pulse power.

All of the above definitions assume that the pumping waves are undepleted and thus

do not account for saturation effects that occur when the interactions are strong. They

also do not account for losses (whether linear or nonlinear) in the participating waves.

However, for the sake of evaluating device performance, the above definitions serve as all-

encompassing metrics by which comparisons can be made between different devices. In

the following section, various phase matching techniques and devices shall be compared

in this manner using the normalized conversion efficiencies defined here.

2.3 Phase-Matching Techniques

Numerous techniques and associated waveguide structures have been investigated over

the last two decades to phase match second-order nonlinear processes. In general, the
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Figure 2.2: Waveguide structures for a) form-birefringence phase matching, b) modal
phase matching, c) domain-reversal quasi-phase matching, and d) domain-disordered
quasi-phase matching. Source: [40]. ©Wiley-VCH Verlag GmbH & Co. KGaA.
Reproduced with permission.

phase matching methods can be grouped as either exact phase matching (EPM) methods,

or quasi-phase matching (QPM) methods. For exact phase matching, form-birefringence

phase matching (FBPM) and modal phase matching (MPM) are reviewed. Several QPM

methods are also reviewed, including work with domain-disordered quasi-phase matching.

Since the devices in this thesis are based on AlGaAs, the discussion in this section is

limited in scope to other AlGaAs-based devices that have been reported in the literature.

2.3.1 Form-Birefringent Phase Matching

The primary obstacle to achieving phase matching in AlGaAs is the lack of birefringence

as a natural material property. To overcome this, researchers have investigated multi-

layered structures engineered to provide an artificial form-birefringence. As shown in

Figure 2.2a), such form-birefringent waveguides can be fabricated in AlGaAs by adding

thin aluminum oxide (Alox) layers in the waveguiding core. The large refractive index

difference between the AlGaAs (n = 3.3) and Alox (n = 1.6) layers is sufficient to induce



Chapter 2. Phase Matching in Semiconductors 26

similar effective indexes for the TE and TM modes of different wavelengths and hence

EPM can be achieved. The Alox layers are formed by selective oxidation of AlGaAs

layers with high aluminum content (>80%) originally grown into the structure by epi-

taxy. Other AlGaAs layers with less aluminum content remain as intact semiconductor

crystals with their nonlinear properties preserved. As the Alox layers are thin, significant

overlap of the optical mode is maintained with the highly nonlinear AlGaAs layers. This

technique is attractive because it does not require wafer bonding, oxide deposition, or

regrowth epitaxy of AlGaAs to fabricate the structure. Tuning of the phase matching

wavelength can be achieved by changing the waveguide ridge width.

AlGaAs/Alox waveguides have been fabricated by several groups. Moutzouris et al.

[41] demonstrated SHG utilizing a waveguide structure with a GaAs/Alox core. Output

second harmonic powers of up to 650 µW and conversion efficiencies of 1000 %W−1cm−2

by 200 fs pulses at a wavelength of 2.01 µm. Ravaro et al. [42] achieved record-high

conversion efficiencies of 1500 %W−1cm−2 in continuous wave. Difference frequency gen-

eration was achieved by Fiore et al. [43] in deeply-etched GaAs/Alox waveguides. A

mid-infrared wavelength at 5.3 µm with 80 nW of power was produced from 1.058 µm

and 1.32 µm inputs. Parametric fluorescence was demonstrated [44], resonantly enhanced

SHG [45], and parametric amplification [46].

While several devices have been demonstrated, FBPM waveguides have several issues

to be resolved. First, linear losses are significantly high (> 20 dB/cm) for both the

fundamental and second-harmonic wavelengths. This is primarily due to the amorphous

Alox layers and roughness at the interfaces between the Alox and AlGaAs layers. Second,

FBPM devices have been reported to have low damage thresholds, which is likely due to

the presence of defects states at the Alox interfaces which leads to excessive absorption

and heating. Third, integrating active devices would be a considerable challenge given

that Alox is electrically insulating and thus a barrier to current injection for lasers.

Furthermore, even the presence of unoxidized high aluminum content layers presents a

challenge for doping to form p-type and n-type material for a laser diode. Lastly, the

oxidation of these devices is complex requiring tight control over the process parameters,

and deviations from these parameters can result in low yield.
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2.3.2 Modal Phase Matching

Exact phase matching can also be achieved in semiconductor waveguides by using a tech-

nique known as modal phase matching (MPM). In this method, a multimode waveguide

structure is designed such that the fundamental modes of one or two of the wavelengths

in the three-wave mixing processes are phase matched with a higher-order mode of the

other wavelength, as shown in Figure 2.2b). The longer wavelengths are further away

from the band gap resonance in the material index and thus tend to have lower effec-

tive indexes than shorter wavelengths. Since the effective index of a waveguide tends to

decrease as the mode order increases, it is the shortest wavelength of the process (the

second-harmonic in SHG, the pump in DFG) that propagates in a higher order mode.

SHG by MPM has been demonstrated in AlGaAs waveguides at wavelengths around

1550 nm using a 250 fs pulsed source [47] yielding an average power conversion efficiency of

347 %W−1cm−2. Later, Ducci et al. [48] designed an improved AlGaAs MPM waveguide

and used a continuous wave source to produce output second-harmonic powers in excess

of 1 µW and conversion efficiencies of 30 %W−1cm−2.

Modal phase matching does have some limitations. Losses generally increase with

higher-order modes. The shorter wavelength, which already has a higher Rayleigh scat-

tering loss with the sidewall roughness and absorption loss due to proximity to the band

gap energy, would experience more loss due to reduced confinement and increased over-

lap with rough surfaces. Furthermore, losses in waveguide bends would be larger for

higher-order modes which limits the potential for integration with curved devices such

as ring resonators. The overlap area between the low- and high-order modes involved

in the mixing process is also of concern. The variation of the phase across the higher

order modes’ profile as well as their dissimilar mode distribution with respect to the fun-

damental limits the interaction between the modes and reduces the potential conversion

efficiency.

A variation of MPM is to propagate the interacting waves using different guiding

mechanisms in a single guiding structure. Bragg reflection waveguides (BRW) are one

such structure [49]. As shown in Figure 2.3, one mode is guided by cumulative reflections
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intensity of both the SH and fundamental for this
waveguide are shown in Fig. 1.

The characterization was carried out using a
singly-resonant KTP OPO synchronously pumped by
a mode-locked Ti:sapphire laser. Output pulses with
full width at half-maximum (FWHM) durations be-
tween 1.5 and 2.5 ps, a 75.6 MHz repetition rate and
a maximum average power of �176 mW were ob-
tained at the input facet of the sample. Pulses with a
center wavelength around 1550 nm were end-fire
coupled into a 2.38 mm long sample using an
antireflection-coated 40� objective lens. A cylindrical
lens with a focal length of 150 mm was used at the
input to render the beam elliptical. This enhances
the coupling efficiency into the slab and maintains a
minimum beam waist inside the sample. After the
light was coupled into the slab with the aid of an in-
frared camera, the output of the slab was focused
onto a powermeter to measure the amount of trans-
mission through the samples. The light was then
coupled into an optical spectrum analyzer to track
changes in the output spectrum. Through modeling
the incident beam, it was predicted that the optimum
configuration obtained using this setup provides a
beam with a spot size of 37.5 �m at the sample facet.
The beam focuses in the horizontal direction 1 mm
inside the sample with a minimum beam waist of
27.8 �m. At the output of the sample the beam spot
size is 50 �m. The beam waist remains constant in
the vertical direction thanks to the vertical guiding
structure as can be seen in Fig. 1. The coupling effi-
ciency into the slab was measured using samples
with different lengths to be �20% ±5%. The propa-

gation loss of the sample was found to be
�2.5 cm−1±1.5 cm−1. Using the BRW in a slab ar-
rangement rather than in a ridge waveguide ar-
rangement has been chosen as a first step to test
these structures. This helps in the study of the prop-
erties of the phase-matching technique while elimi-
nating any tolerances induced by the two-
dimensional ridge fabrication. In ridge waveguide
configuration, these tolerances would be convoluted
with those introduced during molecular beam epitaxy
growth, which will impede the ability to analyze the
inherent properties of the phase-matching technique.

Initially, the power-in/power-out relation has been
inspected to ensure that no dominant two-photon ab-
sorption effects take place. Its effects were elimi-
nated by design since the operating wavelengths are
at more than 173 meV below the half-bandgap of the
lowest Al-containing layers in the structure
�Al0.2Ga0.8As�. The TM-polarized SH output power is
shown in Fig. 2 for different TE-polarized pump
wavelengths. No SH power could be detected when
the input is switched to TM polarization. As can be
seen in Fig. 2, un-phase-matched SH power could be
detected throughout the range of wavelengths stud-
ied. However, at the regime where the BRW phase
matching takes place (at �pump=1587.8 nm) the SH
output power increases by one order of magnitude.
This phase-matching feature exhibited a FWHM of
2.22 nm. The quadratic dependence of the SH power
on the pump power is confirmed on- and off-
resonance as shown in Fig. 3. The slope of both
curves is approximately equal to 2 on a log–log scale,
confirming the parabolic power dependence. No sign
of saturation could be detected.

Further insight can be acquired when the spectra
of the SH are inspected. Spectra for two TE-polarized
pump signals with wavelengths of 1578.8 and
1587.8 nm are shown in Fig. 4. They are denoted Fn1
and Fn2, respectively. Also plotted are the spectra of
their corresponding TM-polarized SH signals at
789.5 and 794 nm, which are denoted SH1 and SH2,

Fig. 1. (Color online) Intensity of the total internal reflec-
tion mode at 1550 nm and the Bragg reflection mode at
775 nm in the Bragg reflection waveguide studied. Both are
superimposed on a schematic of the structure. The dashed
line is for the fundamental, while the solid line is for the
SH.

Fig. 2. (Color online) SH power inside the sample by the
output facet as a function of the pump wavelength for an
input power of 15.3 mW inside the sample by the input
facet.
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Figure 2.3: Bragg reflection waveguide for modal phase matching. The Bragg mode
distribution is shown in solid blue. The TIR mode distribution is shown in dashed
blue. Reprinted with permission from [51]. ©2007, American Institute of Physics.

in the Bragg stacks on either side of the core layer. Other modes are propagated by total

internal reflection (TIR) as in ordinary dielectric waveguides. By appropriately designing

the refractive indexes and thickness of the Bragg stack layers, the propagation constants

can be set to provide phase matching between the Bragg modes and the TIR modes.

This method has great flexibility allowing the dispersion properties to be engineered over

a wide range [50].

Much progress has been made in using BRWs for phase matching second-order nonlin-

ear processes. Bijlani et al. [52] made the original demonstrations of SHG in ridge BRW

waveguides and produced average power conversion efficiencies of 205 %W−1cm−2 using

a pulsed 2-ps source. Recently, Abolghasem et al. [53] showed enhanced second harmonic

powers of up to 650 µW using in a modified BRW structure containing matching layers to

provide better spatial overlap between the BRW and TIR modes. Average power conver-

sion efficiencies reached as high as 11400 %W−1cm−2, representing nearly two orders of

magnitude improvement. Difference frequency generation within the telecommunications

band using BRWs has also been recently demonstrated [54].

While the performance of BRWs shows promise, there are some challenges to this

method of phase matching. First, the Bragg modes tend to be lossy which limits the
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conversion efficiency possible. This may be remedied by adding additional layers to the

Bragg stacks, however this would make epitaxy of the structure challenging. Monolithic

integration with other optical components may also be difficult because of the large

number of layers in the structure. For instance, QWI by conventional means would be a

challenge given the large depth of the core layer below the wafer surface.

2.3.3 Quasi-Phase Matching

The alternative to exact phase matching is quasi-phase matching (QPM). In this tech-

nique, originally proposed by Armstrong et al. [55], the participating waves are allowed

to propagate in a nonphase-matched fashion. The phase mismatch accumulated is, how-

ever, periodically corrected along the length of the waveguide by modulating χ(2) and

thus forming a χ(2) grating. In the same way that a linear grating corrects the phase

mismatch between two coupled modes, the QPM grating introduces an additional term

in the phase mismatch equation

∆β = β3 − β1 − β2 −
2πm

Λ
(2.26)

where Λ is the period of the χ(2) modulation and m is the order of the grating. When

the grating term balances the equation such that ∆β = 0, the process is termed as

being quasi-phase matched. When this happens, the flow of power between the waves is

mediated by the structure such that back conversion to the source waves is limited and

the target wave obtains a net gain in power.

Several methods for quasi-phase matching are possible. In the domain-reversal QPM

(DR-QPM) technique, χ(2) is alternated in sign from positive to negative. Such a struc-

ture is depicted in Figure 2.2c). In the SHG process, this results in a quasi-continuous

power transfer to the generated wave as shown in Figure 2.4. In another QPM method

referred to here as domain-suppressed QPM (DS-QPM), the magnitude of χ(2) is peri-

odically suppressed such that it alternates between regions of high nonlinearity and low

nonlinearity, as depicted in Figure 2.2d). Power is transferred to the second-harmonic

wave in regions where the high nonlinearity remains intact. The regions in which χ(2) is
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Figure 2.4: Comparison of exact phase matching (EPM), domain-reversal quasi-
phase matching (DR-QPM), and domain-disordered quasi-phase matching (DD-QPM)
over intervals of the coherence length for the SHG process. Non-phase matched (NPM)
SHG is also shown.

suppressed produce little or no back conversion to the fundamental wave, and thus serve

only to correct the phase mismatch. As a result, power is transferred in a stair-step pat-

tern with each step being two coherence lengths. In both methods, the phase matching

wavelength is determined by the period and duty cycle of the grating.

All things being equal, QPM by either technique does not result in as much power

transfer per unit length as EPM techniques. Furthermore, feature sizes for first-order

QPM gratings in AlGaAs-based semiconductors can be less than 2 µm, which presents a

challenge to the fabrication processes. Often, high-order gratings are necessary to meet

the resolution limitations. This leads to more optical losses and reduced normalized con-

version efficiency. However, the magnitude of χ(2) in semiconductors is large, and as a

result, even the effective χ(2) value for QPM can be larger than that of bulk nonlinear crys-

tals. Thus, conversion efficiencies in semiconductor QPM devices can potentially exceed

that of EPM. Also, losses are potentially significantly lower than in form-birefringence

waveguides and multimode waveguides used in MPM. Thus, QPM waveguides can be

made longer yielding higher conversion ratios.
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Domain Reversal QPM

DR-QPM is achieved in AlGaAs waveguides by periodically rotating the orientation of

the crystal by 90◦ about the 〈001〉 crystal axes. The rotated anti-phase domains have

a χ(2) value opposite in sign to the normal domains, which is equivalent to shifting the

relative phase of the waves by 180◦. Creating rotated domains can be achieved by one of

two methods: 1) wafer bonding, and 2) orientation-patterned regrowth. In the former, a

grating pattern is etched into two different wafers, with one wafer oriented 90◦ relative

to the other. That wafer is then flipped over and aligned to the other wafer such that the

gratings fit into each other. The substrate of the flipped wafer is then etched off and ridge

waveguides are formed by lithography. Yoo et al. used this fabrication technique with

AlGaAs waveguides to demonstrate SHG [56] and DFG [57]. While this technique has

shown some success, the etching and wafer bonding leads to rough and uneven interfaces

between grating domains leading to high scattering losses.

To address issues of wafer bonding, orientation-patterned regrowth methods for III-V

compound semiconductors such as GaAs have been developed [58, 59]. In this technique,

the QPM grating pattern is created by periodically replacing the starting material with

regrown material in the anti-phase crystal orientation by a technique known as sublattice

reversal epitaxy [60]. First, the QPM pattern is etched into the waveguide structure via

photolithography and dry etching. Then, a thin layer of an elemental semiconductor

such as germanium is first grown into the etched areas. Lastly, the original compound

semiconductors are regrown in the etched areas, but with the anti-phase orientation.

The first demonstration of orientation-patterned GaAs (OP-GaAs) waveguides was

by Skauli et al. who showed SHG from a pulsed mid-IR source [61]. Later, both Yu et al.

[62] and Kondo and Shoji [60] produced quasi-phase matched SHG with a near infrared

source. Yu’s group managed to improve the fabrication procedures to demonstrate con-

tinuous wave SHG conversion efficiencies of 92 %W−1cm−2 [63]. The work by Yu was

extended by Kuo et al. who improved the fabrication processes further for OP-GaAs and

demonstrated mid-IR continuum generation [64]. Later work by the same group lead to

the development of a terahertz source using OP-GaAs as the wave mixer [65]. Recently,
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Bloom et. al [66] used OP-GaAs-based system as a parametric amplifier for a quantum

cascade laser operating at 4.5 µm, yielding gains of up to 53 dB. While this method of

fabrication has the advantage of reducing scattering losses at the domain interfaces and

improved performance, complete bonding of the crystalline structure cannot be achieved

due to the anti-phase orientation of the lattice, which ultimately leads to scattering. Fur-

thermore, roughness at the interfaces introduced during the reactive-ion etching process

results in high losses. Also, any misalignment of the core layer in the regrown material

during epitaxy can lead to mode profile oscillations and the formation of an effective

index grating. Progress has been made recently to reduce the scattering loss of the fun-

damental to below 10 dB/cm by improved fabrication processes, but substantial losses

at the second-harmonic in excess of 30 dB/cm must still be overcome to raise conversion

efficiencies to practical levels [67].

Another method for achieving DR-QPM is to use an asymmetric quantum well

(AQW) structure. Asymmetry induces additional χ(2) tensor elements such as χ
(2)
zzz not

ordinarily found in zinc-blende semiconductors. Inverting the order of the layers in the

structure has the effect of reversing the sign of χ(2) [68]. Thus, QPM can be achieved by

periodically reversing the AQW. Quasi-phase matched SHG was demonstrated in such

structures [69, 70]. However, since this structure is inherently surface emitting, it is not

appropriate for larger scale monolithic integration. Additionally, the tensor elements

induced by the structure tend to be small, thus limiting conversion efficiency.

Domain Suppression QPM

Domain-suppression can also be achieved by altering the material composition along

the waveguide. In the case of AlGaAs, higher aluminum content results in a lower

χ(2) value since the band gap energy is shifted to lower wavelengths. In one method

of DS-QPM, a grating is etched and the removed material is replaced with one which

has a different value for χ(2) [71]. While DS-QPM is less efficient over length compared

with DR-QPM, as depicted in Figure 2.4, it can be achieved without encountering the

anti-phase interface problem, which reduces scattering losses. The advantage of using

AlGaAs over other materials is the lattice match across all Al mole ratios, which ensures
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minimal regrowth defects. Furthermore, unlike DR-QPM, each domain has the same

crystal orientation and smoother domain interfaces are achievable. Lastly, the fabrication

method is technologically simpler than OP-GaAs since it involves less processing steps.

Rafailov et al. [72] formed such a QPM grating by periodically replacing the originally

grown GaAs waveguide core layer with regrown Al0.4Ga0.6As. However, while perfectly

crystalline interfaces are possible, scattering between domains is still unavoidable due to

the deep-etching process creating rough interfaces. Furthermore, the regrowth process

invariably leads to misalignment of the core layers, as with the DR-QPM techniques.

Another method for suppressing χ(2) is to amorphize the material via ion implantation

[73]. Amorphization destroys the crystalline structure and results in a centrosymmetric

material that has no second-order nonlinearity. However, amorphization also raises the

scattering loss by over an order of magnitude the crystalline material, in the range of

30 dB/cm. This would be highly detrimental to conversion efficiency.

2.3.4 Domain Disordered QPM

The challenges of the QPM methods mentioned are numerous, hence the reason to pursue

another solution. Achieving lower loss is necessary for efficient conversion, thus there is a

need to simplify the fabrication process. There is also a need to integrate QPM structures

with other optical devices, thus requiring that the fabrication processes allow this with

a degree of ease and flexibility. One approach to DS-QPM is to use a waveguiding core

composed of a multiple quantum well structure and to selectively modify it spatially using

QWI without the need for additional epitaxy. This approach has several advantages over

EPM and other QPM methods, including simplicity and greater integration possibilities.

Two possibilities exist for suppressing χ(2) in a MQW structure to form a QPM

grating. In the first, referred to as the symmetry modulation technique, an AQW structure

is used as the starting material. The χ(2) elements induced by the asymmetry vanish after

QWI as the material reverts a bulk alloy of AlGaAs and establishes a more symmetric

structure. Thus, this provides modulation between the high value of the induced χ(2)

element in non-intermixed ACQ material, and zero in intermixed bulk-like material. In

the second method for suppressing χ(2), referred to here as the band gap modulation
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technique, QWI increases the energy band gap and thus shifts the dispersion curves of

the optical properties (such as the index of refraction and the nonlinear susceptibilities).

By operating at wavelengths near the half-band gap energy of the starting or “as-grown”

material, χ(2) can be significantly suppressed as the χ(2) resonance peak at this energy

is shifted to shorter wavelengths after QWI. Using either method, QPM gratings can

be formed by periodically intermixing the quantum-well structure to suppress χ(2) [74].

As such, this technique is known as domain-disordered quasi-phase matching. The key

advantage of this method is that it does not require etch-and-regrowth processes, hence it

has the potential for creating smooth and defect-free domain interfaces to keep scattering

losses low. Furthermore, the QPM periods are patterned by standard lithographic means,

which allows great flexibility and cost advantages in setting the desired phase matching

wavelength without altering the waveguide structure.

Early work on modulating χ(2) for AlGaAs-based DD-QPM structures utilized AQWs

in the core layer of the waveguide and the symmetry modulation technique. SHG was

demonstrated in AQW waveguide structure in which QWI modulated the χ
(2)
zzz tensor

element utilized in the TMFHin→TMSHout polarization configuration [75]. However, χ
(2)
zzz

was found to be weak and the modulation depth small (about 0.02 pm/V), ultimately

leading to poor conversion efficiency. Instead, work on DD-QPM has turned toward

the band gap modulation technique by modulating the large-valued bulk-like χ
(2)
zxy ten-

sor element. While modulation of χ
(2)
zxy in asymmetric coupled quantum well (ACQW)

waveguides was observed [74], it was still too small to be practical. The problem was

that the maximum amount of band gap shift was limited by both the aluminum mole

ratios and the thicknesses of the MQW layers.

In all work that followed, GaAs/AlGaAs superlattices were used instead of ACQWs.

The layers of the superlattice were alternated between GaAs and AlAs, the extremity

points in aluminum mole ratios for AlGaAs. The periods were also kept short to reduce

the diffusion length required of the lattice constituents during the QWI process. This

opened the possibility of fully intermixing the superlattice. This potentially provides the

maximal amount of shift in the band gap energy and χ(2). Calculation of the electronic

band structure showed that a short-period symmetric superlattice of 14:14 monolayer
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GaAs/AlAs provided both a half-band gap energy near the 1550 nm telecommunications

band and a large band gap energy shift of nearly 25% of the total band gap energy

[76]. Theoretical calculations of χ
(2)
zxy for this superlattice showed a potential 35% reduc-

tion after intermixing [35], nearly double that measured in ACQWs. Furthermore, the

nonequivolency of the perpendicular and in-plane directions of the superlattice breaks

the degeneracy between χ
(2)
zxy which is involved in Type-I phase matching and χ

(2)
xyz which

is involved with the Type-II interaction. Predictions place the modulation of χ
(2)
xyz at

more than twice as large as χ
(2)
xyz [35], which leads to potentially greater efficiency.

Initial superlattice DD-QPM waveguides were fabricated using IFVD methods for

QWI [77]. For this particular method, silica is deposited on the surface by two methods.

Sputtered silica promotes intermixing underneath it by forming defects at the surface due

to outdiffusion of gallium atoms into the silica during rapid thermal annealing. As shown

in Figure 2.5a, those defects then diffuse downward to the superlattice core layer and

cause interdiffusion of lattice constituents. Silica deposited by plasma-enhanced chemi-

cal vapour deposition (PECVD) tends to suppress the intermixing process thus leaving

the superlattice below it intact. Using a superlattice of 14:14 monolayer GaAs/AlAs,

QPM gratings were realized by the silica cap method [36]. A photoluminescence peak

shift of 45 nm was observed in intermixed regions. Type-I SHG was demonstrated us-

ing an ultrafast 100-fs laser system operating near 1550 nm. However, second-harmonic

powers generated were low, yielding only a conversion efficiency of 13 %W−1cm−2, which

may be attributed to several reasons. Coupling losses and linear losses of the fundamen-

tal wavelength were high, which limited the amount of power available for conversion.

Secondly, sputtered silica IFVD methods are limited to feature sizes of around 3 µm [78]

due to lateral diffusion of defects from the surface during intermixing. This is too large

considering that the coherence length for three-wave mixing in AlGaAs is on the order

of 1.5 - 2.5 µm depending on the wavelengths. Also, the resolution is highly dependent

on how deep the quantum-well layers are from the surface. The limited resolution of the

silica cap method necessitated the use of third-order QPM gratings which reduced the

conversion efficiency. Lastly, lateral spreading of the defects causes a small amount of

intermixing in the superlattice regions that are supposed to be left as-grown. This caused
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Figure 2.5: Fabrication of DD-QPM gratings by a) sputtered silica cap IFVD, and
b) ion-implantation

some suppression in χ(2) and limited the effective amount of modulation in χ(2) between

the as-grown and intermixed regions.

In subsequent work, ion-implantation induced disordering was used to create the QPM

gratings. As shown in Figure 2.5b, As+ ions are implanted directly into the superlattice

layer by appropriately setting the ion beam energy. Ions pass through windows in a

patterned metal implantation mask, leaving some areas disordered and others intact.

This form of QWI is superior for several reasons. First, the resolution is significantly

greater since defects are formed at the buried superlattice layer itself instead of at the

surface. This limits lateral diffusion of the defects. Using microRaman spectroscopy,

it was shown that IID was able to produce the necessary feature sizes for first-order

QPM gratings [34]. Another reason for using IID is that the degree of intermixing can be

easily controlled by altering the ion dosage. For instance, using the same 14:14 monolayer

GaAs/AlAs superlattice as before, the band gap shift could be varied from 10 - 54 nm [79].

Lastly, optical losses can be reduced through careful control of the parameters for ion-

implantation and RTA. However, caution must be taken to ensure that the implantation

process does not cause amorphization of the superlattice, which would greatly increase

the losses.

Using a similar superlattice-core waveguide structure as that used in the IFVD DD-

QPM waveguides, IID was employed to form first-order QPM gratings. Shifts in the
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band gap energy of 54 nm after IID were recorded. In nonlinear experiments, output

second-harmonic powers exceeded 1 µW for the first time in DD-QPM waveguides and

the conversion ratio was tripled over previous waveguides made by the silica cap method

[79]. However, the conversion efficiency was still limited by the large optical losses (21

dB/cm) at the fundamental wavelength which was caused by surface damage from etching

off the gold implantation mask. Furthermore, the large spectral bandwidth of the 100-

femtosecond pulses far exceeded the conversion bandwidth of the QPM grating, thus

limiting the amount of SHG possible. In the subsequent generation of devices, an attempt

to reduce linear losses was made by adding a protective layer of silicon nitride between

the gold implantation mask and the epitaxial layers. Using a 2-ps source, the conversion

efficiency was doubled over the previous generation [80]. However, difficulties in removing

the silicon nitride layers led to significant losses that still limited the SHG process. Also,

Type-II phase matching was not observed, which was likely due to poor confinement of

the second-harmonic TE mode in that waveguide design.

2.3.5 Comparison of Phase Matching Methods

Table 2.1 summarizes the performance of the various phase matching schemes in AlGaAs

waveguides for second harmonic generation. The normalized conversion efficiencies have

been calculated with the data available in each publication. For demonstrations of SHG

with pulsed sources, the average power normalized efficiencies are converted into their

equivalent instantaneous efficiencies by Equation 2.25. For the cases where CW excitation

was used, the efficiency stands as-is. Doing this allows a more direct comparison to be

made.

Thus far, the best overall conversion efficiency was been demonstrated in BRWs using

picosecond pulses. That same experiment also boasts the best equivalent instantaneous

conversion efficiency by nearly two orders of magnitude over the FBPM waveguide in

Ref. [41]. However, this still does not overcome the measured conversion efficiency

any of the continuous wave demonstrations with FBPM, MPM, or DR-QPM. DD-QPM

waveguides have up to this point performed much more poorly than the other types of

phase matching structures. However, equivalent conversion efficiencies have been steadily
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Table 2.1: SHG performance for wavelengths between 1500 nm to 2000 nm of var-
ious phase matching types from literature. Quoted efficiencies for pulsed excitation
are normalized according to Equation 2.25 to provide the equivalent instantaneous
efficiency.

PM Method Excitation Quoted η [%W−1cm−2] Equivalent η Ref.
FBPM 200 fs 1000 0.054 [41]
FBPM cw 1389 - [45]
FBPM cw 1500 - [42]
MPM 250 fs 347 0.024 [47]
MPM cw 30 - [48]

MPM BRW 2.0 ps 205 0.093 [52]
MPM BRW 1.8 ps 11400 4.68 [53]

DR-QPM (wafer bond) cw 167 - [57]
DR-QPM (OP-GaAs) cw 92 - [63]

DD-QPM (IFVD) 100 fs 13 0.0003 [36]
DD-QPM (IID) 100 fs 145 0.01 [79]
DD-QPM (IID) 1.7 ps 66 0.027 [80]

improving achieving nearly two orders magnitude in improvement in less than five years.

Advances in fabrication processes for DD-QPM which led to lower linear losses and

improved χ(2) modulation were responsible for this gain. Since the last demonstration in

2004, fabrication and waveguide design have continued to improve. The results of these

improvements form the discussion in the remainder of this thesis.

2.4 Conclusions

In this chapter, the basic theory of second-order nonlinear processes was discussed and

various phase matching techniques for AlGaAs waveguides have been reviewed. From the

coupled mode equations, simplified analytical equations were derived showing the power

and length scale dependencies of the various frequency conversion processes. Several def-

initions of the conversion efficiency were presented and it was shown that the normalized

conversion efficiency best reflects the overall performance of a device. Furthermore, the

equivalent instantaneous conversion efficiency was defined such that a better compari-

son could be made between the various phase matching devices reviewed. Each of these

devices utilized either exact phase matching or quasi-phase matching to yield high SHG
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output powers and to demonstrate other processes such as difference frequency genera-

tion. While most of the device outperformed the DD-QPM devices in terms of conversion

efficiency, all had high losses and several obstacles to monolithic integration with a pump

laser diode. Furthermore, DD-QPM waveguides have shown a great deal of improvement

owing to better fabrication processes and waveguide design.



Chapter 3

Superlattice Waveguides: Design

and Characterization

3.1 Introduction

Achieving efficient frequency conversion by three-wave mixing requires careful design of

the waveguiding structure and measurement of its various optical properties. Several pa-

rameters must be considered and various tradeoffs made. For instance, high confinement

of the optical mode to the waveguide core layer is desired to increase the overlap of the

interacting wavelengths. However, raising the intensity through high confinement also

raises the strength of higher-order nonlinear effects such as self-phase modulation that

can hinder, or even stall the conversion process. Also, while the superlattice is designed

to provide optimum performance within a certain spectral region, it is necessary to mea-

sure and simulate both the linear and nonlinear properties of the superlattice waveguides

to determine the specific operating wavelengths for efficient operation.

In this chapter, several aspects of the waveguide design and optical properties will

be examined. Beginning with the waveguide layer structure, several improvements made

to the superlattice core layer and their impact on device performance will be discussed.

From here, the linear optical properties of the superlattice waveguides will be presented,

including the measurements of the photoluminescence, mode distribution, and waveguide

effective index. Lastly, results from experiments of the third- and fifth-order nonlinear

40
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properties of the waveguide will be examined, and their impact on the conversion effi-

ciency of a QPM device will be discussed.

3.2 Waveguide Structure

The original waveguide structure for DD-QPM was designed by Hutchings and Kleckner

[76]. The core layer consisted of a superlattice with alternating well layers of GaAs and

barrier layers of AlAs each 14 monolayers (4 nm) in thickness. This was found to provide

the optimum band gap energy such that the half-band gap was located near 1500 nm,

thus placing the resonance feature of χ(2) near the telecommunications bands. However,

this superlattice design had several issues. First, AlAs oxidizes quickly if left in air. The

original superlattice-based QPM waveguides were found to stop working a few months

after being fabricated and oxidation was suspected as the cause. Second, the top and

bottom of the superlattice were terminated with well layers of GaAs. This unintentionally

created asymmetric quantum wells at either end of the superlattice. As the energy

states of these wells were different from the band gap energies of the superlattice, several

parasitic resonance features were discovered in the linear and nonlinear optical properties

of the superlattice [81].

To remedy the problems of the original superlattice, two changes were made and

a new core structure was created. AlAs layers in the superlattice were replaced by

Al0.85Ga0.15As since reducing the Al mole ratio is known to reduce the oxidation rate

[82]. However, as Al0.85Ga0.15As has a lower band gap energy than AlAs, the energy

barrier height in the superlattice band structure is reduced, which in turn reduces the

band gap energy of the superlattice overall. A commensurate shift in the absorption edge

and resonance features of the optical susceptibilities to longer wavelengths was expected.

Furthermore, the maximum achievable energy gap shift after quantum well intermixing

will be reduced due to this substitution. In the original superlattice, full intermixing

would have resulted in an average alloy of Al0.50Ga0.50As, whereas the new superlattice

would revert to Al0.425Ga0.575As due to the lower overall mole ratio of aluminum in the

structure. The difference in the energy of the direct Γ transition between these two



Chapter 3. Superlattice Waveguides: Design and Characterization 42

4.0 nm Al0.85Ga0.15As

4.0 nm Al0.85Ga0.15As

4.0 nm Al0.85Ga0.15As
 4.0 nm GaAs

0.6 µm 14:14 GaAs/Al0.85Ga0.15As superlattice

0.8 µm Al0.60Ga0.40As upper cladding

GaAs substrate

0.1 µm GaAs cap0.3 µm Al0.56Ga0.44As buffers

0.8 µm Al0.60Ga0.40As lower cladding

1.0 µm Al0.85Ga0.15As lower buffer

4.0 nm GaAs
1 

Period

Figure 3.1: Superlattice waveguide layer structure

compositions as per Adachi’s empirical model [83] is 0.11 eV, nearly 7% of the predicted

band gap energy of the superlattice.

The second major change to the superlattice was to terminate either end with barrier

layers instead of well layers. This avoids the formation of asymmetric quantum wells

at the edges and the presence of unwanted peaks in the absorption spectrum and sus-

ceptibility coefficients. However, growing high-quality terminating Al0.85Ga0.15As layers

presented a challenge for the epitaxy process, hence the reason why this was not done in

the original superlattice.

Figure 3.1 shows the overall structure of the new superlattice wafer. The substrate

was a semi-insulating GaAs wafer, and waveguiding layers were grown by Prof. C. Stan-

ley’s group at the University of Glasgow using molecular beam epitaxy. The waveguide

core was a 75 period 14:14 monolayer GaAs/Al0.85Ga0.15As superlattice with terminating

barrier layers amounting to a total thickness of 604 nm. Buffer layers of 300 nm-thick

Al0.56Ga0.44As were placed on either side of the core to expand the optical mode profile

and improve end-fire coupling efficiency. The cladding layers were 800 nm-thick and were

composed of Al0.60Ga0.40As. A 1000 nm-thick isolation layer of Al0.85Ga0.15As was added

below the lower cladding layer to prevent optical leakage to the substrate. A 100 nm cap

layer of GaAs was added to the top of the wafer.
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3.3 Linear Optical Properties

Various linear optical properties of the waveguides will impact the performance of a

quasi-phase matching process. The band gap energy of the superlattice will dictate the

workable wavelength range in which absorption of the second-harmonic/pump wavelength

and two-photon absorption of the fundamental/signal wavelength are low. The shift in

the band gap energy after intermixing will affect the suppression of χ(2) and the overall

efficiency of wavelength conversion. The amount of light that remains contained within

the superlattice core is important, and thus, it is instructive to examine the theoretical

mode profiles. Lastly, the effective modal index of the wavelengths involved in a three-

wave mixing process are necessary to predict the QPM grating periods and duty cycles.

3.3.1 Photoluminescence of As-grown and Intermixed Super-

lattice

Photoluminescence of the wafer was measured at room temperature by Prof. Stanley’s

group at the growth facility. The system utilized a 532 nm excitation source at a power of

15 mW. Figure 3.2 shows the resulting photoluminescence spectrum from the wafer. The

photoluminescence peaks at a wavelength of 768.47 nm, a red shift of 15 nm relative to

the previous GaAs/AlAs superlattice [81]. This is the result of altering the superlattice

barrier layers to an AlGaAs composition with a lower aluminum mole ratio. As a conse-

quence of this shift, the second- and third-order nonlinear susceptibilities were expected

to peak at a wavelength 30 nm longer than before, extending into the middle of the

1550 nm telecommunications window. Furthermore, the tail of the photoluminescence

on the long-wavelength side of the peak indicates that linear absorption will be significant

until above 800 nm. This will impact SHG efficiency for waveguides with fundamental

phase matching wavelengths below 1600 nm, and will limit DFG pump wavelengths to

800 nm and higher. Lastly, the maximal composition change in the superlattice after

QWI would lead to bulk Al0.425Ga0.575As, which has a band gap at 625 nm. Thus, the

maximum shift is 143 nm in the new superlattice, whereas the previous superlattice

demonstrated a shift of nearly 160 nm.
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Figure 3.2: Superlattice wafer photoluminescence at 300K (image courtesy of Prof.
C. Stanley)

Several intermixed samples were prepared with varying parameters by Dr. B. M.

Holmes of the University of Glasgow. First, ion implantation with 4 MeV As2+ was

applied to each sample at different dosage levels between 0.5-5×1013 ions/cm2. This was

followed by rapid thermal annealing at temperatures ranging from 625-825◦C for 60 s.

During this process, a piece of GaAs was placed on top of the sample to provide an over

pressure such that Ga would not outgas from the samples. Band gap shifts generally

increased with temperature for all dosage levels, which is indicative of higher thermal

diffusion rates of the lattice constituents. However, temperatures above 775◦C caused

damage to the wafer surface, and thus these samples were not considered. Further stud-

ies proceeded with samples annealed at 775◦C, which provided an appropriate balance

between band gap shift and surface damage.

Measurements of the photoluminescence at a temperature of 77K were carried out by

Dr. Holmes for as-grown and intermixed samples, and the results are shown in Figure 3.3.

The peak in the as-grown sample is found at 738 nm. Shifts in the intermixed samples

ranged from 68 nm for the lowest dosage to 85 nm for the highest dosage. This represents

a shift of 9.5-11.5% in the band gap energy. The expected energy shift for complete

intermixing is 18.6%, meaning that the shifts achieved here are at most 62% of the
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Figure 3.3: Photoluminescence from as-grown and intermixed superlattice samples
at various ion dosages (units of ions/cm2) measured at 77K. Each curve is normalized
to its own peak value.

maximum. As a result, suppression of χ(2) is expected to be less than the complete

intermixing case. However, the shift in the lowest dosage of 0.5 × 1013 ions/cm2 was

24-55% larger than in a previous attempt in which a larger dosage of 1× 1013 ions/cm2

was used [79]. It was also at least 25% larger than a more recent attempt in which a

similar dosage of 2×1013 ions/cm2 was used [80]. Thus, modulation in χ(2) was expected

to be larger in the new superlattice samples than in previous studies.

3.3.2 Etch Depth and Mode Profiles

Selecting the proper etch depth for the ridge waveguides is dependent on several com-

peting requirements. Low scattering losses are desired to keep optical power levels high

enough to sustain three-wave mixing over long propagation lengths, which leads to higher

overall parametric gain and conversion efficiency. This is best achieved with a shallow

etch, which keeps the optical mode buried below the surface and away from damage

formed during the etching process. Also, less of the optical mode distribution is ex-

posed to roughness in the sidewalls of the ridge. However, high optical confinement is

also desired in order to raise the optical intensity and the overlap of the mode distribu-

tions of the waves participating in three-wave mixing. Such high confinement is achieved
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by etching deep to reduce lateral extension of the mode distribution across the waveg-

uide slab. Two wavelengths are investigated: 775 nm, which is close to the expected

second-harmonic/pump wavelength for the DD-QPM waveguides, and 1550 nm, which

is representative of the fundamental and signal/idler wavelength region.

The wafer layer structure of Figure 3.1 was input into the Lumerical MODE Solutions

mode solver software. The semi-empirical model of Gehrsitz et al. [84] was used to

calculate refractive index values for the AlGaAs buffer, cladding, and isolation layers.

Refractive index values for the superlattice core layer were obtained from previous work

[81] in which the index of the previous GaAs/AlAs superlattice was back-calculated using

a 1-dimensional mode solver and measured effective slab index data [85]. To approximate

the index of the new GaAs/Al0.85Ga0.15As superlattice as-grown, the dispersion curve of

the refractive index was shifted to longer wavelengths by an amount equivalent to the

observed 15 nm difference in the photoluminscence peak between the previous and new

superlattice. This adds an error equivalent to the difference in index values between

the previous and shifted dispersion curves. For intermixed superlattice, data from the

previous superlattice was used as-is.

Initially, a 3.0 µm-wide ridge waveguide with an etch depth of 1.0 µm was simulated.

The resulting mode profile for an as-grown waveguide is shown in Figure 3.4a for a

wavelength of 775 nm in the TE polarization. In order to obtain convergence in the

mode solver for this case, a wide simulation area over 60 µm wide was necessary. As

can be seen, confinement was very poor as the mode distribution extends horizontally

well beyond the waveguide ridge. While 95% of the mode power is contained within the

superlattice layer, the confinement directly beneath the ridge is about 42.1%. This poor

confinement is attributed to the relatively tight vertical confinement of 775 nm light to

the superlattice layer. The fractional index contrast between the superlattice core layer

and the Al0.56Ga0.40As buffer layer is 0.049, which is relatively high. This is expected

since 775 nm is close to the band gap energy of the superlattice where the refractive index

peaks, while it is sufficiently far from the band gap energy of Al0.56Ga0.40As such that the

index remains low. Because of tight vertical confinement, the mode does not extend well

enough beyond the core layer to be exposed to the ridge. From the effective index theory
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Figure 3.4: Mode profiles at 775 nm in a 3.0 µm-wide, 1.0 µm-deep ridge waveguide
for the a) TE, and b) TM polarizations.

[86] point-of-view, the slab mode index below the ridge is not much larger than the slab

mode index on either side of the ridge, hence approaching the cutoff condition. Thus, it

is expected that the TE mode at 775 nm will have large radiation losses. In contrast,

the TM mode at 775 nm, shown in Figure 3.4b is reasonably well confined with 74.7%

of the light being contained beneath the ridge. Intermixing the superlattice reduces its

refractive index considerably, leading to less vertical confinement and expansion of the

mode beyond the core layer. Hence, the horizontal confinement improves such that 66%

of the 775 nm TE mode power lies below the ridge.

Improved confinement is desired to reduce losses in the 775 nm TE mode. To this

end, the ridge height was gradually increased in the mode solver in 50 nm increments.

It was found that the mode was well confined while remaining single-mode at a ridge

height of 1.25 µm. Beyond this depth, the waveguide becomes multimode. However,

the uncertainty in the refractive index of the superlattice introduces error in the relative

amount of confinement for a given etch depth. Thus, an etch depth of 1.30 µm was

chosen to ensure sufficient confinement, albeit at the cost of possibly being multimode

in the fabricated waveguide samples. Figure 3.5 shows the mode profile for a 1.3 µm-

deep ridge waveguide for a wavelength of 775 nm in the TE polarization. Here, the

mode distribution is well confined with 95.5% of the power contained beneath the ridge.
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Figure 3.5: Mode profile of a 3.0 µm-wide, 1.3 µm-deep ridge waveguide for the TE
polarization at 775 nm.

Likewise, the TM mode confinement is 92.9%. Thus, radiation losses are expected to be

lower than in the 1.0 µm-deep waveguides. However, scattering losses are expected to be

larger with the surface and sidewalls (and their ensuing roughness) being closer to the

more intense portion of the mode distribution.

At 1550 nm, good confinement is obtained with either etch depth in both polariza-

tions for as-grown and intermixed superlattice. The fractional index contrast between the

core and buffer layers is only 0.0141 for as-grown superlattice in the TE mode. Thus, the

mode extends vertically beyond the core layer and sufficiently into the ridge to be con-

fined horizontally. However, etching deeper does improve confinement of the mode. For

instance, the TE mode confinement increases from 49.4% in the 1.0 µm-deep waveguide

to 61.4% in the 1.3 µm-deep waveguide, an improvement of nearly 25%. When consid-

ering the improved confinement at 775 nm, the overlap between the fundamental/signal

wavelength mode and the second-harmonic/pump mode was expected to improve signif-

icantly. Thus, it was anticipated that the more deeply etched waveguides would have

improved conversion efficiency.
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3.3.3 Transmission and Linear Loss at Second-Harmonic/Pump

Wavelengths

The transmission characteristics of physical waveguides were tested in order to confirm

the conclusions made on the waveguide etch depth and the photoluminescence. Two

samples of as-grown waveguides were fabricated: a) one with a 1.3 µm-deep waveguides,

and b) one with 1.0 µm-deep waveguides. A Ti:sapphire laser was used as the source for

wavelengths between 750-850 nm. Light was end-fire coupled to the waveguides using a

40× objective lens. Output light was collected with a second objective lens and focused

onto either a camera during waveguide alignment and coupling, or a silicon photodetector

for measuring output power. Detected power values were scaled according to measured

calibration ratios which accounted for path losses in the characterization setup, thus

providing true measures of the transmission factor of the waveguide sample alone. In the

tests carried out, it was assumed that the coupling and collection efficiencies were about

the same at each wavelength, which is reasonable given that the mode distributions were

found to not change significantly from one wavelength to another within a small range.

First, tests on coupling light into the 1.0 µm-deep waveguides were carried out. In the

TM polarization case, confinement was seen on the camera as a distinguishable waveguide

mode. However, a large amount of light was observed in the slab mode on either side

of the waveguide mode indicating that the mode was close to cut-off. When switching

to the TE polarization, no confinement was observed on the camera and any waveguide

mode under a waveguide ridge was indiscernible from the band of light propagated in

the slab mode. These results agreed with the simulated mode profiles in Section 3.3.2

for 1.0 µm-deep waveguides. Transmission measurements were not carried out for these

waveguides as the slab mode light interfered with the results.

Experiments using the 1.3 µm were much more definitive. Guided waveguide modes

were clearly observable on the camera in either the TE and TM polarization and were

distinguishable from light in the slab mode on either side of the ridges. This agreed well

with the mode solver results. Transmission measurements were made at several wave-

lengths to investigate the relative amount of loss in the superlattice due to absorption.
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Figure 3.6: Transmission data with sigmoidal fits for 1.3 µm-deep waveguides at
pump/second-harmonic wavelengths

Results are shown in Figure 3.6 for the TE and TM polarizations along with sigmoidal

fits of the data. In both cases, the transmission increases as the wavelength increases

further away from the band gap energy. Below 785 nm, the transmission was very low

and effectively zero, as was expected since this was within the band tail observed in the

room-temperature photoluminescence. Thus, it is expected that SHG and DFG conver-

sion efficiencies will be significantly reduced below this point. At longer wavelengths, the

transmission saturates as the wavelength moves beyond the band tail and into a regime

where absorption is nil. Here, scattering losses dominate instead. Over the wavelength

range studied, the TM mode had better transmission values than the TE mode. This

agrees with the lifted degeneracy of the valance band, which would shift the absorption

peak for TM polarized photons to higher energies.

The absorption loss coefficient can be determined from the transmission data. Assum-

ing that the scattering loss coefficient, αsc, coupling efficiency, C, and facet reflectivity

are the same over the measured range of wavelengths, the baseline transmission at long

wavelengths where the band edge absorption loss is zero is

T0 = C(1−R)2 exp(−αscL) (3.1)
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Figure 3.7: Absorption loss coefficient at pump/second-harmonic wavelengths.

where L is the waveguide length. At shorter wavelengths where the absorption loss is

significant, the absorption coefficient can be calculated as

αab = − 1

L
ln

(
T

T0

)
. (3.2)

Figure 3.7 shows the calculated absorption coefficient using the sigmoidal fit of the trans-

mission data. As expected, the loss in the TE polarization is much larger than the TM

polarization. Below 785 nm, the difference is more than 20 cm−1. As a results of this,

the TE polarization is expected to experience greater amounts of loss, which will reduce

the efficiency of the Type-II phase matching process for SHG and DFG.

Scattering losses could not be measured directly at the wavelengths of interest due to

lack of an appropriate tunable laser source. However, Fabry-Perot measurements were

made using a 980 nm tunable laser. For as-grown waveguides, the loss in the TE and

TM modes were 6.2 and 6.7 cm−1, respectively. Intermixed waveguides showed far larger

loss coefficients of 16 and 17.5 cm−1, which was likely due to defects created during the

implantation process that were not annealed out. By the Rayleigh scattering law, the

loss coefficient at shorter wavelengths should be larger. However, simulations of the mode

distribution at 980 nm show a 10% reduction in confinement compared to 800 nm. Thus,

the exposure of the 980 nm mode to the surface and sidewall roughness would be larger
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Figure 3.8: Calculated effective mode indexes for 3.0 µm-wide, 1.3 µm-deep super-
lattice waveguides for a) fundamental, and b) second-harmonic wavelengths.

than at 800 nm. Therefore, we can assume that the two effects balance each other out

and that the scattering loss at the pump/second-harmonic wavelengths is similar to that

at 980 nm.

3.3.4 Effective Index and Predicted QPM Periods

The effective index of the ridge waveguides at both etch depths for the second-harmonic

and fundamental modes was obtained over a range of wavelengths at even increments us-

ing the mode solver. Data for the lowest order transverse mode was then fit to quadratic

polynomials (see Appendix B). An example of the resulting curve fits is shown in Fig-

ure 3.8 for a 3.0 µm-wide, 1.3 µm-deep waveguide. For the as-grown case, the maximum

error is taken to be the difference between the interpolated index values and those of the

previous superlattice. For the intermixed case, maximum error is taken to be the differ-

ence between the effective index when using the previous superlattice index values and

the interpolated as-grown effective index values. The uncertainty here stems from the

fact that the superlattice is only partially intermixed as indicated by the sub-maximal

photoluminescence shift.

QPM grating periods can be predicted using the effective index data. For optimal
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conversion efficiency, the superlattice should be periodically intermixed such that the

interacting waves propagate in the as-grown regions until they are exactly out of phase in

order to maximize parametric generation and minimize back conversion in the intermixed

regions. In general three-wave mixing, the waves will be out of phase upon reaching the

coherence length, Lc, such that

(β0,3 − β0,1 − β0,2)Lc = π (3.3)

For the case of Type-I phase matched SHG, the coherence length becomes

Lc,I =
λω

4(n2ω(TM)− nω(TE))
(3.4)

where n2ω is the effective index of the second-harmonic and nω is the effective index of

the fundamental. For the Type-II interaction, the TE and TM modes of the fundamental

do not have the same propagation constant and the coherence length becomes

Lc,II =
λω

2(2n2ω(TE)− nω(TE)− nω(TM))
(3.5)

The QPM period, Λ, is the sum of the coherence lengths in the as-grown and intermixed

sections of the waveguide. Figure 3.9 shows the calculated periods for Type-I and Type-II

second-harmonic generation in 1.0 µm- and 1.3 µm-deep ridges. The difference in the

phase matching wavelengths is 49 nm between the predicted Type-I and Type-II phase

matching wavelengths for the same QPM period for 1.0 µm-deep waveguides. For the

1.3 µm-deep waveguides, this difference is about 70 nm. The slopes of the curves are

similar with the phase matching wavelength increasing at a rate of about 14 nm per

0.1 µm increase in the QPM grating period. Since the effective indexes in the as-grown

and intermixed sections of the waveguide are different, the optimal duty cycle will not

be 50:50 but instead will be generally defined as

Duty Cycle =
Lc,AG

Λ
(3.6)
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Figure 3.9: Predicted phase matching wavelength versus QPM period.

where Lc,AG is the coherence length in the as-grown regions. Over the range investi-

gated, the duty cycle averages around 0.45 for the Type-I interaction and 0.41 for the

Type-II interaction when the 1.3 µm-deep waveguide is considered. For the 1.0 µm-deep

waveguides, the ideal duty cycle averages around 0.46 for Type-I and 0.42 for Type-II.

3.4 High-Order Nonlinear Properties

Several high-order nonlinear processes must be considered when operating at large optical

intensities. Those that are most significant include self-phase modulation, two-photon

absorption, and three-photon absorption. SPM is a consequence of nonlinear refraction

which emerges from the third-order nonlinear susceptibility. Since SPM is intensity-

dependent, it is strongly affected by the TPA and 3PA processes. Thus, nonlinear ab-

sorption must be taken into account when determining the magnitude of the nonlinear

refractive index. In this section, measurements of the nonlinear absorption coefficients

and the nonlinear refractive index will be presented. The methods for determining these

properties are based on those established previously for similar superlattice waveguides

[81]. Since the design of the waveguides was changed in the present study to allevi-

ate problems with parasitic TPA encountered in the previous study, it was necessary to

evaluate these properties again for the current waveguide structure. Furthermore, the
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QWI method was changed to IID from IFVD and thus the properties of the intermixed

material changed significantly as well.

3.4.1 Experimental Setup

The nonlinear properties of the as-grown and intermixed waveguide samples were char-

acterized using the setup shown in Figure 3.10. The laser source was a singly-resonant

CTA-based OPO pumped by a mode-locked Ti:sapphire laser system. Output pulse

lengths ranged from 1.3-2.0 ps and the pulse repetition rate was 75.6 MHz. The light

was linearly polarized in either the TE polarization or the TM polarization relative to the

waveguide using a half-waveplate and a polarizing beam cube (PBC). The polarized beam

was then end-fire coupled to the waveguides using a 40× objective lens anti-reflection

coated for wavelengths around 1550 nm. Average powers at the waveguide facet were up

to 250 mW. Output light from the waveguides was collected by a 40× objective lens. A

flip mirror was used to direct the output beam to either a camera for viewing the output

waveguide mode, or to a Ge detector that was used to measure the output light and an

optical spectrum analyzer (OSA) that was used to observe changes to the output pulse

spectrum.

As-grown and intermixed waveguide samples were prepared for this experiment by

colleagues in Glasgow. The intermixed waveguides were fabricated from the samples used

in the photoluminescence experiments. Ridge waveguides 3.0 µm wide were patterned by

electron beam lithography (EBL) and etched by RIE to a depth of 1.0 µm. Linear losses

were measured by the Fabry-Perot method [87] with a narrow-linewidth tunable diode

laser. The as-grown sample had loss coefficients averaging 0.48 cm−1 for the TE mode

and 0.55 cm−1 for the TM mode for wavelengths between 1505 nm and 1625 nm, which

are similar to previous superlattice waveguides [81]. For the intermixed sample with an

ion dosage of 0.5 × 1013 cm−2, losses were 0.65 cm−1 for the TE mode and 1.38 cm−1

for the TM mode. Losses for the higher-dosage samples exceeded 2.5 cm−1 and generally

increased with increasing dosage. The high losses of these samples limited the amount of

observable high-order nonlinear effects, which precluded accurate determination of the

nonlinear coefficients. Thus, when evaluating the effect of intermixing, the waveguide
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Figure 3.10: Experimental setup for measuring self-phase modulation and nonlinear
absorption in superlattice waveguides.

sample with an intermixing dosage of 0.5× 1013 cm−2 was used. As the low-dosage sample

showed the lowest band gap energy shift, the magnitude of the nonlinear refraction, two-

photon absorption, and three-photon coefficients should be larger than the samples with

larger band gap shifts as is dictated by the band gap scaling laws [88]. Therefore, the

coefficients found in this sample can be considered to be the worst case. However, the

difference in the photoluminescence peaks for each dosage level is small compared to the

overall shift in the band gap energy from the as-grown superlattice, and the dispersion

of the nonlinear coefficients tends to flatten out at wavelengths sufficiently distant from

the half-band gap resonance. Thus, the coefficients at higher dosages will be similar or

at least within the error range of the values obtained for the low-dosage sample.

3.4.2 Two- and Three-Photon Absorption Coefficients

Nonlinear absorption is observed as changes in the transmission through the waveguide as

the input power is increased. Using inverse transmission methods [89, 22] for the as-grown

material, coefficients α2 and α3 can be determined. This was found to be appropriate

for as-grown waveguides since only either TPA or 3PA was found to be dominate at
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the wavelengths of interest. However, for the intermixed sample, both TPA and 3PA

were found to operate at the same time with significant strength. In this case, inverse

transmission methods could not accurately determine the coefficients. Instead, more

rigorous calculations were required. From the propagation equations found in Appendix

A, three-wave mixing, dispersion effects, and SPM can be neglected, giving

dP

dz
= −α0P (z)− α2

P 2(z)

A
(3)
eff

− α3
P 3(z)

(A
(5)
eff )2

(3.7)

where P is the optical power, A
(3)
eff is the third-order effective mode area, and A

(5)
eff is

the fifth-order effective mode area. Given known values of the linear loss coefficient α0

and the effective areas, α2 and α3 for the waveguide structure were determined through

numerical simulation and fitting of the measured transmission curves. Coefficient values

for the cladding layers were determined using empirical data sourced from Ref. [22] and

the band gap scaling laws [88]. Along with the computed overlap of the optical modes

with the cladding layers, the coefficient values for the superlattice layer alone could be

calculated using Equations A.54b and A.55.

Figure 3.11 shows the measured values of α2 for the superlattice core for both as-

grown and intermixed material. Error bars represent the uncertainty in the numerical

fitting and the uncertainty in the value of A
(3)
eff . As-expected, the as-grown TE case had

the largest coefficient value since the half-band energy occurs at approximately 1537 nm.

As the wavelength was increased, the TPA decreased to nearly zero at which point the tail

of the half band edge had been reached for the TE polarization. The TM case exhibited

much lower α2 values at least an order of magnitude below that of the TE polarization.

In this respect, the values are nearly zero and are likely an artifact of the numerical fit

resulting from variance in the measured data. The lower values for the TM polarization

are consistent with values from previously measured GaAs-AlAs superlattice waveguides

[81]. The polarization dependence is attributed to the larger half-band gap energy for

the TM polarization than the TE polarization due to the lifted valence band degeneracy

in the superlattice. According to the scaling laws, a larger band gap results in lower χ(3)

values [88]. In addition, the detuning of the wavelengths used from the TM half band gap
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Figure 3.11: Measured values of the two-photon absorption coefficient for the su-
perlattice core layer

leads to even lower α2 values. Based on the red shift of the photoluminescence in the new

superlattice relative to the previous superlattice, the half-band gap resonance is expected

at a wavelength below 1500 nm. However, unlike those previous superlattice waveguides,

the effect of the parasitic quantum wells have been eliminated as no secondary peaks in

the α2 values were observed at longer wavelengths.

Data from the intermixed waveguides was also analyzed for TPA. The TE polariza-

tion tended to exhibit an insignificant amount of TPA or no TPA at all, and thus no

coefficients for α2 are included in Figure 3.11. This is consistent with the half-band gap

resonance being shifted to shorter wavelengths. However, significant TPA coefficients

were produced from the numerical fits of the TM polarization transmission data. In this

case, α2 was more than 80% lower in the intermixed TM case compared to the as-grown

TE case. The presence of any TPA in the intermixed waveguides may indicate that some

of the superlattice remained intact after QWI. However, it was expected that the TE

polarization would experience larger TPA than the TM polarization in a similar fashion

to the as-grown material. In light of this, these non-zero α2 are attributed instead to

artifacts of the numerical fit. The inclusion of these coefficients in other calculations was

only done to accurately model the transmission characteristics.

Coefficients for 3PA are shown in Figure 3.12 for both as-grown and intermixed waveg-
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Figure 3.12: Measured values of the three-photon absorption coefficient for the
superlattice core layer

uides. For the TE polarization in the as-grown waveguides, TPA was found to dominate

over 3PA for wavelengths shorter than 1585 nm. Hence, the 3PA coefficients were taken to

be zero. In the TM polarization, little or no TPA was observed and 3PA dominated. The

dispersion of α3 is relatively flat from 1505 nm to 1600 nm. At 1625 nm, α3 appears to

be increasing which would be consistent with the known increase of α3 in semiconductors

as the 1/3 band gap energy is approached [22].

For the intermixed waveguides, α3 is consistently lower than the as-grown material

in either polarization by between 77% and 50%. This reduction is likely the result of the

lowered band gap energy in the intermixed superlattice. According to theory, α3 ∝ E−7
g .

It appears that this factor outweighs the shift of the dispersion curve peak from the

predicted 1/3 band edge of the as-grown superlattice at 2300 nm to 2000 nm in the

intermixed superlattice.

The observed trends in TPA and 3PA have several consequences on the operating

parameters for three-wave mixing processes. In order to obtain the maximum amount

of power in the converted/generated waves, the amount of nonlinear absorption should
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be limited. As such, TPA can be limited by operating at wavelengths beyond 1565 nm.

3PA will be present at all wavelengths within the telecommunications band, especially

for Type-II phase matching which involves both TE and TM polarizations. It should be

noted that the coefficients obtained signify that nonlinear absorption is only significant

when ultra-short pulses with peak powers on the order of 10-1000 W are used. When

continuous waves are used, TPA and 3PA will be insignificant and should not limit

second-order nonlinear processes.

3.4.3 Nonlinear Refractive Index

A consequence of SPM with ultra-short pulses is that the nonlinear phase shift will change

over the time-varying envelope of each pulse and lead to broadening of the pulse spectrum.

The amount of broadening is directly related to the magnitude of n2. Thus, the value

of n2 can be determined by examining the evolution of the output pulse spectrum as

the optical intensity is increased. An example of the output spectral broadening pattern

is shown in Figure 3.13 measured for an as-grown waveguide at a center wavelength of

1545 nm in the TM mode. At a particular power level, the spectrum splits into two

peaks with a maximum dip in the middle. This signifies the point at which the nonlinear

phase shift is about 1.5π. Under simple models, the value of the nonlinear refractive

index could be determined by using analytical equations and the input power level at

this point. However, in AlGaAs-based waveguides, the effects of dispersion, linear loss,

TPA, and 3PA are too large to be ignored. Instead, the analysis must resort to a more

complete model and computer simulations.

The nonlinear Schrödinger equation (NLSE) describing a pulse propagating in a

waveguide with the mentioned effects can be written as [81, 91]

∂A

∂z
− j 1

2
β2
∂2A

∂t2
+
α0

2
A−

(
j

2πn2

λ
− α2

2

)
|A|2

A
(3)
eff

A+
α3

2

|A|4

A
(5)
eff

A = 0 (3.8)

where β2 is the group velocity dispersion (GVD) parameter and α0 is the linear loss

coefficient. The pulse envelope, A, represents the square root of the optical power and

has units of
√
W . Pulses were modeled as a chirped super-Gaussian function, which is
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Figure 3.13: Measured output spectral broadening in as-grown waveguides at
1545 nm for the TM polarization. The horizontal axis represents the instantaneous
power at the peak of the pulses. Reproduced from [90]. ©2009, IEEE.

defined as

A(0, t) = A0 exp

[
−1 + jC

2

(
t

T0

)2m]
(3.9)

where A0 is the peak value of the pulse envelope, C is the chirp parameter, m is the

super-Gaussian parameter, and T0 is the 1/e-intensity point related to the full-width at

half-maximum (FWHM) by TFWHM = 2
√

ln(2)T0. The NLSE was solved numerically

using the split-step Fourier method [92] and known coefficients for GVD, linear loss, and

nonlinear loss. TPA and 3PA coefficients and nonlinear effective areas used were those of

the effective waveguide structure as a whole. Nonlinear refractive index coefficients, n2,

were determined by matching simulated spectral broadening patterns to measured data

from the optical spectrum analyzer.

As with α2 and α3, the fit values of n2 were those of the waveguide structure as a whole.

To obtain the n2 of the superlattice layer alone, the overlap of the optical mode with the

cladding layers must be accounted for. Values of n2 for the bulk cladding layers were

determined from measured data [22] and the scaling laws [93]. The Kerr coefficient values

for the superlattice layer were then calculated using Equation A.54b. Figure 3.14 shows

the values of n2 for both as-grown and intermixed waveguides at several wavelengths.

Error bars represent uncertainty in the linear loss values, nonlinear loss coefficients, and
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Figure 3.14: Measured values of the nonlinear refraction coefficient for the super-
lattice core layer. Reproduced from [90]. ©2009, IEEE.

the effective areas. The order of magnitude in the as-grown waveguides is similar to

those for bulk AlGaAs waveguides and previous superlattice waveguides. As expected,

a strong polarization dependence was observed, especially as the wavelength approached

the half-band gap energy of 1537 nm. Around here, n2 peaks for the TE polarization

and has a value nearly three times larger than in the TM polarization. As with the

polarization dependence in α2, this is attributed to the lifted light-/heavy-hole valence

band degeneracy. Since this places the effective half-band gap resonance peak for the

TM polarization at a shorter wavelengths, n2 for the TM polarization remains flat for

the wavelengths studied.

The intermixed waveguides showed significantly suppressed values of n2. In the TE

polarization, n2 is reduced by up to 71% at the original peak for the as-grown waveg-

uides. The reduction in the TM polarization was somewhat lower (up to 33%) which is

attributed to the flatness of the n2 for as-grown waveguides in the TM mode. Polariza-

tion dependencies are reduced substantially in the intermixed waveguides. This indicates

that the superlattice has reverted to a more bulk-like AlGaAs material with the valence

band degeneracy restored. However, as seen in the as-grown material, the polarization

dependence is most obvious near the half-band gap energy. As the wavelengths studied
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were distant from the half-band gap energy of the intermixed material, restoration of the

valence band degeneracy can not be assured.

As with nonlinear absorption, the measured nonlinear refraction in superlattice waveg-

uides has several consequences for SHG and DFG. Equation 1.4 shows that the refractive

index will change with intensity. This will disrupt the second-order nonlinear processes

by changing the the phase matching condition. Thus, SPM must be limited in order

to ensure efficient frequency conversion. The measured data suggests that it is best to

operate further away from the half-band gap energy where n2 peaks. At 1585 nm, the

nonlinear refraction coefficient curve for the TE mode flattens out and SPM will negligi-

ble for wavelengths beyond here. However, since χ(2) also peaks at wavelengths near the

half-band gap, operating at longer wavelengths will also reduce the conversion efficiency.

Thus, the optimum operating wavelength involves a tradeoff between a low n2 value and

a high χ(2) value. Again, the limitations imposed by nonlinear refraction will only be

significant when using high peak powers with ultra-short pulses. It is anticipated that

continuous wave conversion/generation at practical input powers will not be affected.

3.5 Conclusions

In this chapter, the design and properties of superlattice-core waveguides were discussed.

The original GaAs/AlAs superlattice was altered to reduce oxidation and to remove

parasitic quantum wells from the edges. However, these modifications resulted in a

shift of the band gap to lower energy and a reduction in the maximum modulation

depth by quantum well intermixing. Photoluminescence and waveguide transmission

measurements also showed that the operating wavelengths should be such that the second-

harmonic/pump is beyond the absorption tail which extends to 800 nm. Mode profile

simulations of 1.0 µm-deep waveguides showed that the TE second-harmonic/pump mode

is poorly confined and that 1.3 µm-deep waveguides should be investigated albeit at

the cost of being multimode and having potentially greater scattering loss from the

etched surface. Measurements of the nonlinear optical properties showed relatively large

coefficients and the absence of parasitic effects observed in the previous superlattice.
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The dispersion curves for nonlinear refraction and two-photon absorption coefficients

revealed that the best operating range to avoid these effects is beyond 1600 nm for

the fundamental/signal. However, three-photon absorption was found to dominate at

these wavelengths and could potentially affect the performance of second-order nonlinear

processes.



Chapter 4

Advanced Modeling of Quasi-Phase

Matching Waveguides

4.1 Introduction

Wavelength conversion processes in domain-disordered quasi-phase matched superlattice

waveguides have the potential to yield high efficiency parametric devices. However, there

are several effects that work against the second-order nonlinear processes such that the

overall conversion efficiency will be lower than the ideal. These effects include linear loss,

dispersion, and high-order nonlinearities. Since the wavelength operating ranges for the

superlattice waveguides developed here are near material resonances where these effects

can be strong, the impact on conversion processes could be large. However, the simple

models of TWM and SHG in Chapter 2 are not adequate enough to account for these

effects. Instead, a new, more sophisticated model must be developed. Using this model,

the impact of these phenomena in actual experiments with DD-QPM waveguides can be

estimated.

In this chapter, an advanced model for three-wave mixing and second-harmonic gen-

eration in DD-QPM waveguides will be examined. First, comprehensive equations are

presented which accurately model relevant phenomena in conjunction with SHG and

TWM. These equations will be applied to both Type-I and Type-II phase matching.

Using analytical equations and computer simulations, the effects of linear loss, χ(2) mod-

65
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ulation, high-order nonlinear effects, and group velocity mismatch and dispersion on SHG

conversion efficiency and bandwidth are evaluated.

4.2 Nonlinear Propagation Equations

In order to accurately model the behaviour of three-wave mixing, equations describing the

propagation of each wave must include all effects of interest. A complete derivation from

the wave equation is detailed in Appendix A. In short, the equations are one dimensional

in the propagation direction. The polarizations of the waves are assumed to be linear

and set such as to invoke only certain susceptibility tensor elements. This also allows

the equations to be scalarized. The resulting nonlinear propagation equations for general

three-wave mixing are defined as,

∂A1

∂z
− β1,1

∂A1

∂t
+ j

1

2
β2,1

∂2A1

∂t2
+
α0,1

2
A1+

j
κ1

λ1

A∗2A3 exp[−j∆βz] + ζ
(3)
1 |A1|2A1 + ζ

(5)
1 |A1|4A1 = 0 (4.1a)

∂A2

∂z
− β1,2

∂A2

∂t
+ j

1

2
β2,2

∂2A2

∂t2
+
α0,2

2
A2+

j
κ2

λ2

A∗1A3 exp[−j∆βz] + ζ
(3)
2 |A2|2A2 + ζ

(5)
2 |A2|4A2 = 0 (4.1b)

∂A3

∂z
− β1,3

∂A3

∂t
+ j

1

2
β2,3

∂2A3

∂t2
+
α0,3

2
A3+

j
κ3

λ3

A1A2 exp[j∆βz] + ζ
(3)
3 |A3|2A3 + ζ

(5)
3 |A3|4A3 = 0 (4.1c)

where β1,i is the first-order dispersion coefficient which is related to group velocity, β2,i is

the second-order dispersion coefficient which is related to GVD, and α0,i is the linear loss

coefficient. The second-order nonlinear coupling coefficient is defined as before in Equa-

tion 2.4. Under the assumption that the effective area is real valued, the κ coefficients
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are all the same. The third-order nonlinear coefficients are defined as

ζ
(3)
i = j

2πn2,i

λiA
(3)
eff,i

+
α2,i

2A
(3)
eff,i

(4.2)

where n2,i is the optical Kerr coefficient, α2,i is the two-photon absorption coefficient, and

A
(3)
eff,i is the third-order effective area. The fifth-order nonlinear coefficients are defined as

ζ
(5)
i =

α3,i

2(A
(5)
eff,i)

2
(4.3)

where α3,i is the three-photon absorption coefficient, and A
(5)
eff,i is the fifth-order nonlinear

effective area. These equations apply to all three-wave mixing interactions including SFG,

DFG, and non-polarization-degenerate SHG. The later case applies to Type-II phase

matching where the input fundamental is split between the TE and TM polarization

modes. In the case of polarization-degenerate SHG, the Type-I interaction, there are

only two waves involved and the nonlinear propagation equations become

∂Aω
∂z
− β1,ω

∂Aω
∂t

+ j
1

2
β2,ω

∂2Aω
∂t2

+
α0,ω

2
Aω

+ j
κ

λω
A∗ωA2ω exp[−j∆βz] + ζ(3)

ω |Aω|2Aω + ζ(5)
ω |Aω|4Aω = 0 (4.4a)

∂A2ω

∂z
− β1,2ω

∂A2ω

∂t
+ jβ2,2ω

∂2A2ω

∂t2
+
α0,2ω

2
A2ω

+ j
κ

λω
AωAω exp[j∆βz] + ζ

(3)
2ω |A2ω|2A2ω + ζ

(5)
2ω |A2ω|4A2ω = 0 (4.4b)

where Aω is the envelope function for the TE polarized fundamental and A2ω is the

envelope function for the TM polarized second-harmonic. These same equations also

apply to the reverse process of degenerate Type-I DFG.

Under the most general conditions, Equations 4.1 and 4.4 do not lend themselves well

to analytical solutions. Instead, they are more easily solved using numerical methods.

Since the equations involve both time dependent terms and nonlinear terms, they must be

solved simultaneously in time and space. Finite difference methods can be used to solve
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these equations [94], however they often require lengthy computing times. Instead, these

equations can be solved using a pseudospectral techniques such as the split-step Fourier

method [92]. In this method, the propagation equations are split into two components.

The first component includes all of the dispersion terms and the linear loss term:

Di = β1,i
∂Ai
∂t
− j 1

2
β2,i

∂2Ai
∂t2
− α0,i

2
Ai. (4.5)

The second component contains the nonlinear terms:

Ni = −j κ
λi

Ψi − ζ(3)
i |Ai|2Ai − ζ

(5)
i |Ai|4Ai (4.6)

where Ψi is the unique combination of the field amplitudes and the phase mismatch factor

for each equation. While both dispersion, loss, and the nonlinearities act simultaneously,

they are solved for separately over short intervals and then added together in each step.

In a modified version of the split-step method used here, the dispersion component is

solved in the Fourier domain using FFT algorithms, while the nonlinear component is

solved using a fourth-order Runge-Kutta method [95]. This algorithm was implemented

in MATLAB with underlying code originally from Dr. D. Modotto of the Università

di Brescia, which was further developed by the author and Mr. A. Al-Muhairi at the

University of Toronto.

Numerical computation of the solutions to Equations 4.1 and 4.4 are only necessary

when the dispersion and high-order nonlinear effects are included. It is also helpful

when simulating structures with changing material and structural parameters along the

propagation direction. However, under simpler circumstances, several assumptions can

be made in order to permit analytical solutions and simplify analysis. The first such

assumption is that the dispersion and high-order nonlinear effects are nil, which is most

appropriately the case when operating with continuous waves instead of pulses. Another

common assumption is that the second-order nonlinear effect is weak and the power of the

pumping wave is large enough that it does not experience appreciable depletion except

by linear loss. These simplifications will be used in some of the following sections.
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4.3 Effect of Linear Loss

The effect of linear loss on the conversion efficiency for SHG can be found under sev-

eral simplifications of the nonlinear propagation equations. The derivation of analytical

equations follows the methodology of Bortz [96]. Assuming the undepleted pump ap-

proximation, no dispersion effects, and no high-order nonlinear effects, and perfect phase

matching such that ∆β = 0, the propagation equations for Type-I SHG become

∂Aω
∂z

= −αω
2

(4.7a)

∂A2ω

∂z
= −j κ

λω
AωAω −

α2ω

2
. (4.7b)

Solving these equations by using the integrating factor method yields

A2ω(z) = −j κ
λω
A2
ω(0)

exp[−αωz]

(α2ω/2− αω)z

[
1− exp[−(α2ω/2− αω)z]

]
. (4.8)

Note that the conversion efficiency in the lossless case is η0 = (κ/λω)2. Rearranging

Equation 4.8, the ratio of the normalized conversion efficiency η and η0 for Type-I SHG

as defined by Equation 2.20 in a sample of length L is [52]

ηI
η0

= exp[−2αωL]

[
1− exp[−(α2ω/2− αω)L]

(α2ω/2− αω)L

]2

. (4.9)

This ratio is referred to here as the conversion efficiency loss factor. The conversion

efficiency reduces with either increasing loss coefficients or increasing length. For Type-

II SHG, a similar relationship can be found using the same assumptions:

ηII
η0

= exp[−2ᾱωL]

[
1− exp[−(α2ω/2− ᾱω)L]

(α2ω/2− ᾱω)L

]2

(4.10)

where ᾱω = 1
2
(αω,TE+αω,TM) is the average loss coefficient of the fundamental wavelength

polarizations. Figure 4.1 is a contour plot of the loss factor value for different combi-

nations of the second-harmonic and fundamental loss coefficients for a sample length of
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Figure 4.1: Contour plot of the conversion efficiency loss factor dependence on the
second-harmonic and fundamental loss coefficients for a 1 mm-long waveguide.

1 mm. Note that the loss factor reduces more rapidly as the fundamental loss increases

than as the second-harmonic loss increases. Thus, it is greatly important to keep the

fundamental loss coefficient low.

The effect of linear loss on the the overall conversion efficiency will also rise as the

length of the QPM waveguide increases. Figure 4.2 shows the calculated loss factor

over length for reasonable fundamental and second-harmonic loss coefficients of 1 cm−1

and 20 cm−1, respectively. The efficiency falls quickly with increasing length, meaning

that the second-harmonic power will be generated at a diminishing rate as the beams

propagate. Overall, the length dependence of SHG under lossy conditions will not be

quadratic as in the simple model of Equation 2.10. The efficiency drops by about 35%

of the maximum within 1 mm, and down to 10% after only 2.4 mm. Beyond this point,

there will be only a small increase in the generated second-harmonic power and there

will be no advantage in increasing the length.
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Figure 4.2: Conversion efficiency loss factor dependence on the waveguide length.
Fundamental loss is set to 1 cm−1 and the second-harmonic loss is set to 20 cm−1.

4.4 Conversion Bandwidth

Efficient SHG will occur in QPM waveguides only within a certain band of wavelengths

around the point where the phase matching condition is satisfied. The width of this

band depends on the material and structural dispersion of the waveguide, which affects

the value of ∆β around the phase matching point. Figure 4.3 shows the tuning curve

calculated by Equation 2.10 for Type-I SHG in a QPM waveguide with a 3.5 µm period,

50:50 duty cycle, and length of 0.5 mm. The full width at half maximum of the curve

is 2.9 nm (364 GHz). Secondary lobes on either side of the phase matching peak are

less than 5% of the maximum. For Type-II phase matching, the calculated bandwidth is

2.3 nm (287 GHz), which is slightly smaller than the Type-I bandwidth. This is due to

larger dispersion in the TE polarized second-harmonic than in the TM polarization.

The width of the conversion band will also depend on the length of the QPM waveg-

uide. Figure 4.4a shows how the tuning curve changes with the length of the QPM

grating. The peak of the curve becomes narrower as the length is increased. This is the

result of only those wavelengths closest to the phase matching point being able to main-

tain coherence over longer distances than those wavelength farther from the peak. From

these curves, the FWHM for different lengths was found and is shown in Figure 4.4b.

The bandwidth is expected to fall from 3.1 nm for a 0.5 mm long waveguide to 0.3 nm
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Figure 4.3: Computed tuning curve for Type-I SHG in a QPM waveguide with a
3.8 µm period, 50:50 duty cycle, and 1 mm length. The phase matching peak occurs
at approximately 1549 nm.
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Figure 4.4: a) Computed tuning curves for Type-I SHG in a QPM waveguide with
a 3.8 µm period and 50:50 duty cycle for different waveguide lengths. b) FWHM of
phase matching peak versus length of the QPM waveguide.

for at 5.0 mm long waveguide.

The phase matching process will also be affected by linear losses of both the funda-

mental and second harmonic. In turn, this will affect the conversion bandwidth. For
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Type-I conversion, the second-harmonic power becomes [96]
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|κ|2
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ω

P 2
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2
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[
sinh2[1

2
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2
∆βL]

[1
2
∆βL]2 + [1

2
(αω − 1

2
α2ω)L]2

]
. (4.11)

In the case of a short waveguide on the order of 0.5 mm, for reasonable loss values of

1.0 cm−1 for the fundamental and 10-40 cm−1 for the second-harmonic, the increase in

the bandwidth is less than 10%. However, for longer waveguides on the order of 5 mm,

the bandwidth increases by a factor of nearly 3.6 for 40 cm−1 of second-harmonic loss.

Thus, the effect of loss on the bandwidth becomes more significant as the waveguide

becomes longer.

The bandwidth of the SHG conversion process will also depend on the spectral width

of the source. In particular, short pulses of around 1–2 ps can have spectral widths from

2–3 nm. Even if the center wavelength of the pulses is detuned from the phase matching

wavelength, some part of the pulse spectrum will still overlap with the conversion band-

width and some phase-matched SHG will occur. Thus, the conversion bandwidth will

appear wider than when using a narrow linewidth source such as a continuous wave laser

diode. If the pulse envelope has a Gaussian shape such as that described by Equation 3.9,

then the second-harmonic power spectral density will be such that

P̂2ω ∝ exp[−(ω − ω0)2T 2
0 ]sinc2[1

2
∆β(ω)L] (4.12)

where ω0 is the center frequency of the input fundamental pulses. Figure 4.5 shows

the original tuning curve for a 3.5 µm period, 0.5 mm long QPM waveguide as would

be observed for a continuous wave source alongside the tuning curves that would be

recorded when using short pulses. For pulses with a FWHM of 2.0 ps, the 3-dB conversion

bandwidth increases by 14% over the continuous wave case. Note also that the wing lobes

of the sinc2 shape tend to flatten out, which signifies that the pulse spectrum overlap

obscures the finer features of the tuning curve. Moving to 1.5 ps pulses further increases

the bandwidth by 28%. Computations of the tuning curve using longer pulses on the

order of 20 ps showed no significant increases in the conversion bandwidth. This happens
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Figure 4.5: Comparison of tuning curves for Type-I SHG in a QPM waveguide with
a 3.8 µm period and 50:50 duty cycle when using a continuous wave source and short
pulses.

because the spectral width of 20 ps pulses is an order of magnitude lower than 2 ps pulses.

Thus, the spectrum of the 20 ps pulses overlaps with less of the underlying conversion

bandwidth as the center wavelength is detuned from the phase matching peak.

4.5 Modulation Depth of χ(2)

The performance of the DD-QPM grating greatly depends on how much χ(2) is suppressed

by the intermixing process. This modulation of χ(2) can be modeled as a Fourier series

[33]

χ(2)(z) = χ
(2)
0

∞∑
m=−∞

cm exp

(
im

2π

Λ
z

)
. (4.13)

where Λ is the modulation period and cm are the Fourier expansion coefficients. Sub-

stituting this into the propagation equations without any dispersion, loss, or high-order

nonlinearities, and integrating over all z gives the effective χ(2) for a first-order, square-

wave grating with a period that satisfies the phase matching condition [85]:

χ
(2)
eff =

∆χ(2)

π
sin(ςπ) (4.14)
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Figure 4.6: Effect of modulation in χ(2) on SHG conversion efficiency

where ∆χ(2) = χ
(2)
ag − χ(2)

qwi is the difference in χ(2) between the as-grown and intermixed

domains, and ς is the grating duty cycle defined as Lc,ag/Λ. Note that the effective χ(2)

and consequently the coupling coefficient depends only on the change in χ(2) and not

its absolute value in either domain. According to Equations 2.10 and 2.6, the second-

harmonic power conversion efficiency increases with the square of χ(2). Figure 4.6 shows

the predicted nominal conversion efficiency for different values of ∆χ(2) for a superlattice

waveguide with a 3.0 µm wide ridge and 1.0 µm etch depth. The difference between the

Type-I and Type-II curves is due to the difference in refractive index value and effective

areas in each configuration.

Estimates of the performance of a superlattice DD-QPM grating can be made given

values of the χ(2) tensor elements before and after QWI. Hutchings [35] predicted values

of the χ(2) tensor elements of as-grown and intermixed 14:14 monolayer GaAs/AlAs

superlattices using A· p perturbation methods. Data from this publication can be found

in Appendix B. For the Type-I interaction, ∆χ(2) was predicted to be about 50 pm/V

near the half-band gap for complete intermixing of the superlattice in the suppressed

domains (see Appendix B). In this case, the predicted χ
(2)
eff is 16 pm/V, which gives a

predicted conversion efficiency of 27 %W−1cm−2. The Type-II interaction was predicted

to have a ∆χ(2) of 100 pm/V, and thus the predicted χ
(2)
eff is 32 pm/V and the expected

conversion efficiency is 200 %W−1cm−2, which is nearly eight times larger than the Type-I
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case.

Achieving complete intermixing of the superlattice is challenging. Indeed, it was

shown in Chapter 3 by photoluminescence measurements that the superlattice was not

completely intermixed by the ion-implantation process. As a result, there will be less

suppression of χ(2) ultimately leading to lower conversion efficiencies. A reasonable pre-

diction of the modulation in χ(2) under partial intermixing can be made by assuming that

the shift in the dispersion curve for χ(2) is a simple linear translations dependent on the

band gap shift. From the experimental PL data, the shift in the half band gap was about

0.085 eV. In this case, the modulation in the tensor element for Type-I phase matching,

χ
(2)
zxy, is expected to be about 40 pm/V, about an 11% drop from the ideal. Thus, the

conversion efficiency reduces to about 17 %W−1cm−2. For Type-II phase matching, the

modulation in χ
(2)
xyz is predicted fall to 50 pm/V, and the resulting conversion efficiency

falls to 50 %W−1cm−2, one quarter of the ideal.

4.6 High-Order Nonlinear Effects

High-order nonlinear effects such as SPM, TPA, and 3PA will become significant when

using high power, ultrafast pulses on the order of 2-ps. This was observed in Section 3.4

in which measurements of these effects in superlattice waveguides were discussed. In

this section, the effect of high-order nonlinearities on the SHG process will be examined.

Since few simplifications and approximations can be used under these conditions, the full

nonlinear propagation equations must be solved numerically. However, in this analysis,

dispersion effects will be ignored in order to isolate the effect of nonlinearities on their

own.

Simulations were carried out using the parameters for a 3 µm-wide waveguide with a

1.3 µm-deep etch. The specific values used are summarized in Table 4.1 for a fundamental

wavelength of 1550 nm. High order nonlinear effects for the second-harmonic were ignored

since the amount of power generated was estimated to be too small to stimulate such

effects. For the A
(2)
eff values, the portion of the effective area pertaining only to the

superlattice core layer was used since most of the overlap between the fundamental and
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Table 4.1: Parameter values used in simulations of high-order nonlinear effects with
DD-QPM waveguides for the Type-I SHG interaction. Effective area values are for
3.0 µm-wide waveguides with either the 1.0 or 1.3 µm etch depth. The parameters
only apply to the 1550 nm wavelength.

Parameter As-grown Intermixed
1.3 µm 1.0 µm 1.3 µm 1.0 µm

χ(2) (pm/V) 130 90
n2 (×10−13 cm2/W) 2.89 0.91
α2 (cm/GW) 0.41 0.12
α3 (cm3/GW2) 0.07 0.03

A
(2)
eff (µm2) 5.55 8.88 8.98 11.3

A
(3)
eff (µm2) 4.59 6.37 6.71 8.42

A
(5)
eff (µm2) 3.22 4.41 4.33 5.43

second-harmonic occurs in this layer. The core layer values of A
(3)
eff were also used under

the assumption that the Kerr coefficient is nearly an order of magnitude smaller in the

other layers and because of calculations that showed that the portion of A
(3)
eff in these

layers is an order of magnitude smaller than in the core layer. Consequently, this allows

use of the material χ(2) for the superlattice theoretically calculated by Hutchings [35],

and the measured n2 and α2 values presented in Section 3.4.

The results of the simulations with 1.0 µm-deep waveguides are shown in Figure 4.7

when using 2 ps-long pulses and the Type-I interaction in a 1 mm long waveguide. All

power levels are scaled to represent average powers in the case where the pulse repetition

rate is 76 MHz, the same as the Ti:sapphire/OPO system used in experiments. In

the hypothetical case where there are no high-order nonlinearities, the second-harmonic

power increases quadratically with input power. When TPA was added, the trend in the

second harmonic power deviates slightly from the quadratic behaviour. This was caused

by the attenuation of the fundamental, which happens in larger proportions when the

power is increased to high levels, thus leading to proportionally less second-harmonic

generation. As a result, the second-harmonic power generated had a minor reduction

by 5% compared to the case without nonlinear effects. If SPM is included without

TPA, the second-harmonic power drastically deviated from the ideal quadratic behaviour,

appearing to saturate at high power. This behaviour is a result of SPM disrupting

the phase matching process, altering the refractive index for the fundamental such that
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Figure 4.7: Simulated output second-harmonic power for Type-I phase matching in
1.0 µm-deep waveguides with SPM and TPA. Power levels are scaled to represent the
average power for a pulse repetition rate of 76 MHz.

∆β 6= 0. The result is a 66% drop in the output second-harmonic power at the high

power. When combined together, there was negligible difference with the n2 only case.

Adding 3PA to the simulations had a negligible effect on the SHG process as it was

too weak to cause significant attenuation of the input fundamental wave. Overall, this

shows that SPM is by far the dominant high-order nonlinear effect that disrupts the SHG

process. When linear loss is added to the simulation, the output second-harmonic power

is reduced further, falling a total of 75% from the lossless case without SPM and TPA.

Waveguides with the deeper 1.3 µm etch were shown to have better confinement

of the second-harmonic mode. This led to better overlap of the second-harmonic and

fundamental mode profiles as evidenced by the smaller A
(2)
eff , which should yield better

conversion efficiency. However, as seen in Table 4.2, the consequence of higher confine-

ment is reduction of the A
(3)
eff and A

(5)
eff as well. As a result, higher-order nonlinear effects

will be stronger. Simulation results of the SHG process with increasing power for both

etch depths are shown in Figure 4.8. It is assumed that the linear losses in both waveg-

uides are the same. The more deeply etched waveguide achieves better performance.

This shows that the improved confinement strengthens the SHG process more than the

SPM and TPA processes. Also, saturation in the 1.0 µm-deep waveguides occurs at lower

powers.
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Figure 4.8: Simulated output second-harmonic power for Type-I phase matching in
1.0 and 1.3 µm-deep waveguides with SPM, TPA, and linear loss. Power levels are
scaled to represent the average power for a pulse repetition rate of 76 MHz.

The effect of high-order nonlinearities will depend on whether Type-I and Type-II

phase matching is used. This is due to the polarization dependence of the Kerr and

TPA coefficients. In particular, the reduced strength of the third-order nonlinearity

and increased mode size in the TM polarization should reduce the effect of SPM and

TPA on the SHG process. Parameters used for simulation of Type-II phase matching in

1.0 µm-deep waveguides are listed in Table 4.2. Results from the simulation are shown

in Figure 4.9 alongside results from Type-I phase matching. In both cases, linear losses

are set to zero. The overall conversion efficiency is larger for Type-II phase matching

due to the larger value of χ(2) in the as-grown superlattice. Also, Type-II does not begin

to saturate until higher powers than Type-I. This results from splitting the fundamental

power between the TE and TM polarizations, which lowers the overall strength of SPM.

4.7 Group Velocity Mismatch and Dispersion

Dispersion in superlattice waveguides leads to two key effects that can limit wavelength

conversion processes when using ultrafast pulses. Group velocity mismatch (GVM) causes

the fundamental and second-harmonic pulses to walk-off from each other. As a result,

there is a reduced interaction length. Group velocity dispersion causes spreading of
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Table 4.2: Parameter values used in simulations of high-order nonlinear effects with
DD-QPM waveguides for the Type-II SHG interaction. Effective area values are for
3.0 µm-wide waveguides with a 1.0 µm etch depth. The parameters only apply to the
1550 nm wavelength.

Parameter As-grown Intermixed

χ(2) (pm/V) 190 90

n2(×10−13 cm2/W)
TE 2.98 0.91
TM 1.08 0.69

A
(2)
eff (µm2) 5.16 6.79

A
(3)
eff (µm2)

TE 6.37 8.42
TM 8.34 9.23
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Figure 4.9: Simulated output second-harmonic power for Type-I and Type-II phase
matching in 1.0 µm-deep waveguides. Power levels are scaled to represent the average
power for a pulse repetition rate of 76 MHz.

the pulses in time which reduces the peak pulse power and disrupts the phase matching

process. Overall, dispersion can cause a reduction in efficiency and it must be investigated

in order to fully estimate the performance of quasi-phase matching waveguides.

Table 4.3 lists the dispersion parameters calculated from the waveguide effective index

data for 1.0 µm-deep ridges. Simulation results with 2-ps pulses for several different cases

are shown in Figure 4.10a. In all cases, the effect of GVD was found to be negligible.

This is reasonable since the dispersion length [92], LD = T 2
0 /|β2|, of 140 cm at 1550 nm

is much larger than the 1 mm propagation length. GVM was found to have a relatively

small impact on the output second-harmonic power generated, reducing the power by
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Table 4.3: Parameter values used in simulations of dispersion effects with 1.0 µm-
deep DD-QPM waveguides for SHG.

Parameter As-grown Intermixed
TE TM TE TM

β1 (×10−8s/m)
1550 nm 1.08 1.07 1.08 1.08
775 nm 1.48 1.34 1.28 1.28

β2 (×10−24s2/m)
1550 nm 0.60 0.33 1.01 -0.59
775 nm 6.10 3.15 2.00 2.01

a modest 6%. For Type-II phase matching, the reduction was slightly higher at about

8%, which is due to the larger GVM stemming from the higher dispersion of the TE

polarized second-harmonic. Adding the loss coefficients did not change the differential

reduction between the cases with and without GVM by a significant amount. The output

second-harmonic pulses for Type-I shown in Figure 4.10b provide more insights. First,

with GVM included in the simulation, the output pulse is observed to be delayed in time

by about 0.5 ps relative to the case where there is no GVM. Thus, the second-harmonic

pulse drifted away from the faster moving fundamental pulse. As a result, the peak of the

second-harmonic pulse is lower by 12%. Second, the pulse length widens from the ideal

1.41 ps to 1.61 ps because of GVM. As the fundamental pulse moved ahead of the second-

harmonic, SHG continued at the head of the pulse, thus lengthening the second-harmonic

pulse in time. The amount of energy transferred to the second-harmonic continued to

increase, but not at the peak point, hence why there was a smaller reduction in average

power due to GVM. However, note that there is a small amount of distortion in the

second-harmonic pulse shape with the trailing edge extending longer than the leading

edge.

In the cases presented so far, the loss values were kept low in the simulations. If

instead the losses are increased, some insightful trends become noticed as the interplay

between GVM and linear loss becomes more obvious. To study this, the losses in the

fundamental were set to 3.5 cm−1 and 7.5 cm−1 for the as-grown and intermixed regions,

respectively. For the second-harmonic, loss coefficients were set to 35 cm−1 and 75 cm−1.

The results of the simulations are shown in Figure 4.11. The output data, shown as

the faint background curves, has several small peaks along to the propagation direction
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Figure 4.10: a) Effect of group velocity mismatch and linear loss on Type-I SHG over
propagation distance. b) Output second-harmonic pulses with and without GVM.

show which is the result of the discretization process of the simulation. Fifth-order

polynomial fits of the output data tended to reduce the “noise” and are shown as the

smooth foreground curves. As expected, second-harmonic output power was reduced

from the lower loss case. However, the high linear loss as also resulted in a peak point in

the second-harmonic power at 0.67 mm after which the output power falls with longer

propagation. This is the result of linear losses in the fundamental stalling the SHG process

such that the second-harmonic generated before the peak point falls victim to high linear

losses of its own. Adding GVM to the simulation produces similar behaviour, except

that the peak location occurs 20 µm earlier and is 3% smaller. With further propagation

to 1 mm, the reduction in power increases to 5.5% in the GVM case. Overall, this is

not significant. However, the output power at 1 mm is 12% lower than the peak point.

Thus, in an actual device, it is important to select the device length such that that it

corresponds to the peak length in the SHG process.

4.8 Conclusions

This chapter examined second-harmonic generation in DD-QPM waveguides using ad-

vanced models in an attempt to gain insights on the impact of several effects. The model

developed was simplified where appropriate in order to obtain analytical solution forms,
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Figure 4.11: Effect of group velocity mismatch with large linear loss on Type-I SHG
over propagation distance. The black curve is the case with no GVM, while the blue
curve is the case with GVM. Dark solid lines are polynomial fits to the actual data
shown as the light coloured curves in the background.

and was otherwise solved numerically using pseudo-spectral methods when necessary.

Linear loss was found to have a large impact on the SHG conversion efficiency, reduc-

ing it by more than 50% given estimations and measurements of the loss coefficients.

Fundamental losses were found to reduce the conversion efficiency by a factor of two

larger than second-harmonic losses for the same coefficient value. It was also found that

the conversion efficiency reduces significantly with increasing distance. Calculations of

the SHG tuning curves showed that the conversion bandwidth was less than 3 nm for

a 1 mm-long waveguide, and about 0.3 nm for a 5 mm-long waveguide. Adding linear

losses to the model showed that the bandwidth increases significantly only if the loss

and waveguide length are relatively large, on the order of a few millimeters. Using short

pulses was also predicted to increase the apparent conversion bandwidth by up to 28%.

The conversion efficiency was found to depend greatly on the suppression of χ(2) in in-

termixed domains of the QPM grating. For the predicted χ(2) values based on measured

band gap shift, Type-II conversion efficiency was found to fall by a factor of four below

the ideal theoretical value. High-order nonlinear effects were investigated thoroughly.

While three-photon absorption was found to have an insignificant impact, two-photon

absorption and especially self-phase modulation disrupted the SHG process significantly.
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Second-harmonic power was found to drop by nearly 75% when both are present. SPM

and TPA were found to have a less significant effect on Type-II phase matching than

Type-I because of the reduced strength of these effects in the TM polarized fundamental.

Group velocity dispersion did not significantly impact the SHG process for the waveguide

lengths considered. Group velocity mismatch had a modest impact on conversion effi-

ciency, which experienced a reduction of less than 10%. With the impact of these effects

on SHG known, these phenomena can be identified and accounted for in experimental

characterization of DD-QPM waveguides.



Chapter 5

Characterization of Second

Harmonic Generation

5.1 Introduction

The most widely known second-order nonlinear optical process is second-harmonic gen-

eration. While SHG is in itself useful for a number of applications, it is not the process

of interest for a wavelength conversion device such as that proposed here. Instead, the

opposite processes, spontaneous parametric downconversion and difference frequency gen-

eration, are required. However, characterizing SHG in a QPM device is key to finding

the operating parameters and determining the performance of DFG. The most impor-

tant parameter to identify is the phase matching wavelength for different QPM grating

periods. This will serve to determine the degeneracy pump wavelength for the DFG pro-

cess at which the conversion bandwidth will be centered between and maximized for the

desired signal and idler wavelengths. The SHG conversion efficiency elucidates the po-

tential conversion efficiency of the DFG process around the degeneracy point. As seen in

the previous chapter, several effects such as nonlinear absorption, self-phase modulation,

linear loss, and group velocity mismatch will adversely affect the conversion efficiency.

Thus, it is vitally important to measure the impact of these phenomena in order to design

the device parameters and operating regimes for efficient DFG, which will be discussed

in the subsequent chapter. Overall, this will determine the pump power required for

85
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sufficient gain in either a parametric converter or oscillator.

In this chapter, several second-harmonic generation experiments performed with domain-

disordered quasi-phase matching will be examined. First, the processes used to fabricate

the DD-QPM waveguides are discussed, highlighting the improvements made over previ-

ous generations of samples. Then, measurements from three different SHG experiments

each using different temporal regimes are presented. The first set utilized an ultrafast

laser system emitting 2 ps-long pulses. The following section examines SHG with a tun-

able continuous wave laser system, which was achieved for the first time. Tests with a

20-ps pulse system are discussed and compared with results from the 2-ps pulse exper-

iments. In all regimes, Type-II phase matching is demonstrated for the first time in a

DD-QPM waveguide. The data from the SHG experiments is then analyzed to empirically

determine several properties of the waveguides including the refractive index mismatch

and effective second-order nonlinear susceptibility of the DD-QPM waveguides.

5.2 DD-QPM Waveguide Fabrication

All sample fabrication processes were developed and carried out by colleagues at the

University of Glasgow. Several QPM waveguide samples were fabricated over the course

of this study, each with varying degrees of success. In each subsequent generation, im-

provements were made to the fabrication process in order to reduce damage and sur-

face/sidewall roughness. Here, only two of the sample generations will be discussed.

The first, Sample A, is an early generation sample which was designed for 1.0 µm-deep

waveguides. Despite this being one of the first set of samples, Sample A was produced

with minimal problems and was used in several SHG experiments. The second, Sam-

ple B, was produced in a later generation of samples and was designed for 1.3 µm-deep

waveguides. Several improvements in the fabrication process were incorporated into this

sample, which are detailed in the following discussion.
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Figure 5.1: Fabrication process for forming QPM gratings in a superlattice via IID.

5.2.1 Grating Formation

The overall process of fabricating the QPM gratings in the superlattice is depicted in

Figure 5.1. The fabrication process began with the creation of a patterned metal mask

on the substrate for the selective ion implantation process. First, a dielectric layer was

deposited onto the surface using PECVD. The purpose of this layer was to protect the

substrate from damage due to metal etching processes at later stages in the fabrication

[80]. For Sample A, 40 nm of SiN was used as the dielectric layer. However, SiN deposition

was found to be nonuniform leading to yield problems in later samples. In subsequent

generations, including Sample B, 200 nm of SiO2 was used as the dielectric layer instead.

On top of the dielectric layer, a thin layer (5-10 nm) of titanium was deposited by

sputtering as an adhesion layer for the 40-60 nm conductive gold layer which was then

sputtered on top. A double-layer of polymethyl methacrylate (PMMA) was spun onto

the wafer as a resist for EBL. The QPM grating patterns were written into the PMMA via

EBL with grating periods between 3.4-4.4 µm on Sample A and between 3.1-3.8 µm on

Sample B. Each period had sets of gratings with as-grown:intermixed duty cycles drawn

to 50:50, 40:60, and 60:40. Patterns written into the resist were developed in IPA:MIBK.

Patterning was followed by an electroplating process to grow a thick gold mask. One

electrical lead was attached to the sample such that the thin gold layer was charged.
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Figure 5.2: Scanning electron microscope image of the ion implantation mask for
Sample A after electroplating (image courtesy of Dr. B. M. Holmes)

Gold growth proceeded in areas of the initial thin gold layer which were not covered by

PMMA, thus forming the “closed” portions of the implantation mask. The total height of

the electroplated gold was 2.0-2.3 µm, which was thick enough to deflect ions during the

implantation process. The PMMA in the “open” areas of the mask was then stripped.

The thin gold layer in these open areas was thin enough such that ion deflection would

be minimal. A scanning electron micrograph of the gold implantation mask from Sample

A is shown in Figure 5.2. Measurements of mask openings showed that the actual duty

cycles were different from those patterned into the PMMA. Table 5.1 lists the drawn

and actual duty cycles. In general, the openings were smaller than designed, which is

the result of lateral growth of the gold islands during electroplating. While this was

unintended, the smaller mask opening may actually have been of benefit. Simulations of

the implantation process using the TRIM software package showed that the lateral ion

straggle length is about 330 nm. Thus, the intermixed regions will be wider than the

mask openings. Furthermore, lateral diffusion of the lattice constituents during annealing

will spread the intermixed region even wider. Thus, despite the mask openings being off

the designed ones, the lateral spread of intermixing serves to at least partially correct

the error, bringing the actual QPM duty cycle in the superlattice closer to the ideal.
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Table 5.1: Designed and actual duty cycles in the ion implantation mask. Duty
cycle ratios are expressed as closed:open. (Measurements were carried out by Dr. B.
M. Holmes)

Designed Actual
Sample A Sample B

40:60 53:47 57:43
60:40 89:11 81:19
50:50 72:28 68:32

After the mask was completed, ion implantation quantum well intermixing was carried

out. The process began with implantation of As2+ ions accelerated to an energy of 4 MeV

using the facilities at the University of Surrey. The dosage used was 2×1013 ions/cm2,

which was chosen for several reasons. First, based on earlier tests, this dosage provided

an appropriate balance between linear loss at the fundamental wavelengths and band

gap shift. Higher dosages provided a marginal amount of increase in the band gap shift,

and thus it was assumed that the incremental modulation of χ(2) would be insignificant.

The dosage is five-times less than used in earlier attempts by [79] in which amorphism

of the superlattice by the implantation was suspected as a large source of scattering

loss. Second, the actual implanted dosage is thought to be less than would ordinarily be

implanted due to proximity effects in the relatively small openings of the mask. Third,

lateral diffusion of defects will tend to “blur” the interface between the as-grown and

intermixed areas thus resulting in less average intermixing in the implanted areas.

Following implantation, the metal mask layers were etched off. However, removal of

the titanium layer was problematic. Heat generated during the implantation process was

thought to cause the formation of titanium oxide in samples with a SiO2 dielectric layer,

which was difficult to remove. While this did not affect Sample A, subsequent generations

were affected. To remedy this problem, the SiO2 layer was removed by wet etching in

hydrofluoric acid. This process was applied to Sample B. Mask removal was followed

by RTA. In Sample A, the SiN layer was left on as a cap layer to inhibit outdiffusion

of gallium atoms from the wafer thus suppressing intermixing by the IFVD process.

For Sample B, a fresh 200 nm layer of SiO2 was deposited. Annealing proceeded at a

temperature of 775◦C for 60 s. Photoluminescence measurements at 77K of large open
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areas of the Sample A chip, which were subjected to intermixing, showed a blue shift

of 76 nm relative to the photoluminscence peak of the starting material. For Sample

B, photoluminescence measurements at room temperature showed the large open areas

had blue shifts of 70 nm. However, in the grating patterns, the peak shift was 10 nm

less. This confirmed that the effective dosage was smaller due to the mask pattern

and lateral defect diffusion. The photoluminescence peak of the as-grown superlattice

in the grating patterns also appeared to shift by about 15 nm. This was likely due to

lateral diffusion of defects from implanted regions, and vertical thermal diffusion of the

superlattice constituents during RTA. Using data from Ref. [37], such a shift indicates

a vertical diffusion length of about 2-3 monolayers. Thus, the net band gap difference

between the as-grown and intermixed regions in Sample B was about 45 nm.

5.2.2 Waveguide Formation

The next step in the fabrication process was to form ridge waveguides. First, the dielectric

cap layer from the annealing step was removed by wet etching in hydrofluoric acid followed

by an oxygen ash. Hydrogen silsesquioxane (HSQ) was used as the electron beam resist

and hard mask for etching. EBL was used to write the waveguide patterns into the HSQ.

Waveguides ranged in width from 2-4 µm in 0.5 µm increments and were positioned

to provide a range of waveguide sizes over a range of different QPM periods and duty

cycles. The written patterns were developed using a solution of tetramethylammonium

hydroxide (TMAH). This was followed by reactive ion etching of the AlGaAs in a SiCl4

chemistry to form the ridge waveguides. Sample A, shown in Figure 5.3a was etched

to a depth of 1.0 µm, while Sample B was etched to a depth of 1.3 µm as seen in

Figure 5.3b. A difference is noticeable with Sample B showing much more surface and

sidewall roughness than Sample A. This was traced to problems during the etching step

of Sample B. However, Sample B was still usable and results on its performance are

detailed in the following sections.

After fabrication was complete, the samples were cleaved into smaller pieces for test-

ing. At least one sample was cut to 1 mm or less for testing with pulsed systems in which

GVD and GVM would affect the performance of SHG. Longer samples were also cut
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Figure 5.3: Scanning electron microscope image of QPM ridge waveguide samples
with a a) 1.0 µm etch depth, and b) 1.3 µm etch depth. (Images courtesy of Dr. B.
M. Holmes)

for continuous wave measurements in which dispersion effects are negligible, and for loss

measurements since accuracy of the Fabry-Perot method was found to be improved for

longer cavity lengths. Visual inspection of the fabricated samples showed that the overall

yield was improved over previous generations. However, many waveguides suffered dam-

age at various stages during fabrication. As each waveguide was unique, some particular

period/duty cycle/waveguide width combinations were not available for testing. Overall,

Sample B had more working waveguides than Sample A, the result of improvements to

the production procedures.

Linear loss measurements were carried out on Sample A and Sample B using the

Fabry-Perot method at wavelengths around 1550 nm. Sample A had loss coefficients

averaging 1.0 cm−1 in the TE mode and 1.6 cm−1 in the TM mode for QPM waveguides.

This was a significant improvement over previous generations of DD-QPM waveguides in

which losses were 6 cm−1 [80]. As expected from the deeper etch and the relatively poor

surface and sidewall roughness, Sample B had losses averaging 2.1 cm−1 in the TE mode

and 4.2 cm−1 in the TM mode for waveguides with QPM gratings.
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5.3 2-ps Pulse Experiments

Initial experiments began with use of an ultrafast pulsed laser system emitting pulses of

about 2-ps in duration. The advantage of using this system was that it provided high

peak powers with small spectral bandwidth while limiting the average power to values

below the damage threshold for the samples. Significant conversion efficiency improve-

ments were observed previously when transitioning from 200-fs pulses to 2-ps pulses

due to improved spectral overlap with the narrow SHG conversion bandwidth despite

the tenfold reduction in peak power [80]. The 2-ps system used was also widely tun-

able, allowing several QPM periods to be tested, especially those waveguide with phase

matching wavelengths beyond 1600 nm. However, the peak powers were high enough to

induce high-order nonlinear effects. Also, group velocity mismatch was predicted to be

significant at short pulse lengths. However, despite these shortcomings, conversion effi-

ciencies and second-harmonic powers measured were the largest recorded over previous

generations of DD-QPM waveguides.

5.3.1 Experimental Setup

The experimental setup used to test for SHG with ultrashort pulses was similar to that

used to characterize the high-order nonlinear coefficients discussed in Section 3.4. As

shown in the schematic of Figure 5.4, it consisted of the mode-locked Ti:sapphire/OPO

laser system as the source of fundamental wavelengths in the 1550 nm spectral region.

On the output side of the end-fire rig, a long-pass filter with a 1000 nm cutoff (at normal

incidence) was added and angled such that the generated second-harmonic power in the

output beam was reflected to a silicon photodetector. Some fundamental power was re-

flected to the silicon detector, however, this did not affect the measured second-harmonic

power as the sensitivity of this detector is nil for the fundamental wavelengths used. The

output fundamental was passed through the filter and directed to a germanium photode-

tector for measurements of waveguide transmission. The optical spectrum analyzer was

used to measure the output second-harmonic spectrum to detect changes when on and

off of the phase matching wavelengths. Two pieces of Sample A, one 0.7 mm long and
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Figure 5.4: Schematic of the experimental setup for SHG experiments with a 2-ps
pulsed source

the other 0.6 mm long were tested. Sample B was 1.0 mm in length.

For Type-I phase matching, the input polarization was set horizontal such that the TE

mode of the waveguides would be excited. The output second-harmonic light collected

was then confirmed to be TM polarized using a beam cube before the silicon detector. In

experiments for the Type-II interaction, the input polarizing beam cube was set such that

the fundamental beam was linearly polarized 45◦ relative to the plane of the waveguide

layers. This launched both the TE and TM polarizations with equal power amounts into

the waveguide to maximize the Type-II interaction. In this configuration, output second-

harmonic power produced by the QPM waveguide was a combination of the TM polarized

second-harmonic produced by the TE component of the fundamental via the Type-I

interaction, and the TE polarized second-harmonic produced via Type-II interaction.

Thus, a polarizing beam cube was placed between the long-pass filter and the silicon

photodetector and set to pass the TE polarization to isolate the power produced from

the Type-II process. Phase matching wavelengths for Type-I and Type-II phase matching

were found for various QPM period and duty cycle combinations by tuning the wavelength

of the Ti:saph/OPO system until the output second-harmonic power peaked on the silicon
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photodetector.

5.3.2 Results

SHG Performance

A summary of the best performing waveguides from Sample A and Sample B is listed in

Table 5.2. Initial experiments were carried out with Sample A in the Type-I configuration.

In most waveguides, more than 1.5 µW of second-harmonic average power was produced

at the respective phase matching wavelengths when using average fundamental powers

over 130 mW. When off of the phase matching wavelengths, a pedestal of second-harmonic

power was still detected, which was attributed to non-phase matched SHG. The ratio of

phase-matched-to-non-phase-matched (QPM:NPM) second harmonic power varied from

one waveguide to the next and averaged 4:1 in value. Also, the amount of TM polarized

second harmonic power detected exceed the TE polarized power by a ratio of at least 30:1

when at the phase matching wavelength, confirming that the SHG process was dominated

by the Type-I interaction.

The best Type-I result was found with a waveguide having a QPM period of 3.6 µm

and drawn duty cycle of 60:40. Second-harmonic powers of 4.2 µW were detected with

input fundamental average powers of 152 mW. The internal power generated can be

calculated by accounting for the path losses from the waveguide facet to the detector.

Facet reflectivity was estimated as 29%, collection efficiency of the objective lens was

77%, and reflectivity of the long-pass filter was 86%. This yields an internal second-

harmonic power of 9.4 µW at the output facet. The internal input fundamental power

can be calculated once the coupling efficiency into the waveguides is known. This can be

calculated given the transmission ratio of the fundamental through the waveguide, facet

reflectivity, and the linear loss coefficient. Transmission ratios were measured at low

power to discount the effects of nonlinear absorption. Facet reflectivity was estimated as

36% from the effective index values. The coupling efficiency ranged between 35-50% for

the various waveguides tested and, in particular, 40% for the waveguide currently under

discussion. This yielded internal fundamental powers of 45 mW. The normalized internal
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Table 5.2: Summary of SHG performance for Sample A and Sample B with 2 ps
pulses. Best performing waveguides are listed. All waveguides had a draw duty cycle
of 60:40.

Period (µm) λpm (nm) Internal SH Power (µW) η (%W−1cm−2)
Sample A
Type-I 3.6 1559.6 9.4 130
Type-II 3.5 1577.4 3.0 32
Sample B
Type-I 3.6 1558.8 6.8 44
Type-II 3.5 1596.5 2.3 8.8

conversion efficiency, calculated using Equation 2.20, was 130 %W−1cm−2, which was

more than twice as large than in previous DD-QPM waveguides when using a 2-picosecond

laser system [80]. In terms of the equivalent instantaneous efficiency of Equation 2.25,

this particular waveguide had an efficiency of 0.037 %W−1cm−2. This is an improvement

by two-orders of magnitude when compared to the initial demonstrations of SHG in DD-

QPM waveguides [36]. The performance increase is attributed to the improved sample

quality over previous generations. However, the conversion efficiency still falls two-orders

of magnitude lower than BRW waveguides by either measure [53].

Type-II phase matching in the waveguides was characterized in subsequent exper-

iments. As predicted, the Type-II interaction phase matches at a longer wavelength

than the Type-I interaction due to strong birefringence in the superlattice. Second-

harmonic powers detected were somewhat less than in the Type-I configuration, ranging

between 0.85-1.3 µW for input fundamental average powers over 130 mW. QPM:NPM

ratios were also lower, averaging only 2:1. As both TE and TM polarizations of the fun-

damental are launched, both Type-I and Type-II interactions were taking place. When

non-phase-matched, the proportion of TE-polarized second-harmonic power to TM power

was around 2.8:1, showing that there was a significant amount non-phase matched Type-I

SHG. When at the phase matching wavelength, the proportion of TE:TM power at the

phase matching wavelengths rose to above 4:1, signifying that phase matching was taking

place only for the Type-II process. However, this ratio is still nearly eight-times lower

than in Type-I phase matching, illustrating that the mixed polarization configuration of

the fundamental is not as selective as in the purely Type-I configuration.
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The best performance for Type-II phase matching was achieved with a waveguide

having a period of 3.5 µm and drawn duty cycle of 60:40. With 51 mW of fundamental

average power on the inside of the input facet, nearly 3 µW of second harmonic power

was produced at the inside of the exit facet of the waveguide. This gave an internal

normalized conversion efficiency of 32 %W−1cm−2, which is more than four times less

than the best result for Type-I phase matching. The initial prediction forecast that

the Type-II process would yield greater conversion efficiency than Type-I because of

the larger modulation depth achievable in the former. However, this was not the case.

There are several possible reasons for this. First, the linear losses in the TE polarized

second-harmonic were larger than in the TM polarization due to poor mode confinement

and increased absorption loss in the band tail. Second, the loss of the TM polarized

fundamental was generally higher than the TE polarized fundamental. Thus, the average

loss coefficient for the fundamental was larger in the Type-II process than in the Type-I

process, leading to lower conversion efficiency as shown in Equation 4.10. Lastly, the

mismatch in group velocities is larger for Type-II due to the slower group velocity in the

TE polarized second-harmonic and due to the mixed polarization of the fundamental.

This would have led to a shorter walk-off length than in Type-I phase matching, which

would have stalled the Type-II process earlier. As a result, the second-harmonic pulses

generated would have had a longer lead out length in which they were susceptible to

linear loss without gain.

Sample B also demonstrated significantly strong SHG in both Type-I and Type-II

configurations. However, the absolute second-harmonic powers were at best about 28%

less in Type-I and 16% less in Type-II. Since Sample B is longer than Sample A by

over 50%, it was expected to produce more than twice as much power assuming that

the normalized conversion efficiency remains the same. Furthermore, the conversion

efficiency should have been larger due to the improved overlap of the transverse mode for

the fundamental and second-harmonic wavelengths. However, the best Type-I conversion

efficiency was 44 %W−1cm−2, nearly three times less than obtained for Sample A. Type-II

phase matching yielded conversion efficiencies of 8.8 %W−1cm−2 at best, nearly four-times

less than in Sample A. One reason for this drop in efficiency is the greater linear loss in
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Sample B due to increased surface and sidewall roughness, and due to the deeper etch

which exposes the guided mode to more of that surface/sidewall roughness. Another

reason could be higher confinement of the optical modes to the core layer, which would

tend to increase the effect of high-order nonlinearities such as SPM and TPA/3PA.

Tuning Curves and Pulse Spectrum

Figure 5.5 shows the tuning curves (second-harmonic power versus fundamental wave-

length) for Type-I and Type-II phase matching in Sample A waveguides with a QPM

period of 3.5 µm measured with average fundamental powers of about 130 mW. The

FWHM of the conversion bandwidth was about 4.7 nm for the Type-I curve shown. This

was larger than predicted in Section 4.4, which may be attributed to several reasons.

First, large linear losses at the second harmonic can result in a broadening of the con-

version bandwidth. As the loss was thought to be larger in the TE polarization, this

may explain why the Type-II interaction had a larger bandwidth than the Type-I inter-

action. Second, SPM of the fundamental may have broadened the conversion bandwidth

by affecting the phase matching condition. Lastly, the 2-3 nm spectral width of the fun-

damental pulses will overlap the conversion bandwidth even as the wavelength is tuned

outside the peak. Thus, the bandwidth appeared larger than in the case where a narrow

linewidth source is used. For the Type-II case shown in Figure 5.5b, the bandwidth was

7.0 nm, which is somewhat larger than the Type-I case. Overall, the Type-II bandwidth

was larger than the Type-I bandwidth in all waveguides tested, which may in part be due

to higher linear loss in the Type-II configuration. However, the bandwidth increase ob-

served here is much larger than predicted for reasonable loss values, which indicates that

the TE polarized second-harmonic losses may be much larger than originally estimated.

The spectrum of the output second harmonic pulses was measured using the OSA.

Figure 5.6 shows the results for both Type-I and Type-II phase matching in a waveguides

with 3.5 µm QPM periods. When distant from the phase matching wavelength, the

output second harmonic pulses have a spectral width of about 1 nm, which is about

one half the spectral width of the fundamental pulses. This is reasonable since the

conversion efficiency is somewhat flat when away from the phase matching peak. When
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Figure 5.5: SHG tuning curves for Sample A waveguides with QPM periods of
3.5 µm in the a) Type-I, and b) Type-II interactions.
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Figure 5.6: Spectrum of second harmonic pulses on and off phase match generated
by a) Type-I, and b) Type-II interactions in Sample A QPM waveguides with 3.5 µm
periods.

at the phase matching wavelength, the second-harmonic spectrum narrowed by over 30%.

This is the result of the shape of the conversion bandwidth as shown in the tuning curves

of Figure 5.5 which is narrow at the peak. Wavelengths on either side of the phase

matching peak experience less conversion than those at the center, which acts to narrow

the second harmonic spectrum produced. This characteristic narrowing was taken to be

further indication of a phase matched process.
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Figure 5.7: Phase matching wavelengths for Type-I and Type-II SHG in Sample
A (1.0 µm deep waveguides). Measured data is shown for 60:40 (solid symbols) and
50:50 (open symbols) duty cycles, along with fit trends (solid lines). Predicted phase
matching wavelengths are shown as dotted lines.

Phase Matching Wavelengths

Figure 5.7 shows the measured phase matching wavelengths for Sample A alongside

predicted curves. The tuning resolution of the laser introduced an estimated error of

1 nm in the phase matching wavelength. As predicted, phase matching wavelengths

increase with the QPM period. A numerical fit of the data yielded an average increase in

the phase matching wavelength of 12.6 nm per 0.1 µm increase in the QPM period for both

Type-I and Type-II interactions. This is close to the predicted value of 14 nm per 0.1 µm.

However, there is a significant discrepancy between the absolute measured and predicted

phase matching wavelengths. In the case of Type-I phase matching, the measured values

are 13-18 nm lower, while Type-II phase matching wavelengths were 27.5-30.5 nm off the

predicted values. This mismatch between the measured and predicted phase matching

wavelengths was observed for the previous superlattice structure [97]. Furthermore, the

difference between the Type-I and Type-II phase matching wavelength for the same QPM

period averaged 31.5 nm, which is lower than the predicted value of 49 nm.

Phase matching wavelengths for Sample B are shown in Figure 5.8. Measured values

for Type-I phase matching were similar to those for Sample A. However, the Type-II
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Figure 5.8: Phase matching wavelengths for Type-I and Type-II SHG in Sample
B (1.3 µm deep waveguides). Measured data is shown for 60:40 (solid symbols) and
50:50 (open symbols) duty cycles, along with fit trends (solid lines). Predicted phase
matching wavelengths are shown as dotted lines.

values increased by over 20 nm in Sample A over Sample B for the same QPM period.

This is consistent with the predictions made in Section 3.3.4. The discrepancy between

the measured and predicted values is also much less than for Sample A, especially for

Type-I. The slopes of the fit curves are 11.8 nm per 0.1 µm for Type-I, which is somewhat

less than the predicted value. The Type-II curve fit had a slope of 13.4 nm per 0.1 µm for

Type-II, which is much closer to the predicted slope. However, the absolute values for the

phase matching wavelengths were off by between 12-16.5 nm the predicted values. The

difference between the Type-I and Type-II phase matching wavelengths was between 43

and 56 nm, larger than observed in the Sample A data, which is in line with predictions.

There are several possible sources of the discrepancy in the absolute values of the

phase matching wavelengths. First, the duty cycles in the QPM gratings do not exactly

meet the ideal. As was shown in Table 5.1, the actual duty cycles in the fabricated im-

plantation mask did not match those originally patterned in the lithography step. Also,

ion straggle during implantation and defect diffusion during rapid thermal annealing

would have also played a role in altering the duty cycles from the designed values. The
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maximum shift can be found by assuming that the waveguides become intermixed in

both domains (i.e. the duty cycle is 0:100). Calculations showed that the maximum shift

in such as case is 38 nm from the predicted value for Type-I phase matching and 80 nm

for Type-II phase matching. However, measurements of waveguides with the same QPM

period but different designed duty cycle did not show differences in the phase matching

wavelengths commensurate with the observed inconsistency with the predicted curves.

Second, SPM may cause shifts in the phase matching wavelength at high power. As

such, the phase matching wavelength should have shifted at lower powers. However,

tests of this assertion failed to show shifts beyond the uncertainty range. Thus, SPM

was not a significant factor in shifting the phase matching wavelength from the predicted

values. Third, the predicted values may simply be incorrect due to uncertainty in the

refractive index values used. There is a large amount of uncertainty in the values for pre-

dictions due to the alteration in the new GaAs/Al0.85Ga0.15As superlattice compared to

the GaAs/AlAs superlattice of previous studies. Also, the index of the intermixed regions

is uncertain since intermixing in the disordered regions was not complete as evidenced

by photoluminescence measurements. Lastly, measurements of the original superlattice

index may have been inaccurate. This is evidenced by the similar inconsistency between

the predicted and measured phase matching wavelengths for that structure [97].

Power Dependence

The power dependence of the SHG in Sample A was studied in detail. Experiments

with several different waveguides proceeded by setting the fundamental wavelength to

the phase matching wavelength for the particular QPM period while operating the laser

at high power (> 100 mW). The power was then attenuated downward at logarithmic

intervals while the second-harmonic power produced by the QPM sample was recorded.

Figure 5.9 shows the internal second-harmonic power produced for different internal

fundamental input powers on logarithmic scales. At low power, the second-harmonic

power increases steadily in exponential fashion, which is observed as a straight line on a

log-log plot. The differences in the absolute power produced between the various QPM

periods for the same input power signifies differences in the conversion efficiency. At
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Figure 5.9: Power dependence of phase matched SHG for several QPM periods in
Sample A for a) Type-I, and b) Type-II interactions. Part b) reproduced from [98].
©2010, Optical Society of America.

high input powers, the curves deviate from this trend and the second-harmonic power

eventually saturates with further increases in fundamental power. This saturation was

most likely due to high-order nonlinear effects, as was predicted in Section 4.6. In at least

one case for Type-II phase matching, the 3.5 µm QPM period outperforms the other

waveguides at low power, then saturates and ends up producing less second-harmonic

than the others at input powers above 20 mW. For the purposes of determining the

slope of the log-log curves, the high power data points were ignored. At best, the slope

was 1.85, which is nearly quadratic as is expected for the SHG process. However, other

curves showed slopes down to 1.65, which is significantly off of the expected quadratic

behaviour.

There are several notable differences in the power dependence between Type-I and

Type-II phase matching. Figure 5.10 shows the log-log curves for a Sample A waveguide

with a 3.5 µm QPM period. Curve fits shown represent the best least-square fit to

the lower power data points where the dependence of the the second-harmonic power

on the input power is nearly quadratic. Type-I phase matching outperforms Type-II

phase matching at all lower power levels by at least 5 dB. However, the second-harmonic

power from Type-I tends to begin saturating below 10 mW of average input power, lower

than the Type-II case which saturates above 10 mW. This is likely due to the difference
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Figure 5.10: Power dependence SHG at the phase matching wavelengths for Type-I
and Type-II interactions in Sample A for a QPM period of 3.5 µm. Solid lines show
numerical fits of data points well below saturation.

in the strength of the high-order nonlinearities between the TE and TM fundamental

modes. As described in Section 3.4, the TE polarization exhibits larger values for the

nonlinear refraction and TPA coefficients than the TM polarization. As such, the hybrid

polarization of the fundamental involved in Type-II phase matching would experience

lower overall SPM and nonlinear absorption, leading to less saturation as predicted in

Section 4.6. Note that the phase matching wavelength for Type-I was lower and thus

closer to the half-band gap resonance. However, the difference in the saturation behaviour

is consistent between all of the Type-I and Type-II log-log curves shown in Figure 5.9.

The curve fits also show the extrapolated behaviour of the waveguides in the absence

of any nonlinear effects. For instance, the Type-I interaction could have produced as

much as 25 µW of second-harmonic power for 50 mW of fundamental power, nearly an

order of magnitude more second-harmonic than obtained in the experiment. Type-II

phase matching would have had a modest increase of 2.3-times more power for 41 mW

of average fundamental power.

Power dependence experiments were also carried out with Sample B. Figure 5.11 shows

the Type-I SHG log-log curves for waveguides from both Sample A and Sample B with

QPM periods of 3.5 µm. At lower powers, Sample B outperforms Sample A, producing
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Figure 5.11: Power dependence of Type-I SHG at the phase matching wavelengths
for Sample A and Sample B in waveguides with a QPM period of 3.5 µm.

nearly twice as much second-harmonic power. Note that this is not necessarily the case

for all of the Sample B waveguides tested. This happens despite the larger linear losses

for this waveguide. As the power is increased, Sample B begins to saturate at a lower

power than Sample A, contrary to the predictions of Section 4.6. Eventually, the power

produced by either sample nearly equalizes at input powers above 30 mW. Since the

phase matching wavelength for Type-I phase matching is similar for both samples, the

difference in behaviour cannot be explained as a differences in values the for the high-order

nonlinear coefficients. Instead, this behaviour is consistent with the higher confinement

of the fundamental wavelength mode in Sample B. This raises the effective intensity of

the fundamental, which enhances third-order nonlinear effects. Thus, saturation in the

second-harmonic power begins at lower input powers for Sample B than in Sample A.

Thus, the tradeoff for achieving better confinement of the second-harmonic wavelength

is saturation at lower power due to enhanced SPM and TPA.

Conversion Efficiency

The saturation effects observed in the power dependence of the second-harmonic power

generated imply that the conversion efficiency must also be changing. Figure 5.12 shows

the normalized average power internal conversion efficiency for Type-I and Type-II SHG
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Figure 5.12: Average power conversion efficiency variation with power for a waveg-
uide in Sample A with a QPM period of 3.5 µm

in a Sample A waveguide with a QPM period of 3.5 µm at different average internal

input powers. Overall, Type-I phase matching outperforms Type-II phase matching as

observed before. At low power, the conversion efficiency was as high as 1055 %W−1cm−2

for Type-I and 278 %W−1cm−2 for Type-II, nearly a fourfold difference. As expected,

the conversion efficiency steadily fell as the input power was increased. The Type-I

conversion efficiency fell more rapidly, eventually arriving at a value of 34 %W−1cm−2,

nearly the same as in the Type-II interaction. This clearly demonstrates how the Type-I

interaction was affected more strongly by the large amount of SPM and TPA in the TE

polarized fundamental.

Figure 5.13 shows the Type-I conversion efficiency as a function of input power for

equivalent waveguides in Sample A and B. As expected, Sample B exhibited better con-

version efficiency at low powers, as much as 50% higher than Sample A at equivalent input

power. This was likely due to greater confinement and overlap of the fundamental and

second-harmonic modes in Sample B. As the power is increased, Sample B’s conversion

efficiency fell more rapidly than Sample A, the result of the larger SPM and TPA due to

enhanced confinement of the fundamental. Eventually, the efficiencies nearly equalize at

powers above 10 mW. There are several notable differences in behaviour of the conversion

efficiency curves of Sample A and Sample B. First, the slope in the curve changes more
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Figure 5.13: Power dependence of Type-I SHG normalized average power conversion
efficiency for Sample A and Sample B in waveguides with a QPM period of 3.5 µm
when using 2-ps pulses.

dramatically for Sample B at higher powers. As SPM is found to dominate over nonlin-

ear absorption at moderate powers, this may be due to stalling of the SPM effect due to

the increased nonlinear absorption at high power. Second, the conversion efficiency for

Sample B also levels off at low power. This signifies that the power level was too small

for SPM and TPA to affect the SHG process. Here, the conversion efficiency appears to

have converged towards its unperturbed value. Contrary to this, Sample A’s conversion

efficiency continued to climb steadily as the power was decreased. This may have been

due to an increased signal-to-noise ratio as the second-harmonic power detected fell to

below 10 nW for internal input power less than 1 mW in Sample A. As such, it was

difficult to pinpoint the value at which the conversion efficiency is no longer affected by

high-order nonlinear effects.

The conversion efficiency was evaluated for several different waveguides with different

QPM periods on both Sample A and Sample B. In the case of Sample B, the conver-

sion efficiency value was selected as the peak in the region at low input power where

the efficiency values level off. For Sample A, as the values did not level off, the point

closest to where the detected output second harmonic power was greater than 10 nW was

selected. Figure 5.14 shows the conversion efficiencies versus phase matching wavelength
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for several different QPM periods in both samples for Type-I and Type-II interactions.

Also shown are conversion efficiency values accounting for the linear losses in the fun-

damental as per Equations 4.9 and 4.10. Using these equations, values increased by up

to 10% for Sample A, and by up to 20% in Sample B. Overall, the conversion efficiency

of Type-I phase matching exceeds that of Type-II phase matching by a wide margin.

The exception is the 3.6 µm QPM period in Sample A (phase matching wavelength near

1560 nm), which has a much lower Type-I conversion efficiency relative to all other QPM

periods. It is believed that the waveguide was damaged either before or during the

experiment. Otherwise, the other points appear to follow a trend with the conversion

efficiency reducing with smaller phase matching wavelengths. It was expected that the

conversion efficiency would increase with shorter phase matching wavelengths since the

value of χ(2) increases when approaching the half-band gap energy. However, the presence

of the opposite trend suggests that the increased strength in χ(2) was being overwhelmed

by the increase in absorption loss as the second-harmonic wavelength generated moved

into the absorption band tail of the as-grown superlattice. This is much more clearly

observed in the Sample B data, where the conversion efficiency for the shortest QPM

period (shortest phase matching wavelength) drops to less than 4% of the maximum

recorded efficiency value measured for a longer QPM period. Another notable observa-

tion is that Sample A appears to have a larger conversion efficiency than Sample B at the

longest phase matching wavelength shown for Type-I. This is contrary to the assertion

that conversion efficiency would be higher in Sample B due to enhanced confinement of

the second-harmonic. Both the quantifiable error in the value of the Sample A conversion

efficiencies and measurement error in both samples may account for some of this discrep-

ancy. Type-II phase matching also appears to be more efficient in Sample A, despite the

improved confinement and anticipated reduction of second-harmonic radiation losses in

Sample B. However, note that there is a lack of coinciding phase matching wavelengths,

so this is not a definite conclusion.
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Figure 5.14: Low power Type-I SHG normalized conversion efficiency for a) Sample
A and b) Sample B for several QPM periods (and their corresponding phase matching
wavelengths) using 2-ps pulses. Open symbols show the efficiency values when linear
losses in the fundamental are accounted for.

5.4 Continuous Wave Experiments

Several experiments with DD-QPM samples were carried out using a continuous wave

laser system. The advantage of using continuous wave is that the peak power levels

are not large enough to induce high-order nonlinear effects, which greatly affected the

2-ps pulse experiments. However, the overall second-harmonic power production is less

for the same reason. Continuous wave experiments were not carried out in previous

DD-QPM studies due to high linear losses that would have limited the amount of SHG

below reliably detectable amounts. In the latest generation of DD-QPM samples, linear

loss were deemed to be sufficiently low to permit ample continuous wave SHG. This

section highlights the results of SHG experiments by a continuous wave laser, showing

large second-harmonic powers generated and several phenomena encountered including

bistability and thermal shifts of the phase matching wavelength.

5.4.1 Experimental Setup

The setup used for continuous wave SHG was similar to that of pulsed SHG. As shown in

Figure 5.15, a tunable, external cavity laser diode was used as the fundamental source.

This laser emitted wavelengths between 1500 nm and 1600 nm and had a narrow linewidth
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Figure 5.15: Schematic of the experimental setup for SHG experiments with a
continuous wave source

of 100 kHz. The power of this laser was boosted by using an erbium-doped fiber amplifier

(EDFA) capable of delivering powers of up to 2 W. However, no more than 350 mW at the

waveguide sample facet was used. Any more power than this caused catastrophic damage

to the input of the waveguide, likely due to large absorption of the fundamental via defects

on the cleaved surface. A fixed collimator was used to launch the fundamental light from

the output fiber of the EDFA into the free-space beam path. Quarter- and half-wave

plates were used to set the elliptically polarized light from the fiber as close as possible

to a linear polarization before being passed through a polarizing beam cube used to

isolate the desired polarization. Light was end-fire coupled through a 40× anti-reflection

coated objective lens and output light was collected with a standard 40× objective lens.

In experiments involving Sample A waveguides, a longer sample (3.5 mm) was used

instead of the shorter one for several reasons. First, the longer sample had a smaller free-

spectral range (FSR) of about 0.1 nm between Fabry-Perot resonances. This allowed the

phase matching wavelengths to be pinpointed better during spectral sweeps. Second, the

longer interaction length permitted the generation of larger amounts of second-harmonic

power than would have been generated in the shorter sample. Only Type-I SHG was
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observed in Sample A, and only for three different QPM periods (3.5, 3.6, and 3.7 µm)

since only those waveguides had phase matching wavelengths within the EDFA gain

bandwidth. QPM periods having Type-II phase matching wavelengths within the EDFA

gain bandwidth were not available in Sample A. In experiments with Sample B, both long

(4 mm) and short (1 mm) samples were used. Several shorter QPM periods included in

this sample set allowed both Type-I and Type-II SHG within the EDFA bandwidth.

However, only Type-I phase matching was observed in the long sample. Phase matching

peaks for Type-II were not definitively observed. Instead, Type-II SHG was achieved

more readily in the shorter samples than in the long sample, despite exhibiting the same

issue with the large FSR in Type-I experiments in Sample A. This is due to having both

the TE and TM polarizations of the fundamental resonating in the cavity at different

wavelengths. Since the FSR was similar for both polarizations, the output spectral

transmission behaviour was the composite of longitudinal modes of both polarizations,

which effectively cut the FSR by half, allowing more accurate determination of the phase

matching wavelengths.

5.4.2 Results

Performance

Several Sample A waveguides with different QPM periods and duty cycles were charac-

terized for Type-I SHG. As opposed to other experiments with pulses, waveguides with

a width of 3.5 µm were used due to damage to many of the 3.0 µm-wide waveguides.

Thus, there were differences in the coupling efficiencies and in the optical intensity inside

the waveguides. As such, SHG may or may not have been enhanced depending on the

balance between these opposing factors. However, the overall performance should be

similar to the narrower waveguides used in other experiments discussed previously.

The phase matching wavelengths were found by scanning the wavelength of the tun-

able laser with 250 mW of total power reaching the input facet. However, the output

fundamental power level fluctuated over the course of the scan as the laser wavelength

moved through several Fabry-Perot resonances. Figure 5.16 shows the transmission ratio
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Figure 5.16: Transmission of fundamental through a QPM waveguide with a 3.5 µm
period

of the fundamental of the waveguides. Immediately noticeable are the resonance peaks,

which appear to abruptly drop on the long-wavelength side of the peak. Mechanical

settling in the tunable laser laser was ruled out as the source of this behaviour since

Fabry-Perot loss measurements at powers less than 5 mW with this same laser and ex-

perimental setup did not show similar asymmetric transmission peaks. Thus, it appeared

that the cavity had a bistability, similar to that observed in silicon microring resonators

[99]. Despite this behaviour, the phase matching wavelengths were found within 1 nm

of the corresponding phase matching wavelengths found in the 2 ps pulse experiments

shown in Figure 5.7.

At the phase matching wavelength, output second-harmonic powers detected were in

the 100’s of nanowatts for input powers in excess of 200 mW for several different QPM

waveguides. In the best performing waveguide, which had a QPM period of 3.5 µm and

duty cycle of 60:40, the detected second-harmonic power was as high as 594 nW for

310 mW of fundamental power at the external side of the input facet. Accounting for

the path losses, which included the collection efficiency of the output objective lens and

the filter reflectivity, the internal second-harmonic power in this instance was 1.67 µW.

As expected, this was significantly lower than the nearly 10 µW generated using 2-ps

pulses and a lower average power at the facet of 150 mW. Thus, the overall conversion
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efficiency was lower for the continuous wave case.

In order to calculate the internal conversion efficiency, the Fabry-Perot resonance

behaviour of the waveguide must be accounted for when finding the internal fundamental

input power. The output power through such a cavity on a resonance is

Po =
(1−R)2 exp(−αL)

[1− exp(−αL)R]2
ηcPi (5.1)

where R is the facet reflectivity, α is the linear loss coefficient, L is the cavity length,

ηc is the input coupling efficiency, and Pi is the external input power. Knowing the

transmission value through the waveguide on such a resonance, the coupling efficiency can

be deduced. If there were no resonance in the waveguide, the internal input power would

ordinarily be calculated as ηc(1 − R)Pi. However, because of the cavity resonance, the

input power level on the internal side of the input facet will be larger. Instead, assuming

that nonlinear absorption is negligible, the internal input power can be calculated as

Pi,int =
Po

(1−R) exp(−αL)
. (5.2)

Given a facet reflectivity of 26% and a loss coefficient of 0.8 cm−1, the 68 mW measured

for the output fundamental power yields an internal input power of 118 mW in the case

of the best performing waveguide. If there were no resonance, the internal power would

have been 79 mW at the input facet taking into account the calculated 34.4% coupling

efficiency. Thus, the Fabry-Perot resonance enhances the internal fundamental power

by over 49% in this case. Similar resonant enhancement values were found for other

waveguides.

Table 5.3 lists the normalized conversion efficiencies for several Sample A waveguides.

Compared to the 2-ps pulse experiments, the average value efficiency values are nearly

four orders of magnitude smaller, which is the result of the reduced peak fundamental

power. However, the conversion efficiency values were more consistent in the continuous

wave experiments across different input power levels and did not show any significant

decrease as the input power was increased. This indicated that the continuous wave

SHG process was not afflicted by SPM or nonlinear absorption. The best overall per-



Chapter 5. Characterization of SHG 113

Table 5.3: Continuous wave SHG performance of Sample A QPM waveguides for
Type-I phase matching. The right-most column shows the calculated efficiency with
the fundamental wavelength (FH) loss accounted for according to Equation 4.9.

Period FH Loss (cm−1) η [%W−1cm−2] η with Loss
60:40 Duty Cycle

3.5 0.80 0.092 0.121
3.6 1.23 0.032 0.050
3.7 0.58 0.064 0.079

50:50 Duty Cycle
3.5 1.32 0.042 0.066
3.6 1.88 0.028 0.053
3.7 0.97 0.052 0.073

formance was from a 60:40 3.5 µm period waveguide, in which the conversion efficiency

was 0.092 %W−1cm−2. This is still well below continuous wave conversion efficiencies

reported for other phase matching methods, by as much as two orders of magnitude. At

first inspection, the 60:40 duty cycle waveguides appear to outperform the 50:50 duty

cycle waveguides. However, the 50:50 waveguides also showed larger loss, most likely

owing to the increased length of the intermixed domains. When the loss of the funda-

mental is factored in using Equation 4.9, the relative difference between the 60:40 and

50:50 duty cycle is reduced. No clear trend in the dependence of the efficiency on the

QPM period was observed, and thus no conclusion can be made on the influence of the

second harmonic loss or the spectral dependence of χ(2).

Several waveguides from a 4 mm long piece of Sample B were tested for Type-I SHG.

Overall, generated second-harmonic powers were much lower than in Sample A, no more

than 360 nW internally. The best performance was measured for a QPM period of 3.5 µm

and duty cycle of 60:40 (same as the best waveguide in Sample A). The normalized in-

ternal conversion efficiency was 0.029 %W−1cm−2, 3.2 times less than the best results

for Sample A. This agrees with the results from experiments with 2-ps pulses. Again,

this was unexpected since the larger confinement in the more deeply-etched waveguides

of Sample B should have raised the internal optical intensity and modal overlap, and

thus the conversion efficiency. One possible cause is the greater linear loss of Sample

B. Recalculating the conversion efficiency to account for the loss coefficients of the fun-
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damental and second-harmonic gives 1.98 %W−1cm−2. However, without reliable loss

data at the second-harmonic for Sample A, it is difficult to say whether or not this is an

improvement.

Type-II SHG was obtained only in Sample B which had QPM periods short enough to

place the phase matching wavelengths within the EDFA gain bandwidth. Also, a shorter

piece (1 mm) was used as it yielded higher output second-harmonic powers. The best

performance was from a waveguide with a 3.3 µm QPM period and 50:50 duty cycle,

which produced an internal second-harmonic power of 117 nW for about 130 mW of

internal fundamental power. This yielded a conversion efficiency of 0.067 %W−1cm−2,

more than twice that achieved for Type-I SHG in the longer Sample B piece. Account-

ing for the fundamental and second-harmonic loss placed the conversion efficiency at

0.482 %W−1cm−2, nearly four times lower than Type-I conversion. Again, this does not

agree with the prediction that Type-II should have been more efficient due to larger χ(2)

modulation.

Tuning Curves and Conversion Bandwidth

Scans of the input fundamental wavelength were performed around the phase-matching

wavelength. The wavelength was initially set at the shorter wavelength of the scan

region, then increased at intervals of 0.01 nm. A three second delay was added between

scan points to allow the output powers to settle before measurements were taken. The

resulting SHG tuning curve for a Sample A waveguide with a 3.5 µm QPM period is shown

in Figure 5.17 for an external input power of 310 mW. Fabry-Perot resonance features

matched those of the fundamental transmission curve of Figure 5.16. Also notable is

the asymmetric shape of the resonance peaks, with the second-harmonic power abruptly

dropping on the long wavelength side of the peak in a similar fashion to the transmission

curve. This demonstrates that the SHG process followed the internal fundamental power

of the cavity. The dotted red line show the tuning curve with the Fabry-Perot features

removed by low-pass filtering of the data. It resembles a sinc2 function, which is consistent

with a phase-matched SHG process. However, some asymmetry is observable in this curve

with the short-wavelength side of the curve not exhibiting side-lobes as the the long-
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Figure 5.17: Tuning curve for continuous wave SHG in a 1.0 µm-deep, 3.5 µm wide,
3.5 mm-long waveguide with a 3.5 µm QPM period. Fabry-Perot peaks are due to
cavity resonances in the waveguide. The dashed line shows the tuning curve with
the Fabry-Perot peaks filtered out. Reprinted with permission from [100]. ©2009,
American Institute of Physics.

wavelength side does. This may stem from the same phenomenon that causes the Fabry-

Perot peaks to be asymmetric. The FWHM bandwidth of the filtered curve was 0.41 nm,

which is an order of magnitude smaller than that measured for the shorter sample with 2-

ps pulses. Part of this difference is due to the difference in grating length, which accounts

for about a factor of three. The remaining portion of the bandwidth difference is the

result of using a very narrowband source in the continuous wave experiments over the

use of the relatively wide spectral width of the ultrafast source. The phase matching

peak was taken to be the peak of the filtered curve and not of the raw data since the

Fabry-Perot peaks may not have exactly aligned with the phase matching wavelength.

However, the asymmetric shape of the peaks may have also obscured the fit. The error in

the phase matching wavelength is, at most, the FSR. This represents an error of nearly

one-quarter of the conversion bandwidth.

Wavelength scans were also conducted with different power levels. Tuning curves

after filtering out the Fabry-Perot features are are shown in Figure 5.18. The peak was

found to shift to longer wavelengths as the power was increased. For a change in power

from 250 mW to 310 mW, the phase matching wavelength shifted by 0.26 nm, which is
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Figure 5.18: Filtered envelopes of tuning curves for continuous wave SHG in a
1.0 µm-deep, 3.5 µm wide, 3.5 mm-long waveguide with a 3.5 µm QPM period at
different input powers. Reprinted with permission from [100]. ©2009, American
Institute of Physics.

over half the conversion bandwidth. Such a shift is an indication of the phase matching

condition changing. One possible cause would be nonlinear refraction, which was shown

to cause disruption in the 2-ps pulse experiments. However, the peak optical intensities

when using the continuous wave source are far too low to cause such a large change in

the phase mismatch. Another possible cause is the thermo-optic effect, which would have

altered the refractive index of the waveguide materials resulting in a shift of the phase

matching wavelength. In this case, the change in the phase matching wavelength due to

changes in the temperature T would be

dλpm
dT

= 2Λ
d∆n

dT
(5.3)

where d∆n/dT = dn2ω/dT − dnω/dT . By the Gehrsitz model [84], the thermo-optic

coefficients for the equivalent bulk alloy of the superlattice, Al0.425Ga0.575As, are 2.37 ×

10−4K−1 for the second-harmonic wavelengths and 1.75 × 10−4K−1 for the fundamental

wavelengths. By this, the temperature increase to cause a 0.26 nm shift in the phase

matching wavelength is 0.6 K. Such a temperature increase could have been caused by

absorption of the fundamental through defects.
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The observed thermal shifts in the phase matching wavelength has many consequences

for an integrated wavelength conversion device. It could cause disruptions in the per-

formance of such a device. As the temperature of the device is sure to change during

normal operation, the phase matching wavelength and the conversion efficiency are likely

to fluctuate. Furthermore, any variance in the temperature of an integrated device could

destabilize the pump laser wavelength, which would further disrupt the conversion process

[101]. Robust thermal management will have to be employed to stabilize the temperature

of the device and maintain the phase matching wavelength at the designed point. How-

ever, being able to control the phase matching wavelength would also be an advantage as

it would allow some flexibility. For instance, such control could be used to compensate

for fabrication errors either in the QPM period or in the material composition during

wafer growth.

Bistability

Several forms of bistable behaviour in the QPM waveguides were observed during the

continuous wave experiments at constant input power. The first was found while tuning

the fundamental wavelength either up or down. When tuning downward, the second-

harmonic power produced was less than when tuning upward. Ordinarily, this should not

have been the case. To investigate this phenomenon, a wavelength scan was performed

around one of the Fabry-Perot peaks shown in Figure 5.17. The scan proceeded in the

upward direction with a reduced step interval of 0.002 nm, then the scan direction was

reversed. The resulting hysteresis loop is shown in Figure 5.19. Tuning in the upward

direction produced a higher second-harmonic power peak, after which the power drops

rapidly. In the reversed scan, the second-harmonic power decreases, but at a decreasing

rate. At some point, the power suddenly increases and the tuning curve meets with the

curve from when the wavelength was tuned upward. Such a hysteresis loop indicates that

the Fabry-Perot modes of the waveguide cavity were being shifted by some dependence

on the internal cavity power, which likely affected the effective index of the waveguide.

In the case of the upward scan, the increasing internal cavity power may have moved the

Fabry-Perot resonance out to longer wavelengths, thus the scan “chases” the resonance
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Figure 5.19: Hysteresis loop in second-harmonic power when tuning the wavelength
in upward direction, followed by downward direction.

peak. After reaching the peak, moving the wavelength slightly beyond it causes the

power to drop by a minute amount. This triggers a positive feedback effect that causes

the cavity power to drop and the Fabry-Perot resonance peak to be restored to its original

wavelength. In the reverse scan direction, the positive feedback mechanism causes the

Fabry-Perot mode to be “dragged” upward in wavelength, which causes the sudden power

increase observed. In both the case of the sudden power increase and abrupt power drop,

the detected power was observed by eye to settle over a period of a few seconds. As

with the shift in phase matching wavelength with input power discussed in the previous

section, the thermo-optic effect was the most likely cause of this behaviour. An index

increase of 2.2 × 10−4 is sufficient to shift the resonance peaks by one interval of the

free-spectral range. Using the thermo-optic coefficient from before, a 1.3 K increase in

temperature would have been sufficient to cause such a shift.

Bistable behaviour was also observed when changing the input power level. In one

experiment, the wavelength was set to the phase-matching wavelength of the QPM waveg-

uide under test. The input power was gradually increased at regular power intervals up

to a power of 340 mW. Then the power scan was reversed. Figure 5.20 shows the recorded

output powers of the fundamental and second-harmonic. At least three hysteresis loops

and switching points were observed. Within each loop, the fundamental power mostly
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Figure 5.20: Dependence of output fundamental and second-harmonic power on
input fundamental power in a 1.0 µm-deep, 3.5 µm wide, 3.5 mm-long waveguide
with a 3.5 µm QPM period. Bistable behaviour is observed with the presence of
rapid increases and hysteresis loops. Reprinted with permission from [100]. ©2009,
American Institute of Physics.

decreases as the power is increased and increases when the power is decreased, except at

the switching points where the behaviour is opposite. The generated second-harmonic

power appears to track the behaviour of the fundamental. It increases at a nonlinear

rate (note the logarithmic scale of the figure), which is consistent with the SHG pro-

cess. Again, such sudden switches and hysteresis loops are consistent with thermo-optic

shifting of the Fabry-Perot cavity modes.

In all the experiments on bistability, a noticeable temporal delay was observed near the

switching points in the hysteresis loops. When blocking and unblocking the output beam

from the sample, the detector measurements were relatively instantaneous, thus ruling

out the detector response as the cause for this effect. However, doing the same to the

input beam did produce a significant settling time on the output detectors. Essentially,

blocking and unblocking the input beam causes an instantaneous input power ramp. This

procedure was carried out for several input power levels, which were all above 250 mW

where the third switching point was observed in Figure 5.20. The output fundamental

and second-harmonic powers were recorded at a sampling rate of 10 Hz over a ten second

period. Figure 5.21 shows the output second-harmonic power over that time period. The
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Figure 5.21: Second-harmonic power generated over time after applying an input
step of three different fundamental powers. Rapid jumps in generated power followed
by declines show the bistable behaviour of the waveguide. Reprinted with permission
from [100]. ©2009, American Institute of Physics.

input beam was released at the 2 s point. Three peaks in the second-harmonic power

occur over the time interval. This corresponds to the three switching points observed in

Figure 5.20. The largest peak was found in the case where 310 mW of input power was

used. However, the power dropped off and settled to a level below the curve for 250 mW,

which also matches the behaviour in Figure 5.20. The time scales to reach these peaks

indicates a slow thermal effect. Furthermore, it was found that the time to reach the

largest peak was dependent on the input power level. For instance, at the 310 mW power

level, the peak occurs after 1.4 s after the input power is applied, whereas it takes over

4 s for 250 mW. Such behaviour is indicative of a critical slowing down dynamic, which

is a well known phenomena in optical bistability [102].

Overall, the bistable and temporal behaviour indicate the presence of a significant

thermo-optic effect. In order to cause temperature increases, optical absorption and

subsequent thermalization of excited carriers was likely the source. It is unlikely that

absorption of the generated second-harmonic is the underlying source of power since the

amount of second-harmonic produced is well below what would be required to cause the

temperature increases required. Also, bistable behaviour was observed at wavelengths
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outside the phase matching bandwidth for the SHG process, further indicating that

second-harmonic absorption was not the ultimate cause. Instead, absorption of the fun-

damental is more likely to be the source of the bistable behaviour. Despite being well

below the band gap energy, the fundamental wavelength can be absorbed by other mech-

anisms such as impurities, lattice and surface defects, and free-carrier absorption from

the residual background doping. By this, several 10’s of milliwatts of fundamental power

could have been absorbed leading to thermo-optic effects.

Bistability could cause several problems in the operation of an integrated frequency

conversion device. For instance, it could introduce distortions in the converted signals

of an OPA. The relatively slow thermal buildup could also limit the bit rate. Unwanted

bistability in the QPM waveguides could be resolved by eliminating the Fabry-Perot

cavity formed by the end facets. This can be done by applying anti-reflection coatings to

the facets or by patterning the waveguides at an angle to the cleave planes of the wafer

to reduce the amount of internal reflection. While this may solve some of the problems

for an OPA, an integrated OPO requires a cavity for the signal/idler wavelengths. Such

thermal bistability could make the behaviour of the OPO unpredictable and unstable.

Again, a good thermal management system must be implemented with either device to

stabilize device operation.

5.5 20-ps Pulse Experiments

Experiments in the ultrafast pulse and continuous wave regimes were met with several

complications that obscured clear measurements of the potential conversion efficiency

of the QPM waveguides. Tests with 2-ps pulses resulted in large amounts of nonlinear

absorption and SPM that led to saturation effects in the SHG process. Also, the spec-

tral bandwidth of the pulses was on the order of the conversion bandwidth of the short

QPM samples, thus leading to poor spectral overlap. Using continuous wave excitation

resolved the problems related to high-order nonlinearities and spectral resolution. How-

ever, Fabry-Perot resonances and bistable behaviour made it difficult to verify the power

dependency of the SHG process and to definitively calculate the conversion efficiency.
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Hence, another excitation regime was necessary to provide more information about the

conversion efficiency. Thus, 20-ps pulses were chosen for several reasons. The spectral

width of 20-ps pulses is theoretically ten times less than 2-ps pulses assuming no signifi-

cant chirp. Also, the pulse peak powers, despite being ten times smaller, would be high

enough to induce significant amounts of SHG while limiting nonlinear absorption and

SPM. Furthermore, with longer pulses, the effect of GVM would be reduced. As shall

be seen in this section, the combined advantages of using 20-ps pulses showed improved

trends in the conversion efficiency with minimal parasitic effects.

5.5.1 Experimental Setup

In experiments involving 20-ps pulses, the setup shown in Figure 5.22 was used. This

system was developed by and housed at the Institut de Ciènces Fotònique, and the

experiments detailed here were carried out in collaboration with Prof. M. Ebrahim-

Zadeh’s group at ICFO. The laser source consisted of a mode-locked ytterbium-doped

fiber laser emitting at 1064 nm with pulse lengths of about 20 ps at a repetition rate of

81 MHz. This was used to synchronously pump a singly-resonant PPLN-based OPO that

produced signal wavelengths between 1500 nm and 1700 nm. Maximum average power

available from this system was 300 mW. The end-fire and launch setup was otherwise

the same as that used in the 2-ps pulse experiments. Coupling efficiencies were similar

to those measured in the 2-ps experiments.

For the experiments, focus was placed on the short piece of Sample B. The long

Sample B sample was also tested successfully for a few waveguides, but several were

damaged in previous experiments. The short Sample A piece appeared to demonstrate

behaviour consistent with a Fabry-Perot cavity as in the continuous wave experiments.

Thus, it was difficult to isolate the phase matching wavelength since the FSR of this

sample was large. However, the longer Sample A piece did produce significant amounts

of second-harmonic power when the phase matching wavelength was located.

It should be noted that the OPO was not entirely stable. The emitted center wave-

length was observed to fluctuate rapidly over a range of up to 2 nm as observed on the

spectrometer. At times, it was difficult to tune the laser to the exact phase matching
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Figure 5.22: Schematic of the experimental setup for SHG experiments with a 20-ps
pulsed source.

wavelengths. Thus, quoted second-harmonic powers were likely below the potential and

conversion efficiencies were not as high as anticipated. Despite this, several insightful

results were obtained on a number of samples and QPM waveguides.

5.5.2 Results

Performance

Several Sample B waveguides were tested for both Type-I and Type-II interactions. Phase

matching wavelengths were found close to those found in 2-ps pulse and continuous wave

experiments. For Type-I phase matching, internal second-harmonic powers of up to

9.3 µW were generated with an internal input fundamental power 55 mW using a waveg-

uide with a 3.8 µm QPM period and 60:40 duty cycle. Thus, the maximum normalized

conversion efficiency was 30 %W−1cm−2. Type-II phase matching produced much less

power as in previous experiments. At best, 0.5 µW of second-harmonic power was gen-

erated in the TE polarization, also in a waveguide with a 3.8 µm period, but 50:50 duty

cycle. The normalized conversion efficiency was 5.3 %W−1cm−2.

Second-harmonic generation was also achieved with the long Sample A piece. The
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largest internal second-harmonic powers generated by a DD-QPM waveguide were achieved

with this sample. Using a waveguide with a 3.6 µm QPM period and 60:40 duty cycle,

the Type-I interaction produced nearly 16 µW of second-harmonic power at the exit facet

for about 70 mW of internal fundamental power. However, the conversion efficiency was

somewhat low, only 2.7 %W−1cm−2, which is lower than that achieved with the short

Sample B. It is also over an order of magnitude smaller than that achieved with 2-ps

pulses in the shorter Sample A piece. This demonstrates that the conversion efficiency

did not scale with length and may indicate that the losses in the second-harmonic were

high, thus depressing the normalized conversion efficiency.

Despite the slightly lower overall performance with 20-ps pulses, the normalized con-

version efficiencies for Sample B were within the same order of magnitude as with the

2-ps experiments. This means that the quantum conversion efficiency with either pulse

length is similar. Thus, there is an equivalency in performance. However, since the pulse

peak power was about ten-times less for the 20-ps pulses, the instantaneous conversion ef-

ficiency was nearly one order of magnitude higher at large input powers. Thus, from this

perspective, the SHG performance was better when using 20-ps pulses than 2-ps pulses.

The average power conversion efficiencies are also at least two-orders of magnitude larger

than those of the continuous wave experiments, meaning that far more second-harmonic

photons were produced in the 20-ps case.

Power Dependence

The power dependence of the SHG process with 20-ps pulses was investigated. Figure 5.23

shows the output second-harmonic power in a Sample B waveguide with a 3.8 µm QPM

period as the internal input power was increased. Also shown is data from the 2-ps

pulse experiments with the same waveguide. At low powers, the 2-ps system produced

output second harmonic powers nearly 13 times larger than in the 20 ps case. As the

input power is increased, second-harmonic power steadily increased in the 20-ps system

without saturation at high powers. The “kink” in the shown curve at 30 mW is attributed

to measurement error, laser instability, and potentially thermal bistability similar to that

observed in continuous wave measurements. No consistent trend related to this behaviour
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Figure 5.23: Power dependence of second-harmonic power for 20-ps pulses and 2-ps
pulses in a 1.3 µm-deep waveguide with a 3.8 µm QPM grating period.

was found in other waveguides. Overall, no significant fluctuations or deviations from

linear behaviour on the log-log plot were observed. However, for 2-ps system, the power

does saturate and converges toward the same value as in the 20-ps system. The slope

of the logarithmic curve from the best fit of the 20-ps data was 1.95, which is nearly

quadratic and confirms the theoretical dependence of the SHG process on input power.

This is an improvement over the 2-ps experiments where the slope was much less than

quadratic. The power dependence demonstrates that the 20-ps is not afflicted by either

SPM or nonlinear absorption to the same degree as the 2-ps system over the input power

levels investigated. At input powers greater than used here, it is anticipated that the

20-ps pulses would outperform 2-ps pulses and produce more output second-harmonic

power.

The behaviour of the normalized conversion efficiency was also different in each pulse

length regime. Figure 5.24 shows how the conversion efficiency changes with input power.

For the 20-ps case, the conversion remains steady around a mean value of 23 %W−1cm−2

over the span of 50 mW of input power. This is over an order of magnitude lower

than the 2-ps case at lowest input power shown where the conversion efficiency is nearly

365 %W−1cm−2. As before, at even lower powers, the efficiency in the 2-ps case levels

out and reaches a value of over 1300 %W−1cm−2. As the power was increased for the 2-ps
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Figure 5.24: Power dependence of the SHG conversion efficiency for 20-ps pulses
and 2-ps pulses in a 1.3 µm-deep waveguide with a 3.8 µm QPM grating period.

system, the conversion efficiency drops to 31 %W−1cm−2, which is a similar value to the

20-ps system. This again shows that the 2-ps pulses are strongly affected by higher order

nonlinear effects while the 20 ps pulses are relatively unaffected due to their reduced peak

power.

Further insight can be gained by comparing the performance via the equivalent instan-

taneous efficiency as described by Equation 2.25. For instance, in a Sample B waveguide

with a 3.8 µm QPM period, the Type-I instantaneous efficiency with loss accounted for

was 0.32 %W−1cm−2 when using 20-ps pulses. However, the 2-ps system yielded an effi-

ciency of 1.18 %W−1cm−2 at low power, which is nearly four times higher. The efficiency

was expected to be nearly equal by this measure. A similar discrepancy was observed

for Type-II phase matching. It is suspected that the laser instability in the 20-ps exper-

iments was the cause of this discrepancy. Despite this, the 20-ps system had superior

performance at high power. Here, the instantaneous conversion efficiency in the 2-ps

case fell to 0.033 %W−1cm−2, which is an order of magnitude lower than in the 20-ps

case. Since more input power can be used in the 20-ps case without saturation effects,

even more power can be generated. Thus, the 20-ps system is more appropriate when

operating at high power, which will usually be the case in order to generate sufficiently

high power for useful purposes.
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5.6 Analysis

The measured data from the SHG experiments can be used to resolve the inconsistencies

with predictions. In this section, two characteristics of the superlattice QPM waveguides

are examined in more detail. In the first, the mismatch in the effective indexes of the

fundamental and second-harmonic wavelengths is calculated from the measured trends

in the phase matching wavelengths. This will elucidate the error in the predictions and

provide a new model on which to base future predictions. The second characteristic of

interest is the modulation in χ(2) achieved by the intermixing process. This will provide

an explanation of the lower than expected conversion efficiency.

5.6.1 Effective Index Mismatch

Measured values of the phase matching wavelengths did not correspond to the predicted

values in Chapter 3. As discussed in Section 5.3.2, one possible reason for this was un-

certainty in the refractive index data for the superlattice used to find the mode effective

indexes at the fundamental and second-harmonic wavelengths. The source of this uncer-

tainty in part may have been due to alterations made to the superlattice structure from

the previous structure, partial intermixing in the disordered domains, thermal intermix-

ing in the as-grown domains, and systemic problems in the measured refractive index

data for the previous superlattice. Corrected data could be obtained by re-measuring the

effective slab index of the new superlattice via the grating coupler technique [103]. This

would give accurate data, but it is a time consuming process. Instead, information about

the index mismatch between the second-harmonic and fundamental waves in the actual

samples used for QPM can be extracted using the data obtained on the phase matching

wavelengths. While such an analysis does not yield the actual effective refractive indexes,

for the purposes of QPM, only the mismatch in the indexes is ultimately important for

finding the phase matching wavelengths.

Recall that the QPM period given a particular phase matching wavelength is given

by summing the coherence lengths of the as-grown and intermixed domains. Using Equa-
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tions 3.4 and 3.5, the equation for the QPM period is

Λ =
λω
4

(
1

∆Nag

+
1

∆Nqwi

)
(5.4)

where the index mismatch for Type-I and Type-II phase matching are defined as

Type-I : ∆N = n2ω(TM)− nω(TE) (5.5a)

Type-II : ∆N = n2ω(TE)− 1

2
[nω(TE) + nω(TM)]. (5.5b)

In the case where ∆Nag = ∆Nqwi, the duty cycle is 50:50. While this is not necessarily

true in the case of the superlattice, an equivalent index mismatch assuming that the duty

cycle is 50:50 can be defined as

∆N = 2

(
1

∆Nag

+
1

∆Nqwi

)−1

=
λω
2Λ
. (5.6)

The equivalent mismatch of the above equation is a sort of “average” of the mismatch

in each domain. Also, this equation shows that the mismatch can be determined for

the 50:50 case knowing the nominal QPM period and the measured phase matching

wavelength. Calculated mismatch values are shown in Figure 5.25 for both Sample A

and Sample B using the linear fit of the phase matching wavelengths shown in Figures 5.7

and 5.8. It is assumed that the duty cycle in the actual waveguides is around 50:50, which

is supported by the lack of a clear trend between the 60:40 and 50:50 drawn duty cycles in

the actual samples. Predicted mismatch values are shown as dashed lines and represent

the equivalent index mismatch calculated via Equation 5.6 and the effective refractive

index data from Chapter 3. With the exception of the Sample B Type-I case where there

is a crossover point, the measured index mismatch is consistently less than the predicted

values. There are two possible causes for this: 1) the index values for the superlattice

at the fundamental wavelengths could be larger than anticipated, 2) the index at the

second-harmonic is smaller than anticipated, or 3) a combination of both. Another

trend observed is that the gap between the measured and predicted curves reduces as
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Figure 5.25: Effective refractive index mismatch values extracted from the measured
phase matching wavelengths for Samples A and B. Dashed lines represent the predicted
mismatch values averaged between the as-grown and intermixed refractive index data.

the measured curves bow upward with decreasing wavelength. One possible reason for

this behaviour is the decrease in the band gap energy in the new superlattice structure.

As the wavelength approaches the resonance energy of the superlattice, the index of

refraction should increase rapidly. Since the predicted mismatch values were based on

shifted dispersion curves of the refractive index of the original superlattice, the resonance

effect may not be well accounted for and the model deviates from the actual. Thus, this

points to an inaccuracy of the second-harmonic refractive index data as the chief cause

of the disparity between the predicted and measured index mismatch.

5.6.2 Effective χ(2)

The value of the effective χ(2) for the DD-QPM structure can be calculated from the

conversion efficiency data of the SHG experiments. For this analysis, the data from the

2-ps pulse experiments with Sample B were used. This was done for several reasons. First,

loss data at the second-harmonic wavelengths was more forthcoming for Sample B and

it is necessary to account for the loss coefficient in order to extract the parametric gain

factor from the normalized conversion efficiency. Second, more QPM periods and phase-

matching wavelengths were covered in the 2-ps experiments than in the continuous wave
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experiments, thus allowing a wider picture of the spectral variation. Lastly, data from

the 2-ps experiments was more complete and consistent than in the 20-ps experiments

and also showed better performance at low powers.

In order to calculate χ
(2)
eff , the low-power conversion efficiencies of Figure 5.14 were

first scaled by the loss coefficients of the fundamental and second-harmonic wavelengths

according to Equations 4.9 and 4.10. Next, the effective instantaneous conversion effi-

ciencies were calculated by Equation 2.25, thus yielding the parametric gain coefficient

which is proportional to |κ|2. Effective χ(2) values were then calculated using Equa-

tion 2.9. Since A
(2)
eff generally changes between the as-grown and intermixed sections of

the QPM waveguides, the average is used. Thus, the error in the calculated χ
(2)
eff values

is the difference between using the average effective area, and using the actual effective

areas of either domain as though they were uniform. The results are shown in Figure 5.26

for both Type-I and Type-II phase matching. Immediately apparent is that the values

are lower than predicted. At best, χ
(2)
eff is 8.2 pm/V in the Type-I interaction, which

is about half of the value for a superlattice-based DD-QPM structure predicted in Sec-

tion 4.5. Type-II values were 4.7 pm/V in the best performing waveguide, which is about

one sixth of the predicted value. As with the conversion efficiency, the values for Type-II

are consistently lower than Type-I, however the difference is only a factor of two in χ
(2)
eff

rather than a factor of four as was the case for η. This is the result of taking into account

the larger linear losses in Type-II configuration.

The effective χ(2) for the Type-I interaction appears to gradually increase from low

photon energies and reaches a peak just beyond 0.8 eV. This agrees with the prediction

that χ(2) should increase as the half-band gap is approached. Beyond the peak, the

extracted χ
(2)
eff values plummet. There are several possible reasons for this apparent trend.

In the first explanation, the loss data for second-harmonic wavelengths beyond the band

gap energy discussed in Chapter 3 may be inaccurate. Transmission data was difficult to

obtain above the band gap since little or no transmission was detectable in this range.

Thus, the calculated loss factors may be inaccurate for photon energies beyond 0.8 eV,

which affected the extracted χ
(2)
eff values. Another possible explanation is the potential

duty cycle variation discussed in Section 5.6.1. As was discussed in Chapter 4, deviation
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Figure 5.26: Effective χ(2) values for Type-I and Type-II SHG in Sample B using
data from 2-ps experiments

from the ideal 50:50 duty cycle in the actual QPM grating results in a reduction in

conversion efficiency. Since the duty cycles of the shorter QPM periods are proportionally

more susceptible to the lateral diffusion of the intermixed regions, those shorter periods

will have lower conversion efficiencies. Lastly, in another explanation, such a drop in

χ(2) beyond the half-band gap may be a natural property of the superlattice. While no

theoretical predictions were made for the superlattice at wavelengths beyond the half-

band gap, this explanation is supported by theoretical studies on the dispersion of χ(2)

in GaAs and other semiconductors [104, 105, 106].

The modulation in χ(2) can be calculated from the χ
(2)
eff values using Equation 4.14.

Figure 5.27 shows the value of the change in χ(2) for several photon energies. For the

Type-I data, ∆χ(2) represents the change in the χ
(2)
zxy tensor element, while the Type-

II data represents the change in the χ
(2)
xyz element. In the calculations, it was assumed

that the duty cycle is 50:50. The error results from uncertainty in the effective area as

before, and the additional uncertainty in the duty cycle of the QPM grating, which is

taken to be up to 10%. The values are much lower than anticipated from theoretical

calculations [35], and about four-times lower than what can be achieved in PPLN [107].

For the χ
(2)
zxy coefficient, the modulation depth is about half of what was predicted. This

was partly the result of only partially intermixing the superlattice in the disordered
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Figure 5.27: Modulation in χ
(2)
xyz and χ

(2)
zxy between as-grown and intermixed super-

lattice for SHG in Sample B using data from 2-ps experiments

domains, which reduced the amount of suppression in χ(2). Also, the PL shift measured

for as-grown superlattice in the QPM gratings indicated that the intact domains were

actually partially intermixed as well by thermal diffusion. However, the suppression of

χ(2) for diffusion lengths of 2-3 monolayers was predicted to be insignificant relative to

larger diffusion lengths that would occur in regions where intermixing is promoted by ion

implantation [37]. In the case of the χ
(2)
xyz element, the modulation is less than 20% of the

theoretical value. This lower relative modulation in the χ
(2)
xyz element compared to χ

(2)
zxy

does not agree with predictions. One reasonable explanation for this are the inaccuracy

of loss data at the second-harmonic wavelength, especially near the band edge. Another

explanation is that there is a constant term error in the theoretically calculated χ(2)

values. Such an error can result from limitations in the band structure model used to

calculate the electric susceptibilities from quantum mechanics [108].

5.7 Conclusions

In this chapter, the performance of superlattice DD-QPM waveguides when generating

second-harmonic wavelengths was discussed. Table 5.4 summarizes the best measured

equivalent instantaneous efficiencies when using 2 ps pulses, 20 ps pulses, and continuous
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Table 5.4: Summary of the best second harmonic generation conversion efficiency
results. All conversion efficiencies are normalized to represent the equivalent instan-
taneous efficiency. Losses are calculated out of the conversion efficiencies thus repre-
senting the actual overall efficiency of the waveguides. Note that the different sample
lengths affect the conversion efficiency because of the loss.

Length Type-I Type-II

(mm) Period (µm) λpm (nm) η(%W−1cm−2) Period λpm η

Sample A

2-ps 0.6 3.8 1582.5 0.700 3.5 1577.4 0.079

20-ps 3.5 3.6 1571.0 0.013 3.8 1613.5 0.003

cw 3.5 3.5 1546.1 0.092 N/A

Sample B

2-ps 1 3.6 1558.8 0.552 3.5 1596.5 0.113

20-ps 1 3.8 1583.5 0.146 3.8 1629.5 0.026

cwa 4 3.5 1545.8 0.029 3.3 1564.5 0.067
a For Type-II, the shorter 1 mm sample was used, hence the larger Type-II efficiency.

wave. In all cases, instantaneous efficiencies were less than 1 %W−1cm−2 and were below

that achievable using other phase matching methods. However, the SHG conversion

efficiencies were improved over past generations of DD-QPM waveguides. This was due

to improvements in the fabrication processes that reduced scattering losses and increased

band gap modulation.

Experiments with 2-ps pulses showed reduced conversion efficiencies and power sat-

uration at high input powers. It was determined that high order nonlinear effects such

as nonlinear absorption and SPM were to blame. Linear losses were low enough that

continuous-wave SHG was possible and decent conversion efficiencies were achieved.

However, continuous-wave experiments were plagued by bistability phenomena, which

was determined to be the result of thermo-optic effects. In contrast, experiments using

20-ps pulse were not affected to an observable degree by thermo-optic effects or high-

order nonlinearities. Conversion efficiencies in this case remained consistent at various

input power levels. Type-II phase matching was achieved, which is important for in-

tegrating QPM waveguide with a pump laser. Index mismatch values calculated from
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the measured phase matching wavelengths were lower than predicted and suggest that

the refractive index data for the second-harmonic wavelengths was inaccurate. Effective

χ(2) values calculated from the normalized conversion efficiencies were also lower than

those predicted in Section 4.5, which is the result of a smaller change in χ(2) due to

partial intermixing instead of full intermixing of the superlattice in disordered domains.

Overall, these experiments provide information necessary to perform difference frequency

generation experiments and to determine the parameters for an integrated wavelength

conversion device.



Chapter 6

Wavelength Conversion by

Difference Frequency Generation

6.1 Introduction

The second-harmonic generation experiments discussed in the previous chapter provided

much insight on the strength of the second-order nonlinearity in domain-disordered su-

perlattice waveguides. Improvements made to the waveguide design and fabrication pro-

cesses led to greater performance than previous generations of samples. These improve-

ments were necessary in order to demonstrate difference frequency generation, the key

second-order nonlinear process for wavelength conversion and amplification. However,

observing DFG is generally more challenging to achieve than SHG. The highly dispersive

material properties of AlGaAs and the requirement for coupling two input beams with

disparate wavelengths into the waveguides with sufficient power levels complicates ex-

perimental verification. Hence, there have only been a handful reported demonstrations

of DFG in AlGaAs waveguides in the literature [54, 43, 46, 57], and, with the exception

of the first reference on BRWs, none of these reported waveguides are appropriate for

monolithic integration with an onboard pump laser. As superlattice DD-QPM waveg-

uides were designed specifically for the purpose of integration, they hold better potential

for producing such a device.

In this chapter, difference frequency generation in domain-disordered quasi-phase

135
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matching waveguides is examined. First, the DFG process is modeled with a theoretical

approach that includes linear losses in the interacting waves. By using the model, pre-

dictions of the conversion bands and the conversion efficiency are made based on data

collected from the SHG experiments of the previous chapter. This allows determination

of the operating ranges for subsequent DFG experiments. Results from these experi-

ments are discussed in detail, showing the first ever demonstration of DFG in DD-QPM

superlattice waveguides. Both Type-I and Type-II interactions are observed and the per-

formance of each is evaluated. Next, the application of DFG in DD-QPM waveguides

for wavelength conversion devices monolithically integrated with an onboard pump laser

is examined in detail. With data from the DFG and SHG experiments, predictions are

made on the performance of a parametric converter and an optical parametric oscillator

using simplified analytical models and numerical simulations of more complete models.

Lastly, several improvements to the QPM waveguides and integrated device design are

proposed that would allow better performance and more practical operating parameters.

6.2 Modeling

Before conducting DFG experiments, it is necessary to determine the approximate oper-

ating ranges. Data from the SHG experiments provides information about the efficiency

of the processes and on the phase matching wavelengths. However, the other parame-

ters specific to the DFG process must also be examined. In this section, two important

aspects of DFG are discussed from a theoretical standpoint: the conversion efficiency

and the conversion bandwidth. The model here uses analytical solutions to the coupled

mode equations for three-wave mixing under several simplifying assumptions including

no pump depletion and no parametric gain in the signal. High-order nonlinear and dis-

persion effects will not be considered as the experimental arrangements used did not

utilize short pulses that would be required to cause such effects. Empirical data from the

SHG experiments is used in the models along with effective index dispersion data from

Chapter 3.
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6.2.1 Conversion Bands

The performance of the DFG process will vary depending on the wavelength used. As

with SHG, the conversion process will be most efficient when the wavelengths involved

satisfy the phase matching condition. However, the situation becomes more complicated

in DFG since three distinct and independent wavelengths are involved instead of just two.

Ordinarily, the pump wavelength is fixed at a particular wavelength while the signal/idler

pair vary. However, the range of signal wavelengths that will produce significant idler

power is limited to the conversion band within which the phase matching condition is

met. Thus, it is important to know the spectral characteristics of the conversion band

and its width.

In the simple case of DFG under the assumptions of no pump depletion, insignificant

parametric gain in the signal, and no linear loss, the generated idler power can be found

using Equation 2.7. The bandwidth of the DFG process is solely due to the sinc2 factor

involving the phase mismatch ∆β. Thus, the conversion band is determined by the

dispersion of the effective index of the signal, idler, and pump. However, the dispersion

in the spectral region of the signal and idler is relatively flat. Thus, for a fixed pump

wavelength near the SHG phase matching wavelength, the 3 dB conversion bandwidth is

expected to be large.

The spectral variation for a fixed pump wavelength near the degeneracy point was

carried out to using effective refractive index data shown in Chapter 3. Initially, the con-

version bandwidth would have been centered at the theoretical degeneracy wavelength.

However, the actual degeneracy wavelengths were found at different wavelengths in SHG

experiments as shown in Figure 5.8. Thus, a correction factor was added to ∆β such

that

∆β = βp − βs − βi −
2π

Λ
− 2π

λpm
δn (6.1)

where λpm is the SHG phase matching wavelength and δn is the index difference correction

factor calculated using the ∆N data of Figure 5.25. Figure 6.1 shows the Type-I DFG

conversion efficiency η normalized to the maximum possible conversion efficiency for a

Sample B QPM waveguide with a 3.8 µm period, 50:50 duty cycle, and 3.0 µm ridge width.
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Figure 6.1: Simulated Type-I DFG conversion band for Sample B waveguide with
3.8 µm QPM period at the degeneracy pump wavelength. A correction was made to
the pump refractive index such that the degeneracy wavelength coincided with the
SHG phase matching wavelength.

The pump wavelength was set to the measured degeneracy wavelength of 791.7 nm. Near

1583 nm, which is the SHG fundamental phase matching wavelength, the conversion

efficiency is relatively flat, varying by less than 10% over 90 nm of spectrum. The 3-dB

bandwidth is over 150 nm (18 THz) wide centered around 1583 nm. This covers the C,

L, and U telecommunications bands. Outside of the conversion band, the efficiency is

reduced to less than 5% of the maximum. With a small detuning of 0.2 nm shorter from

the degeneracy wavelength, the 3-dB bandwidth expands to nearly 185 nm (22 THz) with

a non-flat peak in the conversion band. However, in this case, the conversion efficiency

is still reasonably uniform with the dip in the center of the conversion band being less

than 1 dB.

The shape of the conversion band changes with the pump wavelength. Figure 6.2

shows the normalized conversion efficiency for several different pump wavelengths near

the degeneracy wavelength for 3.8 µm QPM period in the Type-I interaction. A small

detuning of about 0.2 nm from the degeneracy wavelength of 791.7 nm drastically alters

the conversion band. This is the result of the high dispersion in the refractive index of the

pump wavelengths, which are located near the as-grown superlattice linear absorption

peak. Moving to longer wavelengths reduces the maximum efficiency and narrows the gain
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Figure 6.2: Simulated Type-I DFG conversion bands for Sample B waveguide with
3.8 µm QPM period at for several pump wavelengths. The degeneracy wavelength is
791.7 nm.

bandwidth. The top of the curve becomes less flat, thus affecting the gain uniformity over

variation in the signal and idler wavelengths. Shifting the pump to shorter wavelengths

causes the conversion band to expand, but at the expense of a dip in efficiency centered at

the degeneracy wavelength. Two peaks in the conversion efficiency appear at symmetric

points about the degeneracy wavelength. In this way, the peak conversion efficiency can

be shifted to different signal/idler spectral regions by a relatively small detuning of the

pump wavelength. However, the high sensitivity of the conversion efficiency at any one

signal/idler wavelength pair requires careful tuning of the pump wavelength to obtain

maximum conversion efficiency.

The behaviour of Type-II DFG is somewhat different from that of Type-I. Since the

Type-II interaction requires that the input signal and generated idler are in different

polarizations, the large birefringence of the superlattice will strongly affect the phase

matching condition. In particular, the phase mismatch will be different depending on

whether the signal is in the TE polarization or in the TM polarization. Figure 6.3 shows

the simulated conversion bands for Type-II DFG for a Sample B waveguide with a 3.4 µm

QPM period with a pump wavelength of 793 nm. There are two separate conversion

bands, one for each polarization arrangement: TE-signal/TM-idler, and TM-signal/TE-

idler. In each case, the symmetry point in the curves differs with the TE-signal/TM-
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Figure 6.3: Simulated Type-II DFG conversion bands for a Sample B waveguide with
3.4 µm QPM period at the degeneracy pump wavelength for a TE and TM polarized
signal.

idler curve being centered around 1672 nm, and the TM-signal/TE-idler curve being

centered around 1507 nm. The curves intersect at twice the pump wavelength, which is

1586 nm. Since this is the degeneracy wavelength, the conversion efficiency also peaks

at this point. At points around this peak in either curve, the conversion efficiency is not

symmetric about the degeneracy wavelength. Furthermore, it is not flat around the peak,

dropping 10% within 14 nm on the outer edge of each conversion band. However, the

3-dB conversion bandwidth in each polarization case spans over 31 THz, which is nearly

50% larger than the Type-I bandwidth at a pump detuning of 0.2 nm from degeneracy.

Linear loss affects the DFG conversion bandwidth in a similar manner to SHG. In the

absence of dispersion effects and high order nonlinear effects, the coupled mode equations

become
∂As
∂z

= −j κ
λs
A∗iAp exp[−j∆βz]− 1

2
αsAs (6.2a)

∂A∗i
∂z

= j
κ

λi
AsA

∗
p exp[j∆βz]− 1

2
αiA

∗
i (6.2b)

∂Ap
∂z

= −j κ
λp
AsAi exp[j∆βz]− 1

2
αpAp (6.2c)

where As, Ai, and Ap represent the field of the signal, idler, and pump waves. Assum-

ing no pump depletion and insignificant parametric gain for the signal, an analytical
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expression for the generated idler power is found as

Pi =
|κ|2

λ2
i

Ps,0Pp,0L
2 exp[−1

2
(αs + αi + αp)L]

sinh2(1
2
∆αL) + sin2(1

2
∆βL)

(1
2
∆αL)2 + (1

2
∆βL)2

(6.3)

where Pi, Ps, and Pp are the idler, signal, and pump powers respectively, λi is the idler

wavelength, and ∆α = 1
2
(αs + αp − αi). However, as shown by Bortz et al. [96], linear

losses only affect the conversion bandwidth significantly when the ∆αL > 1. Since the

length of the sample considered here is 1 mm long, the conversion bandwidth is expected

to increase by less than 1% given the measured loss coefficients for Sample B.

6.2.2 Conversion Efficiency and Coupling Coefficient

In order to predict the conversion efficiency and the generated idler power for DFG,

several assumptions must be made. First, it is assumed that χ(2) exhibits overall permu-

tation symmetry as defined in [17]. In this case, χ(2) for DFG is the same as χ(2) for SHG,

and thus the conversion efficiency for DFG can be calculated from the measured data

for SHG. However, this assumption is made with caution since the pump wavelengths

lie near material resonances. Second, the variance of χ(2) is assumed to be small as the

signal and idler wavelengths are tuned away from the degeneracy point, but only within

a small range. As such, the conversion efficiency should change very little within the

vicinity of the SHG phase matching wavelength.

The maximum conversion efficiency achievable occurs when the signal and idler wave-

lengths are within the peak(s) of the conversion band where ∆β u 0. Using the data on

the SHG conversion efficiency, the absolute efficiency and generated idler power by DFG

in the same waveguides can be predicted around the degeneracy wavelengths. The con-

version efficiency for the DFG process under the non-depletion/non-gain approximation

is defined as shown in Equation 2.22 such that

ηDFG =
|κ|2

λ2
i

=
2π2(χ

(2)
eff )2

cε0npnsniA
(2)
eff λ

2
i

(6.4)

where np, ns, and ni are the pump, signal, and idler refractive indexes, and λi is the idler
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wavelength. One notable issue with this definition of the DFG conversion efficiency is

that it is defined using the target wavelength, λi. Since DFG operates over a broad range

of wavelengths, the value of ηDFG will vary depending on the specific wavelengths involved

in the process. Instead, the coupling coefficient κ becomes the preferred metric since it

remains relatively uniform within a given range of wavelengths. However, some variation

will occur due to dispersion of various properties of the structure. The overlap area A
(2)
eff

will vary depending on the signal/idler pair, but the variation is small when operating at

wavelengths near the SHG phase matching wavelength. The value of χ(2) also depends

on the set of wavelengths involved, thus χ(2) will vary with different signal/idler pairs.

However, near the SHG phase matching wavelength, the variation in χ(2) is assumed

to be small and thus it can be considered constant and the same as that measured

in the SHG experiments. The conversion efficiency and coupling coefficient of DFG

can be calculated using the χ
(2)
eff of Figure 5.26 from SHG experiments with Sample B

waveguides. For Type-I phase matching, the value of χ
(2)
eff was 8.2 pm/V at best for the

3.5 µm QPM period waveguide at a phase matching wavelength of 1547 nm. Using the

computed overlap area for SHG, the predicted coupling coefficient is 4.6 × 10−5W−1/2

and the conversion efficiency for DFG at the degeneracy point is 9.0 %W−1cm−2. For

Type-II phase matching, χ
(2)
eff was 4.7 pm/V at best in a waveguide with a 1558 nm phase

matching wavelength (QPM period of 3.2 µm). In this case, the coupling coefficient is

predicted to be 2.6 × 10−5W−1/2 and the DFG conversion efficiency at degeneracy is

2.7 %W−1cm−2.

Linear loss has a similar effect on the DFG conversion efficiency as in SHG. Using

Equation 6.3 in the case where the phase matching condition is met (∆β = 0), the DFG

conversion efficiency loss factor is

η

η0

= exp[−1
2
(αs + αi + αp)L]

sinh2(1
2
∆αL)

(1
2
∆αL)2

. (6.5)

For the waveguides with the best χ
(2)
eff , the efficiency is reduced by 78% in the Type-I case

and by 92% in the Type-II case because of the proximity of the degeneracy pump wave-

length to the linear absorption peak. Better performance can be gained by using QPM
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Figure 6.4: Predicted power levels for generated idler in Sample B waveguide with
a 3.8 µm QPM period when phase matched at several input pump powers.

waveguides with longer phase matching wavelengths in order to move the degeneracy

pump wavelength to the edge of the band tail. However, moving farther away from the

band edge also reduces χ
(2)
eff . For Type-I phase matching, QPM waveguide with a period

of 3.8 µm and a degeneracy pump wavelength of 791.7 nm is expected to yield the best

balance between a large χ
(2)
eff and a low pump absorption loss. When accounting for losses

by Equation 6.5, the conversion efficiency is expected to be about 0.53 %W−1cm−2.

From the conversion efficiency, the approximate idler power levels can be predicted.

Figure 6.4 shows the expected idler powers generated in a 3.8 µm period Sample B

waveguide at several continuous wave input pump powers by Type-I phase matching.

For signal and pump powers of a few 10’s of milliwatts, the generated idler power is

expected to be on the order of a 10’s of nanowatts. This represents a signal-to-idler

conversion ratio of between -66 to -58 dB depending on the pump power.

6.3 Conversion Experiments

6.3.1 Experimental Setup

The experimental setup for the DFG experiments is shown in the schematic of Figure 6.5.

A Ti:sapphire laser was used as the pump wavelength source operated in either continuous
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wave mode or 2-ps pulsed mode. While the maximum power for this laser was in excess

of 1 W, the power was attenuated by path losses and filters to less than 70 mW at the

sample facet. Larger powers caused catastrophic damage to the DD-QPM samples. The

signal wavelength source was a C-band tunable diode laser followed by an EDFA with an

amplification bandwidth between 1535 and 1565 nm. Total signal power available at the

facet of the waveguide sample was limited to 250 mW. The pump and signal beams were

combined by using a 50:50 beam splitting cube. The input objective lens was problematic

since the focal lengths for the signal and pump wavelengths were different. Thus, coupling

efficiencies using an objective lens alone was low. In order to rectify this, a spherical lens

with a 300 mm focal length was inserted into the pump beam path. Along with using

a 10× anti-reflection coated objective lens with a working distance of 6 mm, the focal

distance of the pump wavelength was corrected to equalize with the signal wavelength.

Output light from the waveguides was collected by a standard 40× objective lens. The

output pump wavelength was directed to a silicon photodetector by using a long-pass

filter. Output signal and the generated idler wavelengths passed through the filter and

were directed to a germanium photodetector. Both the filter and the mirror directing

the beam to the germanium detector were on flip mounts, which allowed the beam to

pass directly to an optical spectrum analyzer.

For Type-I phase matching, the pump polarization was set to vertical to launch

into the TM mode of the waveguides, and the signal polarization was set to horizontal

to launch into the TE mode. In experiments on Type-II phase matching, the pump

polarization was set to TE while the signal polarization was set to either TE or TM.

The polarization of the output idler wavelength was isolated by inserting a polarizing

beam cube into the output beam path and setting its orientation to pass the polarization

orthogonal to the signal polarization. Generation of the output idler wavelength was

confirmed by measuring the output spectrum using the OSA.

Suitable waveguides and operating wavelengths for Type-I and Type-II were chosen

for DFG by considering several criteria. First, the degeneracy pump wavelength was

chosen to lie above the high absorption range of the as-grown superlattice. In this way,

the effect of pump loss could be minimized. This necessitated using waveguides in which
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Figure 6.5: Schematic of the experimental setup for DFG experiments

the SHG phase matching second-harmonic wavelength was greater than 785 nm. For

Sample B, experiments were thus limited to QPM periods of 3.7 µm and up for Type-I

phase matching, and 3.4 µm and up for Type-II phase matching. Second, the detectable

range for the idler wavelengths was limited to 1650 nm because of reduced sensitivity

of the OSA beyond this wavelength. As the generated idlers were expected to be weak,

it was important to generate the idlers at wavelengths that would not be obscured by

detector noise. Since the signal wavelengths were limited to 1565 nm by the EDFA gain

bandwidth, this limited the pump wavelength to 803 nm according to the frequency

matching condition. Thus, the QPM period was limited to 3.5 µm for Type-II phase

matching. Type-I was only limited by the longest QPM period available on Sample B,

which was 3.8 µm. Lastly, detectable idler wavelengths were limited by the ASE noise of

the EDFA. Since the idler powers were anticipated to be weak, the best spectral range

in which to generate the idler wavelengths was above 1600 nm where the ASE noise rolls

off. This limited the signal wavelength to below 1560 nm.
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6.3.2 Results

In initial DFG tests, QPM waveguides on Sample A were used. However, no DFG was

observed. It is believed that the poor confinement of the pump wavelength, which was

discussed in Section 3.3.3, prohibited sufficient DFG to be observable. Confinement of

the pump was improved in Sample B as observed on the camera at the waveguide output.

DFG was observable with Sample B despite the larger linear losses. Thus, the remaining

discussion in this section is limited to a Sample B piece which was 1 mm long.

Both the signal and the pump beams were operated in continuous wave. Operating

the pump beam in mode-locked mode with 2-ps pulses did not improve performance of

the DFG process. One possible reason for this was the spectral overlap of the pump

pulse spectrum with the conversion bandwidth. As shown in the previous section, the

DFG conversion band changes drastically with small shifts from the degeneracy pump

wavelength. Thus, operating in pulsed mode spreads the energy of the pump over a

larger spectrum, which increases the bandwidth at the expense of parametric gain. As

a result, conversion efficiency in the C/L/U bands drops despite the increase in pump

peak power.

Type-I DFG

The best DFG performance for Type-I phase matching was achieved in a waveguide with

a 3.8 µm QPM period, 60:40 drawn duty cycle, and 3.0 µm waveguide width. Initially,

the pump wavelength was set to the degeneracy wavelength of 791.7 nm. The input

signal power at the waveguide facet was 252 mW and input pump power was 45 mW.

Transmission through the waveguide was 12.3% for the signal and 10% for the pump. The

signal wavelength was adjusted over a few 10’s of picometers to coincide with a Fabry-

Perot resonance of the waveguide such that transmission and internal signal power were

maximized. The pump wavelength was slowly adjusted to the point where the observed

idler power peaked on the OSA. This power dependency on the the pump wavelength

confirmed that the process was phase matched. The output idler wavelength was found

to be TE polarized, which is consistent with the Type-I phase matching configuration.
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Figure 6.6: Output spectrum from a Sample B waveguide with QPM period of
3.8 µm for several signal wavelengths. The pump wavelength was set to 791.7 nm.
Signal wavelengths are shown on the left and the generated idler wavelengths are
shown on the right for Type-I DFG.

Figure 6.6 shows the recorded output spectra from the QPM waveguide for several input

signal wavelengths. The generated idler wavelengths are found in the L- and U-bands,

just beyond the rolloff of the ASE from the EDFA. The idler peaks rose at least 5 dB

above the background ASE, and were thus clearly distinguishable from the noise. In all

cases, the idler wavelength was found to obey the frequency matching condition. For

instance, an idler wavelength at 1620.7 nm was produced for a signal wavelength of

1550.1 nm.

To obtain the output idler power value, it was necessary account for the coupling ratio

into the OSA. This was done by comparing the signal wavelength peak power on the OSA

with the power measured on the photodetector to derive a scaling factor. The idler power

could then be determined by multiplying the idler peak in the output spectrum measured

by the OSA by this factor. Subtracting the ASE power and accounting for the output

facet reflectivity yielded an internal output idler power of 8.6 nW for an idler wavelength

of 1620.7 nm. This is nearly an order of magnitude lower than predicted. The internal

input signal power and pump power were calculated as 48.7 mW and 24.4 mW respec-

tively after accounting for the facet reflectivity and linear losses. Thus, the signal/idler
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conversion efficiency was -67.5 dB. This is considerably less than the efficiency achieved

in domain-reversed AlGaAs structures [57]. Using Equation 2.22, the DFG normalized

conversion efficiency was calculated as 0.072 %W−1cm−2. Accounting for the losses in

the waveguides by Equation 6.5, the conversion efficiency was 0.19 %W−1cm−2. In both

cases, the efficiency is significantly below what was predicted. The experimentally deter-

mined coupling coefficient κ can be calculated using

κ = λi
√
η. (6.6)

By this, the coupling coefficient of DFG in this waveguide was 7.0 × 10−6W−1/2, which

is six times lower than predicted in Section 6.2.2.

The signal wavelength was scanned from 1535 to 1555 nm to test tuning of the idler

and to demonstrate the conversion bandwidth. Figure 6.6 shows the recorded output

spectra from the QPM waveguide for several signal wavelengths. Peak idler powers

were within 5 dB, which was mostly due to input signal power variations, indicating

relatively uniform conversion efficiency across at least 20 nm of spectrum. Considering

that the gain is expected to be relatively flat over this region, the conversion band likely

extends from at least 1535 to 1637 nm. This represents a conversion bandwidth of over

100 nm, which spans the C, L, and U communications bands. The bandwidth may extend

farther, however, limitations on the source wavelengths available and the detection ranges

precluded complete testing of this hypothesis.

Wavelength conversion by Type-I DFG was also observed in a waveguide with a QPM

period of 3.7 µm and 3.5 µm ridge width. The pump wavelength was set to 786 nm.

Figure 6.7 shows the output spectrum for several input signal wavelengths. As before,

the generated idler wavelengths appear on the right side of the plot just beyond the ASE

rolloff. While the idler peaks are clearly visible, the contrast with the ASE noise was

less than 2 dB. Thus, it was difficult to properly distinguish the power of the idler alone.

This may have been at least partially due to reduced conversion efficiency as a result

of lowering the pump wavelength deeper into the absorption regime for the superlattice.

Despite this, results from this waveguide still show that the DFG process worked in other
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Figure 6.7: Output spectrum from a Sample B waveguide with QPM period of
3.7 µm for several signal wavelengths. The pump wavelength was set to 786 nm.
Signal wavelengths are shown on the left and the generated idler wavelengths are
shown on the right for Type-I DFG.

QPM periods.

Type-II DFG

Type-II DFG was observed in a waveguide with a 3.4 µm QPM period. The pump was

set to the Type-II degeneracy wavelength for this waveguide, which was near 792.9 nm.

Figure 6.8 shows the recorded output spectrum for two different polarization setups: a)

TE signal, TM idler, and b) TM signal, TE idler. In both cases, the polarization of the

idler was confirmed by inserting a polarizer just before coupling into the fiber attached

to the OSA input. The signal wavelength still shows up in the spectral plots since the

polarizer only rejects about 20 dB of the orthogonal polarization. The polarizer also had

the effect of reducing the noise in the spectral measurements by rejecting the orthogo-

nally polarized ASE noise present in the input beam. This made the idler peak more

distinguishable. The measured data from the OSA also shows the high-order diffraction

from the pump wavelength, which is aliased to 1586 nm. However, the presence of the

pump in the spectrum did not affect the measurement.

Using the scaling factor method as outlined previously, the output idler power was
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Figure 6.8: Output spectrum from a Sample B waveguide with QPM period of
3.4 µm for Type-II DFG. The pump wavelength was set to 792.9 nm. The signal
polarization was set to a) TE and b) TM, while the polarization into the OSA was
isolated to the orthogonal polarization using a polarizer.

calculated to be 1.9 nW at the exit facet of the waveguide for the TE signal, TM idler

case. This is four times lower than in the Type-I measurements, which agrees with similar

trends observed in SHG experiments. The internal input pump power was 31.3 mW, and

the internal input signal power was 51.7 mW. The signal-to-idler conversion efficiency is

-74.3 dB. From this, the conversion efficiency was calculated as 0.012 %W−1cm−2, which

is six times lower than in the Type-I case. Larger pump loss in the TE polarization used

for Type-II phase matching is partially to blame. When accounting for the linear losses,

the conversion efficiency becomes 0.044 %W−1cm−2. This is still over four times lower

than the Type-I interaction. The coupling coefficient for the process was calculated as

3.4× 10−6W−1/2, which is nearly an order of magnitude lower than expected.

6.4 Application to Integrated Wavelength Conver-

sion Devices

Experimental demonstrations of DFG in the previous section show the potential for us-

ing DD-QPM waveguide technology for creating all-optical wavelength converters. The

compatibility of this technique with onboard pump lasers make this method highly at-
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tractive. Additionally, integrating a pump source could potentially raise the potential

output power in the converted wavelength to practical levels. In this section, two different

potential frequency conversion devices based on DD-QPM waveguides are investigated:

a parametric converter and a parametric oscillator.

6.4.1 Parametric Converter

Integration of an onboard pump laser has several advantages in addition to reducing

the device footprint and improving robustness of a parametric converter. One of the

limitations imposed on the DFG experiments with discrete DD-QPM waveguides by

coupling the pump from an external source was that the pump power could not be raised

to high levels without catastrophic damage to the sample facet. With an integrated

pump laser onboard, that limitation is relaxed since the internal waveguide powers can

be much greater without risking damage. Furthermore, internal circulating power of the

laser is much larger than the typical external output power of the laser. Thus, by placing

the conversion element inside the laser cavity, the DFG process can be boosted and the

output idler power can be raised to more usable levels.

An optimal device must balance several parameters. One of those parameters is the

length of the QPM device. For a compact device, the QPM waveguide should be as

short as possible while providing sufficient conversion to the idler. Also, since the QPM

waveguide is within the laser cavity, the length will affect stability and longitudinal mode

spacing. The output idler power generated can be calculated as

Pi = η0Ps,0Pp,0L
2 exp[−1

2
(αs + αi + αp)L]

sinh2(1
2
∆αL)

(1
2
∆αL)2

(6.7)

where η0 is the conversion efficiency without loss. In this case, η0 can be taken to be the

an experimentally determined value. Figure 6.9 shows the calculated output idler power

generated over the length to Type-I and Type-II interactions in the best performing

Sample B waveguide. In both cases, the internal circulating power of the laser was

assumed to be 300 mW and the signal power was set to 50 mW. The loss coefficients used

for the pump are 31 cm−1 and 44 cm−1, which are the projected losses at the pump laser
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wavelength of 770 nm in the QPM waveguide for the Type-I and Type-II interactions,

respectively. The idler power initially increases over length, but at a deceasing rate. A

peak is reached, after which the power decreases due to linear attenuation of the pump

and signal which stalls the conversion process. For Type-II, this point occurs at a length

of only 1.1 mm, which is about half of that in Type-I. This is due to the lower loss

in the Type-I interaction for similar wavelengths. Furthermore, the Type-I interaction

outperforms the Type-II interaction by over an order of magnitude, which is also due

to the greater parametric conversion efficiency coefficient. The Type-II interaction only

produces 15 nW of idler power, which is nearly 13 dB less than the peak in the Type-I

interaction. Output idler power reaches nearly 90 nW in the Type-I interaction after

2 mm. While this is larger than observed in experiments, it is still not large enough

for practical use, particularly for telecommunications systems in which optical powers

range from a few 100’s of microwatts up to a few milliwatts. If instead it is assumed

that the coupling coefficient is the same as that measured from the SHG experiments,

the conversion efficiency increases by a factor of 43 for Type-I phase matching and the

maximum generated idler power is calculated as 3.9 µW. For Type-II phase matching

under the same assumption, the maximum output power would be 0.88 µW. Again, even

these are too low for effective use in a typical communications system.

In order to reach input and output power levels for practical operation, external

amplification can be added. Figure 6.10 shows the semiconductor parametric converter

with EDFAs. A booster amplifier at the input raises the signal wavelength power to over

100 mW in order to stimulate sufficient idler generation. The preamplifier at the output

amplifies the weak idler generated by the converter. Commercially available preamplfiers

can boost power levels as low as -40 dBm (100 nW) by over 30 dB. Tunable filters can be

added to isolate the signal and idler wavelengths after their respective amplifiers. While

this solution does not represent a fully monolithic device, it does have a speed advantage

over OEO conversion systems since all conversion and amplification is done all-optically.

Thus, in this case, the purpose of the creating an integrated parametric device is to take

advantage of the high internal circulation power of the onboard pump laser to boost the

DFG process.
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Figure 6.9: Simulated idler power generated in integrated parametric devices with
different QPM waveguide lengths. Measured conversion efficiencies and linear loss
values for Sample B were used in the calculation. Internal pump and signal powers
were 300 mW and 50 mW respectively.
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Figure 6.10: Schematic of all-optical wavelength converter based on an integrated
parametric conversion device with a DD-QPM waveguide

Using Type-II phase matching requires additional considerations. For instance, the

polarization states of the signal and idler will greatly affect the operation of the device.

As seen the in Figure 6.3, the center of the conversion band depends on the polarization

of the input signal. Thus, the Type-II process is not polarization independent and the

input signal can not be polarized arbitrary. Instead, the polarization that the signal

should be set to depends on its wavelength. If the wavelength is longer than the phase

matching peak, then the signal should be polarized TE, and vice versa.

The Type-II interaction has an advantage over Type-I that it is more naturally com-

patible with integration of an onboard pump since the laser will emit in the TE polar-

ization. However, since Type-II phase matching does not have a polarization diversity

advantage over Type-I phase matching for DFG, it becomes less attractive because of
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its lower conversion efficiency. In this case, Type-I is the preferred configuration. To

enable using Type-I with an onboard pump source, it would be necessary to convert the

emitted TE mode of the laser to the TM mode before the QPM waveguide section of

the cavity. Several compact waveguide-based polarization rotators have been developed

[109, 110, 111] which could be used to rotate the pump wave into the TM polarization

for the Type-I interaction in the DFG waveguide, and then back to the TE polarization

when fed back into the gain section of the laser. Such devices have been demonstrated to

have low losses of around 1-2 dB, which would not greatly impact the performance of the

laser. In this manner, the high parametric conversion efficiency of the Type-I interaction

can be taken advantage of in the integrated device.

6.4.2 Optical Parametric Oscillator

The parametric oscillator is an extension of the integrated parametric converter. As such,

the device will benefit from the high circulating pump power in the integrated laser ring

cavity. However, in order to achieve oscillation in the OPO ring, the QPM waveguide

must not simply just act as a wavelength converter but must act as a parametric amplifier

as well. The net parametric gain of the QPM waveguide must compensate for the linear

losses of the cavity. In the integrated OPO design of Figure 1.2, the losses come from

three primary sources: 1) the dichroic couplers, 2) the power tap on the outer side of the

ring, and 3) propagation losses in the ring waveguide. The net power gain of the QPM

waveguide will be generally less than unity for low pump power due to linear loss in the

QPM waveguide itself. In a similar manner with laser systems, the net gain will increase

with increasing pump power to the transparency point and then beyond. Oscillation

occurs at some threshold pump power where the gain balances the loss. Thus, it is

vitally important to estimate how much power is needed in order to reach this threshold.

In order to find the net gain of the QPM waveguide, several of the assumptions used

in the model of the previous section cannot be used. In particular, amplification of

the signal wave must be considered. Under the assumption that the pump loss by either

depletion or linear loss is small, the signal and idler fields under phase matched conditions
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are solved from Equation 6.2 as

As = exp

[
1
4
(αs + αi)L

][
As,0 cosh[sL] +

1

s

[
1
2
gsA

∗
i,0 + 1

4
(αi − αs)As,0

]
sinh[sL]

]
(6.8a)

A∗i = exp

[
1
4
(αs + αi)L

][
A∗i,0 cosh[sL] +

1

s

[
1
2
giAs,0 + 1

4
(αs − αi)A∗i,0

]
sinh[sL]

]
(6.8b)

where As,0 and Ai,0 are the initial signal and idler fields, gs = −j2 κ
λs
A3,0, gi = j2κ

∗

λi
A∗3,0,

and s = 1
4

√
(αs − αi)2 + 4gigs. In general, the single-pass gain in the signal wavelength

depends on the initial value of the idler and vice-versa. However, depending on the

configuration of the OPO, some simplifications can be made.

For an intracavity-pumped OPO, two configurations for the signal and idler waves

exist: a singly-resonant oscillator (SRO), and a doubly-resonant oscillator (DRO). For

the SRO, only the signal or idler wavelength is resonant in the cavity, but not both. In

this case, the circulating signal power can be regarded as being much larger than the

circulating power such that Ai,0 ≈ 0. Equation 6.8a can then be rearranged such that

the parametric gain in the signal

G =
|As|2

|As,0|2
= exp

[
1
2
(αs + αi)L

][
cosh[sL] +

1

4s
(αi − αs) sinh[sL]

]2

. (6.9)

If the losses in the signal and idler are the same, Equation 6.9 becomes [112],

G = exp(−αL) cosh(1
2

√
gigsL) (6.10)

This is such the case for Type-I phase matching at the degeneracy wavelength. Using the

experimentally determined value of κ for the 3.8 µm period QPM waveguide, the net gain

of the signal over various pump powers can be predicted and is shown in Figure 6.11 for

a 1 mm long waveguide. Here, the loss is given the experimental value of 1.5 cm−1 and

the degeneracy (signal/idler) wavelength is 1581.7 nm. The black line represents the gain

calculated using the κ value determined in DFG experiments. In this case, the gain does

not even reach unity. The blue line represents the gain using the predicted κ value from
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Figure 6.11: Predicted signal gain versus input pump power for Type-I phase match-
ing in Sample B under the undepleted pump approximation. The black (solid) line
represents the gain calculated using the κ value determined in DFG experiments.
The blue (dashed) line represents the gain using the predicted κ value from SHG
measurements.

SHG measurements. Assuming that this is the correct value for κ, the transparency level

is reached at about 180 W and net positive gain is achieved for pump powers beyond.

The gain of the QPM waveguide can be improved by making it longer. To investigate

this, it is assumed that the coupling coefficient from the SHG experiments is achievable

for DFG, and that the pump depletion/loss is insignificant for lengths up to 5 mm.

Figure 6.12 shows gain curves for several QPM waveguide lengths. Doubling the length

of the waveguide from 1 mm approximately halves the transparency level. Moving to

a 5 mm waveguide further reduces the transparency pump power to about than 40 W.

However, increasing the QPM waveguide length will also increase length of the passive

section of the ring cavity, and thus the total cavity loss. This will affect the threshold

pump power for oscillation. By adding up the round-trip loss in the ring, the oscillation

condition becomes

T 2
coupler × exp[−αbendLbend]× exp[−αstraight(LQPM + 2Lcoupler)]×G = 1 (6.11)

where Tcoupler is the transmission through the dichroic couplers, αbend and αstraight are

the loss coefficients for the bent and straight sections of the ring, and Lbend, LQPM,
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Figure 6.12: Predicted signal gain versus input pump power for Type-I phase match-
ing in Sample B under the undepleted pump approximation for several different QPM
waveguide lengths. The dashed line marks the transparency gain level.

and Lcoupler are the lengths of the bends, QPM waveguide, and couplers, respectively.

Figure 6.13 shows the threshold pump power required to meet this criteria for different

QPM waveguide lengths. Here, αbend was taken to be the same value as the loss coefficient

in the QPM waveguide (1.5 cm−1), while αstraight was given a value of 0.7 cm−1 which

was measured from the fully as-grown test waveguides of Sample B. The length of the

couplers was taken to be 220 µm as per the design by Younis [113]. The threshold power

appears to be well over 1000 W for the shortest QPM waveguide length, but falls rapidly

as the length is increased. At 5 mm, the threshold becomes a more reasonable 141 W.

At longer lengths, the threshold power was observed to asymptotically approach a value

of about 20 W, but only for lengths ten times longer than than considered here. Such

a long device is deemed impractical. For Type-II phase matching, under measured loss

conditions for this case, the calculated threshold powers were up to an order of magnitude

larger for similar QPM waveguide lengths. This is mostly attributed to the lower κ value

for this interaction.

Lower pump power thresholds for the OPO can be achieved by moving to a DRO [9].

To gain insight on the possible performance improvement, the model of Equations 6.8 can

be simplified under several assumptions. First, the OPO is assumed to operate near the

degeneracy point such that λs ≈ λi. Second, the loss coefficients for the signal and idler
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Figure 6.13: Predicted SRO OPO threshold pump powers for different QPM waveg-
uide lengths

can be considered to be the same, which is reasonable for the Type-I interaction near

degeneracy. Third, since the losses in the signal and idler are the same, then the initial

amplitudes are such that As,0 = Ai,0. Lastly, the pump, signal, and idler are assumed

to have zero phase at the beginning of the QPM waveguide such that the initial value

of the envelope functions Ax,0 are equal to their own complex conjugate. Under these

assumptions and simplifications, the gain function for the signal becomes

G = exp(−αL) cosh(
√
gigsL). (6.12)

The only difference between the DRO and SRO gain is that the argument to the cosh

function is twice as large compared to the SRO case. Thus, the transparency pump

power should be reduced by a factor of
√

2, and the threshold power for an OPO should

drop similarly. For the 5 mm long QPM waveguide, the threshold power drops to about

100 W. While this is an improvement over the SRO threshold, DROs are inherently more

difficult to operate due to instability and unpredictable tuning behaviour [114]. Thus,

remaining discussions will focus on the SRO configuration.

The scenarios discussed so far have ignored pump loss for simplicity. However,

unlike other material systems used for OPOs, pump losses were somewhat large for

GaAs/AlGaAs superlattice waveguides. It is even more significant in the proposed inte-



Chapter 6. Wavelength Conversion by DFG 159

0 20 40 60 80 100
-10

-8

-6

-4

-2

0

2

4

Pump Power (W)

R
ou

nd
 T

rip
 S

ig
na

l G
ai

n/
Lo

ss
 (d

B
)

Figure 6.14: Predicted SRO OPO round trip signal gain with pump loss included for
a QPM waveguide length of 5 mm in the Type-I DFG configuration. The measured
pump loss was 13.25 cm−1. The projected loss for the pump generated by an integrated
laser source is 31 cm−1.

grated design in which the pump wavelength will be close to the band gap energy of the

as-grown superlattice. Unlike the DFG experiments discussed in this chapter, the pump

wavelength will be shorter and experience larger absorption loss in the QPM waveguide.

In order to estimate the impact of the pump loss, it was necessary to numerically solve

Equation 6.2 as no simple analytical solution is forthcoming. The results of calculations

for the round trip signal gain through the OPO ring are shown in Figure 6.14 for the

Type-I case. The parameters used were the same as those for the 3.8 µm period Sample

B waveguide. Coupling coefficients used were those measured from SHG experiments

and the QPM waveguide length was set to 5 mm. The measured loss case shown uses the

loss coefficient measured for the actual waveguide used in DFG and SHG experiments at

a pump wavelength of 791.7 nm. Here, the pump power required for threshold is around

900 W, which is over ten times greater than in the lossless case. However, since 791.7 nm

is below the band gap of the as-grown superlattice, the loss in this situation is an un-

derestimate of the actual loss in the integrated device. The actual pump wavelength will

be around 770 nm and the loss at this wavelength is estimated to be around 31 cm−1

according to Figure 3.7. For losses this high, threshold is not reached for pump powers

below 1000 W. As this is the most realistic case, a workable device is unlikely.
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In all cases for the OPO configuration, the threshold powers were on the order of 10’s

to 100’s of Watts in simplistic cases, and over 1000 W for the most realistic case. Such

power levels would not be feasible for an integrated continuous wave laser. However,

even if it were possible to reach the lower threshold powers required for a 5 mm long

waveguide, the pump laser current threshold would be very high due to the long length

of the laser ring cavity, leading to increased power consumption. One possible means by

which to achieve such high peak powers would be to mode-lock the onboard pump laser

to produce pulses on the order of a few picoseconds. Such lasers have been demonstrated

previously in semiconductors and are compatible with monolithic integration via quantum

well intermixing [115, 116]. With a relatively low repetition rate of around 1 GHz, it would

be possible to reach peak powers on the order of what is required to achieve parametric

oscillation. However, several deleterious effects seen earlier when using short pulses would

occur such as to stymie the performance of the parametric conversion process, perhaps

precluding the ability to reach the OPO threshold. These include high-order nonlinear

effects and group velocity mismatch, all of which played a role in reducing the efficiency

of the SHG process. Also, the large linewidth of picosecond pump pulses may be too

large, which would effectively cancel out some if not most of the efficiency increase,

as was observed in DFG experiments where the pump was pulsed. Overall, achieving

parametric oscillation using DD-QPM waveguides similar to those examined here would

be very challenging, or perhaps not feasible with the current state of the technology. In

order to obtain a working monolithic OPO device with practical power levels, several

improvements must be made to the technology.

6.5 Design Improvements

Discussions of the potential device applications for DD-QPM waveguides showed that

the current conversion efficiencies are too low for a practical device. This was especially

the case for the integrated OPO, which was deemed to have threshold powers too high

to even obtain a working device. However, several improvements could potentially raise

the performance of superlattice DD-QPM waveguides such that practical devices can
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be achieved. Optimization of the microfabrication processes could potentially reduce the

scattering losses and increase modulation in χ(2). Moving to high confinement waveguides

could raise the optical intensity and the overlap area between the interacting waves of the

DFG process. Lastly, employing vertical integration techniques could potentially improve

performance of the integrated device and allow greater flexibility in setting the operating

parameters for better efficiency. In this section, each of these paths to improvement are

explored and the potential performance of an integrated device employing these methods

will be evaluated.

6.5.1 Fabrication Optimization

In the course of creating the waveguide devices studied in this thesis, much work was

done to improve the processes used to fabricate the QPM waveguides. However, while

this resulted in samples that performed better than earlier generations, the samples were

still suboptimal. This is evidenced in Figure 5.3b of Sample B, which shows significant

sidewall and surface roughness. By comparison, Sample A had much less roughness and

lower average linear loss coefficients. Furthermore, similar superlattice waveguide from a

previous study had measured loss coefficients as low as 0.25 cm−1 for as-grown waveguides

[81], three times less than those measured in Sample B. Other studies of GaAs/AlGaAs

waveguides show that it is possible to bring the losses down even further [87, 117]. Thus,

there is ample room for potential improvements in scattering loss. Such low loss could

be achieved by improving the processes related to waveguide etching. This may include

optimization of the lithographic patterning process and of the dry etching process.

Another major source of loss is the intermixing process. Loss coefficients in fully

intermixed waveguides were at least two times larger than as-grown waveguide in Sample

B. The source of this increased loss is the damage caused by the ion implantation process.

While the rapid thermal annealing step is supposed to cause the crystal lattice to repair

itself, many defects may still remain. It is thought that the annealing process is unable

to properly get rid of aggregations of defects, which coalesce into larger defects leading to

increased optical scattering. In DD-QPM waveguides, the larger loss of the intermixed

regions raises the loss of the waveguide as a whole. Improvements to the intermixing
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process may help to reduce the damage in the final waveguides. This will require further

optimization and exploration of the parameter space for all of the steps involved in

creating the QPM gratings, which includes the mask patterning, ion implantation, and

annealing steps. It may also be necessary to modify the waveguide design to better

accommodate the QWI process. For instance, the upper cladding layer could be modified

so that it can be thinner such that lower implantation energies and ion doses can be used.

Also, a thinner superlattice core could be used as it would require less ion dosage in order

to achieve similar band gap energy shifts. However, a thinner core layer would trade off

overlap of the optical modes with the superlattice layer, which would reduce the nonlinear

coupling coefficient.

The QWI process also produces less band gap energy shift than anticipated. While

it was larger than attempts in previous generations [79], the amount of shift in Samples

A and B were still much lower than what has been achieved in similar GaAs/AlGaAs

superlattice structures using IFVD [81]. As a result of the lower band gap shift, the

suppression of χ(2) was lower than expected as evidenced by the SHG experiments. This

led to lower conversion efficiency and the high predicated OPO thresholds. Increasing

the suppression of χ(2) will require further optimization of the QWI process.

6.5.2 High Confinement Waveguides

One of the deficiencies of the QPM waveguides studied was that the coupling coefficient

κ was low. This was due in part to the low effective χ(2) value for the grating. While

improving this requires process optimization, it can be compensated by changing the

waveguide structure. One such change would be to move to a high confinement structure

in which the modal area is reduced. As a result, the intensity of the propagating fields

are increased for the same power levels. Since nonlinear interactions such as three-

wave mixing are intensity dependent, the efficiency of the conversion process should

increase. This concept has been applied to other nonlinear optical devices in different

material systems in order to reduce the operating powers required to more practical levels

[118, 119, 120].

A simple high confinement waveguide design is used here to demonstrate the potential
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Figure 6.15: Optical mode profile of high confinement waveguide at 1550 nm in the
TE polarization

improvement gained over the low confinement waveguides used in this study. The layer

structure of Figure 3.1 is modified to contain the optical mode at 1550 nm almost entirely

within the superlattice core. This can be done by removing the buffer layers and changing

the cladding layers to Al0.85Ga0.15As to provide a larger vertical index contrast. As these

layers were originally designed for improving external end-fire coupling efficiency, they

are not necessary in a fully integrated OPO device anyway. Furthermore, waveguide

nanotapers [121] can be used to facilitate efficient end-fire coupling into high-confinement

waveguides instead without compromising waveguide design. The waveguide can also be

etched deeper such that there is air on either side of the waveguide to provide a larger

index contrast in the horizontal direction. Lastly, the waveguide ridge can be narrowed

to 1 µm such as to squeeze the optical mode into a smaller area. This also reduces the

number of transverse modes such that the waveguide is nearly single-mode. Figure 6.15

shows the resulting TE polarized mode profile at 1550 nm for such a waveguide. Here,

77% of the optical power is confined to the superlattice layer compared to 62% in the

shallow etched waveguides discussed in Chapter 3. The effective overlap area with the

775 nm fundamental mode reduces to 0.68 µm2, which is an 88% reduction. As a result,

κ increases by a factor of 2.9 and the normalized conversion efficiency rises by nearly an

order of magnitude. Further enhancement could be achieved with more rigorous design of

the waveguide structure, however, the simple design presented here at least demonstrates

the potential of such waveguides.

Moving to a high confinement structure has its merits, but there are several tradeoffs
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that must be considered. First, the described structure is multimode at 775 nm and

is thus likely to have higher losses, especially around waveguide bends. However, note

that it is only necessary to use a high confinement waveguide in the QPM waveguide

section of the integrated device. Other sections of the pump laser cavity where high

confinement is not necessary could be designed with shallow etches. Second, etching into

the core layer will expose more the of the guided optical mode to sidewall roughness

and thus increase scattering losses. However, low loss coefficients of less than 0.2 cm−1

has been demonstrated in high confinement SOI waveguides using oxidation techniques

[122]. Similar techniques for reducing sidewall roughness have been explored for AlGaAs

ridge structures [123]. Third, the effective index of the high confinement waveguides can

become very sensitive to variations in the waveguide width. As a result, the phase match-

ing wavelengths will be strongly affected by the waveguide width. This phenomenon has

been demonstrated in high confinement form-birefringent AlGaAs waveguides with phase

matching wavelength shifts of up to 100 nm for width variations of 100 nm [45]. Thus,

fabrication procedures must be be tightened to reduce deviations from the intended di-

mensions from one sample to the next. Lastly, while the large optical intensities in

a high confinement structure would enhance the second-order nonlinear interaction, it

would also strengthen higher-order nonlinear effects. Thus, SPM, TPA, and 3PA would

become significant at lower power levels and interfere with the DFG process.

6.5.3 Vertical Integration

The waveguide structure developed and studied here was a compromise to facilitate

integration of the pump laser and QPM waveguide. However, these compromises led

to two problems that are unlikely to be overcome in the current wafer design. First,

the absorption losses at the pump wavelength proved to be too high in order to allow

efficient operation of the QPM waveguide as an amplifier. Indeed, DFG experiments

had to be conducted with waveguides in which the degeneracy pump wavelength used

was below the band gap energy where absorption losses are low. However, the pump

wavelength will be near or at the band gap energy of the as-grown superlattice and

absorption in the QPM waveguide will be high. As a result, OPO thresholds are predicted
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to be too high for practical operation. One solution would be to partially intermix

the as-grown regions of the QPM grating, but this would tradeoff modulation in χ(2).

Second, fabrication of a working diode laser by colleagues using the same wafer structure

proved futile as even simple broad-area and ridge lasers failed to reach threshold. The

problem was thought to be thickness of the superlattice layer, which is relatively large

compared to conventional bulk-layer laser diode structures in which the active layer

thickness is generally less than 100 nm thick. The solution to this problem was to reduce

the superlattice thickness, and indeed, working ridge waveguide Fabry-Perot lasers were

demonstrated [113]. However, thinning the core layer trades off confinement and overlap

between the interacting waves of the parametric conversion process. Another solution

must be sought in order to alleviate these difficulties.

One possible solution to the integration problem is to use vertical integration [124].

In this technique, the active and passive sections of the integrated device are separated

into different waveguiding layers. Light is coupled between the active and the passive

layers using taper structures. Figure 6.16 depicts a simplified structure for integrating

a DD-QPM waveguide with a pump laser using vertical integration. The active region

of the pump laser is located in the upper layer, while the QPM waveguide is located in

the lower layer. Each layer is optimized for the particular devices to be contained within

it. For instance, the active layer can be designed as a double quantum well structure

with a thin core optimized to reduce the threshold current for lasing. The passive layer

can be designed such that the core layer is thick to provide high overlap between the

pump, signal, and idler waves of the parametric conversion process. Furthermore, the

passive superlattice in this layer would be designed to have a band gap energy larger

than the active layer such that absorption of the pump light is minimized. Lastly, only

the active layer need be doped while the passive layer can be left undoped, which would

avoid free-carrier absorption losses in the QPM waveguide. This relative independence

in designing each layer adds much flexibility and potentially better performance from the

system as a whole.
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Figure 6.16: Simplified schematic of a vertical integration structure. The pump
laser active sections would be located in the upper layer while the QPM device and
passive sections would be located in the lower layer.

6.5.4 Potential Device Performance

The proposed design improvements in the previous sections open the possibility of bet-

ter performance of an integrated conversion device. For each of the proposed changes,

approximations of the QPM waveguide characteristics can be made. Optimization of

the fabrication procedures could reduce the loss coefficients to the same level as those

observed in silicon nanowaveguides. In this case, the loss at wavelengths around 1550 nm

will be assumed to be 0.2 cm−1 for as-grown superlattice. Intermixed waveguides showed

loss coefficients about twice as high as in as-grown waveguides, thus the loss for inter-

mixed sections are assumed to be 0.4 cm−1. Thus, the average loss coefficient for a 50:50

duty cycle QPM grating is 0.3 cm−1. Scattering losses near the pump wavelength were

originally measured to be four times larger than at pump wavelengths near 775 nm, thus

giving losses of of 1.2 cm−1. Absorption losses for the pump are assumed to be negligible

for a vertically integrated structure in which the superlattice band gap is larger than

the photon energies emitted by the pump laser in the active layer. Improvements in the

intermixing process are assumed to lead to an increase in χ
(2)
eff by a factor of two. From

these approximations, the potential performance of an optimized integrated device can

be calculated.

The optical parametric converter is examined first. As in Section 6.4.1, it is assumed

that the pump is undepleted by the parametric process and that the signal is not amplified

such that Equation 6.7 applies. Four different cases are considered:

1. Original measured values of signal/idler loss, projected pump loss at 770 nm, and



Chapter 6. Wavelength Conversion by DFG 167

originally measured χ
(2)
eff

2. Reduced losses in signal/idler wavelengths only

3. Vertically integrated structure with reduced losses in signal/idler wavelengths and

no pump absorption loss

4. Vertically integrated structure with reduced losses in signal/idler wavelengths, no

pump absorption loss, and doubled χ
(2)
eff

The predicted idler powers are shown in Figure 6.17 for Type-I phase matching with a

signal power of 50 mW and a pump power of 300 mW. In all cases, the nominal κ is

set to the measured value determined from SHG experiments. Reducing the losses in

the signal and idler improve the output idler power marginally, as can be seen in the

difference between Case 1 and Case 2. A much more significant improvement is observed

in Case 3 where the pump loss has been improved as well. Here, the idler power is over

an order of magnitude better than in Case 2 at just below 3 mm where Case 2 peaks.

Also, no peak is found for Case 3 with the 5 mm QPM waveguide length considered. At

5 mm, the output power is -6.9 dBm (0.20 mW), which is well within the practical range

for telecommunications systems. The improvement in χ(2) of Case 4 raises the output

power by an additional 6 dB. Reducing the signal power to 5 mW would only reduce the

idler power down to -10.9 dBm for Case 4, which is still well within detectable ranges for

telecommunications-grade optical receivers. In this case, high power EDFAs would not

be required in certain system configurations and the parametric converter could operate

on its own.

An OPO would also realize similar performance improvements. For the analysis, the

full model including pump losses and signal amplification is used as per Equation 6.2.

Figure 6.18 shows the round trip signal gain/loss for an SRO under the same improvement

cases as examined for the the parametric converter. Simply reducing the losses in the

signal and idlers as per Case 2 does not improve the OPO performance such that the

threshold pump power is below 100 W. Instead, it is necessary to implement the vertically

integrated structure as in Case 3 in order to reduce the pump loss. In this case, the

threshold power is found at around 33 W. If the modulation in χ(2) is doubled via QWI

improvements in Case 4, a threshold power of around 8 W is possible. Even with such
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Figure 6.17: Output power from a potential integrated parametric converter with
improvements under different cases
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Figure 6.18: Round trip signal gain in a potential integrated singly-resonant OPO
with improvements under different cases

improvements, the threshold power levels are still above 1 W, which would necessitate

implementation of a mode-locked pump laser instead of a simple continuous wave laser.

However, the reduction in peak power required would allow the use of longer pulses with

narrower spectral widths.
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6.6 Conclusions

This chapter examined difference frequency generation in DD-QPM waveguides and their

application to integrated wavelength conversion devices. By using data from the second-

harmonic generation experiments of the Chapter 5, the DFG conversion bands and con-

version efficiency were calculated using simplified models. When the pump wavelength

was placed at the degeneracy point, the conversion band for Type-I was found to be rela-

tively flat and had a bandwidth over 150 nm covering the C-, L-, and U-bands. Deviations

larger than 0.2 nm caused significant changes to the conversion band shape and shifted

the peak conversion points. The conversion bands for Type-II were polarization depen-

dent and not flat. Experiments with Sample B waveguides demonstrated phase matched

DFG for both Type-I and Type-II interactions by using continuous wave beams for both

the signal and pump. By using C-band wavelengths for the input signal, idler wave-

length were observed in the L- and U-bands. Nearly 9 nW of idler power was produced

for Type-I phase matching, which was below the predicted value of over 50 nW given

the input powers used. The Type-II configuration produced lower powers as expected,

but also fell short of predictions. As a result, the conversion efficiencies and coupling

coefficients were lower than originally calculated using SHG data. Using the results from

both DFG and SHG experiments, monolithically integrated wavelength conversion de-

vices using DD-QPM waveguides were modeled in order to gain insights on their potential

performance. For a parametric converter, integrating a pump laser on board the chip

and exploiting the intracavity circulating power would lead to greater amounts of idler

power being generated. However, high linear losses in signal, idler, and especially the

pump were found to significantly limit the performance of this device. Thus, external

amplification of the signal and idler would be required in order reach the required power

levels in a typical telecommunications system. Analysis of a monolithically integrated

optical parametric oscillator concluded that reaching the threshold for oscillation would

require unreasonably high pump powers. Thus, in the current state of the DD-QPM

technology, practical integrated wavelength conversion devices were deemed unfeasible.

Several improvements to the design and fabrication of an integrated device were pro-
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posed. Scattering losses could be reduced with improvements to the microfabrication

processes and χ(2) modulation could be increased via further optimization of the QWI

procedure. Transitioning to high confinement waveguides could improve modal overlap

and raise the optical intensity in order to boost the nonlinear interaction. Lastly, ver-

tical integration could allow greater flexibility by allowing both the pump laser and the

QPM waveguide design to be optimized separately, and reduce pump losses in the QPM

waveguide. With these improvements, both the parametric converter and the OPO were

predicted to allow more practical power levels. Thus, there is still good potential for

using DD-QPM superlattice waveguides for integrated wavelength conversion devices.



Chapter 7

Conclusions

7.1 Summary of Results

This thesis examined second-order nonlinear wavelength conversion processes using domain-

disordered quasi-phase matched GaAs/AlGaAs superlattices-core waveguides. The pur-

pose of this study was to evaluate the potential for creating compact all-optical wave-

length conversion devices in a monolithically integrated form. Such a device would have

wide ranging applications in a number of fields, and provided a low cost and robust

alternative to current wavelength conversion technologies.

Several phase matching techniques applied to compound semiconductors, including

DD-QPM, were compared and discussed. These included artificial form birefringence,

modal phase matching, exact phase matching using Bragg reflection waveguides, domain-

reversal quasi-phase matching, and domain-suppression quasi-phase matching. By using

equations for the normalized conversion efficiency and the effective instantaneous conver-

sion efficiency, it was found that most of these methods outperform previous generations

of DD-QPM waveguides. However, most of these other methods had high inherent linear

losses and were built on platforms that were poor candidates for monolithic integration

of a pump laser diode, which is one of the key purposes of AlGaAs as the base material.

In contrast, DD-QPM is more amenable to integration and has shown significant im-

provement in conversion efficiency over the last few years due to advancements in wafer

design and fabrication processes.
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A new superlattice wafer structure was designed to alleviate problems encountered

with previous designs, but at the expense of less potential modulation in the band gap

energy. Photoluminescence measurements showed that the shift in band gap energy

using the ion-implantation quantum well intermixing was about 38% less than the the-

oretical maximum and thus the superlattice was not completely intermixed. Compu-

tation of the optical mode profiles for ridge waveguides revealed poor confinement of

wavelengths around 775 nm when using shallow etches, which motivated study of using

more deeply-etch waveguides to achieve better confinement. Loss measurements around

775 nm showed that the absorption loss coefficients were large below 800 nm and that

the preferred operating range the second-harmonic/pump wavelength in experiments is

above 800 nm. Kerr, two-photon absorption, and three-photon absorption coefficients of

the superlattice measured and calculated by previously established methods were found

to be highly polarization dependent and were suppressed by up to 71% after intermixing.

Depending on the operating wavelength, these high-order nonlinear effects were found to

be strong enough that they could affect the second-order nonlinear processes.

Advanced models and computer simulations were used to predict the performance

of second-harmonic generation in DD-QPM waveguides with several parasitic effects

present. Linear losses were found to reduce the conversion efficiency by a significant

amount, with the fundamental wavelength losses causing twice as much reduction as the

second-harmonic losses. The SHG conversion bandwidth was calculated to be less than

3 nm for 1 mm-long waveguides, and was affected by the total length of the waveguide,

linear losses, and the duration of ultrafast pulses. Suboptimal suppression of χ(2) in

disordered domains was found to significantly reduce the conversion efficiency below the

maximum theoretical value. Of the high-order nonlinear effects, self-phase modulation

was the dominate effect on second-harmonic power at high power reducing efficiency by

up to 66%, while two-photon absorption contributed a much smaller reduction and three-

photon absorption had no significant impact. Group velocity mismatch had a modest

impact of up to 6% on the output second-harmonic power, and was slightly larger in the

Type-II configuration.

Improved processes for fabricating DD-QPM waveguides were developed by colleagues
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at the University of Glasgow. This lead to waveguides with lower linear loss coefficients

of around 1.5 cm−1 at 1550 nm and larger band gap energy shifts in intermixed domains.

As a result, SHG performance was improved over past generations of superlattice DD-

QPM waveguides by over a factor of 2 when using 2 ps pulses. Type-II phase matched

SHG was demonstrated for the first time in DD-QPM waveguides, but had an efficiency

that was four times less than Type-I. High-order nonlinear effects caused saturation of the

generated second-harmonic power, and resulted in significant reductions of the conversion

efficiency at high input power. Continuous wave SHG was also achieved for the first time

in DD-QPM structures, but the conversion efficiencies were not as high as in the 2 ps

pulsed experiments. Several bistability effects were observed with temporal response

times on the order of a few seconds, which was attributed to absorption and the thermo-

optic effect. Experiments with 20 ps pulses gave results in which the conversion efficiency

was more consistent over a wide range of power levels and did not show saturation in the

generated second-harmonic power. Using such longer pulses may allow greater powers to

be generated than with shorter pulses.

Difference frequency generation in DD-QPM waveguides was examined next. Using

the data from SHG experiments and simplified modes of three-wave mixing, predictions

were made on the conversion bandwidth and efficiency of the DFG process. It was found

that the conversion band changed drastically with small detunings of the pump wave-

length, and that the Type-II conversion bands were also polarization dependent. In DFG

experiments using continuous wave beams, both Type-I and Type-II phase matching was

observed with conversion ratios of up to -67.5 dB and output idler powers of nearly 9 nW.

When the experimental data was applied to models of a parametric conversion device

integrated with an onboard pump source, it was found that the output idler power would

be on the order of hundreds of microwatts and thus external amplification would be nec-

essary. An optical parametric oscillator based on the present device performance would

require large pump powers on the order of hundreds of Watts that would unlikely be

achievable with an onboard source. In order to improve performance, several improve-

ments to the QPM waveguide were proposed including improving fabrication processes,

utilizing high confinement waveguides, and implementing vertical integration. With these
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improvements, the parametric converter could potentially produce usable power levels

and the OPO could have lower threshold powers that are achievable by using an onboard

mode-locked pump laser. Thus, GaAs/AlGaAs superlattice-based DD-QPM waveguides

still hold potential for allowing practical monolithically integrated wavelength conversion

devices based on second-order nonlinear optical effects.

7.2 Future Work

The work presented in this thesis showed the largest SHG conversion efficiencies of all

previous work on DD-QPM waveguides, and demonstrated Type-II phase matching,

continuous-wave SHG, and DFG for the first time in this technology. However, as plainly

stated in the summary of the results, wavelength conversion devices based on this tech-

nology in its present form are not practical. In order to make such devices viable, much

work must be done to improve performance and demonstrate new operating regimes not

covered in this thesis.

Despite the lower than expected performance observed with the QPM samples re-

ported here, development on fabrication has been ongoing by colleagues in Glasgow.

Working lasers have been demonstrated using a modified wafer design, which permitted

practical threshold currents. Integrated converter and OPO devices with onboard pump

laser rings have been fabricated. Several experiments will be required once these devices

are ready for testing. One such experiment would be to determine the phase matching

wavelengths of different QPM periods for the modified wafer design. The methods, data

and analysis from this thesis will provide direction for this effort.

Continuous-wave experiments were conducted with samples that demonstrated bista-

bility due to the thermo-optic effect and the Fabry-Perot cavity created by the reflective

end-facets. As a result, it was difficult to obtain reliable data on the conversion efficiency

under continuous-wave operation. One possible solution is to suppress the Fabry-Perot

effect, which can be done by applying antireflection coatings to the facets or by patterning

the waveguides at a small angle relative to the facet. New continuous-wave experiments

can then be performed, and perhaps provide better data from which to evaluate the
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second-order nonlinear coefficients of the superlattice.

Experiments with the 20 ps pulse source were fraught with problems related to the

stability of the wavelength produced by the OPO. While mitigation of high-order non-

linear effects was observed, the effective instantaneous conversion efficiencies were still

lower than in the 2 ps pulse experiments. These experiments should be repeated with

newly available all-fiber-based pulsed sources that have superior wavelength stability.

Evaluation of the device performance required knowledge of the losses at the second-

harmonic/pump wavelengths. Data on this was obtained using a combination of trans-

mission measurements with the Ti:sapphire laser and a tunable source at 980 nm, but

the accuracy of this method is not as good as using an all-Fabry-Perot method. It would

be beneficial to obtain an appropriate narrow linewidth tunable source around 775 nm

in order to perform Fabry-Perot measurements.

One of the target applications of superlattice DD-QPM technology was to generate

mid-infrared wavelengths. Experiments should be carried out to demonstrate this us-

ing DFG with external pumping. This will require modeling of the behaviour of the

waveguides at long wavelengths. However, the refractive index models used for the su-

perlattice were based on measurements for wavelength only up to 1600 nm and their

validity at longer wavelengths is uncertain. Thus, new measurements of the refractive

index of the superlattice at longer wavelength may be required. In order to demonstrate

mid-infrared generation, new equipment will be necessary including a shorter wavelength

signal laser with sufficient power to drive DFG, and appropriate optics and detectors

to observe wavelengths beyond 2.0 µm. If mid-infrared generation is achieved, exper-

iments demonstrating gas detection should be performed to show the potential of this

technology.

In Section 6.5, several improvements to the DD-QPM platform were discussed. These

included improving fabrication processes for lower loss, obtaining a large differential band

gap energy shift via improved QWI processes, moving to high-confinement waveguides to

raise internal intensities, and moving to vertically integrated structures to reduce pump

loss and increase design flexibility. To realize the full potential of an integrated device,

all of these improvements should be pursued. All of this will require considerable effort,
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especially in developing the required microfabrication processes. However, such efforts

are warranted as superlattice DD-QPM is still predicted by the conclusions of this thesis

to be a viable technology for compact nonlinear wavelength conversion devices.



Appendix A

Nonlinear Propagation Equations

The following derivation is based on works by Zheng [125], Kurz [126], and Agrawal

[92]. For generality, nonlinear susceptibilities are initially taken to be functions of the

transverse directions x and y as would be the case in a multilayered waveguiding structure.

Otherwise, the waveguide structure will be viewed as an “effective medium” with all other

material parameters being uniform in the transverse directions.

A.1 Three-Wave Mixing

Starting with the wave equation for a sourceless, non-magnetic, and lossy medium:

O2 ~E − µ0ε
∂2 ~E

∂t2
− µ0σ

∂ ~E

∂t
− µ0

∂2 ~PNL
∂t2

= 0 (A.1)

The nonlinear polarization is

~PNL = ε0[←→χ (2) : ~E ~E +←→χ (3)... ~E ~E ~E +←→χ (4)... ~E ~E ~E ~E +←→χ (5)... ~E ~E ~E ~E ~E...]. (A.2)

Assuming that the participating waves are linearly polarized, propagating in the z-

direction, and that the medium is linearly isotropic, the wave equation can be scalarized.

Furthermore, if the polarization directions of the participating waves are set to give a

valid interaction, the nonlinear susceptibility tensors of Eqn. A.1 can be reduced to scalar
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values χ(2) and χ(3).

For generalized three-wave mixing, the total electric field is

E = E1 + E2 + E3 (A.3)

where

Ei =
1

2

[
Ẽi(x, y, z, t) exp [j(ωit− β0,iz)] + c.c.

]
(A.4)

Substituting Eqn. A.3 into the scalarized Eqn. A.1, accounting for permutation symme-

try in χ
(2)
ijk, and forcing the frequency matching condition ω3 = ω1 +ω2, the second-order

nonlinear polarization, P
(2)
NL = ε0χ

(2)EE, becomes

P
(2)
NL,1 = ε0χ

(2)Ẽ∗2Ẽ3 (A.5a)

P
(2)
NL,2 = ε0χ

(2)Ẽ∗1Ẽ3 (A.5b)

P
(2)
NL,3 = ε0χ

(2)Ẽ1Ẽ2. (A.5c)

For the third-order nonlinear polarization, if only self-phase modulation and two-

photon absorption are considered, for each wave,

P
(3)
NL,i =

3

4
ε0[χ

′(3)
i + jχ

′′(3)
i ]|Ẽi|2Ẽi. (A.6)

The real component of χ
(3)
i is related to SPM and the imaginary component is related

to TPA. The fourth-order nonlinear polarization is assumed to be weak relative to the

second-order nonlinear polarization and is thus neglected. For the fifth-order nonlinear

polarization, the real part of the susceptibility is assumed to be weak relative to the

third-order nonlinearity. However, the imaginary part of the susceptibility is considered

significant as it is related to three-photon absorption which dominates over two-photon

absorption at photon energies below the half band gap energy. Thus, the fifth-order

nonlinear polarization is

P
(5)
NL,i =

5

8
ε0[jχ

′′(5)
i ]|Ẽi|4Ẽi. (A.7)
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The wave equations for propagation along the z-direction become

∂2

∂z2
Ẽi − µ0ε

∂2

∂t2
Ẽi − µ0σ

∂Ẽ

∂t
− µ0

∂2

∂t2
(P

(2)
NL,i + P

(3)
NL,i + P

(5)
NL,i) = 0. (A.8)

Taking the Fourier transform of Eqn. A.8 gives,

∂2Êi
∂z2

+ µ0ε(ω)ω2Êi + µ0σωÊi + µ0ω
2(P̂

(2)
NL,i + P̂

(3)
NL,i + P̂

(5)
NL,i) = 0. (A.9)

Assuming that the nonlinear effects are weak enough such that the transverse mode

distribution does not change over the propagation through the waveguide, the electric

fields, Êi, can be decomposed into the mode distribution, Fi(x, y), and the spectral

envelope, Âi(z, ω − ωi), such that

Êi(x, y, z, ω − ωi) = γiFi(x, y)Âi(z, ω − ωi) exp [−jβ0,iz] (A.10)

where

γi =

[
2

cε0ni

] 1
2

(A.11)

and F is complex in general and is normalized such that

∞∫
∞

∞∫
∞

|Fi(x, y)|2dxdy = 1. (A.12)

By using this definition, A(z, ω − ωi) has units of W
1
2 and thus represents the power of

the envelope. We can substitute Eqn. A.10 into Eqn. A.9. Starting with the z-derivative

term

∂2Êi
∂z2

= γiFi(x, y)

[
∂2Âi
∂z2

exp [−jβ0,iz]− j2β0
∂Âi
∂z

exp [−jβ0,iz]− β2
0,iÂi exp [−jβ0,iz]

]
.

(A.13)

By the slowly varying envelope approximation,

∂2Âi
∂z2

<<
∂Âi
∂z

,
∂2Âi
∂z2

<< Âi (A.14)
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and thus,

∂2Êi
∂z2

= γiFi(x, y)

[
−j2β0

∂Âi
∂z

exp [−jβ0,iz]− β2
0,iÂi exp [−jβ0,iz]

]
(A.15)

The linear term of Eqn. A.9 becomes

µ0ε(ω)ω2Êi =
ω2n2

i (ω)

c2
Êi (A.16)

= β2
i (ω)γiFiÂi exp [−jβ0,iz]. (A.17)

Combining the terms together gives

γiFi exp [−jβ0,iz]

[
− j2β0,i

∂Âi
∂z
−
(
β2

0,i − β2
i (ω)

)
Âi − jµ0σωÂi

]
+

µ0ω
2(P̂

(2)
NL,i + P̂

(3)
NL,i + P̂

(5)
NL,i) = 0 (A.18)

Expanding βi(ω) into a Taylor series up to second order gives

βi(ω) = β0,i + β1,i(ω − ωi) +
1

2
β2,i(ω − ωi)2 (A.19)

where

β0,i = β(ω)

∣∣∣∣∣
ωi

, β1,i =
∂βi(ω)

∂ω

∣∣∣∣∣
ωi

, β2,i =
∂2βi(ω)

∂ω2

∣∣∣∣∣
ωi

. (A.20)

Using the approximation a2 − a2
0 ≈ 2a0(a − a0) and Eqn. A.20, the dispersive term of

Eqn. A.18 becomes

2γiβ0,iFi exp [−jβ0,iz]

[
− j ∂Âi

∂z
+ β1,i(ω − ωi)Âi +

1

2
β2,i(ω − ωi)2Âi − j

µ0σω

2β0,i

Âi

]
+

µ0ω
2(P̂

(2)
NL,i + P̂

(3)
NL,i) = 0. (A.21)
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Converting back to the time domain and rearranging gives,

Fi

[
∂Ai
∂z

+ β1,i
∂Ai
∂t
− j 1

2
β2,i

∂2Ai
∂t2

+
α0,i

2
Ai

]
+

j
µ0ω

2
i

2γiβ0,i

(P
(2)
NL,i + P

(3)
NL,i + P

(5)
NL,i) exp [jβ0,iz] = 0 (A.22)

where α0,i is the linear loss coefficient defined as

α0,i =
µ0σc

n0,i

. (A.23)

The second-order nonlinear terms can now be expanded out while using the inverse

Fourier transform of Eqn. A.10

P
(2)
NL,1 = ε0χ

(2)γ2γ3F
∗
2F3A

∗
2A3 exp[−j(β0,3 − β0,2)z] (A.24a)

P
(2)
NL,2 = ε0χ

(2)γ1γ3F
∗
1F3A

∗
1A3 exp[−j(β0,3 − β0,1)z] (A.24b)

P
(2)
NL,3 = ε0χ

(2)γ1γ2F1F2A1A2 exp[−j(β0,1 + β0,2)z]. (A.24c)

Using the definitions

χ
′(3)
i =

4

3
n2

0,icε0n2,i (A.25)

χ
′′(3)
i = −4

3

cε0n
2
iλ

π
α2,i (A.26)

where n2 is the optical Kerr coefficient and α2 is the two-photon absorption coefficient,

the third-order nonlinear terms become

P
(3)
NL,i =

[
n2

0,icε
2
0n2,i − j

cε20n
2
0,iλi

π
α2,i

]
γ3
i |Fi|2Fi|Ai|2Ai exp[−jβ0,iz]. (A.27)

Also, using

χ
′′(5)
i = −16

5

c2ε20n
3
iλ

π
α3,i (A.28)
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which leads to the fifth-order nonlinear term

P
(5)
NL,i = j

2c2ε30n
3
0,i

π
α3,iγ

5
i |Fi|4Fi|Ai|4Ai exp[−jβ0,iz]. (A.29)

Substituting the nonlinear terms into Eqn. A.22 gives the coupled mode equations

F1

[
∂A1

∂z
− β1,1

∂A1

∂t
+ j

1

2
β2,1

∂2A1

∂t2
+
α0,1

2
A1

]

+ j
2πχ(2)

λ1

√
2cε0n0,1n0,2n0,3

F ∗2F3A
∗
2A3 exp[−j∆βz]

+

[
j

2πn2,1

λ1

+
1

2
α2,1

]
|F1|2F1|A1|2A1 +

1

2
α3,1|F1|4F1|A1|4A1 = 0 (A.30a)

F2

[
∂A2

∂z
− β1,2

∂A2

∂t
+ j

1

2
β2,2

∂2A2

∂t2
+
α0,2

2
A2

]

+ j
2πχ(2)

λ2

√
2cε0n0,1n0,2n0,3

F ∗1F3A
∗
1A3 exp[−j∆βz]

+

[
j

2πn2,2

λ2

+
1

2
α2,2

]
|F2|2F2|A2|2A2 +

1

2
α3,2|F2|4F2|A2|4A2 = 0 (A.30b)

F3

[
∂A3

∂z
− β1,3

∂A3

∂t
+ j

1

2
β2,3

∂2A3

∂t2
+
α0,3

2
A3

]

+ j
2πχ(2)

λ3

√
2cε0n0,1n0,2n0,3

F1F2A1A2 exp[j∆βz]

+

[
j

2πn2,3

λ3

+
1

2
α2,3

]
|F3|2F3|A3|2A3 +

1

2
α3,3|F3|4F3|A3|4A3 = 0 (A.30c)

where ∆β = β0,3 − β0,2 − β0,1 is the phase mismatch. Multiplying each equation by F ∗i ,
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integrating over x and y, and using Eqn. A.12 yields

∂A1

∂z
− β1,1

∂A1

∂t
+ j

1

2
β2,1

∂2A1

∂t2
+
α0,1

2
A1+

j
κ1

λ1

A∗2A3 exp[−j∆βz] + ζ
(3)
1 |A1|2A1 + ζ

(5)
1 |A1|4A1 = 0 (A.31a)

∂A2

∂z
− β1,2

∂A2

∂t
+ j

1

2
β2,2

∂2A2

∂t2
+
α0,2

2
A2+

j
κ2

λ2

A∗1A3 exp[−j∆βz] + ζ
(3)
2 |A2|2A2 + ζ

(5)
2 |A2|4A2 = 0 (A.31b)

∂A3

∂z
− β1,3

∂A3

∂t
+ j

1

2
β2,3

∂2A3

∂t2
+
α0,3

2
A3+

j
κ3

λ3

A1A2 exp[j∆βz] + ζ
(3)
3 |A3|2A3 + ζ

(5)
3 |A3|4A3 = 0 (A.31c)

where the second-order nonlinear coupling coefficients are

κi =
2π√

2cε0n0,1n0,2n0,3

f
(2)
i (A.32)

and the complex second-order overlap integral is

f
(2)
1,2 =

∫∫ ∞
−∞

χ(2)(x, y)F ∗1F
∗
2F3dxdy (A.33)

for waves 1 and 2, and

f
(2)
3 =

∫∫ ∞
−∞

χ(2)(x, y)F1F2F
∗
3 dxdy (A.34)

for wave 3. The third-order nonlinear coefficients are

ζ
(3)
i = j

2π

λi
f

(3)′

i +
1

2
f

(3)′′

i (A.35)
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where the overlap integrals are

f
(3)′

i =

∫∫ ∞
−∞

n2,i(x, y)|Fi|4dxdy (A.36a)

f
(3)′′

i =

∫∫ ∞
−∞

α2,i(x, y)|Fi|4dxdy. (A.36b)

The fifth-order nonlinear coefficients are

ζ
(5)
i =

1

2
f

(5)′′

i (A.37)

where the overlap integrals are

f
(5)′′

i =

∫∫ ∞
−∞

α3,i(x, y)|Fi|6dxdy. (A.38)

In the absence of dispersion (as is the case when in continuous wave), linear loss, and

high-order nonlinear effects, the propagation equations simplify to

∂A1

∂z
= −j κ1

λ1

A∗2A3 exp[−j∆βz] (A.39a)

∂A2

∂z
= −j κ2

λ2

A∗1A3 exp[−j∆βz] (A.39b)

∂A3

∂z
= −j κ3

λ3

A1A2 exp[j∆βz] (A.39c)

which satisfy the Manley-Rowe relation

∂

∂z
|A1|2 +

∂

∂z
|A2|2 +

∂

∂z
|A3|2 = 0. (A.40)

A.2 Effective Areas and Nonlinear Coefficients

In a waveguide, the nonlinear coefficients must in general be calculated as in the above

equations. Assuming that χ(2) is uniform within each material layer of the waveguide,
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the second-order overlap integral for wave 1 can be expanded such that

f
(2)
1 = χ

(2)
1

∫∫
1

F ∗1F
∗
2F3dxdy+χ

(2)
2

∫∫
2

F ∗1F
∗
2F3dxdy+χ

(2)
3

∫∫
3

F ∗1F
∗
2F3dxdy+ ... (A.41)

where χ
(2)
m is the second-order susceptibility for the material in layer m and each inte-

gration is taken over the x and y span of each layer. Expansions of the overlap integrals

for the other two waves have similar forms. The third-order overlap integrals can be

expanded such that

f
(3)′

i = n2,i,1

∫∫
1

|Fi|4dxdy + n2,i,2

∫∫
2

|Fi|4dxdy + n2,i,3

∫∫
3

|Fi|4dxdy + ... (A.42a)

f
(3)′′

i = α2,i,1

∫∫
1

|Fi|4dxdy + α2,i,2

∫∫
2

|Fi|4dxdy + α2,i,3

∫∫
3

|Fi|4dxdy + ... (A.42b)

The same can be done with the fifth-order overlap integrals:

f
(5)′′

i = α3,i,1

∫∫
1

|Fi|6dxdy + α3,i,2

∫∫
2

|Fi|6dxdy + α3,i,3

∫∫
3

|Fi|6dxdy + ... (A.43)

For further simplicity, the waveguide can be considered to have an effective nonlinear

coefficient for the structure as a whole. Thus, to simplify the equations, it can be assumed

that the material is uniform in x and y. The equations become

f
(2)
1 = χ(2)

∫∫ ∞
−∞

F ∗1F
∗
2F3dxdy (A.44a)

f
(3)′

i = n2,i

∫∫ ∞
−∞
|Fi|4dxdy (A.44b)

f
(3)′′

i = α2,i

∫∫ ∞
−∞
|Fi|4dxdy (A.44c)

f
(5)′′

i = α3,i

∫∫ ∞
−∞
|Fi|6dxdy. (A.44d)

The integrals over the normalized field distributions can be rewritten in terms of the
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non-normalized distributions F̃i to give the second-order effective area

A
(2)
eff,1 =

[∫∫∞
−∞ |F̃1|2dxdy

][∫∫∞
−∞ |F̃2|2dxdy

][∫∫∞
−∞ |F̃3|2dxdy

]
[∫∫∞

−∞ F̃
∗
1 F̃
∗
2 F̃3dxdy

]2 . (A.45)

For waves 1 and 2, A
(2)
eff,1 = A

(2)
eff,2. For wave 3, A

(2)
eff,3 = A

(2)∗
eff,1 since the denominator is the

complex conjugate of that shown above. The third-order effective areas are

A
(3)
eff,i =

[∫∫∞
−∞

˜|Fi|2dxdy
]2

∫∫∞
−∞ |F̃i|4dxdy

, (A.46)

and the fifth-order areas are

A
(5)
eff,i =

[[∫∫∞
−∞

˜|Fi|2dxdy
]3∫∫∞

−∞ |F̃i|6dxdy

]1/2

. (A.47)

Thus, the second-order coupling coefficient becomes

κi =
2π√

2cε0n0,1n0,2n0,3A
(2)
eff,i

χ(2), (A.48)

the third-order coefficients are

ζ
(3)
i = j

2π

λi

n2,i

A
(3)
eff

+
1

2

α2,i

A
(3)
eff

(A.49)

and the fifth-order nonlinear coefficients are

ζ
(5)
i =

1

2

α3,i

(A
(5)
eff )2

. (A.50)
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Furthermore, if each integral in Eqn. A.41 is expanded in the same way such that

A
(2)
eff,m =

[∫∫∞
−∞ |F̃1|2dxdy

][∫∫∞
−∞ |F̃2|2dxdy

][∫∫∞
−∞ |F̃3|2dxdy

]
[∫∫

m
F̃ ∗1 F̃

∗
2 F̃3dxdy

]2 (A.51)

is the effective mode overlap area for material layer m, the ratio of the effective sus-

ceptibility and overlap of the waveguide can be written as the sum of the individual

susceptibility/area ratios of each layer:

χ(2)√
A

(2)
eff

=
χ

(2)
1√
A

(2)
eff,1

+
χ

(2)
2√
A

(2)
eff,2

+
χ

(2)
3√
A

(2)
eff,3

+ ... (A.52)

Also, the third-order effective areas for each layer can be written as

A
(3)
eff,i,m =

[∫∫∞
−∞

˜|Fi|2dxdy

]2

∫∫
m
|F̃i|4dxdy

, (A.53)

the third-order effective waveguide coefficients are such that

n2,i

A
(3)
eff,i

=
n2,1,i

A
(3)
eff,1,i

+
n2,1,i

A
(3)
eff,2,i

+
n2,3,i

A
(3)
eff,3,i

+ ... (A.54a)

α2,i

A
(3)
eff,i

=
α2,1,i

A
(3)
eff,1,i

+
α2,1,i

A
(3)
eff,2,i

+
α2,3,i

A
(3)
eff,3,i

+ ... (A.54b)

and the fifth-order effective waveguide coefficients are such that

α3,i

(A
(3)
eff,i)

2
=

α3,1,i

(A
(3)
eff,1,i)

2
+

α3,1,i

(A
(3)
eff,2,i)

2
+

α3,3,i

(A
(3)
eff,3,i)

2
+ ... (A.55)

A.3 Second-Harmonic Generation

In the case of Type-I second-harmonic generation, there are only two waves in the inter-

action: the fundamental at frequency ω and the second-harmonic at frequency 2ω. The
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second-order nonlinear polarizations are

P
(2)
NL,ω = ε0χ

(2)Ẽ∗ωẼ2ω (A.56a)

P
(2)
NL,2ω =

1

2
ε0χ

(2)ẼωẼω. (A.56b)

The propagation equations become

∂Aω
∂z
− β1,ω

∂Aω
∂t

+ j
1

2
β2,ω

∂2Aω
∂t2

+
α0,ω

2
Aω

+ j
κω
λω
A∗ωA2ω exp[−j∆βz] + ζ(3)

ω |Aω|2Aω + ζ(5)
ω |Aω|4Aω = 0 (A.57a)

∂A2ω

∂z
− β1,2ω

∂A2ω

∂t
+ jβ2,2ω

∂2A2ω

∂t2
+
α0,2ω

2
A2ω

+ j
κ2ω

λω
AωAω exp[j∆βz] + ζ

(3)
2ω |A2ω|2A2ω + ζ

(5)
2ω |A2ω|4A2ω = 0 (A.57b)

where ∆β = β2ω − 2βω and

κω = πχ(2)

√
2

cε0n2
ωn2ωA

(2)
eff

(A.58)

and

κ2ω = πχ(2)

√
2

cε0n2
ωn2ωA

(2)∗
eff

. (A.59)

The second-order effective area for the waveguide is defined as

A
(2)
eff =

[∫∫∞
−∞ |F̃ω|

2dxdy

]2[∫∫∞
−∞ |F̃2ω|2dxdy

]
[∫∫∞

−∞ F̃
∗
ωF̃
∗
ωF̃2ωdxdy

]2 . (A.60)

In the simple case with no dispersion, loss, or high-order nonlinear effects, the equa-

tions become
∂Aω
∂z

= −j κω
λω
A∗ωA2ω exp[−j∆βz] (A.61a)
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∂A2ω

∂z
= −j κ2ω

λω
AωAω exp[j∆βz] (A.61b)

which are found to satisfy the Manley-Rowe relation

∂|Aω|2

∂z
= −∂|A2ω|2

∂z
. (A.62)
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Detailed Waveguide Properties

B.1 Effective Mode Index

Refractive indexes for the superlattice layer were calculated using polynomial fits of the

original 14:14 GaAs/AlAs superlattice found in Ref. [81]. Since the superlattice used in

the devices of this thesis used an altered composition of GaAs/Al0.85Ga0.15As, the index

vs. wavelength curves of the as-grown material were shifted in a linear fashion by an

amount equivalent to the difference in the photoluminescence peak wavelength. For the

intermixed superlattice, the original GaAs/AlAs superlattice values were used. Index

values for all other layers of bulk AlGaAs were calculated using the semi-empirical model

of Gehrsitz [84].

The effective mode indexes of the ridge waveguides were calculated for several wave-

length points around 775 nm and around 1550 nm using the Lumerical MODE Solutions

software. These points were then fit to quadratic polynomials such that

neff = Aλ2 +Bλ+ C (B.1)

where A, B, and C are coefficients of the fit, and λ is the wavelength in units of me-

ters. These coefficients are listed in Table B.1 for 1.0 µm and 1.3 µm deep waveguides,

respectively.
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Table B.1: Coefficients for the quadratic regression of the waveguide mode effective
index for 1.0 and 1.3 µm deep ridges.

λ Range Material Type Polarization A B C
1.0 µm deep waveguides

1550
as-grown

TE 4.579× 1010 −2.413× 105 3.355
TM 2.529× 1010 −1.691× 105 3.275

intermixed
TE 7.651× 1010 −3.403× 105 3.421
TM −4.995× 1010 5.781× 104 3.104

775
as-grown

TE 3.701× 1012 −7.083× 106 6.647
TM 1.911× 1012 −3.831× 106 5.155

intermixed
TE 1.213× 1012 −2.592× 106 4.568
TM 1.217× 1012 −2.601× 106 4.571

1.3 µm deep waveguides

1550
as-grown

TE 4.616× 1010 −2.447× 105 3.357
TM 2.533× 1010 −1.708× 105 3.276

intermixed
TE 7.524× 1010 −3.381× 105 3.419
TM −4.806× 1010 5.040× 104 3.109

775
as-grown

TE 3.719× 1012 −7.114× 106 6.669
TM 1.920× 1012 −3.846× 106 5.160

intermixed
TE 1.216× 1012 −2.599× 106 4.570
TM 1.368× 1012 −2.863× 106 4.671

B.2 Group Velocity and Dispersion

The group velocity is defined as

νg =
1

β1

=

(
dβ

dω

)−1

(B.2)

where β1 is the group velocity parameter. From the polynomial fits of the effective mode

index, β1 can be calculated as

β1 =
C − Aλ2

c
[s/m] (B.3)

where c is the speed of light in a vacuum.

The group velocity dispersion parameter is defined as

β2 =
d2β

dω2
. (B.4)
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From the polynomial fits of the effective mode index, β2 can be calculated as

β2 = A
λ3

πc2
[s2/m]. (B.5)

B.3 Second-Order Nonlinear Coefficients

Values for the second-order nonlinear susceptibilites of the superlattice were sourced from

Ref. [35]. In this work, Hutchings calculated the χ(2) tensor elements using the A· p per-

turbation method. A spatial Fourier technique was used to account for changes induced

by the diffusion of lattice constituents during intermixing. The figures from that reference

are replicated in Figure B.1. It was assumed that there is little difference in the χ(2) val-

ues between the GaAs/AlAs superlattice of the reference, and the GaAs/Al0.85Ga0.15As

superlattice studied in this thesis near their respective half band gap energies.
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Fig. 2. Calculated dispersion of � (!; !) in a 14:14 monolayer
GaAs–AlAs superlattice for the as-grown structure and after intermixing
(L = 20 monolayers). The dashed vertical lines indicate the photon energy
corresponding to the half-band-edge in each case.

Fig. 3. Calculated dispersion of � (!;!) in a 14:14 monolayer
GaAs–AlAs superlattice for the as-grown structure and after intermixing
(L = 20 monolayers). The dashed vertical lines indicate the photon energy
corresponding to the half-band-edge in each case.

of the spherical integration region in space [21]. However, for
the th order of the susceptibility, the dimensional scaling of the

susceptibility expression scales as . Therefore,
the unknown constant term, which provides the majority of the

magnitude for , plays a decreasing role as the order of the
susceptibility increases.

B. Nonlinear Refraction

The Kerr effect or nonlinear refraction is frequently charac-
terized by a coefficient defined as the change in
the refractive index per unit irradiance. Nonlinear refraction is
proportional to the real part of signifying self-phase-mod-
ulation, which in SI units,

(8)

where is the linear refractive index and corresponds to
for TM polarized light or

for TE polarized light as obtained from Table I.
The expression for the third-order susceptibility tensor based

on an perturbation is [13] (see (9), located at the bottom
of the page). Again, denotes the summation over the per-
mutations of , and
which in this case provides 24 terms. Also, the analytic contin-
uation of the optical frequency is taken. In the case of resonant
excitation, which for the frequency combination appropriate to
nonlinear refraction occurs if 2 exceeds the ab-
sorption edge, the expression for the third-order susceptibility
will contain both real (determined by a principal parts integra-
tion) and imaginary parts.

The imaginary part of , in the appropriate frequency
range, corresponds to two-photon absorption. Applications for
nonlinear refraction in the presence of significant two-photon
absorption are rather limited since the irradiance is usually
attenuated before a significant optical phase change can ac-
cumulate. For example, a figure-of-merit can be devised for
all-optical switching , where is the two-photon
absorption coefficient, which must exceed a value of the order
of unity [1]. Therefore, useful frequency ranges for non-
linear refraction applications are either 1) at or below half the
band-edge or 2) close to the band-edge, where nonlinear refrac-
tion experiences resonant enhancement (although two-photon
absorption and band-tail linear absorption can still compromise
performance).

A further complication which affects the calculation of the
real part of concerns the principal parts integration. For a
bulk bandstructure, this complication is challenging but man-
ageable since the limited number of monotonic bands in the
model keeps the number of poles to a maximum of the number
of valence bands. However, in the case of a heterostructure there
are a large number of subbands arising from the folding of the
bandstructure in the confinement direction. The additional com-
plexity arising from such a large number of poles and the intro-
duction of nonmonotonic subbands has not yet been addressed

(9)
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Figure B.1: Theoretical values for χ
(2)
xyz and χ

(2)
zxy in a 14:14 monolayer GaAs/AlAs

superlattice without intermixing (Ld = 0), and with intermixing at a diffusion length
of 20 monolayers (Ld = 20). The dashed lines mark the half band gap energy for both
cases. Reproduced with permission from [35]. ©2004, IEEE.
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