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Abstract Techniques used to assist phase matching of
second-order nonlinearities in semiconductor waveguides are
reviewed. The salient points of each method are highlighted,
with their strengths and weaknesses with regard to various
key applications discussed. Recent progress in these tech-
niques is also reviewed. Emphasis is placed on two tech-
niques, namely quasi-phase matching via domain disordering
utilizing quantum well intermixing, and exact phase matching
using Bragg reflection waveguides.

The figure shows (a) An optical microscope image of an ion im-
plantation mask used to fabricate gratings used for quasiphase
matching, (b) a scanning electron micrograph of an ion im-
plantation mask, (c) a scanning electron micrograph of a semi-
conductor ridge waveguide structure, and (d) an optical mi-
croscope image of group monolithic ring lasers designed for
integration with quasiphase matched structures.
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1. Introduction

The quest for harnessing optical nonlinearities began shortly
after the discovery of the laser. This has been particularly
the case for second-order nonlinearities, which provide dis-
tinct functionality, hence advantages for efficient frequency
conversion, quantum optical applications and ultrafast all-
optical signal processing [1]. In most practical cases to
date, applications that use second-order nonlinear effects
require constructions composed of discrete optical compo-
nents and hence not necessarily amenable to integration
into micro- and nano-fabricated settings. However, mono-
lithic integration could fuel wider adoption and utilization
of these technologies. Most nonlinear optical crystals do
not lend themselves to the nano-fabrication technologies
available for semiconductors, which enable more advanced
functionality such has high-Q cavities, photonic bandgap
and quantum confinement effects, among others. Materi-
als that do have an appreciable nonlinearity don’t have the
phase-velocities of the interacting harmonics matched nat-
urally, leading to inefficient interaction [2]. This is mainly
due to dispersive effects which are associated with oper-
ating at wavelengths that are in the vicinity of material
resonances. Phase matching the phase velocities of the in-

teracting waves has been mastered in several material sys-
tems such as periodically poled lithium niobate (PPLN) [3],
potassium titanate phosphate (KTP) [4] and barium borate
(BBO) [5], where techniques such as birefringence phase
matching and quasi-phase matching (QPM) have been used
to achieve efficient optical sources, ultrafast optical process-
ing elements and frequency conversion components [6–8].
However, phase matching proves more difficult in semi-
conductors. If achieved effectively it can enable the use of
the large second-order nonlinearity in conjunction with the
broad base of optoelectronic devices already developed for
this platform.

Phase matching in semiconductors was achieved in ma-
terials such as ZnTe and ZnSe in 1995 [9, 10]. For GaAs
it was achieved initially in 1992 [11] and for InP also in
1992 [12]. The nonlinearity of semiconductor materials is
generally larger than that of their most common nonlinear
crystal counterparts such as KTP, PPLN and BBO while
operating near material resonances. This benefit is often
offset by the enhanced optical losses in semiconductors
operating in this regime [13–15]. GaAs- and InP-based ma-
terial systems, despite having higher propagation losses
in comparison to other nonlinear crystals, have a well-
developed platform, where lasers, modulators, amplifiers,
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photonic bandgap structures and other devices have been
developed [16–20]. In the case of GaAs compounds, the
transparency window is between 0.9 and 17 μm, compared
to between 0.5 and 5 μm for lithium niobate [21]. GaAs
compounds also have higher optical damage thresholds. The
integration of second-order nonlinearities with these de-
vices offers distinct functionality and advantages, and hence
driven a great deal of research for efficient phase matching
in these material systems.

2. Second-order nonlinearities
in semiconductors

The most generic second-order nonlinear optical process
is three-wave mixing. For this process to occur, the par-
ticipating waves must satisfy the energy conservation re-
lation ω3 � ω1�ω2. With two input waves, two interac-
tions from this are possible: sum frequency generation and
difference frequency generation (DFG). With a single in-
put wave, ω1 � ω2 at the degeneracy point, second har-
monic generation (SHG) can take place. Also, by launching
only ω3, spontaneous parametric downconversion (SPDC)
is possible, where photons at ω1 and ω2 are generated.
The strength of the interaction is determined by the mag-

nitude of the second-order nonlinear susceptibility χ�2�.
However, second-order processes also require that the in-
teracting waves be ‘phase matched’ such that the propaga-
tion constants satisfy the momentum conservation relation
k3 � k1� k2, where ki � niωi�c (i � 1�2�3), in which ni
are the refractive indices of the interacting waves and c is
the speed of light in a vacuum. If the three waves travel
in the same direction and their refractive indices are iden-
tical, the phase-matching condition is automatically satis-
fied since ω3 � ω1�ω2. In this case, energy conservation
ensures phase matching. However, since all materials are
in reality dispersive, the three waves actually travel at dif-
ferent velocities corresponding to their different refractive
indices, n1, n2 and n3. The phase-matching condition be-
comes n3ω3 � n1ω1�n2ω2, which is independent of energy
conservation. Both conditions must be simultaneously sat-
isfied. Precise control over the refractive indices for the
three frequencies is required for exact phase matching. This
can be achieved, for example, by appropriate selection of
the polarization in conjunction with control of temperature
or angle of propagation. Because semiconductor materials
show significant dispersion, and do not lend themselves to
birefringence phase matching, their phase matching can be
challenging. QPM involves compensating for the phase ve-
locity mismatch between the interacting waves, which in
turn controls the power flow between them. In the case of
QPM, for a SHG process, the pump wave (ω3) generates a
second harmonic wave (ω1) upon passing through a medium
with quadratic nonlinear susceptibility. Due to the phase mis-
match between them, the pump and second harmonic waves
accumulate a phase shift of π over a distance known as the
coherence length, lc� π��k3�2k1� � λ3�4�n3�n1�, where
λ3 is the vacuum wavelength of the pump. The direction of
power flow between the fundamental and harmonic depends

on the relative phase of both waves, and hence changes sign
every coherence length. By changing the sign of the nonlin-
ear susceptibility every coherence length, the phase of the
polarization wave is shifted by π , effectively rendering the
power transfer to be unidirectional with length. This in turn
leads to monotonic power flow into the second harmonic
wave (as illustrated in Fig. 2).

GaAs and related compounds possess the zinc-blende
(cubic) structure which has 4̄3m symmetry. This symmetry
group does not possess inversion symmetry and has an inher-
ent second-order optical nonlinearity. However, cubic struc-
tures have isotropic linear optical properties and therefore
lack birefringence. Thus, second-order nonlinear processes
require another means of phase matching. Epitaxial layers
of these compounds are usually grown on GaAs substrates
along the [001] plane and are cleaved along [110] planes. In
bulk layers, these materials possess one independent second-

order tensor element χ�2�
xyz and overall six elements [22]. The

other elements are those where the coordinates have been
interchanged with all permutations. It should be noted that

the additional tensor elements χ�2�
zxx , χ�2�

xzx and χ�2�
zzz can be

obtained using quantum confined heterostructures to break
the crystal symmetry. Phase matching via periodic modula-
tion of these structures has been demonstrated; however, the
effect was found to be too small to be useful [23].

In rectangular guided wave crystalline semiconductor
structures, and in particular in the AlGaAs material system,
the participating waves are typically guided along the [110]
direction. The boundary conditions in the waveguides re-
sult in modes of the transverse-electric (TE) type polarized
along [110] and the transverse-magnetic (TM) type polar-
ized along [001]. Given the considerations discussed above,
there are predominantly two configurations of phase match-
ing for these waveguides: (1) type I phase matching and (2)
type II phase matching. In type I, ω3 is TM polarized, and
ω1 and ω2 are TE polarized. In type II, ω3 is TE polarized
and one of either ω1 or ω2 is TE polarized while the other
is TM polarized. For the specific case of SHG, the type I
configuration produces a TM-polarized second-harmonic
wavelength for a TE-polarized fundamental wavelength,
while type II phase matching yields a TE-polarized second
harmonic for a hybrid TE/TM fundamental.

3. Phase-matching techniques in
semiconductor waveguides

Numerous techniques and associated waveguide structures
have been investigated over the last two decades to phase
match second-order nonlinear processes. In general, the
phase-matching methods can be grouped as either exact
phase matching (EPM) methods or QPMmethods. For EPM,
we review form-birefringence phase matching (FBPM) and
modal phase matching (MPM). Several QPM methods are
also reviewed, including our work with domain-disordered
quasi-phase matching (DD-QPM) which is discussed in
detail in Sect. 4.
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Figure 1 (online color at: www.lpr-journal.org) 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.

Figure 2 (online color at: www.lpr-journal.org) Compari-
son 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. Nonphase-matched (NPM) SHG is
also shown.

3.1. Form-birefringence phase matching

The primary obstacle to achieving phase matching in Al-
GaAs is the lack of birefringence as a natural material prop-
erty. However, a multilayered structure can be engineered to
provide an artificial form-birefringence. As shown in Fig. 1a,
such FBPM waveguides can be fabricated in AlGaAs by
incorporating thin aluminum oxide (AlOx) layers in the
waveguide core. This is usually achieved via the oxidation
of AlAs. The large refractive index difference between the
AlGaAs (n� 3�3) and AlOx (n� 1�6) layers is sufficient to
induce similar effective indices for the TE and TM modes
of different wavelengths allowing EPM to be achieved. The
AlOx layers are realized by selective oxidation of high alu-
minum content AlGaAs layers originally grown into the
structure by epitaxy. All other AlGaAs layers remain as in-
tact crystals with their nonlinear properties preserved. This

technique is attractive because no wafer bonding, oxide de-
position or regrowth is required. As the AlOx layers are thin,
significant overlap of the optical mode is maintained with
the highly nonlinear AlGaAs layers. Tuning of the phase-
matching wavelength can be achieved by changing the wave-
guide ridge width. Several groups have used AlGaAs/AlOx
waveguides to demonstrate SHG [24], DFG [25], paramet-
ric fluorescence [26], resonantly enhanced SHG [27] and
parametric amplification [28].

While several devices have been demonstrated, FBPM
waveguides have several issues to be resolved. Firstly, linear
losses are significant (� 20 dB cm�1) for both the funda-
mental and second-harmonic wavelengths. This is primarily
due to the amorphous AlOx layers and roughness at the
interfaces between the AlOx and AlGaAs layers. Secondly,
FBPM devices have been reported to have low damage
thresholds, which is likely to be because of the presence of
defect states at the AlOx interfaces which leads to excessive
absorption and heating. Thirdly, integrating active devices
would be a considerable challenge given that AlOx is elec-
trically insulating and thus a barrier to current injection for
lasers. Furthermore, even the presence of unoxidized high
aluminum content layers presents a challenge to the process
of including dopants 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.

3.2. Modal phase matching

EPM can also be achieved in semiconductor waveguides
by using the technique known as 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 Fig. 1b. The longer wavelengths are further away from
the bandgap resonance in the material index and tend to
have lower effective indices at 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 femtosecond pulsed source [29] and
using a continuous-wave source [30] with output second-
harmonic powers in excess of 1 μW.

MPM does have some limitations. Losses generally in-
crease with higher order modes. The shorter wavelength,
which already has a higher Rayleigh scattering loss with
the sidewall roughness and absorption loss due to proximity
to the bandgap energy, would experience more radiation
loss due to reduced confinement. Furthermore, bend losses
would be larger for higher order modes which limit the po-
tential for integration with devices with curved waveguides
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 profile
of the higher order modes as well as the dissimilar mode
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distribution with respect to the fundamental, limits the inter-
action between the modes and reduces conversion efficiency.
Higher order modes are also more difficult to exploit due
to their irregular diffraction patterns, the efficient collection
and focusing of which are challenging.

3.3. Quasi-phase matching

The alternative to EPM is QPM. In this technique, the par-
ticipating waves are allowed to propagate in a nonphase-
matched fashion. The phase mismatch accumulated is pe-
riodically corrected along the length of the waveguide by

modulating χ�2� at intervals of the coherence length Lc, thus

forming a χ�2� grating. In the domain-reversal QPM (DR-

QPM) technique, χ�2� is alternated in sign from positive to
negative. Such a structure is depicted in Fig. 1c. In the SHG
process, this results in a quasi-continuous power transfer
to the generated wave as shown in Fig. 2. In another QPM
method, referred to here as domain-suppressed QPM (DS-

QPM), the magnitude of χ�2� is periodically suppressed
such that it alternates between regions of high nonlinearity
and low nonlinearity, as depicted in Fig. 1d. Power is trans-
ferred to the second-harmonic wave in regions where the

high nonlinearity remains intact. The regions in which χ�2�

is suppressed produce little or no back conversion to the
fundamental wave, only allowing the waves to realign in
phase before encountering the next high-nonlinearity region.
As a result, power is transferred in a stair-step pattern 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, the coher-
ence lengths in AlGaAs-based semiconductors can be less
than 2 μm, which presents a challenge to the fabrication pro-
cesses. Often, high-order gratings are necessary to meet the

resolution limitations. However, the magnitude of χ�2� in
semiconductors is large, and as a result, conversion efficien-
cies in semiconductor QPM devices can potentially exceed
those of bulk crystals used in EPM. Losses are also poten-
tially lower than those of form-birefringence waveguides,
allowing longer waveguides and higher conversion.

DR-QPM has been achieved in AlGaAs waveguides
by, for example, 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 was
initially achieved by one of two methods: (1) wafer bond-
ing 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 with 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 lithog-
raphy. Yoo et al. used this fabrication technique with Al-
GaAs waveguides to demonstrate SHG [31] and DFG [32].

While this technique has shown some success, the etching
and wafer bonding leads to rough and uneven interfaces be-
tween grating domains leading to high scattering losses. To
address this issue, a method based on regrowth on patterned
substrates has been developed. In this technique, the QPM
grating pattern is defined lithographically, then transferred
into a few monolayers of overgrown Ge on the starting
material followed by regrowth of the same material. The
regrowth leads to a crystalline structure with different phase
orientations depending on whether the growth takes place
on the original substrate or on the Ge layer. Orientation-
patterned GaAs (OP-GaAs) has been used to demonstrate
SHG [33], SHG from a mid-IR source [34], mid-IR con-
tinuum generation [35] and a terahertz source [36]. While
this method of fabrication has the advantage of reducing
scattering losses at the domain interfaces, complete bond-
ing of the crystalline structure cannot be achieved due to
the anti-phase orientation of the lattice, which ultimately
leads to scattering. Furthermore, 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 can lead to mode profile oscillations
and the formation of an effective index grating. Progress has
been made recently to reduce the scattering loss by reduc-
ing the corrugations of the domains resulting from original
template and regrowth processes [37–39]. Minimum losses
of 4.5 dB cm�1 at 1.55 μm and 9.7 dB cm�1 at the second-
harmonic wavelength were obtained, and the highest internal
conversion efficiency of 43%W�1 was achieved in an 8mm
long waveguide under continuous-wave operation [38,39].
Optical parametric oscillators in QPM OP-GaAs pumped by
differently polarized pulses were also demonstrated [40,41].
With a pump pulse duration of 26 ns and wavelength of
2.79 μm, optical parametric oscillator (OPO) thresholds of
30, 29 and 50 μJ were obtained for [111] linearly, circularly
and depolarized pumps, respectively [41]. A threshold of
100 nJ was achieved for a pump with pulse duration of 1 ps
at 3.3 μm wavelength [42]. Furthermore, a tunable terahertz
wave was generated by down-conversion in OP-GaAS when
combined with a PPLN OPO cavity [36, 43].

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 bandgap energy is shifted to lower wave-
lengths. In one method of DS-QPM, a grating is etched
and the removed material is replaced with one having a

different value of χ�2�. While DS-QPM is less efficient over
length compared to DR-QPM, as depicted in Fig. 2, 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 minimal regrowth
defects. Unlike DR-QPM, each domain has the same crystal
orientation and smoother domain interfaces are achievable.
Lastly, the fabrication method is technologically simpler
than that for OP-GaAs since it involves fewer processing
steps. Rafailov et al. [44] formed such a QPM grating by
periodically replacing the originally grown GaAs waveguide
core layer with regrown Al0�4Ga0�6As. However, while per-
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Table 1 Comparison of efficiencies obtained for various samples using different phase-matching techniques. (FBPM, form-
birefringence phase matching; CEBPM, cavity-enhanced birefringence phase matching; WBQPM, wafer bonding quasi-phase
matching; OPQPM, orientation-patterned quasi-phase matching; DDQPM, domain-disordered quasi-phase matching; MPM, modal
phase matching; BRW, Bragg reflection waveguide.)

Sample Technique
Pp PSH L η ηnorm Pump wavelength Pulse

Ref.
(mW) (μW) (mm) (%W�1) �%W�1cm�2� (μm) duration

GaAs/AlOx FBPM 5 1�3�103 1�0 5200 5�2�105 2�01 200 fs [24]

GaAs/AlOx FBPM 1�1 2.3 1�7 190 6�6�103 1�61 8 ps [65]

GaAs/AlOx CEBPM – 1�4�10�4 0�6 4–5 1�1–1�4�103 1�55 cw [27]

AlGaAs MPM 20 10.3 1�5 2�5 111 1�54 250 fs [29]

AlGaAs MPM 0�9 5�8�10�3 1�5 0�7 30�5 1�55 cw [30]

AlGaAs BRW 3�3 60 2�2 551 1�1�104 1�55 1.8 ps [66]

GaAs WBQPM – – 3�0 4�9 54 1�466 cw [31]

GaAs OPQPM 7�8 4.8 8�0 43 67 1�56 cw [38]

GaAs DDQPM 84 1.6 3�5 0�022 0.18 1�546 cw [67]

fectly 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. An obstacle still persists, however,
which is due to the refractive index difference between the
different layers with dissimilar Al concentrations. This leads
to an unavoidable refractive index grating that subsequently
leads to excess scattering losses.

The concept of QPM has proven to be very useful in
order to enhance nonlinear conversion. Recently, there has
been some interest for resonant SHG in Bragg multilayers,
also called finite one-dimensional photonic crystals [45–57].
Strong enhancement of SHG takes place when the pump
and/or harmonic waves are resonant with band-edge states
that are formed in the finite structure. In particular, phase
matching occurs when the pump beam is tuned to the first
band-edge resonance of the mth-order stop band and the
harmonic beam is tuned to the second resonance of the
2mth-order stop band [48]. Finally, the combination of both
phase matching and high electromagnetic field confinement
leads to giant conversion efficiencies. Under these condi-
tions, SHG efficiency has been shown to scale as N6, where
N is the number of periods [49]. Experimentally, scaling
faster than N5 has been demonstrated in AlxGa1�xAs/AlOx
multilayers [50]. Moreover, N8 scaling of SHG efficiency
has been obtained when the pump and harmonic waves are
both tuned to the first band-edge resonances at the second to
fourth stop-band edges, in a situation when phase-matching
conditions are not fulfilled [57].

Besides using Bragg gratings, phase matching can also
be achieved by using local defect modes within the forbid-
den band [58–60] and introducing corrugations in thin-film
waveguides [61]. Two-dimensional photonic crystal struc-
tures have also attracted some interest due in part to the
relative ease of working at sub-micrometer length scales,
and because they are directly compatible with the exten-
sive waveguide-based optoelectronics industry [62, 63]. Un-
like one-dimensional photonic crystals where the phase-
matching conditions can be reached in specific propagation

directions only, the application of two-dimensional pho-
tonic crystals can allow phase matching in all propagation
directions [64].

A summary of the recent and most notable results for
SHG based on GaAs using different phase-matching tech-
nologies and different pump pulse durations is given in
Table 1. SHG is used as a comparative point for each tech-
nology due to the availability of results. The efficiencies
used for comparison are defined as follows. For type I, the
overall conversion efficiency η �PSH�P2

p , where Pp and PSH
are pump and generated second-harmonic powers, respec-
tively, and the normalized conversion efficiency ηnorm �

PSH��P2
p L2� which normalizes the conversion efficiency by

the sample length L. For type II, η � PSH��4PTE
p PTM

p ) and

η � PSH��4PTE
p PTM

p L2), where PTE
p and PTM

p are TE and
TM components of the pump powers, respectively.

4. Domain-disordered quasi-phase
matching

The challenges of the QPM methods mentioned are numer-
ous, hence the pursuit of other solutions. Achieving lower
loss is necessary for efficient conversion, and thus there is
a need to simplify the fabrication process. There is also a
need to integrate QPM structures with other optical devices,
requiring that the fabrication processes allow this with ease
and flexibility. We have been working on an approach to
DS-QPM using a post wafer growth process known as quan-
tum well intermixing (QWI) [68]. This approach has several
advantages over EPM and other QPM methods, most no-
tably its simplicity and greater integration possibilities. In
this section, we review our work on DD-QPM waveguides.

4.1. Quantum well intermixing

In QWI, a quantum well structure is used as the core of
the waveguide. The sample is subjected to one of several

www.lpr-journal.org © 2010 by WILEY-VCH Verlag GmbH & Co.KGaA, Weinheim
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processes such as ion implantation, to introduce point de-
fects into the semiconductor crystal lattice. The sample
is then heated to a high temperature by rapid thermal an-
nealing (RTA) which allows the lattice atoms to diffuse,
a process promoted by the presence of the defects. This
diffusion process has the effect of both repairing the crys-
tal lattice and of altering the composition and structure of
the quantum wells. As a result, the optical properties, such
as the absorption/emission bands and refractive index are
modified. QWI has been used successfully as a means to
blueshift the absorption band in lithographically defined
regions. This allows pump lasers to be mixed with pas-
sive optical components. However, the intermixing process
has also been shown to alter the nonlinear optical proper-
ties of the quantum well structure [69]. Furthermore, the
absorption/emission band and nonlinear strength can be ma-
nipulated with varying degrees of intermixing on the same
chip [70], opening the possibility of monolithic integration
of complex photonic integrated circuits and systems.

There are two possibilities for suppressing χ�2� to form
a QPM grating. In the first, referred to as the symmetry
modulation technique, an asymmetric quantum well (AQW)
structure is used as the starting material. The structural asym-

metry induces additional χ�2� tensor elements not ordinarily
found in bulk zinc-blende semiconductors. Those elements
vanish during QWI as the material reverts to a more sym-

metric structure. In the second method for suppressing χ�2�,
referred to here as the bandgap modulation technique, QWI
causes the quantum wells to broaden and become shallower.
This increases the energy bandgap and thus shifts the disper-
sion curves of the optical properties (such as the refractive
index and the nonlinear susceptibilities). By operating at
wavelengths near the half-bandgap 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. Using either method, QPM gratings can be
formed by periodically intermixing the quantum well struc-

ture to suppress χ�2� [71]. As such, this technique is known
as DD-QPM. The key advantage of this method is that it
does not require etch-and-regrowth processes and has the
potential for creating smooth and defect-free domain inter-
faces to keep scattering losses low. Furthermore, the QPM
periods are patterned using standard lithographic means.
This allows great flexibility and cost advantages in setting
the desired phase-matching wavelength without altering the
waveguide structure.

4.2. Development of DD-QPM waveguides

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 demon-
strated in an AQW waveguide structure in which QWI mod-

ulated the χ�2�
zzz tensor element for the TMpump�TMSHout

polarization configuration [23]. However, χ�2�
zzz was found to

be weak and the modulation depth small, ultimately leading

to poor conversion efficiency. Instead, work on DD-QPM
has turned towards the bandgap modulation technique by

modifying the large bulk-like χ�2�
zxy tensor element. While

modulation of χ�2�
zxy in asymmetric coupled quantum well

(ACQW) waveguides was observed [71], it was still too
small to be practical. The maximum amount of bandgap
shift was limited by both the aluminum mole ratios and
thicknesses of the quantum well layers.

In all work that followed, GaAs/AlGaAs superlattices
were used instead of ACQWs. The layers of the superlat-
tice 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
during the QWI process. This opened the possibility of
fully intermixing the superlattice, a process in which the
degree of intermixing is large enough such that the superlat-
tice as a whole reverts to an average alloy of bulk AlGaAs.
This potentially provides the maximal amount of shift in

the bandgap energy and χ�2�. Calculation of the electronic
band structure showed that a short-period symmetric su-
perlattice of 14:14 monolayer GaAs/AlAs provided both a
half-bandgap energy near the 1550 nm telecommunications
band and a large bandgap energy shift of nearly 25% of the

total bandgap energy [72]. Theoretical calculations of χ�2�
zxy

for this superlattice showed a potential 35% reduction after
intermixing [73], nearly double that measured in ACQWs.
In addition, the nonequivalency 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 in the type II interaction. Predictions

place the modulation of χ�2�
xyz at more than twice as large as

χ�2�
xyz , which leads to potentially greater efficiency.
Initial superlattice DD-QPM waveguides were fabri-

cated using impurity-free vacancy disordering (IFVD) meth-
ods for QWI [74]. In IFVD, cap layers of silica were de-
posited at the surface of the wafer by sputtering. During
annealing, defects are formed at the surface due to out-
diffusion of gallium atoms into the silica caps. Those defects
then diffuse downwards to the superlattice core layer and
promote interdiffusion of lattice constituents. Using a super-
lattice of 14:14 monolayer GaAs/AlAs, QPM gratings were
realized by the silica cap method [75]. A photoluminescence
peak shift of 45 nm was observed in intermixed regions.
Type I SHG was demonstrated using an ultrafast 100 fs laser
system operating near 1550 nm. However, second-harmonic
powers generated were low, which may be attributed to sev-
eral factors. Firstly, coupling losses and linear losses of the
fundamental wavelength are high which limits the amount
of power available for conversion. Secondly, sputtered sil-
ica IFVD methods are limited to feature sizes of around
3 μm [76], which is too large considering that the coherence
length for three-wave mixing in AlGaAs is of the order of
1.5–2.5 μm depending on the wavelengths. Also, the reso-
lution is highly dependent on how deep the quantum well
layers are from the surface. The limited resolution of the
silica cap method necessitates the use of third-order QPM
gratings which reduces the conversion efficiency. Lastly,

© 2010 by WILEY-VCH Verlag GmbH & Co.KGaA, Weinheim www.lpr-journal.org



Laser Photonics Rev. (2010)

LASER & PHOTONICS
REVIEWS

7

Figure 3 (online color at: www.lpr-
journal.org) Schematic cross-section of
DD-QPM gratings in a GaAs/AlGaAs su-
perlattice fabricated by patterned ion im-
plantation QWI. Shown are the photolumi-
nescence peaks for as-grown and inter-
mixed domains.

lateral spreading of the defects limit the effective amount of

modulation in χ�2�.

In subsequent work, ion implantation-induced disor-
dering (IID) was adopted to create QPM gratings. In this
method, As2� ions are implanted directly into the super-
lattice layer by appropriately setting the ion beam energy.
As shown in Fig. 3, ions will pass through windows in a
patterned metal implantation mask, leaving some areas dis-
ordered and others intact. This form of QWI is superior for
several reasons. Firstly, the resolution is significantly greater
since defects are formed at the buried superlattice layer it-
self instead of the surface. This limits lateral diffusion of
the defects. Using micro-Raman spectroscopy, it was shown
that IID was able to produce the necessary feature sizes for
first-order QPM gratings [77]. Secondly, the degree of inter-
mixing can be easily controlled by altering the ion dosage.
Lastly, optical losses can be reduced through careful control
of the parameters for ion implantation and RTA. However,
caution must be exercised to ensure that the implantation
process does not cause extended defects or amorphization
of the superlattice, which would greatly increase the losses.

Using a similar superlattice-core waveguide structure
as before, IID was used to form first-order QPM grat-
ings. Shifts in the bandgap 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 wave-
guides and the conversion ratio was tripled over that of
previous waveguides made by the silica cap method [78].
However, the conversion efficiency was still limited by the
large optical losses (21 dB cm�1) at the fundamental wave-
length which were caused by surface damage from etch-
ing the gold implantation mask off. Furthermore, the large
spectral bandwidth of the 100 fs 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 that of
the previous generation [79]. However, difficulties in remov-
ing 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.

4.3. Recent improvements and performance

In more recent devices, a number of improvements have
been made. Firstly, the AlAs layers of the superlattice were
changed to Al0�85Ga0�15As to avoid oxidation of those layers.
We also eliminated a pair of AQWs by terminating the su-
perlattice at either end with barrier layers of Al0�85Ga0�15As
instead of well layers of GaAs. This removed a parasitic
two-photon absorption peak present in the original wafer
design [69]. Secondly, the IID and RTA processes were
optimized to provide an appropriate balance between op-
tical losses and bandgap shift. Along with improvements
to the reactive ion etching process for forming ridge wave-
guides, losses were reduced to 5 dB cm�1 while increas-
ing the bandgap shift to 76 nm. Thirdly, the waveguides
were more deeply etched than previously to provide bet-
ter confinement of the second harmonic. Using these im-
provements internal SHG powers of over 9 μW and normal-
ized conversion efficiencies of over 1200%W�1 cm�2 for
type I phase matching using 2 ps pulses were also produced
around 1550 nm. Output second-harmonic powers in excess
of 1 μW using a narrow linewidth continuous-wave funda-
mental source were also produced [67]. The tuning curve of
Fig. 4 shows a conversion bandwidth of about 0.4 nm for a
3.5mm long sample, approximately an order of magnitude
smaller than the spectral width of the pulsed laser system.
Bistable behavior including hysteresis loops in wavelength
tuning and power scans was demonstrated which were at-
tributed to thermal effects from observations of the temporal
response of the waveguides.

Recently, type II phase matching was demonstrated in
DD-QPM waveguides [80]. Using a 2 ps pulse laser sys-
tem, the phase-matching wavelengths for several QPM
periods were identified, as shown in Fig. 5. The shift in
the phase-matching wavelengths relative to the type I pro-
cess corresponds with the known material birefringence of
the superlattice [81]. Output second-harmonic powers of
over 2.0 μW and type II conversion efficiencies as high as
350%W�1 cm�2 were recorded in a 0.5mm long sample.
At present, type I produces more output second-harmonic
power than type II, contrary to our predictions. This is likely
due to higher losses in the TE-polarized second harmonic
produced in type II and because of group velocity mismatch
which is estimated to be larger in type II. It is preferred to
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Figure 4 (online color at: www.lpr-journal.org) SHG tuning
curves for a DD-QPM waveguide with a 3.5 μm period recorded
by scanning a continuous-wave source from short to long wave-
lengths. The dashed red curve shows the increasing wavelength
scan after low pass filtering of the data to remove the Fabry–
Pèrot features. The inset shows a tuning hysteresis loop around
a single Fabry–Pèrot feature.

Figure 5 (online color at: www.lpr-journal.org) Phase-
matching wavelengths of DD-QPM waveguides with different
grating periods for type I and type II processes.

operate the QPM waveguides in the type II configuration
for DFG since an on-chip pump laser would naturally emit
into the TE polarization.

5. Exact phase matching using Bragg
reflection waveguides

Limited progress has been thus far achieved using MPM due
to the limitations and severe trade-offs discussed above. A
recent design was able to alleviate these trade-offs as well as
provide new degrees of freedom using a novel class of MPM.
The new approach uses concentric waveguides guiding dif-
ferent light waves using a combination of total internal

reflection (TIR) and bandgap effects. This phase-matching
technique relies on strong modal dispersion characteristics
of Bragg reflection waveguides (BRWs) in conjunction with
those of a conventional TIR waveguide within the same
structure. These two modes, operating at different wave-
lengths, can be designed to provide phase matching. This
section elucidates the salient properties of BRWs as well as
presenting how they can be used to achieve phase matching.

5.1. Bragg reflection waveguides

BRWs are a class of waveguides with leaky, low-loss propa-
gating modes. Through appropriate waveguide design, it is
possible to obtain EPM using these waveguides and bypass-
ing the need for a grating to compensate for phase mismatch.
A typical slab BRW is composed of a core surrounded by
stacks of periodic or quasi-periodic layers on both sides.
BRWs have several guiding properties that depart from what
is expected from conventional TIR waveguides, which has
attracted significant interest [82]. Their unique birefringence
properties [83,84] have been utilized to produce novel de-
vices such as polarization splitters/combiners [85], while
their versatile waveguiding properties have been used to tai-
lor the spatial profile of their guided modes [86, 87]. BRWs
are also attractive for nonlinear propagation, where spatial
optical solitons have been studied [88]. In addition they are
useful for applications, where nonlinear optical modes have
been found to propagate at higher optical powers in wave-
guides that do not support propagation of bound modes in
the linear regime [89].

Modes that are bound by the reflectivity of Bragg stacks
are attractive because their effective indices can be much
lower than the material indices of the waveguide con-
stituents. This is in contrast to traditional bounded modes
that have modal indices only within the range of constituent
material indices. It should be noticed that, although the dom-
inant waveguiding mechanism in BRWs relies on Bragg
reflections from periodic claddings, with the proper choice
of core and stack indices, TIR modes can also coexist in
the structure. In the context of phase matching, this fea-
ture was employed to achieve exact MPM of SHG with a
pump propagating as TIR mode and the second harmonic
propagating as a Bragg mode [20,90]. Unlike other MPM
techniques where phase matching is obtained between high-
order modes, BRW phase matching benefits from attaining
phase matching between the lowest order modes of the pump
and second harmonic, hence maximizing power utilization
of both harmonics for the nonlinear interaction.

The quarter-wave BRW (QtW-BRW) is a special case
in which the cladding layers have an optical thickness equal
to one-quarter of the wavelength with respect to the trans-
verse wave vector. This constraint places the complex Bloch
wave number in the middle of the Bragg stopband where
its imaginary component has the highest value [82], hence
ensuring the most rapid field decay in the claddings. QtW-
BRWs are attractive because of their relatively simple design
equations which are determined by the quarter-wave con-
dition. A comprehensive analysis of QtW-BRWs can be
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Figure 6 (online color at: www.lpr-journal.org) Schematic of a ridge BRW with ridge widthW and etch depth D superimposed by
simulated a) intensity profile of TE-polarized pump (FH) and b) intensity profile of TM-polarized second harmonic. c) Index profile
at FH frequency and d) index profile at SH frequency. The red dotted line in c) is the effective mode index of the FH and the blue
dashed line in d) is that of the SH.

found in [91] where it is proven that the effective index of
the fundamental Bragg mode only depends on the operat-
ing frequency and the core characteristics and independent
of the cladding reflectors. This implies that two different
sets of Bragg reflectors can yield the same effective index.
This unique feature of QtW-BRWs holds for both TE and
TM polarizations of the fundamental Bragg mode and can
find potential applications where modal birefringence of
orthogonal polarizations is desired to vanish.

5.2. Pulsed and continuous-wave second
harmonic generation

There have been several experimental demonstrations of
SHG in ridge QtW-BRWs. One recent demonstration in-
volved a two-dimensional QtW-BRW wafer grown on a
[001] GaAs substrate using metal–organic chemical vapor
deposition (MOCVD) [92]. A representative schematic of
the fabricated device along with simulated intensity profiles
of the pump and second-harmonic signal, as well as the
refractive index profiles at both harmonics are illustrated in
Fig. 6. The top and bottom transverse Bragg reflectors con-
sisted of seven periods of Al0�25Ga0�75As/Al0�75Ga0�25As bi-
layers with associated thicknesses of 123 nm/391 nm. The
Al0�40Ga0�60As core had a thickness of 300 nm. The sample
was capped with a 50 nm layer of GaAs. Waveguide ridges
with widths of 2.5–4.5 μm were patterned through plasma
etching for a depth of approximately 3.4 μm to provide lat-
eral confinement.

Characterization of the waveguide linear properties was
carried out using the Fabry–Pèrot method. For TE polariza-
tion, linear propagation loss was measured as approximately
7.8 cm�1. The input coupling factor was found to be ap-
proximately 50%. The characterized sample had a length of
1.96mm and the ridge waveguide width was 4 μm.

Samples were tested using both pulsed and continuous-
wave sources [92]. A tunable pulsed OPO in the fre-
quency range 1500–1600 nm (pulse duration of approxi-
mately 2.5 ps and a repetition rate of 76MHz) was used
to characterize the samples. By keeping a constant input

Figure 7 (online color at: www.lpr-journal.org) SHG normal-
ized nonlinear conversion efficiency as a function of pump wave-
length (filled circles). The dashed curve is the Lorentzian fit to
the measured data. Peak internal second-harmonic power was
estimated as 2.4 μW.

power and varying the input fundamental wavelength, the
tuning curve of the SHG process was obtained. A maxi-
mum second-harmonic power of 2.4 μW was measured at
the phase-matching wavelength of λ � 1559.9 nm. The aver-
age internal fundamental power was 41mW that was main-
tained at the front facet of the waveguide. The normalized
conversion efficiency of the process is illustrated in Fig. 7
where the peak conversion efficiency at 1559.9 nm clearly
denotes the TIR to BRW nonlinear conversion mechanism.
The maximum conversion efficiency was estimated to be
approximately 3.7%W�1 cm�2 which is roughly of the
same order of magnitude as those of other phase-matching
techniques investigated in the literature [93]. Further char-
acterization of the device was carried out with a tunable
continuous-wave laser which was amplified using a C-band
erbium-doped fiber amplifier. The estimated peak second-
harmonic power was 23 nW, which was obtained before the
output facet of the waveguide with an internal pump power
of Pω � 94mW estimated after the input facet. The normal-
ized conversion efficiency of the process was estimated to
be approximately 6.8 × 10�3 %W�1 cm�2.
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5.3. Improvements of simple Bragg
reflection waveguides

Although phase-matched SHG was observed in QtW-BRWs,
the small core dimensions, dictated by the phase-matching
condition, limit the efficiency of these devices. A modified
BRW design was developed to help alleviate this limitation.
This improved structure (BRW-ML) utilized an additional
layer, referred to as the matching layer (ML), located be-
tween the core and the Bragg reflectors [87,94]. Inclusion
of the ML offers a simple mechanism for aligning the phase
of the propagating mode at the boundary between the core
and transverse Bragg reflectors. The result is the relaxation
of the constraint on the core thickness as well as offering
additional flexibility in tailoring the dispersion while main-
taining the phase-matching condition.

The index and field profiles of a fabricated BRW-
ML [66] along with the previously characterized QtW-
BRW [92] are shown in Fig. 8. By comparing the geometries
and the field profiles of the two designs, the improvements
offered by the BRW-ML can be summarized as: (1) larger
core dimension with enhanced confinement; (2) improved
overlap factor between the harmonics by reducing the out-
of-phase portion of the interacting fields; and (3) locating
the peak intensity of the pump (fundamental) within the

ML where aluminum concentration is the lowest and χ�2�

coefficient is the largest.
The BRW-ML wafer was grown via MOCVD with the

structure optimized for nonlinear overlap factor. Typical
propagation losses for TE and TE/TM polarizations were
found to be 2.0 and 2.2 cm�1, respectively. A facet reflec-
tion coefficient of 29% and an end-fire coupling efficiency
of 49% were obtained from the measurements. Character-
ization of nonlinear properties was carried out using the
tunable pulsed OPO source previously discussed in Sect. 4.
Both type I and type II interactions were examined. Under
an internal input pump power of 3.3mW, 28 and 60 μW

Figure 8 (online color at: www.lpr-journal.org) Field and index
profiles of the pump (dashed curve) and second harmonic (solid
curve) for a) BRW-ML structure which is characterized in [66]
and b) QtW-BRW structure which is characterized in [92]. The
core layer is located at x� 0 in both figures.

internal SHG at the output facet were obtained for type I
and type II processes, respectively. The associated phase-
matching wavelengths were 1551 and 1555 nm, respectively.
The normalized conversion efficiencies were estimated to
be 5.30 × 103 and 1.14 × 104 % W�1cm�2 for type I and
type II interactions, respectively. Also the measured second-
harmonic power and nonlinear conversion efficiency indi-
cated more than an order of magnitude enhancement with
respect to the QtW-BRW design in [66]. Moreover, the re-
sults obtained here prove the useful power levels of the
generated second-harmonic signal and indicate the potential
practicality of these devices.

5.4. Applications of dispersion control in
phase-matched structures

One of the significant advantages of BRWs in phase match-
ing is the possibility in tailoring the modal dispersion while
maintaining phase matching. This enables numerous appli-
cations, particularly in the domain of quantum optics, to
be implemented in a monolithic platform instead of using
bulky optical components. Certain quantum optics applica-
tions demand the generation of photon pairs with frequency-
entangled properties including generation of frequency cor-
related, anti-correlated or uncorrelated bi-photons. SPDC

in a χ�2� nonlinear medium is the most widely adopted
approach for photon-pair generation. The frequency corre-
lation of photon pairs is primarily determined by the pump
bandwidth and the phase-matching condition of the SPDC
process. In this regard, dispersion control of the involved
harmonics, hence controlling the phase-matching condi-
tion, is essential for establishing different schemes of fre-
quency entanglement. In bulk crystals, various techniques
have been proposed to control the frequency correlation of
photon pairs such as the employment of tilted pulses [95]
or chirping the domains of the nonlinearity in QPM config-
urations [96]. These techniques generally provide control
over the frequency–temporal characteristics of photon pairs
without offering much flexibility in tailoring their spatiotem-
poral properties. In contrast, spatial confinement offered
by guided-wave structures can improve the spatial char-
acteristics. Moreover, guided-wave structures additionally
inherit the waveguide dispersion which has no counterpart
in bulk crystals.

BRWs with versatile waveguide dispersion properties
deserve some attention as a platform for integrated sources
of photon pairs. For ridge BRWs, the effect of waveguide
dispersion becomes more pronounced for small ridge widths
where optical modes with strong lateral confinement are ob-
tained. In recent work, the influence of the ridge width of
an AlxGa1�xAs BRW in controlling the SPDC bandwidth
of photon pairs with frequency anti-correlated property was
investigated [97]. In that work, it was shown that by simply
utilizing waveguides with different ridge widths ranging
between 375 and 680 nm and employing type I and type
II interactions, SPDC bandwidth tunability in the range 1–
450 nm with downconverted photon pairs in the proximity
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of the telecommunication spectrum can be achieved. Such
flexibility in SPDC bandwidth control for an integrated
source of photon pairs can be easily realized by patterning
waveguides with different ridge widths through standard
lithographic techniques. Investigation of BRW-based inte-
grated photon-pair sources with other frequency correlation
properties is currently an ongoing research topic.

6. Progress in monolithic integration

Monolithic integration of active, passive and nonlinear
components is one of the main advantages of this phase-
matching scheme. The BRW structure is quite capable of
all these functions. It should also be noted that this laser
structure is identical to that of a vertical cavity surface emit-
ting laser (VCSEL). Such lasers have been well developed
over the past three decades. However, in the case discussed
here, the Bragg stacks are designed to be quarter-wave for
the transverse wave vector and not the full wave vector. By
utilizing the technologies developed for VCSELs regarding
doping, growth and bandgap engineering, it is possible to
design an edge-emitting laser which emits a BRW mode.
Such a device can then be monolithically integrated with
other BRW sections (nonlinear or passive) for a complete
integration platform.

Lasers operating in the BRW mode have been studied
theoretically in the past and there can be many benefits. For
example, it has been shown that large mode volumes are
possible for large core sizes, yet still maintaining a single-
mode behaviur [98]. This results in reduced photon density,
decreased filamentation and spectral hole burning leading to
high power output. It has also been noted that such modes
can have higher gain coefficients compared to their conven-
tional counterparts [99]. Further, they also possess strong
mode discrimination allowing for stable, single-mode opera-
tion. This is due to a large mode spacing and the significant
losses of higher order modes [100,101].

A p–i–n doped wafer was grown using MOCVD with
two InGaAs quantum wells in the core region. For an initial
demonstration, the structure was grown with a low-index
core and thus only supported a BRW mode and no core-
confined guided mode. Ridge waveguide lasers etched to a
depth of 3.5 μm with ridge widths of 3 μm were fabricated.
A representative light–current–voltage curve of the lasers
is shown in Fig. 9. For this laser, the turn-on voltage was
1.6V and the threshold current density was 576A cm�2 for
a cavity length of 647 μm. Lower threshold current densities
were obtained at longer cavity lengths.

At current densities lower than 10 × threshold, heating
effects do not hamper device operation. Spectrally, the laser
emission exhibits only one transverse mode. An example
is afforded by the inset of Fig. 9 where spectra are shown
for 2.5 ×, 5 ×, and 8 × the threshold current value. The
wavelength red-shifts at a rate of about 0.1 nmmA�1 due
to carrier-induced effects. The onset of thermal rollover
takes place at approximately 10 × to 15 × the threshold
current value. From the figure, the wavelength red-shifts
at a rate of about 0.1 nmmA�1 but at no point do other

Figure 9 (online color at: www.lpr-journal.org) Typical light–
current–voltage curve for a 647μm cavity length BRW laser.
Threshold for this device is 14.8mA or 576Acm�2 assuming
4 μm lateral width. The inset shows spectra at currents 2.5 ×
(solid), 5 × (dashed) and 8× (dotted) above threshold.

transverse modes appear. The emission exhibits a side mode
suppression ratio greater than 40 dB for all spectra shown.

Fourier analysis of sub-threshold spectra can give valu-
able information about a laser [102]. Through this technique,
laser characteristics such as modal loss and transparency
current density can be determined. A sample sub-threshold
spectrum, taken using a high-resolution spectrometer (8 pm
resolution), is shown in the inset of Fig. 10. The cavity
propagation gain/loss, K, at different sub-threshold cur-
rents can be found by analysis of such spectra, as shown
in Fig. 10. The current at which K � 0 on this curve is the
transparency current density. This point is found to be at a
value of 409A cm�2.

The cavity gain/loss data can further be fitted to the fol-
lowing logarithmic relation: K � G0� ln�I�I0��αi. This
relates the current to the cavity gain/loss. From this fit, the
modal gain parameter is found to be G0 � 40�9 cm�1. A
modal propagation loss of αi � 9 cm�1 was used for this
fit. The loss value was obtained using the inverse efficiency
technique which characterizes different sample lengths. This
range of values was confirmed by another independent tech-
nique which compares the internal efficiency at various

Figure 10 (online color at: www.lpr-journal.org) Cavity prop-
agation gain/loss versus current density of a 647μm cavity
length BRW laser, calculated from Fourier transform analysis
of sub-threshold spectra. The data (points) are fit (curve) to
the logarithmic equation given in the text. The inset shows the
sub-threshold spectrum of a 580μm cavity length BRW laser
operating at 600A cm�2 (14mA).
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temperatures. This is the first determination of low-loss
propagation of a BRW photonic bandgap mode, and such
structures are indeed suitable for monolithic integration of
passive, active and nonlinear components. Through phase
matching of this electrically generated BRWmode and other
TIR modes or other BRWmodes, next-generation integrated
nonlinear devices can be realized.

7. Summary

Phase-matching techniques for second-order nonlinearities
in semiconductor waveguides were reviewed. QPM via do-
main disordering utilizing QWI and EPM using BRWs
were discussed.

Significant progress has been demonstrated for QPM
using domain disordering. Many fabrication challenges
have been solved leading to a reduction in losses to
around 1 cm�1. Also waveguide design improvements
have led to better confinement and enhanced efficiency
to 1200%W�1 cm�2.

The versatility of the technique in allowing lithographic
inclusion of numerous periods on a single chip lends itself
to numerous applications. For instance, several integrated
OPO devices may be placed on the same chip with each
having a different QPM period to cover different spectral
bands. This would allow for broadband spectroscopy in a
compact device suitable for portable sensors. Also, broad
conversion bandwidths can be achieved in a single chirped
QPM grating. Current challenges that need to be addressed
include reducing waveguide losses at the pump wavelengths,
thermal stability, dealing with higher order nonlinear effects
and improving the nonlinear conversion strength through
improved waveguide architecture.

It has also been demonstrated that BRWs are powerful
phase-matching systems, where semiconductors are disper-
sive. The ability to tune pertinent parameters, including
overlap between the modal profiles of the interacting waves,
bandgap, losses, group velocity mismatch (GVM) and group
velocity dispersion (GVD), enables performance optimiza-
tion. BRWs can not only obtain phase matching for any Al
percentage and any bandgap desired, but also optimize the
GVM and GVD along with the overlap between the modal
profiles of the interacting waves which relates the effective
second-order nonlinear coefficient.

Another particular strength of the relative efficiency of
EPM using BRWs is that their polarization selection rules
govern the applications within which they are used. In gen-
erating frequency-entangled photon pairs for SPDC, the
phase-matching type governs the polarization state of the
downconverted photons. Having versatile and tunable polar-
ization properties while maintaining phase matching would
further enrich the capabilities and functionality obtained by

using the χ�2� nonlinearity of the GaAs/AlxGa1�xAs system
in classical and nonclassical applications.

The developments discussed above hold significant
promise for integrated, monolithic devices which incorpo-
rate second-order nonlinearities. These will serve as a cor-
nerstone of a new class of photonic devices, which utilize

powerful ultrafast parametric effects. In turn this will lead
to new functionality that will increase the use of photonics
in a wider range of practical applications.
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